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 This dissertation is composed of two main parts. The first half, Chapter 1 through Chapter 

3, discusses my efforts to investigate the selectivity and motion of individual molecular catalysts 

in polymer networks through the use of single-molecule fluorescence microscopy. The second half, 

Chapter 4 through Chapter 6, discusses my chemical education research for the transition of 

existing curriculum to Argument-Driven Inquiry.  

Chapter 1 focuses on the introduction of single-molecule fluorescence microscopy, 

specifically towards innovation and elucidation of catalyst dynamics, which is relevant to the first 

half of this dissertation. Superresolution fluorescence microscopy provides a powerful tool to 

investigate mechanistic questions and reaction dynamics that would otherwise be resolution- or 

diffraction-limited, providing insight at the nanometer level. An overview of recent applications 

of single-molecule and subensemble fluorescence microscopy to synthetic applications and 

catalytic motion-tracking is included herein, providing context for the scholarship in this 

dissertation. 
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Chapter 2 discusses, for the first time, the selectivity of individual molecular catalysts for 

two different reactions is imaged in real time at the single-catalyst level. This imaging is 

achieved through fluorescence microscopy paired with spectral probes that produce a “snapshot” 

of the instantaneous chemoselectivity of a single catalyst for either a single-chain-elongation or a 

single-chain-termination event during ruthenium-catalyzed polymerization. Superresolution 

imaging of multiple selectivity events, each at a different single-molecular ruthenium catalyst, 

indicates that catalyst selectivity may be unexpectedly spatial- and time-variable. 

In Chapter 3, the motion of single molecular ruthenium catalysts during and after single 

turnover events of ring-opening metathesis polymerization is imaged through single-molecule 

superresolution tracking with positional accuracy of ±32 nm. This tracking is achieved through 

real-time incorporation of spectrally tagged monomer units into active polymer chains ends during 

living polymerization; thus, by design, only active-catalyst motion is detected and imaged, without 

convolution by inactive catalysts. The catalysts show diverse individualistic diffusive behaviors 

with respect to time that persist for up to 20 s. Such differential motion indicates widely different 

local catalyst microenvironments during catalytic turnover. These mobility differences are 

uniquely observable through single-catalyst microscopy and are not measurable through traditional 

ensemble analytical techniques for characterizing the behavior of molecular catalysts, such as 

NMR spectroscopy.  

 Traditional laboratory classes are often administered through “cookbook” style curriculum 

that does not accurately reflect the scientific inquiry and debate. To reflect this more realistic 

picture of the scientific process, the traditional curriculum of confirmation labs for the lower 

division undergraduate labs at University of California, Irvine has been adapted to Argument-

Driven Inquiry, a guided inquiry curriculum that allows for debate and revision. Chapter 4 
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introduces a literature overview of the process of Argument-Driven Inquiry and its use as an 

alternative style of laboratory curriculum in other institutions. 

 Chapter 5 describes the creation of a second quarter of a two-quarter sequence of argument-

driven-inquiry general chemistry laboratories. The course contains four projects investigating the 

chemistry of spices (vanilla, cinnamon, spearmint, and cloves) and incorporates a structured 

review and hands-on applications of fundamental concepts necessary to transition between general 

and organic chemistry (colligative properties, TLC, synthesis, characterization tests, and unknown 

determination). The inquiry-based curriculum was designed to give students increasing 

responsibility and freedom to develop experimental design skills. Specifications grading is used to 

increase concept iteration and encourage teamwork amongst students. Survey results for student 

learning style, feelings about chemistry, and perception of the course format are compared for first 

and second quarter courses. Changes in survey responses show higher average positive responses 

in many categories for the second quarter course.   

 Chapter 6 outlines the ongoing effort to design a series of Organic Chemistry experiments 

to be used in an ADI course, with a focus on designing intentional variation to lead to robust 

argumentation. These experiments were evaluated by a group of undergraduate beta-testers, who 

performed the full course as students, including the argumentation sessions. These designed 

experiments are discussed and analyzed based on student feedback. The argumentation sessions 

were analyzed by the Assessment of Student Argumentation in the Classroom protocol to quantify 

the level of discourse achieved by the students. Both results are evaluated to determine the efficacy 

of the designed curriculum.  Future directions and continuing work on the curriculum are outlined.  
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CHAPTER 1  

INTRODUCTION: SINGLE-MOLECULE AND SUB-ENSEMBLE FLOURESCENCE 

MICROSCOPY FOR THE INVESTIGATION OF CATALYST AND POLYMER 

DYNAMICS 

 

 

 

 

 

 

 

 

ABSTRACT: This chapter focuses on the introduction of single-molecule fluorescence 

microscopy, specifically towards innovation and elucidation of catalyst dynamics, which is 

relevant to the first half of this dissertation. Superresolution fluorescence microscopy provides a 

powerful tool to investigate mechanistic questions and reaction dynamics that would otherwise be 

resolution- or diffraction-limited, providing insight at the nanometer level. An overview of recent 

applications of single-molecule and subensemble fluorescence microscopy to synthetic 

applications and catalytic motion-tracking is included herein, providing context for the scholarship 

in this dissertation.  
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INTRODUCTION  

 Single-molecule fluorescence microscopy has been used extensively for biological, 

biomedical and chemical applications. Since its advent in 2006,1 scientists have been able to 

investigate subensemble mechanistic questions on the nanometer scale, allowing insights into the 

dynamics of individual chemical reactions.  

The broadly applicable technique of Single Molecule Localization Spectroscopy (SMLM)2 

incorporates stochastic superresolution, which separates chemical events in time resolve multiple 

single events underneath the diffraction limit. SMLM is fundamentally based on the concept that 

individual events, indicated by the Point-Spread Function (PSF) of their respective emitter or 

fluorophore, can be localized underneath the Abbe diffraction limit provided that their PSFs do not 

overlap with another event’s. SMLM techniques include photoactivated localization microscopy 

(PALM),1,3 stochastic optical reconstruction microscopy (STORM),4,5 and point accumulation in 

nanoscale topography (PAINT),6 which is known for the prominence of the specific application 

towards immobilization via DNA strands, known as DNA-PAINT.7 

Although SMLM was quickly applied to biological sensing, there was a brief lag before 

the technique was applied to probe synthetic mechanistic questions. This was likely due to the lack 

of innate selectivity imparted by enzymes and necessary non-commercial probe design that are 

complications in synthetic applications.8  Despite these challenges, in 2006, Hofkens and Roeffaers 

imaged single-catalytic turnover on single crystals of [Li+-Al3+] layered double hydroxide 

catalysts, showing face-dependent catalytic activity.9 Further investigations at the single-molecule, 

single-turnover level were shown in 2008 by the Blum group, which developed a transition metal-

ligand system where fluorescence is prompted by a second ligand,10,11 and Kiel et. al. in 2007 with 

the imaging of fluorophore quenching via coordination and dissociation of adjacent copper ions.12 



3 
 

Single-catalytic turnovers were then imaged by in 2008 Majima for TiO2 photocatalysts13,14, 

followed immediately by Chen in 2009 on gold nanoparticles.15  In the following years, there have 

been swift advancements  the application of single-molecule fluorescence microscopy to many 

different catalytic systems.8,16–18  

As I started my graduate studies at the University of California, Irvine, influential advances 

were being reported in the literature by the Blum group and other laboratories to probe synthetic 

mechanistic questions using single-molecule fluorescence microscopy.19–22 These advances can be 

exemplified by the reductive transformation of resazurin to resorufin (Figure 1.1a) that has been 

employed to probe chemical dynamics via SMLM by both the Chen group and the Kisley group 

to image single-molecule, single-turnover catalysis. Using a combination of electron microscopy 

and single-molecule fluorescence microscopy, Chen was able to map catalytic activity of Au-Ag 

nanoparticles at a resolution of ~40 nm in 2018.23 In 2021, Kisley used this same fluorophore 

system to observe the corrosion of iron at the single-molecule level, showing spatial heterogeneity 

in the nanometer regime.24 
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Figure 1.1. Examples of fluorescent probes for single molecule spectroscopy. a) The 

resazurin/resorufin pair as “participant” probes, used by Chen on gold nanoparticles and Kisley on 

iron particles. b) Boron dipyrromethene (BODIPY) fluorophore covalently attached to a polymer 

monomer to be used a “spectator” probe, used by the Blum group to monitor molecular catalysts. 

 

 One of the many uses of a high-resolution in situ technique is the ability to visualize 

individual chemical events without undue influence of the probe or spectroscopic technique. These 

“spectator probes” allow visualization under reaction-typical conditions and can more accurately 

mirror an unmonitored reaction. As opposed to “participant” probes, such as the resazurin 

reduction, spectator probes are designed to have minimal influence over the reaction and do not 

“turn on”  due to a chemical transformation (Figure 1.1b). Instead, their fluorescence is often 

triggered by diffusion into the focal plane and are therefore excellent for single-molecule motion 

tracking. Both spectator and participant probes often must be synthetically tailored to report on 

specific chemical activity. The work described in the first half of this dissertation, and many of the 

publications published by the Blum group,17,18,21,25–32 feature the use of spectator boron 

dipyrromethene (BODIPY) fluorophores (Figure 1.1b).  

In addition to uncovering spatiotemporal differences in catalytic activity, subensemble 

fluorescence microscopy can be used to investigate diffusion and motion of individual particles, 
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stands, and molecules. Single-molecule tracking has been used to extensively investigate diffusion 

in nanoporous solids.33,34 Of particular note to the work discussed in this dissertation is the single-

molecule tracking work done by the Wӧll and Weckhuysen groups.  

The Wӧll group has performed a series of studies investigating the diffusion of single 

molecules in free polymer systems and polymer gels. In 2012, the thermal-initiated polymerization 

of styrene and methyl methacrylate (MMA) was imaged via a perylene diimide probe, showing 

significantly more heterogeneities in the MMA polymerization network than the polystyrene 

network.35 The Wӧll group correlated the lowered diffusion coefficient in the MMA system to its 

increased amount of heterogeneities, explicitly connecting visualization on the subensemble level 

to bulk properties. This work was followed in 2014 by the tracking of tagged single clay particles 

within a polymer-clay composite hydrogel, showing anomalous diffusion at all six different 

temperatures measured from 24 °C to 38 °C.36 In 2018, Wӧll and Mecking used an air objective 

and a custom-built heating apparatus to analyze the single-molecule diffusion of both a free 

molecular probe and polymer strands in block copolymer gels at temperatures up to 100 °C.37 

Interestingly, at the same temperature, some polymer strands exhibited motion that could better be 

described with 1-dimensional models than 2-dimensional models, showing significant differences 

in motion within the same system (Figure 1.2a).   
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Figure 1.2. a) Trajectories of single molecules in a polymer thin film, showing both 2D (yellow) 

and 1D (green) motion. Replicate of Figure 7 in Reference 24, copyright held by the American 

Chemical Society. b) Individual trajectories of a probe within a fluid catalytic cracking particle, 

showing differences in motion and diffusion constraints. Replicate of the TOC graphic in 

Reference 25, copyright held by the authors. c) Representation of heterogenous motion shown by 

molecular catalysts within a polymer particle, as discussed in chapter 3 of this dissertation.  

 

The Weckhuysen group has investigated the spatiotemporal dynamics of catalytic zeolite, 

as well as the motion tracking of fluorophores throughout the semi-porous zeolite systems.38,39 In 

2017, they investigated the diffusion coefficients of individual molecular probes within a fluid 

catalytic cracking (FCC) particle.40 They were able to determine, despite the probe being present 

throughout the entire diameter of the particle, 88% of the probe molecules were immobile, due to 

either trapping or physisorption, while 8% were fast-moving and the remaining 4% showed 

intermediate motion (Figure 1.2b). This study allowed for high-resolution mapping of the catalyst 
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particle’s physiochemical network and was a source of inspiration for the similar work in polymer 

particles described in chapter 3 (Figure 1.2c).  

As exemplified by the Wӧll group, single-molecule fluorescence microscopy allows for 

the elucidation of polymer dynamics. Polymers are a necessary material for many common-use 

items, such as electronics, clothing, and resins.  Due to their usefulness and prevalence in everyday 

life—in 2017, it was estimated that over 8 billion metric tons of virgin plastics had been 

produced41—polymer science had advanced by leaps in bounds in the past decades, notably due to 

the precision tunability of living polymerization.42 Transition metal catalysts enable controlled 

radical polymerization43,44 and olefin metathesis polymerization45,46, but these reactions are often 

optimized on a bulk scale.  

In 2006, Uji-i et. al. were able to visualize the rotational diffusion of individual fluorescent 

probes within poly(methyl acrylate) thin films and observed spatial and temporal heterogeneity 

through the use of defocused wide-field fluorescence microscopy.47 In 2008, Wӧll et. al. imaged 

evolving heterogeneities in polystyrene networks through the combination of fluorescence 

correlation spectroscopy and wide-field microscopy.48 The variable physical properties within 

these polymers are obscured during bulk characterization, but are observable at the 

subensemble/single-molecule level. These studies give rise to the question of whether other 

polymer properties, such as chain growth and strand motion, show unexpected heterogeneity that 

is averaged out on the ensemble level.  

Ring-opening metathesis polymerization (ROMP) is often performed as a living 

polymerization mediated by a ruthenium catalyst, such as Grubbs 2nd Generation catalyst, Grubbs 

3rd Generation catalyst, or the Hoveyda-Grubbs catalyst. As a chain-growth polymerization, 

individual monomers are added sequentially into the polymer chain, where polymer molecular 
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weight is dictated by the catalyst to monomer ratio. Escobedo, Coates and Chen evaluated the 

growth dynamics of the ROMP reaction through the use of magnetic tweezers and discovered that 

the rate of polymerization is not uniform.49 Instead, chain growth exhibited wait-and-jump steps, 

plausibly caused by entanglement of polymer strands. This lack of uniformity recalled the 

previously mentioned heterogeneity observed in other polymer systems, and the Blum group, led 

by previous graduate students Easter and Garcia, investigated the polymerization under more 

reaction-reflective conditions, as well as the associated molecular catalysts. Using single-molecule 

fluorescence microscopy, the individual polymerization reactions that take place at molecular 

catalysts could be visualized and elucidate if these individual events can be future mechanistic 

handles for informed optimization.  

Before my tenure in the Blum group, Easter and Blum had shown in 2017 that ROMP could 

be visualized at the single-molecule level using BODIPY probes covalently attached to a 

norbornene monomer.30 This was the first time that polymerization reactions could be imaged at 

the single-turnover level by fluorescence microscopy.  Easter and Blum followed up on this study 

to distinguish unique kinetic variability that was seen at the single-turnover level with 10-6 M – 10-

12 M concentration of fluorophore that was obscured under typical ensemble measurements such 

as 1H-NMR.31  By tracking fluorescence intensity of individual particles over time, the rate of 

monomer insertion at individual ruthenium catalysts was seen to be dynamic across the particles, 

but did not arise from a change in overall concentration of reagents or environment.32 These 

surprising results were followed up with further investigations of individual polymer 

particle/molecular catalyst kinetics in the presence of differing crosslinkers, such as 

dicyclopentadiene and norbornadiene.29 The presence of the co-monomers had only modest impact 

on the kinetics, implying that the rigidity imposed by a cross-linker had little effect on the rate of 
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individual monomer insertion. This research done by the Blum group is consistent with a model 

where catalyst access is unequal across a polymer particle and is affected by the density of polymer 

strands in the local microenvironment. I continued this research with Dr. Antonio Garcia in Chapter 

2 to investigate these purposed variable microenvironments.  

Single-molecule fluorescence microscopy remains a valuable tool for mechanistic insights 

into biological and chemical systems, and is expanded upon in the first half of this thesis. Chapter 

2 reports the investigations into the selectivity of molecular catalysts in polymer strands using two-

color fluorescence microscopy, imaging termination and elongation events simultaneously. This 

instantaneous snapshot of catalytic selectivity showed unexpected space- and time-variability. The 

motion tracking of individual molecular catalysts is also shown to be variable both within polymer 

particles and on a particle-to-particle basis, as shown in Chapter 3. These studies represent the 

heterogeneity visible at the single-molecule level, and provides a novel and unique way to analyze 

the mechanistic questions that underpin polymer architecture and bulk properties.  
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CHAPTER 2  

DOES SELECTIVITY OF MOLECULAR CATALYSTS CHANGE WITH TIME? 

POLYMERIZATION IMAGED BY SINGLE-MOLECULE SPECTROSCOPY  

 

 

PREFACE  

This project is a collaboration between multiple scientists. The first author, Dr. Antonio 

Garcia IV, performed most of the physical experiments presented. As a junior student in the 

laboratory, I assisted and performed preliminary runs during my first year of graduate school that 

were ultimately optimized for publication. The bulk of my work during this project was the 

incorporation of the data interpretation (the relativity in time of single events) performed in this 

project, which I developed during my time in the Blum Laboratory. As my contribution to this 

project (the creation and implementation of the analysis) is uninterpretable without including Dr. 

Garcia’s experiments, I have included these experiments in their entirety. I also assisted in the 

implementation of the data analysis, the localization of the particles, analysis of control 

experiments, and creation and writing of the final publication. Pía A. Lopéz assisted with the 

analysis of the particles and control experiments, and Drs. D. Josh Dibble and  Nozomi Sato 

helped create the Localizer and Igor Pro scripts used during this project to analyze the raw 

images. Adapted from Garcia IV, A.; Saluga, S. J.; Dibble, D. J.; López, P.; Saito, N.; Blum, S. A. 

Does Molecular Catalyst Selectivity Change with Time? Polymerization Imaged by Single-

Molecule Spectroscopy. Angew. Chem. Int. Ed. 2021, 60, 1550−1555. 
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ABSTRACT  

The chemoselectivity of molecular catalysts underpins much of modern synthetic organic 

chemistry.  Yet little is known about the selectivity of individual catalysts because this single-

catalyst-level behavior is hidden by the bulk catalytic behavior. Here, for the first time, the 

selectivity of individual molecular catalysts for two different reactions is imaged in real time at 

the single-catalyst level. This imaging is achieved through fluorescence microscopy paired with 

spectral probes that produce a “snapshot” of the instantaneous chemoselectivity of a single 

catalyst for either a single-chain-elongation or a single-chain-termination event during 

ruthenium-catalyzed polymerization. Superresolution imaging of multiple selectivity events, 

each at a different single-molecular ruthenium catalyst, indicates that catalyst selectivity may be 

unexpectedly spatial- and time-variable. 

INTRODUCTION  

A long-sought goal of catalytic polymerization reactions is the complete control over the 

molecular weight distribution, and consequently, over the material properties on the macroscopic 

scale.1–3 Despite this, the mechanistic origins of catalyst selectivity on molecular weight 

distributions remain poorly understood at the fundamental level.4 Addition of chain terminating 

agents or functional end groups are a common strategy to target specific chain lengths with 

resulting narrow molecular weight distributions.5,6 However, the spatiotemporal selectivity of 

single molecular catalysts for chain elongation versus chain termination is completely unknown 

because it is hidden by the ensemble averaging inherent to bulk measurements. This problem is a 

representative example of a broader set of selectivity questions in chemistry: Does selectivity 

exhibited by a subset of molecular catalysts change with time or is it constant with time? Do all 
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the molecular catalysts exhibit the same selectivity trends in time and space or are they different 

from each other, and if they are different, what are the causes and timescales of these variations? 

Though the outcome of the reaction on the bulk level, including yield, material properties, and 

efficiency of the process, all hinge on the ~1020 individual selectivity choices made by individual 

molecular catalysts in a typical bench-scale reaction, there is essentially no direct information on 

these individual behaviors because there has been no direct way to measure them.  

Catalytic polymerization is diverse mechanistically, yields commodity materials (>65 million 

tons of polyolefins annually7), and underpins the discovery of new materials.8,9 Catalytically active 

chain ends bearing single molecular catalysts may experience changes in the local environment 

due to segmental motion, variation in solvation, and chain growth.10–14 The distributions—and 

indeed even the presence and timescales—of variable chemoselectivity within these and other 

catalytic reaction systems are not easily predicted, and to our knowledge have not been observed 

in any molecular catalyst system due to the ensemble averaging inherent to traditional analytical 

measurements. 
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Figure 2.1. (a) Schematic for observing instantaneous chemoselectivity of an individual molecular 

catalyst for two different reaction pathways. (b–d) Diffraction limited composite images for 100 s 

observation periods of one polymer aggregate particle 2.1. (e) Superresolved image of single 

chain-elongation (green) and -termination (orange) events observed at a single-polymer-particle 

aggregate, with events not identified with statistical confidence (black). (f) Superresolved image 

for all single-turnover events, where color of data points indicates reaction time. (g) Diffraction 

limited composite image for entire observation period. 
 

The Blum Laboratory, including previous graduate student Dr. Antonio Garcia IV and I, 

became interested whether single-molecule/single-turnover imaging techniques could address 

these analytical challenges.15–24 Dr. Garcia started our studies by designing a pair of fluorescent 

molecules that could differentiate between two different reaction pathways25 in the living 

metathesis polymerization reaction at aggregate 2.1 (Figure 2.1a). This aggregate formed upon 

association of numerous individual living polymer strands, from ruthenium catalyst and untagged 

(dark) norbornene (5 mM), each strand of which contained potentially one catalyst. After 
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precipitation of 2.1 onto the microscope coverslip, and a rinse to remove exogenous dark 

norbornene, 2.2 and 2.3 were added into the sample at low concentration (each at 10-14 M). By 

design, a chain-elongation event with 2.2 produces a single green flash within 2.1, and a chain-

termination event with 2.3 produces a single orange flash. In this competition experiment, each 

single flash denotes the “instantaneous chemoselectivity” of a single catalyst. The low 

concentration of imaging agents and the high concentration of living strands within 2.1 means that 

each flash likely occurs at a different individual catalyst.16,17,26,27 Further, the high initial 

concentration of untagged norbornene (prior to precipitation of 2.1 and subsequent rinsing) and 

the low concentration of imaging agents 2.2 and 2.3 means that most polymer is composed of 

untagged (dark) norbornene. 

We propose two different possibilities for how the two different reaction pathways may be 

affected by change in catalyst microenvironments: In hypothesis #1, the chemical reagents respond 

the same way to different/changing microenvironments, whereas in hypothesis #2 they respond 

differently. Reactivity consistent with hypothesis #1 could occur if confinement at the catalyst 

centers caused by the dynamics of the growing polymers had similar effects on both of the two 

reactions.  Reactivity consistent with hypothesis #2 could occur if these physical dynamics had 

different effects on each of the two reactions (e.g., accelerating one reaction and decelerating the 

other by differential pressure or differential diffusion effects at the local level).  

RESULTS AND DISCUSSION  

To differentiate between hypothesis #1 and #2, the selectivity of catalysts in living strands 

within individual particles were examined via the doping of imaging agents 2.2 and 2.3 into the 

reaction. Performed by senior student Garcia, 15-minute time-lapse image was acquired of the 

reaction, which showed numerous green and orange flashes localized into individual polymer 
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particles 2.1. These flashes were absent with control compounds (S2.4 and S2.5), which contained 

identical boron-dipyrromethene (BODIPY) cores but lacked olefin-metathesis reactive functional 

groups (see appendix for details). These control experiments rule out adsorption/desorption via 

physisorption of the reactants as the cause of the flashes.  Figure 2.1 shows the behavior of a 

representative polymer particle during this 15 minute observation period. Figure 2.1b−d displays 

composite images that show the spatial overlap in the diffraction-limited data of many chemical 

events over time within a single particle. Figure 2.1g shows the composite of all events in this 

particle over the full observation time.  

Diffraction-limited images showed that the spatial overlap of the fluorescence signals arising 

from multiple chemical events often prevented precise localization, counting, and determination 

of the spectral properties associated with individual turnover events. To overcome these 

limitations, superresolution analysis was employed.28–33 Figure 2.1e shows the superresolved 

positions of single elongation events (green) and single termination events (orange). Events that 

could not be assigned as either are also indicated (black). Assignments are made with 95% 

confidence in comparison to basis sets of known green and separately known orange reagents (see 

Appendix for details). In Figure 2.1f, each superresolved single turnover, regardless of selectivity, 

is assigned a display color on the basis of when it occurred, providing a 2D representation of time-

of-reaction.  Together, the data in Figure 2.1 show that selectivity at individual catalysts can be 

spatiotemporally resolved within growing polymer aggregates.  

Superresolved one second snapshots of the reaction in progress provided the “instantaneous 

selectivity” of individual molecular catalysts.  Figure 2.2a−c shows individual 1 second frames 

from time-lapse imaging of an example particle. The top images display diffraction-limited frames 
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at t = 45, 444, 811 s, and the bottom images display the respective superresolved and spectrally 

assigned reaction information.  

 

Figure 2.2 (a−c) Comparison of diffraction limited images (top) and superresolved images 

(bottom) for single frames at different observation times t = 45, 444, 811 s, respectively. (d) 

Histogram data of single chain-elongation (green) and -termination (orange) events as of function 

of time. (e.) Kinetics time traces comparing chain-elongation (green) and -termination (orange). 

(f) Imaging and analysis methodology. 

 

My most substantial contribution to this work is the idea and subsequent implementation 

to analyze the single-turnover counting data through summation curves. This method of analysis 

enabled determination of selectivity changes with time within one particle, shown in Figure 2.2d 

and 2.2e (and later in Figure 2.3a, 2.3b, and 2.3d, and many additional examples in the appendix). 

The observation of selectivity changes within single particles formed the central narrative of this 

publication. These graphs, and the subsequent analysis, were initiated during my time in the Blum 

Laboratory and were essential to the processing and understanding of our data. Figure 2.2d shows 

histogram data of elongation and termination events within that particle with respect to time, in 10 

s bins. The histogram data in Figure 2.2d was then translated to informative kinetics time traces 
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by summation of the individual selectivity events over time (Figure 2.2e). Comparison of the 

chain-elongation (green) and chain-termination (orange) kinetics traces showed that selectivity 

may fluctuate with time. For example, at t = 380 and 660 s, the rate of chain-elongation slows, 

while the chain-termination rate remains relatively constant.  Relative changes in the rates of the 

two reactions produce selectivity changes. 

 

 

Figure 2.3. Different particles have different behavior: (a) example particle exhibiting a 

statistically significant time variability, (b) example particle not displaying this behavior, (c) non-

Poisson distribution behavior of chain-elongation events,  (d) sum of all recorded single-molecule 

events across 30 particles, showing how reconstituted “ensemble” data obscures the variations 

observed between and within single particles.  

 

In order to evaluate the statistical significance of differences between the chain-elongation 

and chain-termination probability with time, I, along with previous graduate student Dr. Garcia 

and graduate student Pía A. López, analyzed multiple particles across different samples using the 

analysis methodology that I had originally developed and which had been honed by me and Garcia 
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after visiting the UCI Center for Statistical Consulting to settle on implementation of the KS test 

to evaluate our data (Figure 2.2f). Figure 2.3a shows an additional example particle with periods 

of selectivity changes: most notably a sudden rise in rate of chain-elongation events (green) 

occurred at t = 110 s and a sudden rise in chain-termination events (orange) occurred at t = 450 s; 

however, during those time periods, the other reaction rate remained low and relatively constant. 

Statistically significant variations in selectivity with time were observed in 30% of particles (9 out 

n = 30) as determined using two statistical tests. The statistical analysis performed herein was the 

work of myself, previous graduate student Dr. Garcia, and graduate student López. We each 

analyzed large data files containing thousands of potential single-molecule events spread through 

tens of particles. Each of us evaluated separate particles for their behavior by processing image 

files through home-modified superresolution software, signal-fitting, and duplicate removal 

process, with final chemoselectivity assignments, and statistical evaluation. Particles were only 

counted as displaying changes in selectivity if their selectivity variations were statistically 

significant in both tests (e.g., Figures 2.2e and 2.3a):  

1) For statistical evaluation of changing selectivity vs. time, data was normalized and 

evaluated through a nonparametric, Kolmogorov-Smirnov test. This test established that the green 

and orange rates changed relative to each other (p < 0.05) in these 9 particles.  

 2) A chi-square goodness-of-fit test was used to compare the experimental frequency of 

single-turnover events to a theoretical Poisson distribution. If selectivity were not changing, then 

the expected single-turnover counting kinetics of both chain-elongation and chain-termination 

would follow Poisson probability distributions (i.e., the probability of each type of chemical 

reaction occurring would be constant in time). The two types of reactions may have different 

probabilities from each other, but they would separately obey constant probabilities if selectivity 
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were constant.  In these nine particles, however, behavior of at least one of the reaction types 

(elongation or termination) did not fit a Poisson distribution (p < 0.05). This changing probability 

underpins the change in chemoselectivity with time. 

The remaining particles (21 out of n = 30) did not show statistically significant differences in 

selectivity (example, Figure 2.3b). This behavior occurred in a subset of particles, but not in all, 

characterizing the range of time-variable reactivity/selectivity behaviors across the samples, which 

is typically obscured by ensemble measurements and is uniquely visible to subensemble 

experiments. Each particle in this subset exhibited different values of t for duration of changes in 

selectivity, further characterizing the range of reactivity/selectivity behavior. 

Comparison between single-molecule and ensemble data: unique data available at single-

molecule level. The capabilities of the superresolved, two-color single-molecule spectroscopy to 

reveal otherwise obscured chemoselectivity information are highlighted by comparison of the 

single-turnover-counting/single-particle data (shown in Figures 2.1 and 2.2) with reconstituted 

“ensemble” data in Figure 2.3d as the sum of green, orange, or both (shown in black), based on 

my method of particle analysis. Notably, the space- and time-variability in chemoselectivity are 

completely obscured through this reconstituted ensemble data. 
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Figure 2.4. (a) Control experiment establishing irreversible incorporation of 2.2 and 2.3, by 

fluorescence buildup. (b) Schematic of a physical mechanism consistent with hypothesis #2; 

consequently, incorporation of imaging agents 2.2 and 2.3 (green and orange) occurs at different 

rates during different states. 

 

Confirmation that chemical incorporation is irreversible. Experiments described thus far were 

intentionally performed with high laser power in order to induce photobleaching of fluorophores 

shortly after incorporation into the polymers. This resulting dark background enabled accurate 

single-molecule detection, counting, and spectral assignment of subsequent events. Without 

photobleaching, the fluorescence intensity of each particle increased over time, consistent with 

irreversible chemical incorporation of 2.2 and 2.3: A control experiment demonstrated that new 

(non-photobleached) regions of the same sample, examined after acquiring single-molecule data, 

showed numerous bright polymer particles (side-by-side comparison, Figure 2.4a). These 

outcomes are consistent with fluorescence signal arising predominantly from irreversible 

incorporation of 2.2 and 2.3. This outcome are inconsistent with fluorescence signal arising 

predominantly from rapidly reversible on/off complexation/decomplexation of the alkene to the 

ruthenium center,34 or to rapidly reversible catalyst quenching, because these alternative processes 

would not result in fluorescence buildup. 
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CONCLUSION  

These data suggest that behavior consistent with hypothesis #2 could be occurring: that the 

dynamics of the local catalyst microenvironments might have different effects on each of the two 

reactions. The reasons for the observed time-variable chemoselectivity are not yet fully understood 

but may reflect diffusional differences between the two reagents 2.2 and 2.3 and their resulting 

access to catalysts. For example, hydraulic pressure, which may produce time-variable density 

changes of growing polymers, has been previously characterized during catalytic polymerization.35 

Such density changes may cause diffusional differences that account for the observed time-

variable selectivity in this system. Conformational changes14 may also produce density changes 

on a larger length-scale than previously observed. A schematic of this plausible physical 

mechanism is shown in Figure 2.4b. In this mechanism, increases in local polymer density crowd 

molecular ruthenium catalysts and restrict access of reagents to the catalyst centers unequally 

through reduction in effective pore sizes within the polymer. These fluxional processes may then 

produce differences in concentration of reagents inside the particles. Alternative mechanisms, 

however, cannot currently be ruled out.    

In conclusion, these experiments provide spatiotemporally resolved snapshots of individual 

molecular catalyst selectivity at the single-turnover level, revealing catalytic behavior that is 

obscured by traditional ensemble measurements. The resulting data reveals that catalysts in 

neighboring particles exhibit different chemoselectivity trends in time and space from each other. 

Furthermore, within a single particle, time-variable selectivity may occur. Both these observations 

are consistent with dynamic catalyst microenvironments that affect chain-elongation and chain-

termination reactions unequally.36  
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The outcome of this study raises the question of whether changing chemoselectivity at the 

single-catalyst level may be a cause of broadened polydispersity in molecular weight compositions 

or of other macroscale polymer properties. Measurement and correlation of individual particle 

chemoselectivity with macroscopic properties may thus enable the future improvement of catalyst 

performance. The bulk characteristics of essentially all molecular catalytic reactions arise from the 

sum of individual choices at the single-catalyst level. The presence of space- and time-variable 

selectivity by individual molecular catalysts in other systems is intriguingly unknown, and the 

plausibility of its wider presence is bolstered by such behavior in the current system. 
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APPENDIX  

I. General Information  

 

All reagents and solvents were used as received from commercial sources unless otherwise 

noted. Analytical thin layer chromatography (TLC) was performed using Merck F250 plates and 

visualized under UV irradiation at 254 nm. Flash chromatography was conducted using a 

Teledyne Isco Combiflash® Rf 200 Automatic Flash Chromatography System, and Teledyne 

Isco Redisep® 35–70 μm silica gel. Spectrophotometric grade heptane (OmniSolv®) was 

purchased from EMD Millipore and was used for all microscopy studies. Catalyst S2.6 (“Grubbs 

Catalyst, 2nd Generation”) was purchased from Sigma-Aldrich. Ultra-pure water with >18 MΩ 

resistivity and total organic content of <5 ppb was obtained from a Milli-Q Gradient A10 water 

purifier (Millipore, Billerica, MA) using a Q-Gard 2 purification pack and a Quantum EX 

Ultrapure Organex cartridge. All proton and carbon nuclear magnetic resonance (1H and 13C 

NMR) spectra were recorded on a Bruker DRX-500 spectrometer outfitted with a cryoprobe or a 

Bruker Avance 600 MHz spectrometer. All coupling constants were measured in hertz (Hz). 
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Chemical shifts were reported in ppm and were referenced to residual protiated solvent peaks 

(δH = 7.26 ppm for CDCl3; δH = 5.33 ppm for CD2Cl2) in 1H NMR spectroscopy experiments. 

II. Construction of Reaction Cells and Preparation of Coverslips for Microscopy 

Glass coverslips (25 x 25 mm, No. 1.5, VWR Scientific) with a thickness of 0.17 mm 

were cleaned by sonication in 20 mL of a 0.6% solution of Hellmanex Detergent (Fisher 

Chemical) in Milli-Q water for 60 min and then rinsed sequentially with Milli-Q water and 

spectrophotometric grade ethanol six times. The rinsed coverslips were dried with compressed 

air. Coverslips were either stored in a sealed container or used immediately after drying. 

Bottomless vials were made by cutting the ends from glass reaction vials (Short Form Style, 

VWR Scientific). The resulting cylinders were rinsed thoroughly with Milli-Q water and 

spectrophotometric grade ethanol and dried in an oven at 115 °C overnight before use. To 

assemble the reaction cells, the cleaned and dried hollow bottomless vials were attached to the 

cleaned coverslips by applying epoxy (Devcon) to the outside base of the tubes, then the 

assembled tubes were capped and stored overnight or longer before use in microscopy 

experiments. 

III. Fluorescence Microscopy Parameters  

All microscopy imaging was performed with an inverted microscope (IX71, Olympus 

Corporation) and an oil-immersion, 60x objective with a 1.45 numerical aperture combined with 

a 1.6x magnification piece engaged. The total magnification was 96x. Samples were imaged with 

a CMOS Prime 95B camera (Photometrics). Fluorescence microscopy samples were illuminated 

with the 488 nm line obtained from a solid state laser stack (Intelligent Imaging Innovations) set 

to 15% power (~6.0 mW measured at the objective). The Backside Illuminated Sensor (95% 
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quantum efficiency) has an effective 1200 x 1200 array of pixels. The pixel size was 11 μm 

which with the 96x magnification, resulted in each pixel in the acquired images representing an 

area of 115 x 115 nm. The focus was changed with a z-axis controller (MS-2000, Applied 

Scientific Instruments, Inc.). All images were acquired in total internal reflection fluorescence 

(TIRF). An external alternating filter wheel was installed in between the inverted microscope and 

camera (Sutter Instrument Co). For all time-lapse acquisitions, images were obtained for two 

different filter channels, 514/30 (green channel) 562/40 (orange channel), with a FF506-Di03-

25x35 dichroic beamsplitter (Brightline). The SlideBook 6.0 software (Intelligent Imaging 

Innovations) was set to acquire images every 1 s with 100 ms exposure to the 488 nm line per 

frame in each color channel. The time delay for filter wheel alternation was 75 ms. Images were 

viewed in ImageJ (NIH, available at http://rsbweb.nih.gov/ij/) and analyzed with Igor Pro 8 

(WaveMetrics). 

The minimum and maximum intensity values of the videos exported from SlideBook 

were adjusted in ImageJ and are displayed here at constant min/max for all controls and 

repetitions of data at a given concentration within a given experiment. When imaging agents 2.2 

and 2.3, and control compounds S2.4 and S2.5 were used, the display settings were changed to 

gamma = 2, min = 100, and max = 145 for the green channel and gamma = 2, min = 100, max = 

120 for the orange channel. These display settings are shown in Figures S2.1 and S2.6–S2.13. 

For the green and orange channel composite images shown in the main text Figure 1, the display 

settings were set to gamma = 2, min = 150, and max = 1240 for the green channel and gamma = 

2, min = 130, and max = 155 for the orange channel. For the green and orange channel 

composite images shown in the main text Figure 2, the images were denoised using ImageJ 

Software Non-local Means Denoising with Sigma = 5 and Smoothing = 1. Further, the display 
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settings were set to gamma = 0.5, min = 130, and max = 140 for the green channel and gamma = 

0.5, min = 123, and max = 126 for the orange channel. For the green and orange channel 

composite images shown in the main text Figure 4, the display settings were set to gamma = 2, 

min = 130, and max = 140 for the green channel and gamma = 2, min = 115, and max = 123 for 

the orange channel. 

IV. Synthetic Procedures 

The work described in this section was performed by senior student Antonio Garcia IV. 

a. Synthesis of ester norbornene green BODIPY core imaging agent 2.2. 

  

The Blum group has previously synthesized the functionalized BODIPY compound S2.1 

and imaging agent 2.2 and reported full characterization data.1 For the experiments reported 

herein, a revised synthesis was used for step 2 for the synthesis of S2.1. This revision replaces 

the original thionyl chloride with phosphorous oxychloride, which is more readily available. 

This updated procedure is described below. An oven-dried 100 mL round-bottom flask was 

charged with 5-bromovaleric acid (2.74 g, 15.1 mmol) and a stir bar, and then placed under a 

nitrogen atmosphere. Dry CH2Cl2 (65 mL) and dry DMF (0.1 mL, 1.30 mmol) were added to 

dissolve the solid. Oxalyl chloride (1.56 mL, 18.2 mmol) was added via syringe dropwise while 

S2.1 
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stirring under dynamic nitrogen. The yellow-colored solution was stirred at room temperature 

for 1 h. The solution was concentrated in vacuo to yield a colorless oil and then put on a high 

vacuum line for 1 h to remove residual oxalyl chloride. In a separate oven dried 100 mL round-

bottom flask, 2,4-dimethylpyrrole (3.88 mL, 37.8 mmol) and phosphorus oxychloride (1.55 mL, 

16.6 mmol) were dissolved in dry CH2Cl2 (55 mL) and sealed under dynamic nitrogen. The 

previously prepared acid chloride was dissolved in dry CH2Cl2 (10 mL) and added dropwise to 

the reaction mixture while stirring under nitrogen. The reaction mixture was stirred at reflux for 

13 h, cooled to room temperature, and concentrated in vacuo. The resulting black residue was 

layered with hexanes (70 mL) and the mixture was stored at −35 °C overnight. The hexanes 

were decanted and the residue was placed under high vacuum for 1 h, then the residue was 

dissolved in dry toluene (65 mL) and capped with a rubber septum and placed under dynamic 

nitrogen. The mixture was treated with 1,8-diazabicyclo[5.4.0]undec-7-ene (3.38 mL, 22.6 

mmol) by adding dropwise. The resulting black solution was stirred for 1 h at 80 °C. Boron 

trifluoride dimethyl etherate (1.06 mL, 10.1 mmol) was added via syringe and the mixture 

was stirred at 80 °C for 1 h. The red solution was cooled to room temperature and washed 

with brine (3  50 mL). The organic layer was dried over sodium sulfate, filtered, and 

concentrated in vacuo to yield a dark red solid. The solid was purified by flash chromatography 

(CH2Cl2:hexanes (1:1), Rf = 0.3) to yield (856.5 mg, 16.8%) of the product as a dark red solid. 

This material was subsequently taken to the next synthetic step without characterization.  
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In an argon-filled glove box, potassium hydride (332 mg, 8.30 mmol) and THF (30 mL) 

wereadded to a 50 mL round-bottom flask. A stir bar was added, and the solution was capped 

with a rubber septum and removed from the glove box. In a separate 50 mL round-bottom flask, 

dry THF (10 mL) was dispensed from the dry solvent system. This flask was capped with a 

septum and removed from the glove box. From this round bottom flask, 10 mL of THF was 

taken out via syringe and added to a separate 10 mL round-bottom flask, which had previously 

been oven dried, capped with a septum, flushed with nitrogen and charged with norbornene-2-

carboxylic acid in an endo:exo ratio of 3:1 (0.87, 7.1 mmol). The resulting solution was added 

dropwise to the separate KH/THF slurry, at which point gas evolution was observed. This solution 

was stirred overnight. The solution was then filtered (glass frit, medium) to yield an off-white 

solid. This solid was collected and without washing was immediately transferred by spatula to a 

second 50 mL round- bottom flask with a stir bar. To the off-white solid was added S2.1 (0.795 

g, 2.35 mmol) and DMF (25 mL). The solution was stirred for 72 h at 50 °C under dynamic nitrogen 

to prevent protonation of the carboxylic acid. After cooling to room temperature, the solution 

was diluted with ethyl acetate and washed with water (3 x 50 mL) and brine (3 x 50 mL). The 

EtOAc/DMF solution was dried over magnesium sulfate, and then concentrated in vacuo to 

give a dark red solid crude product. The resulting solid was purified by silica gel flash column 

chromatography using an elution of 50% CH2Cl2 in hexanes (Rf = 0.55), which yielded 

analytically pure bright red-orange solid 2.2 (198.7 g, 17.0%). 1H NMR spectroscopy analysis 

showed a 3.0:1.0 mixture of endo:exo isomers of ester norbornene BODIPY. 
1H NMR (CDCl3, 

500 MHz): δ 6.18 (dd, J = 5.5 Hz, 1H), 6.06 (s, 2H), 5.90 (dd, J = 5.5 Hz, 1H), 4.08 (t, J = 12.5 

Hz, 2H), 3.17 (m, 1H), 2.98–2.95 (m, 2H), 2.94–2.89 (m, 2H), 2.52 (s,6H), 2.42 (s, 6H), 1.90–

1.87 (m, 1H), 1.82–1.79 (m, 2H), 1.75–1.72 (m, 2H), 1.44–1.37 (m, 2H), 1.28–1.25 (m, 1H). 13C 
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NMR (CDCl3, 126 MHz): δ 174.8, 154.1, 145.7, 140.2, 138.0, 135.8, 131.9, 121.8, 63.5, 49.7, 45.7, 

43.4, 42.6, 29.3, 28.3, 28.0, 16.4, 16.4, 14.5. HRMS (ESI): m/z: [M+Na]+  calcd for NaC25H31O2N2BF2 

463.2349, found 463.2337. 

b. Synthesis of terminal olefin orange BODIPY core imaging agent 2.3 

 

 

The Blum group has previously synthesized terminal olefin orange BODIPY core 

imaging agent 3, the characterization2 of which is reproduced here for convenience and 

clarity. 1H NMR (500 MHz, CDCl3) δ 6.79 (s, 2H), 5.86 (ddt, J = 17, 10, 6.7 Hz, 1H), 5.09 (d, 

J = 17, 1.6 Hz, 1H), 5.03 (appd, J = 10 Hz, 1H), 3.03 (t, J = 6.3 Hz, 4H), 2.81 (t, J = 8.0 Hz, 

2H), 2.55 (t, J = 6.2 Hz, 4H), 2.45 (dt, J = 7.5, 7.5 Hz, 2H), 1.87–1.82 (m, 4H), 1.77–1.72 (m, 

4H); 13C NMR (126 MHz, CDCl3) δ 156.6, 142.5, 137.0, 133.8, 128.7, 122.9, 115.8, 37.3, 29.9, 

24.6, 23.3, 22.9, 22.4. HRMS (ESI): m/z: [M+Na]+ calcd for C21H25BF2N2, 377.1981; found, 

377.1976. 

 

 

 

 

 

2.3 
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c. Synthesis of butyl green BODIPY core control compound S2.4. 

 
 

The Blum group has previously synthesized butyl green BODIPY core control compound 

S4, the characterization3 of which is reproduced here for convenience and clarity. 1H NMR (500 

MHz, CDCl3) δ: 6.05 (s, 2H), 2.96–2.90 (m, 2H), 2.51 (s, 6H), 1.66–1.58 (m, 2H), 1.52 (sextet, J 

= 8 Hz, 2H), 0.99 (t, J = 8 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ: 153.8, 146.9, 140.4, 131.6, 

121.7, 33.9, 28.2, 23.6, 14.6 (t, JC–F = 3 Hz), 13.9. HRMS (ESI): m/z [M+Na]+ calcd for 

C17H23N2BF2Na, 327.1823; found, 327.1819. 

d. Synthesis of butyl orange BODIPY core control compound S2.5. 

 

 

S2.4 

S2.5 
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A 100-mL oven-dried flask was charged with CH2Cl2 (10 mL), 2,4-dimethylpyrrole 

(0.57g, 4.7 mmol), phosphorus oxychloride (0.20 mL, 2.1 mmol), and a stir bar, placed under 

nitrogen, and sealed with a rubber septum. The dark-colored solution was brought to 40 °C, 

and while stirring, valeryl chloride (0.23 mL, 1.9 mmol) was added dropwise under nitrogen. 

The solution was stirred at reflux under nitrogen for 5 h, cooled to room temperature, and 

concentrated in vacuo. Hexanes (60 mL) were added and the mixture was stored at −36 °C 

overnight, producing a dark black residue. The hexanes were decanted and the remaining 

residue was placed under high vacuum  for  1  h,  then  dissolved  in  dry  toluene  (15  

mL)  and  treated  with  1,8- diazabicyclo[5.4.0]undec-7-ene (0.43 mL, 2.8 mmol) added 

dropwise under nitrogen. The solution was stirred for 1 h at 80 °C. Boron trifluoride dimethyl 

etherate (0.25 mL, 2.7 mmol) was added by syringe and the stirring was continued at 80 °C 

for 1 h. The resulting dark pink solution was cooled to room temperature and washed with 

water (3 x 30 mL). The organic layer was dried by passing the solution through a plug of 

cotton wool and concentrated in vacuo to yield a dark solid. The solid was purified by flash 

chromatography (CH2Cl2:hexanes (1:1), Rf = 0.32) to yield 30.8 mg (0.086 mmol, 4.6%) of a 

dark red solid. 1H NMR (600 MHz, CDCl3): δ 6.78 (s, 2H), 3.03 (t, J = 6.33, 4H), 2.73 (t, J = 

7.86, 2H), 2.55 (t, J = 6.21, 4H), 1.85–1.81 (m, 4H), 1.76–1.73 (m, 4H),1.70–1.67 (m, 2H), 

1.45–1.39 (m, 2H), 0.94 (t, J = 7.38, 3H). 13C NMR (150 MHz, CDCl3): δ 156.3, 143.4, 

133.9, 128.5, 122.9, 35.8, 30.1, 24.6, 23.3, 23.2, 23.0, 22.5, 13.9. HRMS (TOF MS ES): m/z 

[M+Na]+ calcd for C21H27N2BF2Na, 379.2137; found, 379.2136. 
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 V. Preliminary Experiments  

 

I performed preliminary experiments for the initial submission of this manuscript that 

were ultimately replaced by modified experiments (performed by previous student Dr. Antonio 

Garcia IV) to address reviewer feedback. I have included my initial data here. Analysis, as 

discussed in later sections of the SI (Sections XII and XIV), was the same for these particles as it 

was for these later experiments.  

a. Preparation of a solution containing 1.4 × 10–14 M imaging agents 2.2 and 2.3 for two-

color fluorescence microscopy. Imaging agent 2.3 (1.7 mg, 4.8 x 10–3 mmol) was weighed into a 

1-dram glass vial. Spectrophotometric grade heptane (2.0 mL) was added to the vial via plastic 

syringe, and the solution was sonicated for 1 h to fully dissolve the compound. This afforded a 

solution of 2.4 x 10–3 M imaging agent 2.3 in heptane, which was orange-pink in appearance. 

Imaging agent 2.2 (1.0 mg, 2.3 x 10–3 mmol) was weighed into a separate 1-dram and dissolved 

in 1 mL of spectrophotometric grade heptane and 1 mL of the 2.4 x 10–3 M imaging agent 2.3 

solution. The combined imaging agent solution was sonicated for 1 h to afford a solution 

containing 1.2 x 10–3 M of imaging agents 2.2 and 2.3. Serial dilution using this 1.2 x 10–3 M 

stock solution, a 10 μL gastight syringe (Hamilton Company), and heptane allowed for the 

preparation of clear, colorless 1.4 x 10–14 M solutions of imaging agents 2.2 and 2.3 in heptane. 

b. Two-color imaging of single chain-elongation and -termination events with imaging 

agents 2.2 and 2.3 at 1.4 × 10–14 M. A microscopy cell containing a 1.0 mL mixture of  Grubbs 

catalyst 2nd Generation (catalyst S2.6) in spectrophotometric grade heptane was imaged to in 

TIRF mode. This resulted in dark images when surveying regions of the coverslip (Figure S2.1). 

In a 20 mL vial, norbornene (28.5 mg, 3.03 x 10–4 mol) was weighed out and dissolved in 

15.0 mL of spectrophotometric grade heptane, added via plastic syringe. Then, 0.25 mL of the 
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norbornene solution was added all at once to the mixture of catalyst S2.6 in heptane (Section 

VIa), yielding a volume of 1.25 mL. The reaction mixture was imaged in TIRF mode for three 

minutes, which resulted in dark images and no detection of single-molecules when surveying 

regions of the coverslip (Figure S2.1).  

A 15-minute time-lapse capture was taken in TIRF mode (see Section III for acquisition 

details). 0.25 mL of imaging agent 2.2 and 2.3 at 1.0 x 10–13 M was added immediately before 

the capture start. This resulted in a reaction mixture containing imaging agent 2.2 and 2.3 at 2.0 x 

10–14 M and living polynorbornene in solution. The shutter was immediately opened after 

addition. The imaging “start” moment is referred to as t = 0 on all figures and is the moment the 

capture started. Upon opening the shutter, numerous single-bright flashes were observed on the 

coverslip surface in both green and orange channels (Figure S2.1). At some regions of the 

coverslip, the flashes appeared to be localized to particular 2−5 μm areas, indicating areas of 

high reactivity. These images indicate that flashes are due to the insertion of 2.2 and 2.3 into the 

growing polymer chains. The flashes appear to be equally numerous and bright in both green and 

orange channels, corresponding to the expected imaging of both green and orange imaging 

agents. 
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Figure S2.1. Representative single frames from two-color selectivity experiments with imaging 

agents 2.2 and 2.3 at 1.4 x 10-14 M for three replicate samples. 

 

 Following the previous time-lapse acquisition, other regions of the coverslip were imaged 

using the same acquisition parameters (see Section III for acquisition details). This time-lapse 

capture is an internal control experiment that tests for the buildup of polymeric material and 
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fluorophore at the coverslip surface and is discussed in detail in Section VIII. This experiment 

was completed in triplicate. 

 This procedure was modified (Section VI) to pre-form the polynorbornene particles on 

the surface of the coverslip and to remove the excess monomer present in solution. Grubbs 

catalyst (2nd generation) reacts for 5 minutes with the untagged norbornene monomer and then 

washed 5 times with clean spectroscopic-grade heptane. The removal of excess monomer 

decreases the likelihood of aggregation events occurring and being misinterpreted as chemical 

reactions (further details in Section VI). 

c. Construction of Superresolved Images  

This procedure is the same as the one detailed in Section XII. It is paraphrased here for 

clarity. The ratios and exact parameters for these preliminary experiments are different from 

those in the final manuscript, and have been explicitly stated here.  

The two-color experiments resulted in one tiff image stack for each color channel. Each 

tiff file was exported in ImageJ to search for regions where single-molecule events were 

centralized on single-polymer particle aggregates. To help search for single-polymer particles 

that were not overlapping, time composite images were created from the tiff image stack. The tiff 

image stacks were cropped around particles for superresolution analysis in Igor Pro 8 for each 

color channel. For the analysis of each particle in both color channels, the following filters and 

conditions were applied; Segmentation Algorithm: GLRT, Particle finding: 8-way adjacency, 

Particle verification: Remove Overlapping Particles and Gaussian Fitting, Standard Deviation of 

the PSF (pixels): 1.5, and GLRT Insensitivity: 20. To consolidate identical emitters, the 

following conditions were applied; Maximum difference in position (in pixels): 3, Maximum 

allowed gap due to blinking (in frames): 60, Min number of observations for localization error 
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analysis: -1, Max number of observations for localization error analysis: -1. Using the same 

method detailed in Section X, the ratios for the single-molecule events were determined for the 

fitted curves. These ratios were then used to identify the imaging agent with 95% confidence. 

Taking two standard deviations for the average ratios, green = 2.49 ± 1.74 and orange = 0.31 ± 

1.34, the following ranges were used to identify the imaging agents; green (ratio >1.65), orange 

(ratio < 0.75), not identifiable (0.75–1.65). Once identified, the data was filtered to remove 

emitters that were localized multiple times within an 8 s time period in 5-pixel area. The 

resulting data were plotted in two forms; colored data points indicating identity of the emitter 

and colored data points indicating time a single-molecule event occurred. 

 

Figure S2.2. Representative intensity versus time traces for chain-elongation (a-c) and -

termination (d-f) events for particle I. 
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Figure S2.3. Representative intensity versus time traces for chain-elongation (a-c) and -

termination (d-f) events for particle II. 

 

 

Figure S2.4. Representative intensity versus time traces for chain-elongation (a-c) and -

termination (d-f) events for particle III. 
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Figure S2.5. (a, c, e, g) Diffraction limited composite images for all single-turnover events for 

entire observation window, 0–900 s for three different particles in the same reaction. (b, d, f, h) 

Superresolved images for all single-turnover events, where color of data points indicates reaction 

time (s) for three different particles in the same reaction. 
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VI. Sample Preparation 

a. Preparation of catalyst S2.6 for microscopy. In a nitrogen-filled glove box, Grubbs 

second-generation catalyst S2.6 (1.5 mg, 1.8 x10-3 mmol) was weighed into a 1 dram vial, which 

was then capped and brought out of the box. The cap was removed, and spectrophotometric 

grade heptane (1.00 mL) was added to the vial via plastic syringe equipped with a 20G needle. 

The resulting mixture was gently swirled, then transferred via the same syringe to a prepared 

microscopy reaction vial. The solution was a light pink due to some dissolved catalyst, but much 

of the catalyst remained insoluble and settled on the bottom of the microscope coverslip inside 

the reaction vial. The microscopy vial was placed on the microscope, and the top of the coverslip 

was brought into focus, using room light and catalyst crystals to focus. 

b.  Preparation of solution containing 2.0  10-14 M 2.2 for one-color/one-reagent 

fluorescence microscopy. One-color/one-reagent microscopy was used to create the basis set to 

enable robust assignment of fluorophore color during the two-color chemoselectivity 

experiments. Imaging agent 2.2 (1.1 mg, 2.4  10–3 mmol) was weighed into a 1 dram glass vial. 

Spectrophotometric grade heptane (2.0 mL) was added to the vial via plastic syringe, and the 

solution was sonicated for 1 h to fully dissolve the compound. This afforded a solution of 1.2 

 10–3 M imaging agent 2 . 2 in heptane, which was green-orange in appearance. Serial dilution 

using this 1.2  10–3 M stock solution using a 10 µL gastight syringe (Hamilton Company) 

and heptane allowed for the preparation of a clear, colorless 1.0  10–13 M solution of imaging 

agent 2 in heptane. 

c. Preparation of solution containing 2.0  10-14 M 2.3 for one-color fluorescence 

microscopy.One-color/one-reagent microscopy was used to create the basis set to enable robust 

assignment of fluorophore color during the two-color chemoselectivity experiments. Imaging 
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agent 2 . 3 (1.7 mg, 4.8  10–3 mmol) was weighed into a 1 dram glass vial. Spectrophotometric 

grade heptane (4.0 mL) was added to the vial via plastic syringe, and the solution was sonicated 

for 1 h to fully dissolve the compound. This afforded a solution of 1.2  10–3 M imaging agent 2.3 

in heptane, which was orange-pink in appearance. Serial dilution using this 2.4  10–3 M stock 

solution, a 10 µL gastight syringe (Hamilton Company), and heptane allowed for the preparation 

of clear, colorless 1.0  10–13 M solutions of imaging agent 2.3 in heptane. 

d. Preparation of a solution containing 2.0 × 10–14 M imaging agents 2.2 and 2.3 for two-

color/two-reagent fluorescence microscopy (chemoselectivity experiments). Two separate 

solutions of imaging agent 2.2 at 1.0 x 10–11 M and 2.3 at 1.0 x 10–13 M were prepared using the 

previously stated dilution procedures. To the vial containing imaging agent 2.3 at 1.0 x 10–13 M, 

10 μL of imaging agent 2.2 at 1.0 x 10–11 M was added. This allowed for the preparation of a 

clear, colorless solution containing 1.0 x 10–13 M solution of imaging agents 2.2 and 2.3 in 

heptane.  

e. Preparation of a solution containing 2.0 × 10–14 M compounds S2.4 and S2.5 for 

fluorescence microscopy control experiment. Compounds S2.4 and S2.5 are control 

compounds because they contain the identical green and orange BODIPY cores, but lack 

metathesis-reactive olefins. Control compound S2.4 (1.5 mg, 4.9 x 10–3 mmol) was weighed 

into a 1 dram glass vial. Spectrophotometric grade heptane (2.0 mL) was added to the 

vial via plastic syringe, and the solution was sonicated for 1 h to fully dissolve the 

compound. This afforded a solution of 2.4 x 10–3 M control compound S2.5 in heptane, 

which was green-orange in appearance. Control compound S2.5 (1.7 mg, 4.8 x 10–3 mmol) was 

weighed into a separate 1 dram vial and dissolved in 2 mL of spectrophotometric grade heptane, 

then sonicated for 1 h to afford a 2.4 x 10–3 M of solution. The previous two solutions of 2.4 
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x 10–3 M control compound S2.4 and S2.5, were combined in a 20 mL glass vial to make a 1.2 

x 10–3 M solution containing control compounds S2.4 and S2.5. Serial dilution using this 1.2 

x  10–3 M stock solution, a 10 µL gastight syringe (Hamilton Company), and heptane 

allowed for the preparation of clear, colorless 1.0 x 10–13 M solutions of control compounds 

S2.4 and S2.5 in heptane. 

VII. Acquisition of Fluorescence Microscopy Data  

The images presented  in this section were acquired by senior student Antonio Garcia IV.  

a. One-color imaging of single chain-elongation events with imaging agent 2.2 at 2.0 × 

10–14 M. A microscopy cell containing a 1.00 mL of the catalyst S2.6 mixture (1.5 mg) in 

spectrophotometric grade heptane was imaged to in TIRF mode. This resulted in dark images 

when surveying regions of the coverslip (Figure S2.6). In a 20 mL vial, norbornene (28.5 mg, 

3.03 x 10–4 mol) was weighed out and dissolved in 15.0 mL of spectrophotometric grade 

heptane, added via plastic syringe. 0.25 mL of the norbornene solution was then added all at 

once to the mixture of catalyst S2.6 in heptane (Section VIa), yielding a volume of 1.25 mL. 

The reaction mixture was imaged in TIRF mode for three minutes, which resulted in dark images 

and no detection of single molecules when surveying regions of the coverslip (Figure S2.6). At 

the 5-minute mark after addition of norbornene to the catalyst mixture, the mother liquor 

was removed leaving behind a layer of liquid (approximately 0.1 mL). The pre-formed 

polymer material gathered on the surface was rinsed five times with 1 mL of spectrophotometric 

grade heptane. After the last heptane rinse, the solvent was removed to complete dryness of the 

microscopy vial. This was done to ensure accurate volume measurements in the next steps. 

Spectrophotometric grade heptane (1 mL) was added via syringe. 1 mL of heptane was added to 

the microscopy vial and a 20-minute time-lapse capture was taken in TIRF mode (see Section III 



 

47 
 

for acquisition details). After 90 seconds into the time-lapse capture, the   shutter   was   

closed   and   0.25   mL   of   imaging   agent   2 . 2   at 1.0 x 10–13 M was 

added. This resulted in a reaction mixture containing imaging agent 2 . 2 at 2.0 x 10–14 M 

and pre-formed polynorbornene on the coverslip surface. The shutter was immediately 

opened after addition. The imaging “start” moment is referred to as t = 0 on all figures and is the 

moment the shutter was re-opened. The stage was not moved after the sample shutter was re-

opened. Upon opening the shutter, numerous single-bright flashes were observed on the coverslip 

surface in both green and orange channels. At some regions of the coverslip, the flashes appeared 

to be localized to particular 2−5 μm areas, indicating areas of high reactivity. These images 

indicate that flashes are due to the insertion of 2.2 into the growing polymer chains.[1] The flashes 

from this green BODIPY probe appear brighter and more numerous in the green channel versus 

the orange channel, as expected. These observations are consistent with the spectral properties of 

the green BODIPY core.3 



 

48 
 

 

 
Figure S2.6. Representative single frames from one-color imaging experiments for single 

chain-elongation events for three replicate samples (a−c). Single-molecule events were 

observed using imaging agent 2.2 at 2.0 × 10–14 M. 
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b. One-color imaging of single chain-termination events with imaging agent 2.3 at 2.0 × 

10–14 M. The video acquisition procedures for these experiments are identical to that of section 

VIIa, with the exception that chain-termination agent 2.3 was used in place of chain-elongation 

agent 2.2. Upon addition of imaging agent 2.3 and re-opening the laser shutter, numerous single-

bright flashes were observed on the coverslip surface in both, green and orange channels (Figure 

S2.7). As found with the chain-elongation imaging agent 2.2, the flashes appeared to be localized 

to particular 2−5 μm areas, indicating areas of high reactivity. These images indicate that flashes 

are due to the insertion of 2.3 into the growing polymer chains. The flashes from this orange 

BODIPY probe are brighter and more numerous in the orange channel versus the green channel, 

as expected. There were few to none flash events in the green channel in some regions. These 

observations are consistent with the spectral properties of the orange BODIPY core.2 
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Figure S2.7. Representative single frames from one-color imaging experiments for single chain-

termination events for three replicate samples (a–c). Single-molecule events were observed using 

imaging agent 2.3 at 2.0 × 10–14 M. 



 

51 
 

c. Two-color imaging of single chain-elongation and -termination events with imaging 

agents 2.2 and 2.3 at 2.0 × 10–14 M. A microscopy cell containing a 1.0 mL mixture of catalyst 

S2.6 in spectrophotometric grade heptane was imaged to in TIRF mode. This resulted in dark 

images when surveying regions of the coverslip (Figure S2.8).  

In a 20 mL vial, norbornene (28.5 mg, 3.03 x 10–4 mol) was weighed out and dissolved in 

15.0 mL of spectrophotometric grade heptane, added via plastic syringe. Then, 0.25 mL of the 

norbornene solution was added all at once to the mixture of catalyst S2.6 in heptane (Section VIa), 

yielding a volume of 1.25 mL. The reaction mixture was imaged in TIRF mode for three minutes, 

which resulted in dark images and no detection of single-molecules when surveying regions of the 

coverslip (Figure S2.8). 

At the 5-minute mark after addition of norbornene to the catalyst mixture, the mother liquor 

was removed leaving behind a layer of liquid (approximately 0.1 mL). The pre-formed polymer 

material gathered on the surface was rinsed five times with 1 mL of spectrophotometric grade 

heptane. After the last heptane rinse, the solvent was removed to complete dryness of the 

microscopy vial. This was done to ensure accurate volume measurements in the next steps. 

Spectrophotometric grade heptane (1 mL) was added via syringe. The microscopy vial was placed 

on the objective and focused in TIRF mode. Heptane (1 mL) was added to the microscopy vial and 

a 20-minute time-lapse capture was taken in TIRF mode (see Section III for acquisition details). 

After 90 seconds into the time-lapse capture, the shutter was closed and 0.25 mL of imaging agent 

2.2 and 2.3 at 1.0 x 10–13 M was added. This resulted in a reaction mixture containing imaging 

agent 2.2 and 2.3 at 2.0 x 10–14 M and pre-formed polynorbornene on the coverslip surface. The 

shutter was immediately opened after addition. The imaging “start” moment is referred to as t = 0 

on all figures and is the moment the shutter was re-opened. The stage was not moved after the 
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sample shutter was re-opened. Upon opening the shutter, numerous single-bright flashes were 

observed on the coverslip surface in both green and orange channels (Figure S2.8). At some 

regions of the coverslip, the flashes appeared to be localized to particular 2−5 μm areas, indicating 

areas of high reactivity. These images indicate that flashes are due to the insertion of 2.2 and 2.3 

into the growing polymer chains. The flashes appear to be equally numerous and bright in both 

green and orange channels, corresponding to the expected imaging of both green and orange 

imaging agents. 

Following the previous time-lapse acquisition, other regions of the coverslip were imaged 

using the same acquisition parameters (see Section III for acquisition details). This time-lapse 

capture is an internal control experiment that tests for the buildup of polymeric material and 

fluorophore at the coverslip surface and is discussed in detail in Section VIII. 
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Figure S2.8. Representative single frames from two-color selectivity experiments with imaging 

agents 2.2 and 2.3 at 2.0 × 10–14 M for three replicate samples (a–c). 

 

VIII. Control Experiments  

The work described in this section was performed by senior student Antonio Garcia IV.  

a. Control Experiment for Two-color imaging with control compounds S2.4 and S2.5 at 

2.0 × 10–14 M. The video acquisition procedure for this experiment are identical to that of section 

VIIc, with the exception of using control compound S2.4 in place of imaging agent 2.2 and control 

compound S2.5 in place of 2.3. Upon initiating video acquisition of the sample and focusing into 

TIRF, the images remained dark, with little to no single-molecule events observed at some regions 

of the coverslip surface in both green and orange channels (Figure S2.9). To ensure the correct 

focal plane for observing single-molecule events was achieved, multiple z-axis planes were 

focused. This showed dark images for all possible focal planes. These experiments confirm that 
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the correct metathesis-active functional groups are needed to produce single-molecule images at 

this concentration range.5 

 

 

Figure S2.9. Comparison of control and non-control experiments: (a) Representative single frames 

from two-color control experiment with control compounds S2.4 and S2.5 at 2.0 × 10–14 M. (b) 

Representative single frames from two-color selectivity experiment with imaging agents 2.2 and 

2.3 at 2.0 × 10–14 M. 

 

To further compare the imaging of control compounds S2.4 and S2.5 with imaging agents 

2.2 and 2.3, composite images were produced. These images are the max intensity values of each 

pixel over the course of the entire time-lapse video. The composite images were produced 

separately for each color channel, green and orange. The composite images shown in Figures S2.10 

and S2.11 were set to the same brightness and contrast settings. To enable clear comparisons, the 
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brightness and contrast settings were set to: gamma = 0.5, min = 125, max = 150 for the green 

channel and gamma = 0.5, min = 120, max = 135 for the orange channel. 

 

Figure S2.10. Comparison of green channel composite images of (a) control compounds S2.4 and 

S2.5, with (b) imaging agents 2.2 and 2.3. 
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Figure S2.11. Comparison of orange channel composite images of (a) control compounds S2.4 

and S2.5, with (b) imaging agents 2.2 and 2.3. 

 

b. Control experiment for ligand-coordination equilibrium as cause for single-molecule 

events. The objective for this control experiment is to determine if ligand-coordination 

equilibrium between the reactive olefin functionalities and the ruthenium catalyst centers is a 

plausible origin for the observed single-molecule events. To test this hypothesis, other regions of 
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the coverslip surface were imaged. These other regions of the coverslip were not previously 

exposed to the photobleaching conditions caused by the laser light. If ligand-coordination 

equilibrium were the cause of single-molecule events, these regions would appear the same as 

the regions that were analyzed for a 15-minute period. Conversely, if single-catalyst-turnover 

events were the cause of the single-molecule signals, these regions unexposed to laser light 

would show a buildup fluorescence at the polymer-particle aggregates. After completion of each 

15-minute imaging acquisition period a new region of the coverslip was imaged for 5–10 s. 

Figure S2.12 below shows representative single-frame comparisons between the regions of the 

coverslip that were exposed to laser light for 15 minutes and new unexposed regions. 

 

Figure S2.12. Comparison of single-frames images of (a) coverslip region that has been exposed 

to laser light for 15 minutes and (b) new coverslip region that was not exposed to laser light. 
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c. Control experiment for build-up of fluorescent imaging agents caused by irreversible 

incorporation at single-polymer-particle aggregates. The goal for this control experiment is to 

determine if irreversible incorporation of imaging agents at single-polymer particle aggregates can 

be directly observed in real-time via fluorescence microscopy. For this experiment, the reaction 

conditions detailed in Section VIIc were used as described, with the exception to the change in 

image capture rate. The capture rate was changed from 1 s to 3 min, which effectively reduces of 

laser light exposure to the sample. The imaging agents 2.2 and 2.3, were added immediately after 

the first frame capture. 

 

Figure S2.13. Comparison of single-frames images of (a) sample with 1 s capture rate time-lapse 

and (b) sample with 3 min capture rate time-lapse. 

 

As shown is Figure S2.13b, highly fluorescent polymer-particle aggregates were observed 

on the coverslip surface. In this sample, fluorescence intensity was measured for five non-
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overlapping single-polymer-particle aggregates. For each analyzed single-polymer particle, the 

intensity was measured for the entirety of the particle. As a control, the background intensity was 

measured at ~ 3 μm area that did not contain polymer aggregates (dark areas). 

 

Figure S2.14. Intensity versus time traces for single-polymer-particle aggregates (P1-P5) and for 

a ~3 μm area that did not contain fluorescent material (Background 1). 

 

As shown in Figure S2.14, the fluorescence intensity signal builds-up upon addition of 

imaging agents 2.2 and 2.3. The intensity measured at t = 0 min was taken prior to addition of 

imaging agents 2.2 and 2.3. The background intensity increases upon addition of imaging agents 

2.2 and 2.3 (t = 3 min), but as shown in the Background 1 intensity time trace, it does not build-

up.  

In summary, the results from these three control experiments suggest that the observed 

single-molecule events are predominately caused by single catalytic turnover events between the 

ruthenium catalyst centers and olefin-functionalized BODIPY imaging probes. 
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IX.  Super-Localization and Identification of Single-Turnover Events 

 

The code described in this section was created by post-doctoral scholar Dr. D.J. Dibble. 
 

Single-molecule activity from the images was quantified using a modified version of 

Localizer implemented in Igor Pro 8.6 The resulting TIFF image stacks for each experiment 

and color channel were exported to Igor Pro 8 for analysis, and the display settings were kept 

at the default setting. For the basis set experiments, 2.0 × 10–14 M imaging agent 2.2 and 2.0 × 

10–14 M imaging agent 2.3, the images were not cropped and left at the default 1200 × 1200 

pixel array. To identify and analyze the single-molecule events, a series of filters and 

conditions were applied, as here detailed. Segmentation Algorithm: GLRT, Particle finding: 8-

way adjacency, Particle verification: Remove Overlapping Particles and Gaussian Fitting, 

Standard Deviation of the PSF (pixels): 1.5, and GLRT Insensitivity: 50. To consolidate 

identical emitters, the following conditions were applied. Maximum difference in position (in 

pixels): 3, Maximum allowed gap due to blinking (in frames): 60, Min number of observations 

for localization error analysis: -1, Max number of observations for localization error analysis: 

-1. For the one-color experiment with 7.0 × 10–14 M of imaging agent 2.3, the orange channel was 

analyzed with the same settings as previously stated, with the exception of the GLRT 

Insensitivity setting set to 30. Using these settings numerous emitters were localized for each 

sample replicate (Table S2.1).  
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Table S2.1. Number of single molecule events identified by localizer for 

each one-color sample replicate 

Triplicate Data Number of identified Events 

One-color Imaging Agent 2 

Replicate 1 
1,184 

One-color Imaging Agent 2 

Replicate 2 
1,495 

One-color Imaging Agent 2 

Replicate 3 
342 

One-color Imaging Agent 3 

Replicate 1 
379 

One-color Imaging Agent 3 

Replicate 2 
496 

One-color Imaging Agent 3 

Replicate 3 
757 

 

After determining the position of each emitter, a modification to the default localizer utility 

was used to filter the individual events down to those corresponding with well-resolved single 

molecule activity and to curve fit the individual time/intensity traces to determine each event’s 

parameters (https://github.com/dibblda/2ChannelTimeTraceUtility_Localizer). First, each 

intensity versus time trace was calculated by averaging a 3 x 3 pixel box centered on the floor of 

the emitter location in pixels, as determined by the Localizer utility. Emitters at the edge of the 

image were omitted to avoid incomplete averaging. Subsequently, the data was filtered by manual 

examination, creating a subset of events that corresponded to well-resolved single molecule 

activity that showed the quantized “step up” and “step down” behavior that is consistent with single 

molecules (an additional stringency over the events that Localizer fit automatically). In the process 

of filtering the data, a curve fit was applied to the selected traces to characterize each event. The 

curve fit algorithm first baseline-adjusted each trace by applying a median-smoothing curve 

function to the intensity versus time trace over a third of the available points and then subtracted 

this baseline curve from the unadjusted intensity versus trace.7 After baseline adjusting the trace, 

https://github.com/dibblda/2ChannelTimeTraceUtility_Localizer
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a boxcar function was fit to the peak in the baseline-adjusted time/intensity curve using a simulated 

annealing algorithm as implemented in Igor Pro. This fit was repeated ten times and the closest fit 

to the experimental data was selected for further analysis. The peak height of the event was 

calculated to be the average value between the onset and fall of the fitted boxcar function. Overall, 

the modification to localizer allowed for the ready export of the filtered intensity versus time traces 

and parameters of each event for further analysis. 

 

X. Construction of Histograms of Single-Turnover Event Ratios for One-Color Basis Set 

Experiments  

The work described in this section was performed by myself and senior student Antonio Garcia 

IV.  

To identify green and orange imaging agents in two-color mixing experiments, single-color 

basis set experiments were performed for each imaging agent in triplicate. These single-color 

experiments were required due to the known spectral distribution of single molecules (i.e., each 

individual molecule has a unique spectrum depending on its local environment). Data from these 

experiments were used to assign “green” and “orange” in the two-color chemoselectivity 

experiments with >95% confidence. That is, to determine the degree to which the most red-shifted 

“green” emitters resembled “orange” emitters and vice versa, and thereby to reject emitters that 

could not be assigned as a specific color with >95% confidence. 

a. Histogram ratio analysis for one-color single chain-elongation events with solution 

containing 2.0 × 10–14 M of imaging agent 2.2. The details for the experimental procedures are 

found in sections VIb and VIIa. Following the selection and analysis of each single-molecule 

event, an additional modification to localizer was employed to determine the ratio of intensities 

between events occurring in different imaging channels on the microscope. After the analysis of 
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the first channel, the saved curve fit parameters for each event were loaded and the intensity of the 

event in the corresponding channel was calculated as the mean value of the baseline-adjusted 

intensity versus time trace from the beginning to the end of the calculated event in the first channel. 

This allowed for the calculation of intensity ratios between different channels. 

For each replicate run, a sub-set of all intensity versus time traces were analyzed 

(approximately 300 for each sample) resulting in a total of 900 time traces analyzed for the one-

color chain-elongation experiments. The determined single-molecule ratio values were binned into 

a single histogram (bin size = 0.5). Ratio values greater than 6.0 were not included in the histogram, 

as these values were assigned to green with a high certainty. The histogram was fit to a Gaussian 

curve (Figure S2.15), with the average ratio found to be 2.2 ± 0.87 (n = 900). 

 

Figure S2.15. Histogram of fluorescent signals for single chain-elongation events in green and 

orange channels. 
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 b. Histogram ratio analysis for one-color single chain-termination events with solution 

containing 2.0 × 10–14 M of imaging agent 2.3.  

The details for the experimental procedures are found in sections VIc and VIIb. To 

determine the intensity ratio of single chain-termination events for green and orange channels, the 

square function curve was fit to the single-molecule event in the time trace for both respective 

channels. The ratio value was calculated by dividing the integration absolute value for the curve 

in the green channel by the integration absolute value for the curve in the orange channel. For each 

replicate run, 300 intensity versus time traces were analyzed resulting in a total of 900 time traces 

analyzed for the one-color chain-termination experiments. The determined single-molecule ratio 

values were binned into a single histogram (bin size = 0.5). The histogram was fit to a Gaussian 

curve (Figure S2.16), with the average ratio found to be 0.33 ± 0.40 (n = 900). The Gaussian curve 

is displayed for clarity of analysis. 
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Figure S2.16. Histogram of fluorescent signals for single chain-termination events in green and 

orange channels. 

 

 

XI. Limitations of the Method  

The analysis method optimized several competing considerations. First: assignment and 

superlocalization of single chemical reactions. Each potential event was software superlocalized 

through Gaussian fitting of the point-spread function; this process both removed events that were 

not clearly single molecules and also removed potential duplicate counting. Further filters were 

applied to select for the quantized behavior that is a fingerprint of single-molecule events and to 

limit potential duplicate counting by rejecting a “neighboring” event within 8 s and 570 nm. This 

neighboring filter accounted for potential motion within growing polymers that may arbitrarily 

move a reagent after it is incorporated. Such filtering, however, necessarily rejects a subset of 

chemical reactions. Second: robust assignment of reagent by color. On one hand, high accuracy is 
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desired for assignment of chain-elongation (green) and chain-termination (orange). Spectral 

diffusion of single molecules contributes to a subset of events that could not be confidently 

assigned. In this analysis, we judged accuracy in chemoselectivity assignment (>95% confidence, 

with rejection of unassigned events) as more important than less-confident assignment of more 

events. The analyzed particles averaged 14 ± 4% reactions with unassigned chemoselectivity. For 

particles showing statistically significant time-variable selectivity, the unassigned chemical events 

did not occur during times in the kinetics data that could negate the differences in chemoselectivity 

in multiple particles. 

 

XII. Construction of Superresolved Images  

The work described in this section was performed by myself, senior student Antonio Garcia IV 

and graduate student Pía A. López. 

The two-color experiments, detailed in section VIIc, resulted in one TIFF image stack for 

each color channel. Each TIFF file was exported to ImageJ to search for regions where single-

molecule events were centralized on single-polymer particle aggregates. To help search for single-

polymer particles that were not overlapping, time composite images were created from the TIFF 

image stack. The TIFF image stacks were cropped around particles for superresolution analysis in 

Igor Pro 8 for each color channel. For the analysis of each particle in both color channels, the 

following filters and conditions were applied; Segmentation Algorithm: GLRT, Particle finding: 

8-way adjacency, Particle verification: Remove Overlapping Particles and Gaussian Fitting, 

Standard Deviation of the PSF (pixels): 1.5, and GLRT Insensitivity: 20. To consolidate identical 

emitters, the following conditions were applied; Maximum difference in position (in pixels): 3, 

Maximum allowed gap due to blinking (in frames): 60, Min number of observations for 

localization error analysis: -1, Max number of observations for localization error analysis: -1. 
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Using the same method detailed in sections IXa and IXb, the ratios for the single-molecule events 

were determined for the fitted curves. These ratios were then used to identify the imaging agent 

with 95% confidence. Taking two standard deviations for the average ratios, green = 2.2 ± 1.7 and 

orange = 0.33 ± 0.8, the following ranges were used to identify the imaging agents; green (ratio 

>1.1), orange (ratio < 0.46), not identifiable (0.46–1.1). To obtain the mean percentage of 

unidentified reaction events, the total percentage of unidentified reaction events was calculated for 

all 30 analyzed particles. The average of the 30 percentages was obtained, along with the 

corresponding standard deviation, to yield an average of 14 ± 4% unidentified reaction events per 

analyzed particle. Once identified, the data was filtered to remove emitters that were localized 

multiple times within an 8 s time period in 5 pixel area. The resulting data were plotted in two 

forms; colored data points indicating identity of the emitter and colored data points indicating time 

a single-molecule event occurred.   
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Figure S2.17. Representative intensity versus time traces for each particle showing single chain  

elongation and -termination events. 

 

XIII. Analysis of Chain Elongation and Termination Selectivity Differences in Time  

The work described in this section was performed by myself, senior student Antonio Garcia IV 

and graduate student Pía A. López. 

a. Kolmogorov-Smirnov Test. To determine if the integrated kinetic time traces for chain-

elongation (green) and chain-termination (orange) were statistically different, the nonparametric 
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Kolmogorov-Smirnov test was used in Origin Pro software. The stated null hypothesis was: 

F(x)=G(y), which states that the two traces are equivalent and are not statistically different. The 

alternative hypothesis was F(x)≠G(y), which states that the two traces are not equivalent and are 

statistically different. The probability values (p) were used to determine the degree to which a 

given hypothesis was true. For example, the smaller the p-value, the greater the probability the 

null hypothesis is refuted and the alternative hypothesis is true. A p-value ≤ 0.05 refutes the null 

hypothesis with 95% confidence. 

b. Poisson Fitting and Chi-Square Test. A subset of the integrated kinetic time trace data 

for chain-elongation (green) and chain-termination (orange) show plausible changes in selectivity. 

Such changes in selectivity are only possible if the turnover frequency rates change differently for 

chain-elongation and chain-termination as a function of time. For a given data set that fits a Poisson 

distribution, it is assumed that the frequency of events does not change as a function of time. To 

determine if the experimental turnover frequency for single chain-elongation and chain-

termination events fits a Poisson distribution, a Chi-Square test was performed to test the goodness 

of fit between the experimental and theoretical distributions. The experimental turnover frequency 

distribution was constructed for each reaction type, chain-elongation and chain-termination, with 

a bin size of 30 s. Each particle was analyzed separately and the theoretical Poisson distribution 

incorporated the average turnover frequency for each reaction type. For the theoretical Poisson 

distribution, the following equation was used 𝑝(𝑥; 𝜆) =
𝑒−𝜆𝜆𝑥

𝑥!
 for 𝑥=0, 1, 2,…, where x represents 

the number of events in any given 30 s bin, and λ represents the average turnover rate for a 30 s 

time period. 

To determine if the experimental turnover frequency fits a theoretical distribution with 95% 

statistical confidence, a Chi-Square test was performed for each reaction type. The following 
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equation was used 𝑋2 = ∑
(𝑥𝑖−𝑚𝑖)2

𝑚𝑖

𝑘
𝑖=1 . The Williams Correction 𝑞 = 1 +  

(𝑎2−1)

6𝑛𝑣
 was used given 

that majority of the frequency data was less than 5. 

 

 

XIV. 30 Analyzed Particles and Figures  

The work described in this section was performed by myself, senior student Antonio Garcia IV 

and graduate student Pía A. López. 
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Figure S2.18. List of analyzed particles 1-30 showing; (a) integrated event per time trace for chain-

elongation (green) and chain-termination (orange) (top) and integrated event per time trace for 

unidentified events (bottom), (b) experimental data distribution for chain-elongation (top) and 

chain-termination (bottom) events, (c) theoretical data distribution for chain-elongation (top) and 

chain-termination (bottom) events, (d) Superresolved image of single chain-elongation (green) and 

-termination (orange), with events not identified with statistical confidence (black). (f) 

Superresolved image for all single-turnover events, where color of data points indicates reaction 

time. 

Table S2.2. List of Analyzed Particles and Statistical Data 

Particle 

ID  

Kolmogorov-

Smirnov p-

Value 

Green Chi-Square 

Test Statistic 

(Degrees of 

Freedom) 

Orange Chi-

Square Test 

Statistic (Degrees 

of Freedom) 

Statistically Significant 

Selectivity Variation 

Behavior in Both Tests 

P1 0.00543 56.9 (6) 47.0 (7) Yes 

P2 0.8719 11.4 (11) 20.9 (8) No 

P3 0.0232 35.1 (11) 5.65 (5) Yes 

P4 0.11641 5.83 (9) 1.72 (4) No 
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P5 0.02206 25.8 (12) 1.54 (4) Yes 

P6 0.16447 1.24 (7) 11.9 (4) No 

P7 0.00319 1.86 (4) 4.98 (5) No 

P8 0.08052 56.0 (7) 2.95 (4) No 

P9  0.03595 1.67 (5) 1.03 (6) No 

P10 2.99E-4 1.15 (4) 2.32 (6) No 

P11 0.00543 3.61 (5) 0.56 (6) No 

P12  0.11641  21.1 (10) 3.24 (4) No 

P13 0.22704 5.90 (7) 1.92 (5) No 

P14 0.40229 4.67 (9) 1.38 (5) No 

P15 0.30603 103 (12) 3.68 (6) No 

P16 0.08052 6.12 (7) 41.1 (8) No 

P17 0.01463 12.0 (5) 0.98 (4) Yes 

P18 0.16447 23.7 (16) 5.98 (7) No 

P19 0.08052 20.4 (9) 0.640 (4) No 

P20 7.93109E-5 26300 (17) 2.42 (5) Yes 

P21 0.22704 5.21 (8) 2.10 (4) No 

P22 0.00902 16.7 (7) 4.16 (4) Yes 

P23 8.96838E-6 390 (12) 4.20 (5) Yes 

P24 1.90191E-5 65.9 (12) 1.18 (4) Yes 

P25 0.05443 3.43 (9) 6.78 (7) No 

P26 0.16906 6.09 (10) 4.09 (5) No 

P27 0.05443 1.56 (7) 1.36 (4) No 

P28 0.00902 10.34 (9) 9.60 (4) No 

P29 0.03595 3.18 (10) 3.53 (5) No 

P30 0.03595 636000 (18) 228000 (10) Yes 
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CHAPTER 3 

SUPERRESOLVED MOTIONS OF SINGLE MOLECULAR CATALYSTS DURING 

POLYMERIZATION SHOW WIDE DISTRIBUTIONS  

 

 

 

 

 

 

PREFACE  

This chapter was a collaborative effort between myself and my co-author, Dr. D. Josh 

Dibble, who was a post-doctoral researcher in the group at the time. Of the work discussed in this 

chapter, the three motion-tracking experiments with the norbornene-functionalized fluorophore, 

the three functionalized-coverslip control experiments with stationary fluorophore, the control 

experiments with the alkyl-functionalized fluorophore, synthesis of the silylated BODIPY 

fluorophore, and the initial modified Localizer code, including the stationary control Localizer 

package, were the work of Dr. Dibble. The norbornene- and alkyl-functionalized BODIPYs were 

made by a previous graduate student in the Blum Laboratory, Dr. Antonio Garcia IV. All other 

control and characterization experiments were performed by me, as well as all analysis of 

experimental data, including those experiments run by Dr. Dibble, and writing and creation of the 

manuscript.  Used with permission from Saluga, S.J.; Dibble, D. J.; and Blum, S.A. Superresolved 

Motions of Single Molecular Catalysts during Polymerization Show Wide Distributions. J. Am. 

Chem. Soc. 2022, 144 (23), 10591–10598.  
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ABSTRACT 

The motion of single molecular ruthenium catalysts during and after single turnover events 

of ring-opening metathesis polymerization is imaged through single-molecule superresolution 

tracking with positional accuracy of ±32 nm. This tracking is achieved through real-time 

incorporation of spectrally tagged monomer units into active polymer chains ends during living 

polymerization; thus, by design, only active-catalyst motion is detected and imaged, without 

convolution by inactive catalysts. The catalysts show diverse individualistic diffusive behaviors 

with respect to time that persist for up to 20 s. Catalysts occupy three mobility populations: quasi-

stationary (23%), intermediate (53%, 65 nm), and large (24%, 145 nm) step sizes. Differences in 

catalyst mobility populations also exist between individual aggregates (p < 0.001). Such 

differential motion indicates widely different local catalyst microenvironments during catalytic 

turnover. These mobility differences are uniquely observable through single-catalyst microscopy 

and are not measurable through traditional ensemble analytical techniques for characterizing the 

behavior of molecular catalysts, such as NMR spectroscopy. The measured distributions of active 

molecular catalyst motions would not be readily predictable through modeling or first-principles 

and the range likely impacts individual catalyst turnover rate and selectivity. This range plausibly 

contributes to property distributions observable in bulk polymers, such as molecular weight 

polydispersity (e.g., 1.9 in this system), leading to a revised understanding of the mechanistic, 

microscale origins of macroscale polymer properties.  

INTRODUCTION 

Little is known experimentally about the distributions of individual-molecule translational 

motion during chemical reactions, due to limitations in analytical techniques. Notable exceptions 

have been the substantial characterization of diffusion of small organic reactants and products in 
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confined pores of catalytic zeolites and of silica core-shell nanoparticle catalysts1–5 or on surfaces 

of inorganic nanoparticle-6-8 or extended-material catalysts9, where such motion is spatially 

restricted and easier to measure. Small-molecule molecular catalysts, in contrast, tend to diffuse 

faster than imaging techniques can measure and have a greater range of potential motion in three 

dimensions. To our knowledge there is no prior report of measuring motion of molecular chemical 

catalysts at the single-molecule level during a chemical reaction. Translational kinetic energy can 

transfer to orbital rotations to impact reaction rate and selectivity,10,11 and translational motion can 

serve as a sensitive readout of molecular microenvironment.3,12–15 Thus, the ability to directly 

image and characterize motions of molecular catalysts during a chemical reaction would be an 

enabling technique.    

We became interested in if single-molecule superresolution microscopy with single-

fluorophore tracking could provide a way to measure the distribution of translational motion of 

molecular catalysts during turnover. We considered the following questions, uniquely answerable 

though such a single-molecule tracking technique: 1) What is the distribution of motion of 

individual molecular catalysts during turnover? 2) Does this distribution indicate different 

catalyst microenvironments? 3) Do differential catalyst motions occur on a timescale sufficiently 

slow that they are not averaged relative to chemical reaction rates? Such motion could be the 

mechanistic cause of observable macroscale outcomes of chemical processes. Catalysts could, for 

example, move through environments with different local concentrations of reagents, or through 

different local steric or electronic microenvironments, slow enough to affect reaction outcome.16 
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Figure 3.1. Molecular ruthenium catalyst translational motion during turnover, during a living 

ring-opening metathesis polymerization reaction of norbornene. 

 

Molecular ruthenium catalysts that comprise the reactive ends of polynorbornene strands 

during a ring-opening metathesis polymerization (ROMP) of norbornene were chosen for initial 

study (Figure 3.1). Molecular ruthenium polymerization catalysts are described as “well-defined” 

due to their set ligand coordination environments.17,18 The impact of the potentially dynamic 

microenvironment as polymerization proceeds is not well understood,19 though it has the potential 

to make the local environment variable and the true reactivity not well-defined. We here develop 

and demonstrate an imaging approach that enables characterizing the motions of individual 

catalysts during ROMP to determine the distribution local environments at the level of individual 

catalysts during the turnover step. The selected system had several attractive features for initial 

study: 1) Ruthenium-catalyzed ROMP for production of polynorbornene and its derivatives are 

industrially and scientifically important processes;20 2) The entanglement of polymers produced 

the plausibility of different and dynamic catalyst microenvironments; and 3) We envisioned that 

attachment to the chain end may slow motions of molecular catalysts sufficiently for tracking. The 

diffusional motion of single-polymer strands embedded in thin films has been studied,21–23 as have 

strands during and after radical polymerization,24–26 but not during catalysis.  
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RESULTS 

We focused on the polymerization of norbornene with Grubbs 2nd generation catalyst to 

investigate the motion of active molecular catalysts through single-molecule spectroscopy (Figure 

3.2a). Imaging agent 3.1 contained an inert spectator green boron dipyrromethene (BODIPY) 

fluorophore (represented by the green star) attached through a spacer to a ROMP-reactive 

norbornene monomer.16,27 The BODIPY fluorophore is well-suited as a spectator tag due to its lack 

of chemical reactivity.28 BODIPY was also selected due to its solubility in nonpolar organic 

solvents, high quantum yield, and known ability to be functionalized to contain a ROMP-reactive 

norbornene group. Chemical reaction of 3.1 with the ruthenium carbene results in irreversible 

covalent attachment of the fluorophore directly to the catalyst (Figure 3.2a). This chemical reaction 

is imaged in real time at single catalysts. By design, this imaging method produces a signal and 

then detects motion of only the active catalysts, and precatalyst/noninitiated catalysts remain dark.  

An alternative method where the catalyst was prelabeled through its ligand sphere prior to reaction 

has the disadvantage that precatalyst/noninitiated catalyst may make up a substantial portion of the 

signal, obscuring active catalyst motion. 
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Figure 3.2. (a) Chemical incorporation of fluorescent-tagged monomer allows motion tracking of 

the active catalysts through a covalent linker. (b) Time-resolved chemical incorporation ON events, 

following by photobleaching OFF events, empowers the detection and superresolution of active 

catalyst locations and motions on subdiffraction scale. (c) Imaging schematic of this method, 

showing simulated data analysis and outcome. 

 

To determine the locations and subsequent motions of single active catalysts within 

polymer aggregates, we designed and employed a chemically based stochastic superresolution 

technique that harnessed the ROMP reaction itself (Figure 3.2b).16 We find it helpful to broadly 

consider chemical techniques Chemically Activated Localization Microscopy, i.e., CALM, to 

highlight its analogy to PALM29,30 (Photoactivated Localization Microscopy), a reference that we 

anticipate will be understandable by a broad range of scientists. The similar use of chemical ON 

events to enable superresolution imaging on catalytic nanostructures has been referred to as 

NASCA (Nanometer Accuracy by Stochastic Chemical (or Catalytic) Reactions) first coined by 

Hofkens in 2009.2,31–35 The NASCA acronym highlights the stochastic nature of the chemical 
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events, akin to STORM (Stochastic Optical Reconstruction Microscopy, by photoactivation).36 

Similar chemical ON events to enable superresolution imaging have also been employed 

previously by us and others previously without reference to a specific method name.1,16,37–39 These 

CALM/NASCA descriptions highlight that the method is chemical-reaction-enabled 

superresolution in parallel to PALM/STORM—such chemical superresolution techniques can in 

theory be used for all kinds of stochastic chemical reactions, catalytic or otherwise, for any 

substrate, at any subdiffraction resolution. 

In the case described here, fluorescently-tagged monomers 3.1 are chemically incorporated 

into the growing polymer network and directly covalently attached to the catalyst (Figure 3.2a). 

Before reaction, 3.1 was diffusing rapidly in solution and outside the TIRF region, and was 

therefore not imaged. Catalytic insertion of 3.1 into polymers created green flashes that 

characterized single catalytic turnovers.  This green flash and is the ON event—the moment when 

a single molecular catalyst becomes imageable in our system (Figure 3.2b). The catalyst position 

is superloacalized upon appearance. Superlocalization imaging with motion tracking occurs for 

several seconds, until the fluorophore is either photobleached or diffuses out of the TIRF imaging 

area, providing the OFF event. This OFF event and its intentional loss of signal are by design and 

are what enable a subsequent second chemical ON event to be detected and superlocalized at a 

second catalyst in a similar location (but at a different time) below the diffraction limit. The two 

active catalysts are then superresolved (from each other). During an experiment, many such 

catalysts are characterized this way, leading to a superresolution map of active catalyst locations 

with individual catalyst behaviors (Figure 3.2c).  
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Figure 3.3. (a) Overview of experimental setup. (b) Full-frame: Superresolved single-molecule 

reaction events (black), motion tracks overlayed (green). Particles of aggregated polynorbornene 

appear as “hot zone” clusters of black reactivity and overlapping green tracks.  (c) MSD of 1644 

single catalysts over time, from green motion tracks shown in b. (d–g) Single-particle tracks and 

corresponding MSD. (h) Step-size histogram of all data, showing three populations of individual-

step behavior. (i, j) Representative single-particle step-size histograms. (k) Individualistic behavior 

of single particles. 
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To produce imaging conditions, the polymerization reaction with Grubbs 2nd generation 

catalyst was initiated in heptane (Figure 3.3a). Due to the partially soluble nature of the precatalyst, 

the ultimate monomer-to-catalyst ratio is unclear; however, even if the fully soluble, not all 

precatalysts may initiate. Indeed, the identification active catalyst speciation, rather than 

identification of all species containing metal, remains a significant analytical challenge of broad 

importance in catalysis: here, by using CALM, we were able to identify and learn behavior 

exclusively of the active catalysts, providing a meaningful step towards solving this analytical 

challenge.  

Aggregates of (dark) oligomers and short-chain polymers of polynorbornene (>1000 Mw) 

precipitated onto a glass imaging surface. An active chain end containing a ruthenium catalyst was 

present on up to each strand end. These preinitiated polymers were washed five times with clean 

heptane to remove the mother liquor that contained residual unreacted norbornene and solution-

phase oligomers. These polymer particles, as imaged on the microscope, were stationary for the 

full duration of image acquisition. The multiple washing steps substantially decreased the 

likelihood that the subsequent observed fluorescent activity was caused by physical aggregation 

of oligomers or polymers from solution; however, some continued solution-phase polymerization 

and aggregation cannot be fully ruled out.  

Imaging agent 3.1 was then added and the sample was imaged in total internal reflectance 

fluorescence (TIRF) mode for 15 min. The reactive monomer is doped at a sufficiently low level 

(200 fM) to allow for the superresolution of individual catalysts. Each reaction likely arose from 

a different ruthenium catalyst given the high catalyst loading and low quantity of imaging agent 

3.1. Control experiments with an otherwise similar BODIPY fluorophore without an olefin reactive 

group did not show similar flashes.16  
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By eye, a range of wiggling and arcing motion of catalysts was clearly visible. This visible 

subset of motion was greater than the diffraction limit and included distances of up to a couple 

microns over several seconds, corresponding to traversing roughly half the diameter of some 

aggregates.  

With such a broad range of motion observed, there was the consideration if the motion of 

a subset of catalysts over distances of microns over several seconds might have been a readout of 

the motion of the whole-polymer-aggregate rolling/drifting motion. However, unlike the moving 

active chain ends, the strongly glass-physiosorbed polymer particle aggregates themselves were 

stationary for the duration of imaging, and did not roll or tumble as particles, as evidenced by the 

clustered green “hot spots” in Figure 3.3b.  Thus, aggregates were fixed in position, and the 

motions of individual catalysts within the aggregate could be measured independent of any 

convoluting whole-aggregate motions. The fixed positions of polymer aggregates were further 

evidenced through transmission light imaging; which showed that no significant whole-aggregate 

motion was observed over 5 min (see Appendix Section X, Figure S3.7 for details).  

We next turned attention to quantification of this motion, including below the diffraction 

limit. Superresolution imaging and tracking was performed by fitting the point spread function 

from emitters.2,3 Diffusion tracks that lasted at least 4 s are overlaid in green in Figure 3.3b (n = 

1644 tracks). These diffusion tracks were measured as projections in the x,y plane due to the TIRF 

experimental setup. In Figure 3.3b, individual polymer aggregate particles appear as clusters of 

green tracks which correlate to activity “hot zones” of ~2–5 microns in diameter. This experiment 

was repeated for 3 experimental runs, for a total of n = 3493 tracks. 

These tracks revealed a qualitatively wide distribution of mean-squared-displacement 

(MSD) with time (Figure 3.3c): Linear MSD traces correspond to individual catalysts that 
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maintained similar motion for several seconds. MSD traces that changed slope correspond to 

catalysts that changed motions. Figure 3.3c shows that many catalysts maintained their diffusion 

behavior for several seconds (with some maintaining for longer than 20 s), whereas others changed 

behavior.  

In order to determine the lower limit of our instrumentation and superresolution method to 

detect motion, control experiments were performed: The positional accuracy of the 

superlocalization technique on surface-immobilized stationary BODIPY fluorophores was 

measured separately as ±32 nm. Thus, single catalysts tagged with 1 that moved less than ±32 nm 

were indistinguishable from stationary. These quasi-stationary catalysts make up 13% of all 

catalysts in triplicate experiments.   

Proceeding with this quantitative analysis characterized MSD values from quasi-stationary 

to 1.9 x 106 nm2. This data is consistent with the individual catalysts existing in markedly different 

microenvironments with different mobilities. 

 

Figure 3.4. a) Diffusion over time for all experimental tracks (red), showing subdiffusion, as 

opposed to theoretical free diffusion (blue) as derived from random-walk step size distribution 

data. Orange line shows subdiffusion fit. b) Average step size vs. the time at which the step 

occurred, showing lack of correlation. 
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Analyzing the full population of MSD across all three replicates, shown in red in Figure 

3.4a, the motion within the polymer aggregate particles deviates significantly from a free diffusion 

model, matching instead subdiffusion. A theoretical free diffusion model, based on the measured 

random walk variance from step-size distribution data, is shown in blue in Figure 3.4a. Comparison 

of the free diffusion (blue) and subdiffusion (red) data is shown to further highlight the disparity 

between these two options. The observed subdiffusion data is consistent with the polymer 

aggregate particles having defined boundaries, as observed in transmitted light images (see SI), 

from with the individual catalysts do not diffuse, and also the rigidity/entanglement within the 

particles that create additional local confinement possibilities. A diffusion coefficient for active 

catalysts was measured from all tracks MSD (n = 3493; D = 30. nm2s-1, or 3.0 x 10-15 m2s-1). This 

diffusion constant was calculated from the fit of the diffusion data in Figure 3.4a (orange line). 

This value compared reasonably to simulations for motions,[40] and demonstrated unambiguously 

that the motions arose from polymer-incorporated 3.1 rather than freely diffusing solution species 

(DGrubbs2nd (solution) = 6.5 x 10-10 m2s-1)41.  

Limitations of the analysis method include the following: 1) Some insertions of 1 may 

occur prior to detection upon diffusion into the focal plane. This scenario was quite likely for a 

minority of events given the long distances traveled by the most rapidly diffusing catalysts. 

However, such behavior does not change the conclusions herein; 2) Some catalysts may dissociate 

after insertion of 1, such that tracking continued for a longer duration than the catalyst remained 

present; however, the catalyst remains attached after ROMP,42 so this circumstance is not expected 

for the majority of events. 3) This method is designed to be specific for detecting the motions of 

catalysts within the precipitated aggregates and does not inform on catalyst motions in 

homogeneous solution, where behavior is plausibly more uniform. 4) Additional dark monomer 
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may be incorporated, which may lead to minor extensions at nanoscales that separate the catalyst 

position from the fluorophore; however, the 5x rinsing steps that remove excess unlabeled 

monomer that are part of the current experimental procedure minimize the likelihood of this 

process by significantly limiting the amount of residual dark monomer present and available for 

incorporation. 

The current study is not designed to measure before-and-after reaction effects or to 

determine if insertion of the monomer impacted the diffusional behavior of the catalyst.41,43 A 

plausible scenario is that the measured trajectories report on thermal motion and currents in the 

sample, which were invisible before turnover, and became visible after turnover.  

Tracks and MSD vs time behavior from two different example particles are shown in Figure 

3.3d–g (n = 40 tracks total). These tracks show high variation even within single aggregates. Some 

catalysts exhibited free and rapid motion, such as Catalyst 23 in Figure 3.3d and 3.3e  and Catalyst 

7 in Figure 3.3f and 3.3g, whereas others exhibited severely restricted motion, such as Catalyst 8 

in Figure 3.3f and 3.3g.  

Figure 3.3h shows the step size histogram arising from all triplicate data (n = 18608 steps). 

A step size is the distance between two successive superlocalized positions of the same catalyst. 

This analysis was performed for all steps in all three replicate experiments and is therefore both 

cumulative of all experiements and trace-independent. This data was fit using 2D random-walk 

models, which indicated three populations: stationary/quasi-stationary (23% of population), 

intermediate- (56%, 65 nm), and large-step sizes (21%, 145 nm). The presence of multiple step-

size populations was further consistent with different catalyst microenvironments that imparted 

different degrees of catalyst mobility. The single-catalyst sensitivity of the experiment enabled 

measurement of local active catalyst diffusion ability and of the range of diffusions of the active 
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catalysts in the sample—a difficult distribution to predict or model for  given set of polymerization 

conditions in the absence of measurement data.  

We evaluated the hypothesis that catalyst motion might decrease at later imaging times, 

due to the settling of the strands after the initial agitation from experiment initiation (Figure 3.3a). 

However, there was no correlation between time of step and average step size at that time (Figure 

3.4b). Similarly, the motion of a specific individual catalyst did not slow down significantly with 

time: 50.4% of the tracks had an overall negative regression (corresponding to slowing of a tracked 

molecular catalyst) and 49.6% had an overall positive regression (corresponding to increasing 

speed of a tracked molecular catalyst). These similar values indicate no significant slowing (or 

speeding) over time of the same single catalyst. Thus, there was no time dependence on the motion 

of catalysts. Therefore, there was no evidence for strand settling after agitation as the primary 

causes of the observed motions.  Instead, the step-size variations are most consistent with arising 

from differences in local catalyst environment caused by differences in entanglement of 

neighboring strands. This single-catalyst tracking thus identifies and characterizes the wide 

distribution of different local environments around these molecular catalysts caused by secondary 

environments, despite their “well-defined” primary ligand coordination spheres. 

We considered the possibility that individual polymer aggregates may show different 

particle-wide distributions of motions.  For example, a more rigid particle would be expected to 

display reduced mobility of its component catalysts than a less rigid particle. To compare particle-

to-particle behavior, particles (n = 20) that contained 80 or more steps (from 15 or more tracks) 

were selected. 

The distributions of individual step sizes of each catalyst in these 20 particles were 

compared to the distributions of step sizes from the full experiments. A chi-square goodness of fit 
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test was performed to evaluate if the step-size distributions in the 20 individual particles were 

representative of the whole. Of these, 75% (n = 15 particles) exhibited statistically distinct 

distributions from the whole (p < 0.001). Figure 3.3i shows a step size histogram for an example 

particle with a statistically significant higher catalyst mobility, consistent with a less rigid particle. 

Figure 3.3j shows an example lower mobility particle. The 15 different particles exhibited all 

possible permutations, with the majority shifted towards higher populations of quasi-stationary, or 

intermediate-, or large-step size distributions relative to the full experiments (Figure 3.3k; see 

Appendix for best fits for each individual particle). These data indicate individualistic single-

polymer-particle rigidity, uniquely observable through this subensemble technique.  

These different behavior distributions do not clearly correlate to the diameter of the particle 

(see Appendix for details). Alternative to particle size, these differences may be caused by different 

degrees of strand entanglement within the particle (e.g., higher entanglement would impart higher 

rigidity). These particle-to-particle differences are consistent with differences in chemoselectivity 

previously observed.16,44–46 

An attempted characterization of the precipitated polymers under similar conditions to 

those used for microscopy imaging was unsuccessful by both GPC and MALDI-MS, due to 

insufficient material precipitated on the glass surface. Therefore, to enable characterization, the 

polymerization reaction was run for a longer time to result in more material (i.e., 20 min for bulk 

material characterization instead of 5 min for imaging); the resulting characterization therefore 

provides an upper bound to molecular weights of polymers measured during the imaging 

experiments. Molecular weight measurements of aggregates precipitated under these longer-

reaction times were as follows: Mn = 37,000, Mw = 71,000, PDI = 1.9.  
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Similar to the observation here, this catalyst is known to produce polynorborenene with 

broad molecular weight distributions (1.8 – 2.8),47,48 a feature generally attributed to its established 

high propagation rate and low initiation rate, along with competing chain-transfer reactions.49–51 

We postulate that the wide distribution of individual catalyst behavior, as characterized by this 

observed range of active catalyst motion indicating extremely different local environments, is an 

additional contributing factor to polydispersity in this system (Đ = 1.9). 

 

Figure 3.5. Microenvironment physical model consistent with multiple mobility populations, in 

which ratios of types of microenvironments differ and give rise to a range of molecular catalyst 

behaviors. 

 

Considering all data described in this manuscript, a microenvironment physical model for 

the observed distributions of catalyst motion within growing polymers is shown in Figure 3.5. In 

this model, catalyst motion provides a readout of the differential secondary environment produced 

by neighboring polymer strands. 

CONCLUSIONS 

 

In conclusion, superresolution imaging of the motion of individual molecular catalysts on 

the reactive chain end of growing polymers has been achieved. This measurement enables 

returning to the questions posed in the introduction: 1) What is the range of motion? The catalysts 

range in MSD and show diverse individual diffusion behavior with respect to time (Figure 3.2c).  
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2) Does distribution of mobility indicate different catalyst microenvironments? Yes, and individual 

particles show unique compositions of these microenvironments (Figure 3.2i–k). 3) Do differential 

physical motions persist long enough to impact chemical reactivity or are they quickly averaged? 

Differential physical motions persist for several seconds, and sometimes for over 20 s (Figure 

3.2c–g). This persistence likely mirrors sustained differences in catalyst steric environment, 

solvation, and accessibility to monomer, which is plausibly a contributing cause of macroscale 

polymer properties such as molecular weight polydispersity or degree of comonomer 

incorporation. Measurement of such catalyst diffusion distributions may therefore serve as a 

handle for future optimization of catalysts to tune bulk polymer properties. To our knowledge, this 

report is the first method development and demonstration of measuring single molecular catalyst 

motion during turnover by fluorescence microscopy.  

The observations of heterogeneity may be particularly relevant to similar unstirred biphasic 

polymerization systems, such as for the synthesis of monodispersed polymer particles and the 

synthesis of porous polymers that form by precipitation polymerization.52,53 For example, the 

heterogeneous range of active catalyst motions and microenvironments in these systems—and 

resulting difference in catalyst accessibility to solvent and monomer—may plausibly be a 

mechanistic cause of heterogenous molecular weight or other bulk properties of the resulting 

polymers. In the broader sense, the enabled elucidation of molecular catalyst motion provides a 

complementary and highly sensitive parameter for understanding and optimizing catalytic 

processes and the bulk product properties they give rise to.  
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APPENDIX  

I.  General Information 

All reagents and solvents were used as received from commercial sources unless otherwise 

noted. Analytical thin layer chromatography (TLC) was performed using Merck F250 plates and 

visualized under UV irradiation at 254 nm. Flash chromatography was conducted using a Teledyne 

Isco Combiflash® Rf 200 Automatic Flash Chromatography System, and Teledyne Isco Redisep® 

35–70 µm silica gel. Spectrophotometric grade heptane (OmniSolv®) was purchased from EMD 

Millipore and was used for all microscopy studies. The ruthenium catalyst (“Grubbs Catalyst, 2nd 

Generation”) was purchased from Sigma–Aldrich. Ultra-pure water with >18 MΩ resistivity and 

total organic content of <5 ppb was obtained from a Milli-Q Gradient A10 water purifier 

(Millipore, Billerica, MA) using a Q-Gard 2 purification pack and a Quantum EX Ultrapure 

Organex cartridge. All proton and carbon nuclear magnetic resonance (1H and 13C NMR) spectra 

were recorded on a Bruker DRX-500 spectrometer outfitted with a cryoprobe or a Bruker Avance 

600 MHz spectrometer. All coupling constants were measured in Hertz (Hz). Chemical shifts were 

reported in ppm and were referenced to residual protiated solvent peaks (δH = 7.26 ppm for CDCl3; 

δH = 5.33 ppm for CD2Cl2) in 1H NMR spectroscopy experiments. GPC was conducted on an 
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Agilent 1100 GPC-SEC system using a PLGel 5μM MIXED-C Column purchased from Agilent 

(P/N PL1110-6500) and the molecular weight was determined with respect to polystyrene 

standards purchased from Aldrich (P/N 81434). Tetrahydrofuran was used as the eluent at a flow 

rate of 1.0 mL/min with column temperature at 35°C. Graphics in Figures 3.1, 3.2a, 3.2k, and 3.3 

were made in Biorender.com.  

II. Construction of Reaction Cells and Preparation of Coverslips for Microscopy 

Images of our laboratory’s reaction vessels have been previously published.1 Glass 

coverslips (25  25 mm, No. 1.5, VWR Scientific) with a thickness of  

0.16–0.19 mm were cleaned by sonication in 20 mL of a 0.6% solution of Hellmanex Detergent 

(Fisher Chemical) in Milli-Q water for 60 min and then rinsed sequentially with Milli-Q water and 

spectrophotometric grade ethanol six times. The rinsed coverslips were dried with compressed air. 

Coverslips were either stored in a sealed container or used immediately after drying. Bottomless 

vials were made by cutting the ends from glass reaction vials (Short Form Style, VWR Scientific). 

The resulting cylinders were rinsed thoroughly with Milli-Q water and spectrophotometric grade 

ethanol and dried in an oven at 115 °C overnight before use. To assemble the reaction cells, the 

cleaned and dried hollow bottomless vials were attached to the cleaned coverslips by applying 

epoxy (Devcon) to the outside base of the tubes, then the assembled tubes were capped and stored 

overnight or longer before use in microscopy experiments.  

III. Fluorescence Microscopy Parameters 

All microscopy imaging was performed with an inverted microscope (IX71, Olympus 

Corporation) and an oil-immersion, 60 objective with a 1.45 numerical aperture combined with 

a 1.6 magnification piece engaged. The total magnification was 96. Samples were imaged with 
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a CMOS Prime 95B camera (Photometrics). Fluorescence microscopy samples were illuminated 

with the 488 nm line obtained from a solid state laser stack (Intelligent Imaging Innovations) set 

to 15% power (~6.0 mW measured at the objective). The Backside Illuminated Sensor (95% 

quantum efficiency) has an effective 1200  1200 array of pixels. The pixel size was 11 μm which 

with the 96 magnification, resulted in each pixel in the acquired images representing an area of 

115  115 nm. The focus was changed with a z-axis controller (MS-2000, Applied Scientific 

Instruments, Inc.). All images were acquired with the CRISP autofocus engaged for the duration 

of the experiment. All images were acquired in total internal reflection fluorescence (TIRF). An 

external alternating filter wheel was installed in between the inverted microscope and camera 

(Sutter Instrument Co). For all time-lapse acquisitions, images were obtained for the green filter 

channel 514/30 with a FF506-Di03-25x35 dichroic beamsplitter (Brightline). The SlideBook 6.0 

software (Intelligent Imaging Innovations) was set to acquire images every 1 s with 100 ms 

exposure to the 488 nm line per frame in each color channel. The sample is exposed to the laser 

every 100 ms during which fluorescence is imaged. During the 900 ms between exposure times, 

the sample is not exposed to the laser. This exposure followed by non-exposure is achieved by 

software control. The outcome of this control is extended time tracking and imaging without excess 

photobleaching. Images were viewed in ImageJ (NIH, available at http://rsbweb.nih.gov/ij/) and 

analyzed with Igor Pro 8 (WaveMetrics).  

 

 

 

 

http://rsbweb.nih.gov/ij/


114 
 

IV. Synthetic Procedures 

a. Synthesis of ester norbornene green BODIPY core imaging agent 3.1. 

 

 

The  functionalized BODIPY compound S3.1 and imaging agent 3.1 were synthesized as 

previously reported in literature,2,3 with the following exception: after purification by column 

chromatography, imaging agent 3.1 was additionally purified by titration with pentanes (60 mL).  

b. Synthesis of terminal olefin green BODIPY S3.2 and silylated green BODIPY core control 

compound S3.3 

 

Synthesis of the terminal olefin green BODIPY core imaging agent S3.2 followed the 

procedure reported previously in the literature.4  
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The silylated green BODIPY core control compound was synthesized according to previous 

literature,4 with modifications to catalyst loading:  An oven-dried flask was charged under N2 with 

S3.2 (0.327 g, 1.08 mmol), dry toluene (3 mL), and a stirbar. Triethoxysilane (0.70 mL, 3.8 mmol) 

was added followed by platinum(0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane (Karstedt’s catalyst; 

2% Pt in xylenes, 0.022 mL, 0.1 mmol Pt). The suspension was heated to 50 °C. All solids 

dissolved after a few minutes to afford a dark red-orange solution. The solution was stirred 

overnight at 50 °C at which point TLC analysis (10% ethyl acetate in hexanes; Rf = 0.3) revealed 

incomplete conversion of starting material. The solution was stirred for an additional 24 h. The 

mixture was cooled to room temperature, the excess solvent was evaporated, and pentanes (20 mL) 

were added to the dried product. This mixture was heated to dissolve most of the solid. This 

solution was then sonicated for 30 minutes to assist dissolution and placed in a freezer (–35 °C) 

overnight. The solution was decanted and the solids were then loaded onto a silica gel column and 

purified by eluting with 0–30% ethyl acetate in hexanes to afford 0.082 g (0.17 mmol, 16%) of 

S3.3 as a yellow-orange powder. 

Characterization was previously reported4 and is reproduced here for convenience. 1H NMR 

(500 MHz, CDCl3)  6.04 (s, 2H), 3.82 (q, J = 7 Hz, 6H), 2.95–2.92 (m, 2H), 2.51 (s, 6H), 2.41 (s, 

6H), 1.71–1.58 (m, 4H), 1.22 (t, J = 7 Hz, 9H), 0.71–0.68 (m, 2H); 13C NMR (126 MHz, CDCl3) 

 153.7, 146.6, 140.4, 131.5, 121.6, 58.5, 34.9, 28.3, 23.8, 18.3, 16.4, (t, JC–F = 2 Hz), 10.4.  
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c. Synthesis of butyl green BODIPY core control compound S3.4. 

 

 Synthesis of butyl green BODIPY core control compound S3.4 followed the procedure 

reported previously in the literature.1  

V. Sample Preparation  

a. Preparation of catalyst for microscopy. In a nitrogen-filled glove box, Grubbs second-

generation catalyst (1.5 mg, 1.8  10–3 mmol) was weighed into a 1 dram vial, which was then 

capped and brought out of the box.  The cap was removed, and spectrophotometric grade heptane 

(0.75 mL) was added to the vial via plastic syringe equipped with a 20G needle. The resulting 

mixture was gently swirled, then transferred via the same syringe to a prepared microscopy 

reaction vial. The solution was a light pink due to some dissolved catalyst, but much of the catalyst 

remained insoluble and settled on the bottom of the microscope coverslip inside the reaction vial. 

The microscopy vial was placed on the microscope, and the top of the coverslip was brought into 

focus, using room light and catalyst crystals to focus. 

b. Preparation of solution containing 1.0  10-12 M 3.1 for fluorescence microscopy. Imaging 

agent 3.1 (2.0 mg, 2.3  10–3 mmol) was weighed into a 1 dram glass vial. Spectrophotometric 

grade heptane (4.0 mL) was added to the vial via plastic syringe, and the solution was sonicated 

for 1 h to fully dissolve the compound. This afforded a solution of 1.2  10–3 M imaging agent 3.1 
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in heptane, which was green-orange in appearance. Serial dilution using this 1.2  10–3 M stock 

solution using a 10 µL gastight syringe (Hamilton Company) and heptane allowed for the 

preparation of a clear, colorless 1.0  10–12 M solution of imaging agent 3.1 in heptane. 

c. Preparation of solution containing 1.0  10-12 M S3.4 for fluorescence microscopy. Control 

probe S3.4 (1.4 mg, 2.4 x 10-3 mmol) was weighed into a 1 dram glass vial. Spectrophotometric 

grade heptane (4.0 mL) was added to the vial via plastic syringe, and the solution was sonicated 

for 1 h to fully dissolve the compound. This afforded a solution of 1.2  10–3 M control probe S3.4 

in heptane, which was green-orange in appearance. Serial dilution using this 1.2  10–3 M stock 

solution using a 10 µL gastight syringe (Hamilton Company) and heptane allowed for the 

preparation of a clear, colorless 1.0  10–13 M solution of control probe S3.4 in heptane.   

VI. Imaging of Single-Molecule Motion 

A microscopy cell containing a 0.75 mL of the catalyst mixture (1.5 mg) in spectrophotometric 

grade heptane was imaged to in TIRF mode. This resulted in dark images when surveying regions 

of the coverslip (Figure S3.1). In a 1 dram vial, norbornene (2.4 mg, 2.6 x 10-3 mmol) was weighed 

out and dissolved in 1.0 mL of spectrophotometric grade heptane, added via plastic syringe. 0.25 

mL of the norbornene solution was then added all at once to the mixture of catalyst in heptane 

(Section Va), yielding a volume of 1.00 mL. The reaction mixture was imaged in TIRF mode for 

three minutes, which resulted in dark images and no detection of single molecules when surveying 

regions of the coverslip. At the 5-minute mark after addition of norbornene to the catalyst mixture, 

the mother liquor was removed leaving behind a layer of liquid (approximately 0.1 mL). The pre-

formed polymer material gathered on the surface was rinsed five times with 1 mL of 

spectrophotometric grade heptane. After the last heptane rinse, the solvent was removed to 

complete dryness of the microscopy vial. This was done to ensure accurate volume measurements 
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in the next steps. Spectrophotometric grade heptane (1 mL) was added via syringe. 1 mL of heptane 

was added to the microscopy vial and a 20-minute time-lapse capture was taken in TIRF mode 

(see Section III for acquisition details). After 90 seconds into the time-lapse capture, the shutter 

was closed and 0.25 mL of imaging agent 3.1 at  

1.0  10–12 M was added. This resulted in a reaction mixture containing imaging agent 3.1 at  

2.0  10–13 M and pre-formed polynorbornene on the coverslip surface. The shutter was 

immediately opened after addition. The imaging “start” moment is referred to as t = 0 on all figures 

and is the moment the shutter was re-opened. The stage was not moved after the sample shutter 

was re-opened. Upon opening the shutter, numerous single-bright flashes were observed on the 

coverslip surface in both green and orange channels. At some regions of the coverslip, the flashes 

appeared to be localized to particular 2−5 m areas, indicating areas of high reactivity. These 

images indicate that flashes are due to the insertion of 3.1 into the growing polymer chains.5 
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Figure S3.1. Full-frame representative single frames from imaging experiments for single chain-

elongation events for three replicate samples. Single-molecule events were observed using 

imaging agent 3.1 at 2.0 × 10–13 M and not in the control experiments. Images are 1200 pixels x 

1200 pixels (137.5 x 137.5 μm2) and are all displayed at identical brightness/contrast settings.  

 

VII. Control Experiments with Unreactive Imaging Agent 

a. Control Experiment for Imaging with Control Probe S3.4. In order to determine if the 

green flashes observed were due to irreversible incorporation of fluorophore-tagged monomer, the 

experiments were repeated under similar conditions with chemically inactive butyl control probe 

S3.4. The video acquisition procedures for these experiments are identical to that of section VIIa, 

with the exception that control probe S3.4 was used in place of chain-elongation agent 1 (Figure 
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S3.2). Upon initiating video acquisition of the sample and focusing into TIRF, the images remained 

dark, with little to no single-molecule events observed (Figure S3.2). These experiments confirm 

that the correct metathesis-active functional groups are needed to produce single-molecule images 

at this concentration range.6  

 

Figure S3.2. Full-frame representative single frames from the control experiments for three 

replicate samples. Images are 1200 pixels x 1200 pixels (137.5 x 137.5 μm2) and are all displayed 

at identical brightness/contrast settings to Figure S3.1. 

To further compare the imaging of control compound S3.4 with imaging agent 3.1, 

composite images were produced. These images are the max intensity values of each pixel over 

the course of the entire time-lapse video. The composite images shown in Figure S3.3 were set to 
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the same brightness and contrast settings. To enable clear comparisons, the brightness and contrast 

settings were set to: gamma = 0.5, min = 125, max = 226. 

 

Figure S3.3. Full frame comparison of green channel composite images of (a) control compound 

S3.4, with (b) imaging agent 3.1. Images are 1200 pixels x 1200 pixels (137.5 x 137.5 μm2). 

b. Control experiment for positional accuracy of stationary emitters. In order to determine the 

positional accuracy of our technique, controls experiments were performed in which the silylated 

control probe S3.3 was covalently bound to the coverslip and therefore immobilized on the surface.  

A solution of silylated green BODIPY S3.3 (4.6 mg, 0.010 mmol) was dissolved in 10 mL 

spectroscopic grade CH2Cl2 in a 20 mL scintillation vial, affording a 0.0010 M solution. An aliquot 

of this solution (10 μL) was then taken into another 20 mL scintillation vial containing 10 mL of 

spectroscopic grade CH2Cl2 with a glass syringe (Hamilton Company). An aliquot of this solution 

(1 mL) was taken into a third 20 mL scintillation vial with 19 mL of spectroscopic grade CH2Cl2, 

affording a 5 x 10-8 M solution of S3.3. 
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The coverslips were prepared with the surface-bound fluorophore S3.3 via the following 

procedure: The coverslips were sonicated for 1 h in Hellmanex™ cleaning solution and then rinsed 

with ultrapure water. The coverslips were then rinsed with spectroscopic grade ethanol and spin-

dried with a stream of air. The coverslips were dried at 130 °C for 1 h before being cooled to 

ambient temperature and stored in fresh aluminum foil. A glass TLC jar was charged with the 

previously made 5 x 10-8 M solution of S3.3.  The coverslips were soaked in this solution for 1 h, 

before being removed and rinsed with ultrapure water 6×, followed by rinsing with spectroscopic 

grade ethanol 6×. The coverslips were then dried under vacuum in a cold finger for 30 min.  

 These coverslips were then imaged on the microscope using the same conditions as 

discussed in Section III. Multiple single-molecule events were seen during the entire length of 

capture. In order to obtain many data points, every 100 s, the imaging area was moved to a different 

portion of the coverslip as the functionalized S3.3 seen in the previous area were significantly 

photobleached after 100 s (Figure S3.4). Four replicate runs were taken with differing lengths of 

capture: Control 1 (200 s), Control 2 (600 s), Control 3 (300 s), Control 4 (900 s). For analysis, the 

frames during the movement of the objective to a new area were excluded post-capture and 

analyzed in roughly 100 s batches for ease of processing.  
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 In Figure S3.4, to enable clear comparisons, the brightness and contrast settings were set 

to: gamma = 0.5, min = 117, max = 151. 

 

Figure S3.4. Representative single-frame images of each of the stationary control runs of surface-

functionalized control probe S3.3. Images are 1200 pixels x 1200 pixels (137.5 x 137.5 μm2). 

 In order to ensure the single-molecule events seen in Figure S4 were caused by the 

functionalized S3.3 and were not caused by contamination of the coverslip, a control batch of 

coverslips were prepared in parallel simultaneously. These coverslips were prepared with an 

identical process as detailed above, with the one alternation that they were soaked in a solution of 

clean, spectroscopic grade CH2Cl2 rather than the 5.0 x 10-8 M solution of S3.3. As seen in Figure 

S3.5, these blank coverslips prepared similarly do not show the same degree of single molecule 
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events seen in the functionalized coverslips. In Figure S5, to enable clear comparisons, the 

brightness and contrast settings were set to: gamma = 0.5, min = 117, max = 151. 

 

Figure S3.5. Comparison images of the coverslips soaked in the S3.3 solution (left) and the 

coverslips soaked in blank CH2Cl2 (right).  Images are 1200 pixels x 1200 pixels (137.5 x 137.5 

μm2). 

VIII. Superlocalization and Identification of Single-Emitter Tracks 

Single-molecule activity from the images was quantified using a modified version of Localizer 

implemented in Igor Pro 8.[7] The resulting TIFF image stacks for each experiment and color 

channel were exported to Igor Pro 8 for analysis, and the display settings were kept at the default 

setting. For the processing of all data points, images were not cropped and left at the default 1200 

pixel × 1200 pixel array. To identify and analyze the single-molecule events, a series of filters and 

conditions were applied, as here detailed: Segmentation Algorithm: GLRT; Particle finding: 8-

way adjacency; Particle verification: Remove Overlapping Particles and Gaussian Fitting; 

Standard Deviation of the PSF (pixels): 1.6, and GLRT Insensitivity: 25. To consolidate identical 
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emitters, the following conditions were applied. Maximum difference in position (in pixels): 5, 

Maximum allowed gap due to blinking (in frames): 1, Min number of observations for localization 

error analysis: -1, Max number of observations for localization error analysis: -1.  

After the emitters were localized, the emitters were analyzed for motion behavior. Tracks were 

determined via the following criteria: Maximum distance traveled in a single frame: 5 pixels (570 

nm); maximum frames allowed for blinking: 0 frames; Minimum length of track: 4 frames. This 

method was performed for all replicates with imaging agent 3.1 and for the surface-bound controls 

with S3.3 (Table S3.1). 

Table S3.1. Summary of Tracks in Experimental and Control Data.  

Experiment  Number of Tracks 

Replicate 1 with Imaging Agent 3.1 522 

Replicate 2 with Imaging Agent 3.1 1644 

Replicate 3 with Imaging Agent 3.1 1327 

Control 1 with Control Probe S3.3 3762 

Control 2 with Control Probe S3.3 9025 

Control 3 with Control Probe S3.3 4890 

Control 4 with Control Probe S3.3 18613 

 

IX. Size of the Polymer Aggregate Particles by GPC  

To determine the size of the polymer aggregate particles observed on the microscope, the 

reaction procedure (Section IV) optimized for the microscope conditions was scaled up 20 times 

in all factors (i.e., solvent, catalyst, unlabeled norbornene—no fluorophore labeled norbornene 

was used) with a slightly altered procedure to obtain enough material for processing via gel 

permeation chromatography (GPC). The modified procedure was as follows:  
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In two separate 20 mL scintillation vials, 30. mg (0.036 mmol) of Grubbs II catalyst and 12 

mg (0.013 mmol) of norbornene monomer were weighed out. Using 10 mL of spectroscopic grade 

heptane, the norbornene was dissolved and transferred to a third preweighed 20 mL scintillation 

vial. Another 10 mL of spectroscopic grade heptane was used to suspend the catalyst. The 

suspended catalyst was transferred into the third vial via a plastic syringe and any unsuspended 

solids were not transferred. The catalyst and norbornene were allowed to react for 20 min before 

the mother liquor was removed. The residual polymer particles were washed with spectroscopic 

grade heptane (5 × 2 mL). The sample was then dried in vacuo and dissolved in THF for GPC 

analysis.  

 

Figure S3.6. GPC trace for the polynorbornene sample (blue) and a blank containing a 1.25 μM 

solution of Grubbs II catalyst (orange).  
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The polynorbornene peak at ~7.9 min was identified as having a Mn = 37,000 and a Mw = 

71,000 with a polydispersity index of 1.89. As all other major peaks corresponded to the Grubbs 

II blank, this peak was identified as the majority of polymer within the system.  

X. Data Showing that Polymer Aggregate Particles Are Stationary  

We considered the hypothesis that the polymer aggregate particles might be moving or 

“rolling” across the coverslip, adding to the observed motion. In order to assess this possibility, a 

transmitted light (using a fixed light source flashlight) time-lapse capture of the polymer particles 

was taken from t = 0 to t = 5 min, in order to determine if whole-aggregate particle motion was 

present.  

To prepare the sample, the polymer particles were precipitated and washed in the same 

procedure as described previously in Section VI. To this sample was added spectroscopic grade 

heptane (1 mL) and the sample was placed on the microscope and the microscope was focused. A 

flashlight held constant at a specific angle was held by a clamp and shined into the sample during 

the full imaging time. As seen in Figure S3.7, the polymer particles clearly do not move during the 

5 min capture. As the timescales of the motion tracking of the individual catalysts are from 4 s 

(typical) to 60 s (longest), motion of the polymer particle aggregate as a whole does not occur on 

these time scales and therefore does not contribute to the motion analyzed or the step sizes 

discussed in the manuscript.  
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Figure S3.7. Comparison of transmitted light images at t = 0 s and t = 300 s. No motion of the 

particles is seen during this time.  

In Figure S3.7, these images are set to two different brightness-contract settings (right: 

581/1497, left: 223/371). Other than this differing brightness–contrast, all of the settings of both 

the microscope and the software are the same as the procedure discussed previously in Section III.  

XI. Limitations of the Method  

The analysis method optimized several competing considerations. First: assignment and 

superlocalization of single chemical reactions. Each potential event was software superlocalized 

through Gaussian fitting of the point-spread function; this process both removed events that were 

not clearly single molecules and also removed potential duplicate counting. Further filters were 

applied to select for the quantized behavior that is a fingerprint of single-molecule events and to 

limit potential duplicate counting by rejecting a “neighboring” event within 570 nm. Such filtering, 

however, necessarily rejects a subset of chemical reactions.  Second: Adjusting the algorithm to 

allow for the emitters to blink was tested, but was found to cause tracks to combine in a manner 
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that was not representative of what was visually observed in the captured images. Therefore, a 

limitation of the method is that an emitter which blinks or exits for more than a frame and then re-

enters the TIRF plane (through movement in z) is counted as a different track if it persists for 4 

frames after its blink. 

XII. Determination of the Positional Accuracy of a Stationary Emitter 

To determine the lower end of our technique’s ability to quantify motion, the maximum radius 

of apparent motion was “traveled” by surface-bound emitters (see section VIIb) was analyzed. 

While these emitters have no actual motion at all as they are chemically immobilized to the 

coverslip, the uncertainty of the superlocalization process causes an apparent “motion” of 

stationary emitters. By analyzing the radius of apparent motion of these controls, the lower limit 

of the technique to accurately localize positions was quantified.  

 As previously discussed (see section VIIb), the TIFF stacks were analyzed in 100-second 

cuts by a modified version of Igor Pro 8 in order to determine the maximum radius of motion. A 

summary of the 18 different cuts from 4 replicate control experiments are shown below. 

Table S3.2. Summary of the maximum radius of stationary emitters in control experiments.  

Experiment Total Number of 

Tracks 

Standard Deviation from 

the Center (pixels)  

Standard Deviation 

from the Center (nm) 

Control 1 Cut 1  2303 0.27 31  

Control 1 Cut 2 1459 0.24 28 

Control 2 Cut 1 452 0.37 43 

Control 2 Cut 2 1546 0.35 41 

Control 2 Cut 3 1694 0.37 42 

Control 2 Cut 4  1691 0.45 52 
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Control 2 Cut 5 1657 0.41 47 

Control 2 Cut 6 1985 0.42 49 

Control 3 Cut 1  1646 0.25 29 

Control 3 Cut 2 1387 0.26 30 

Control 3 Cut 3 1857 0.23 26 

Control 4 Cut 1 2125 0.23 27 

Control 4 Cut 2 2532 0.23 27 

Control 4 Cut 3 2737 0.24 28 

Control 4 Cut 4 2746 0.23 26 

Control 4 Cut 5 2788 0.24 27 

Control 4 Cut 6 2536 0.23 26 

Control 4 Cut 7 3149 0.23 26 
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Figure S3.8. Maximum displacement observed by stationary emitters from their position of initial 

detection. Emitters are represented by red dots, while each degree of standard deviation is 

represented by a gray ring.  

Based on the weighted average of all tracks analyzed in the 4 replicates (36,290 tracks), the 

perceived motion of a stationary emitter is ±32 nm.  
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XIII. Discussion of the Prevalence of Blinking within the Tracks  

As mentioned previously in Section XI, blinking and diffusion out and in of the imaging plane 

along the z axis in this system may appear similar. For this reason, to evaluate the general 

prevalence of blinking within this system, a brief analysis was taken of the stationary, immobilized 

controls, used previously in Section XII. These samples were used as reasonable models for 

blinking behavior of the BODIPY fluorophore under similar conditions to those of the experiment 

because they were covalently attached to the coverslip and therefore could not diffuse out of the 

imaging plane.  Thus, blinking could be examined in the absence of convoluting diffusion.  

Three cuts of the controls (Control 1 Cut 1, Control 2 Cut 4, and Control 4 Cut 6) were 

arbitrarily taken and analyzed for the blinking present for the stationary emitters. Using the same 

parameters for fluorescence microscopy analysis specified in Section VI, the number of individual 

positions was found for the following two situations: 1) no blinking (each instance of blinking was 

taken as another individual position), and 2) blinking allowed for 1 s (if a position blinked for 1 s, 

it was not counted as a separate position). The difference between these amounts of individual 

positions would give the average blinks per track (or position, in this case, as they are 

immobilized). Based on this analysis, it was determined that, on average a stationary emitter blinks 

1.4 times per track. The data is summarized below in Table S3.3.  

Table S3.3. Summary of Blinking Analysis.  

Control Number of Positions 

(Blinking Not Allowed)  

Number of Positions 

(Blinking Allowed for 1 

s)  

Number of Blinks per 

Track 

1.1 6486 2989 1.17 

2.4 29802 13055 1.28 
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4.6 49534 19378 1.56 

Weighted 

Average 

85822 35422 1.43 

 

Although the amount of blinking indicated from this brief analysis of the stationary controls 

indicates that it might have a significant presence in the system, it does not have an impact on the 

conclusions in the manuscript: Because both the MSD curves and step size are analyzed as both 

time- and track-independent, a track that blinks but is analyzed as a single track and a track that 

blinks but is analyzed as two separate tracks undergo the same analysis that is not weighted by the 

time or length of track. Therefore, although blinking occurs in this system, it does not impact the 

presented conclusions.  

XIV. Determination of Step Sizes from Track Data 

We considered analyzing step sizes as an intuitive way of looking at motion of individual 

catalysts. A step size is defined as the distance between two consecutive superlocalized positions 

of the same catalyst. In order to obtain the step size of individual tracks, the distance between two 

superlocalized positions was calculated through the following equation: 

 𝑑 =  √(𝑥1 − 𝑥2)2 + (𝑦1 − 𝑦2)2. The displacements between two points (step sizes) were 

considered regardless of direction (i.e., “backtracking” or moving back towards the original 

localized position is allowed and accounted for). These step sizes were calculated in a similar 

manner for both the surface-bound controls and the triplicate experimental runs, and the data is 

summarized in the table below. The individual step sizes were then binned into 10 nm bins (0 – 

570 nm) for further analysis.  
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Table S3.4. Summary of Step Sizes for Controls and Experimental Runs  

Experiment Number of Steps  Average Step Size (nm) 

Replicate 1  2774 80. 

Replicate 2 8920 73 

Replicate 3  6933 69 

Control 1 24478 35 

Control 2 54040 40. 

Control 3 30313 40. 

Control 4 127830 29 

  

The weighted average step size for an emitter in the polymerization experiments was 73 nm 

and the weighted average apparent “step size” of a stationary emitter was 41 nm.  

XV. Analysis of Step Size vs. Time, Three Analyses 

a. Analysis of Average Step Size vs. Reaction Time. To analyze the hypothesis of whether the 

strands were settling after agitation, the step sizes were averaged by the time at which the step 

occurred and plotted against the overall time of the reaction (Figure S3.9). No correlation was 

observed. The number of steps at each time point remained relatively constant, indicating 

consistent incorporation throughout the full imaging time (Figure S3.9). 
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Figure S3.9. The number of steps plotted against the time at which the step was counted, 

showing a lack of significant correlation. (This graph displays the same data as is in Figure 3.3 in 

the main text of the chapter, but now displayed with a line instead of points.) 

b. Analysis of Average Step Size at Each Time, Trend via Linear Regression for Each Catalyst. To 

evaluate the hypothesis that the catalysts “slow down” after reaction, a linear regression was placed 

on each track in order to see if a majority of the tracks had a negative correlation; 2) the difference 

between the first and final step was taken to see if a majority of the tracks ended with smaller steps 

sizes at the end of the track than the beginning; and 3) the difference between the first and third 

step (which all tracks analyzed have, as the minimum track length is 4 frames) to see if the 

correlation existed regardless of sample variation.  

 The results indicated that catalysts did not slow down after reaction: 1) 50.4% of the tracks 

had a negative regression; 2) 50.6% of the tracks had a final step smaller than the first; and 3) 

51.8% of the tracks had a third step smaller than the first. As all of these numbers hover around 

50%, these results were considered non-significantly different from 50%. 



137 
 

XVI. Construction of Control 2-D Random Walk Distribution 

The quasi-stationary distribution was based on the stationary emitters present in the controls. 

As seen in Figure S3.10, theoretical distribution was created for each of the controls based off of 

2-D random walk model, whose equation is as follows: 𝑃(𝑟) =  
1

𝜋〈𝑟2〉
𝑒

(
−𝑟2

〈𝑟2〉
)
2𝜋𝑟.[8] In order to 

account for the entire probability shown by the experimental data, the 2-D random walk model 

was scaled by 10.  
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Figure S3.10. Probability graphs for each of the stationary-emitter control runs (1-4) and all 

stationary controls, showing the experimental probability in blue and the 2-D random walk model 

shown in orange.  
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XVII. Construction of the 3-Step Model Distribution 

With the quasi-stationary distribution determined, the remaining probability of the 

experimental data was seen to not closely fit a single “moving” distribution, as seen in Figure 

S3.11. When fit to a single distribution, the fit does not accurately represent the experimental data. 

With this in mind, we decided to consider the non-stationary experimental data as likely containing 

multiple distributions, consisting of at least 2 distributions.  

 

Figure S3.11. Comparison of the experimental probability with a 20% probability of stationary 

emitters removed (shown in blue) and the single 2-D random walk model for the remaining 

experimental distribution (shown in red). This model of one distribution does not accurately 

represent the data.  

a. Fitting Intermediate Step Sizes. Multiple different 2-D random walk models were tested in 

order to determine a distribution of the remaining moving emitters. The control distribution, scaled 

for this preliminary testing at 20% of all emitters, was removed from the experimental probability 
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for testing of the different curves. Two-dimensional random walk distributions based on a step size 

from 65 to 80 nm were tested against this experimental probability (Figure S3.12) in order to 

determine the best fit for the intermediate-step distribution. Ultimately, the 2-D random walk 

model with a step size of 65 nm (shown in red in Figure S3.12) was determined to be the best fit.  

 

Figure S3.12. Comparison of different 2-D random walk models to the experimental probability 

with the quasi-stationary step sizes (set at 20%) excluded from analysis. In this graph, the quasi-

stationary distribution has been already subtracted from the experimental probability to aid in 

fitting the second distribution.  

b. Fitting Large Step Sizes. A certain amount of larger step sizes was excluded so far from the 

fit and we next worked on fitting a third distribution to account for the remaining experimental 

data. In a manner similar to fitting the second random walk model, the quasi-stationary distribution 

(set to 20% of the full probability for this preliminary analysis) and the intermediate-step 

distribution (set to 55% of the full probability for this preliminary analysis) was removed from the 

full experimental probability. Due to the preliminary, unoptimized scaling of the quasi-stationary 
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and the intermediate-step distributions, the remaining experimental probability has a more jagged 

appearance in Figure S3.13. Two-dimensional random walk distributions based on a step size from 

115 to 180 nm were tested against this experimental probability (Figure S3.13) to determine the 

best fit for the large-step distribution. Ultimately, the 2-D random walk model with a step size of 

145 nm (shown in red in Figure S3.13) was determined to be the best fit.  

 

Figure S3.13. Comparison of different 2-D random walk models to the experimental probability 

with the quasi-stationary step sizes (set at 20%) and the intermediate-step step sizes (set at 55%) 

excluded from analysis.  

With the 3 different approximate distributions accounting for the full experimental distribution, 

the Solver program in Excel was employed in order to more accurately scale the probabilities 

(initially set at 20%, 55%, and 25% for the quasi-stationary, intermediate-step, and large-step 

distributions, respectively) via reducing the residual between the full experimental probability and 

the theoretical distribution. The sum of model distribution with 23% quasi-stationary steps, 53% 

intermediate steps, and 24% large steps afforded the best fit. This scaling was used moving forward 

for analysis.  
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XVIII. Diffusion Coefficients Determined by Different Methods  

The diffusion coefficient listed in the main text of the paper was calculated under the 

assumption of subdiffusion. For comparison, the diffusion constant calculated under the 

assumption of free diffusion was significantly smaller (D = 5.3 x 10-16 m2/s).  

This determination of the subdiffusion regime is further shown by the similarity of the two 

diffusion constants measured by two different methods: the one listed in the manuscript body, 

calculated by direct MSD analysis assuming subdiffusion, and the one listed below, calculated by 

the variance of the modified random walk distribution shown in Figure 3.3j and detailed above in 

Section XVII.  

The random walk diffusion constant was calculated from the weighted average of diffusion 

constants from the variances of the three distributions (quasi-stationary, intermediate step, and 

large step). The diffusion constant was calculated via the random walk variance: 𝐷 =  
𝜎2

4𝛿𝑡
 where 

σ is the variance of the random walk (the average step size) and δt is the time between each step. 

The dimensionality is 4 as the imaging and analysis of the motion of the catalysts is in 2 

dimensions, although they are actually moving in 3. The diffusion constant of the quasi-stationary 

random walk distribution calculated in this way is D = 2.6 x 10-16 m2/s. The diffusion constant of 

the intermediate-step random walk distribution calculated in this way is D = 1.1  x 10-15 m2/s. The 

diffusion constant of the large-step random walk distribution calculated in this way is D = 5.3 x 

10-15 m2/s. The diffusion constant of the weighted sum of the model random walk distributions 

calculated is D = 1.9 x 10-15 m2/s.  

The diffusion constant calculated via the random walk model is lower than the one calculated 

via the direct MSDs, which lends credence to the conclusion that the active catalyst motion that 
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occurs in these polymer aggregate particles is operating in a subdiffusion regime, consistent with 

limitations caused by aggregate size.  

XIX. Selection and Analysis of Individual Particles  

The polymerization experiment, detailed in section VI, resulted in data output in the form of 

one TIFF image stack for each experimental run. Each TIFF file was exported to ImageJ.  

Regions where single-molecule events were centralized on single-polymer particle aggregates 

were identified by eye. To help search for single-polymer particles that were not overlapping, time 

composite images were created from the TIFF image stack. The TIFF image stacks were cropped 

around particles for superresolution analysis in Igor Pro 8. For the analysis of each particle, the 

following filters and conditions were applied; Segmentation Algorithm: GLRT, Particle finding: 

8-way adjacency, Particle verification: Remove Overlapping Particles and Gaussian Fitting, 

Standard Deviation of the PSF (pixels): 1.6, and GLRT Insensitivity: 25. To consolidate identical 

emitters, the following conditions were applied; Maximum difference in position (in pixels): 5, 

Maximum allowed gap due to blinking (in frames): 1, Min number of observations for localization 

error analysis: -1, Max number of observations for localization error analysis: -1. . Tracks were 

determined via the following criteria: Maximum distance traveled in a single frame: 5 pixels (570 

nm); maximum frames allowed for blinking: 0 frames; Minimum length of track: 4 frames. Particle 

were selected for analysis by the following criteria: the particles were not overlapping with another 

polymer particle, the particles were not located within 20 microns of the edges of the imaging area, 

and the particles contained at least 15 tracks lasting at least 4 seconds. The 20 particles that fit 

these criteria were taken for analysis. The individual particles were analyzed for step sizes as 

discussed previously in section XI.  
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XX. Size of the Polymer Aggregate Particles by Fluorescence Microscopy  

To determine the size of the polymer aggregate particles present during imaging, the diameter 

of the particles was estimated through the use of the total positions of the superlocalized 

fluorescent signals of the active catalysts. The particles’ diameter was estimated with the following 

assumptions: a) the particles did not move during the capture (as confirmed by transmitted light 

microscopy, see Section X for more details), b) the edges of the particle can be reasonably 

estimated by the bounds of their fluorescent signals, and c) the size of the particle can be reasonably 

estimated by an ellipse of its furthest fluorescent signals in both x and y. The fluorescent signals 

were localized in Localizer with the same conditions as listed previously in Section VIII.  The 

approximated sizes of the particles are listed in the table below.   

Table S3.5. Approximated sizes of the polymer aggregate particles.  

Particle Diameter in x 

(μm)  

Diameter in y 

(μm) 

Approximated 

Size (μm2) 

P1 2.21 2.01 3.66 

P2 1.96 2.61 4.01 

P3 4.57 3.55 12.75 

P4 1.66 2.20 2.86 

P5 5.05 3.23 12.79 

P6 3.50 3.66 10.07 

P7 2.40 2.43 4.59 

P8 2.72 2.86 6.10 

P9 1.95 2.03 3.12 

P10 1.31 1.26 1.29 

P11 1.65 2.69 3.48 

P12 3.84 4.52 13.62 
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P13 6.36 5.08 25.38 

P14 2.27 2.57 4.59 

P15 3.56 2.78 7.78 

P16 1.96 3.06 4.66 

P17 3.39 4.45 11.83 

P18 2.55 3.56 7.12 

P19 5.69 5.15 23.01 

P20 3.52 2.19 6.02 

 

XXI. Correlations between Particle Size and Alternative Variables  

a. No Correlation between Average Step Size and Particle Size. To determine if particle size 

(area) correlated with average step size within a particle, the size of each particle (determined via 

the approximation in Section XX) was plotted against the average step size of the particles. No 

significant correlation was present (Figure S3.14). 

 

Figure S3.14. Size of each particle plotted against the average step size in that particle.  
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b. No Correlation between Percentage of Quasi-Stationary Steps and Particle Size. To 

determine if particle size correlated with percentage of quasi-stationary steps within a particle, the 

size of each particle (determined via the approximation in Section XX) was plotted against the 

percentage of quasi-stationary steps present within the particles. A quasi-stationary step is defined, 

in this analysis, as a step under 30 nm. No significant correlation was present (Figure S3.15).  

 

 

Figure S3.15. Size of each particle plotted against the percentage of quasi-stationary steps in that 

particle.  

c. No Correlation between Percentage of Intermediate Steps and Particle Size. To determine 

if particle size correlated with percentage of intermediate steps within a particle, the size of each 

particle (determined via the approximation in Section XX) was plotted against the percentage of 

intermediate steps present within the particles. An intermediate step is defined, in this analysis, as 

a step under 100 nm. No significant correlation was present (Figure S3.16).  
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Figure S3.16. Size of each particle plotted against the percentage of intermediate steps in that 

particle.  

d. No Correlation between Percentage of Large Steps and Particle Size. To determine if 

particle size correlated with percentage of large steps within a particle, the size of each particle 

(determined via the approximation in Section XX) was plotted against the percentage of large steps 

present within the particles. A large step is defined, in this analysis, as a step greater than 100 nm. 

No significant correlation was present (Figure S3.17).  
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Figure S3.17. Size of each particle plotted against the percentage of large steps in that particle.  

e. No Correlation between Residual from Full-Run Experimental Distribution and Particle 

Size. To determine if particle size correlated with the particle’s deviation from the sum of the 

model distributions (see Section XVII) within a particle, the size of each particle (determined via 

the approximation in Section XX) was plotted against the residual between the particle’s 

experimental distribution of step sizes and the normalized sum of the model distributions. A 

stationary step is defined, in this analysis, as a step under 30 nm. No significant correlation was 

present (Figure S3.18).  
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Figure S3.18. Size of each particle plotted against the residual between the experimental 

distribution in that particle and the normalized sum of the model distributions.  

f. Positive Correlation between Particle Size and Number of Tracks. To determine if the size 

of the particle correlated with activity of the particles, the size of each particle was plotted against 

the number of tracks present within the particles. A loose positive correlation was present (Figure 

S3.19). This is expected due to the increased size of the aggregate particles having a higher number 

of strands and catalysts, and therefore higher likelihood of incorporating tagged monomer.  
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Figure S3.19. Size of each particle plotted against the number of tracks in that particle.  

XXII. Correlations between Step Size and Alternative Variables   

a. No Correlation between Step Size and Number of Events. To determine if step size correlated 

with activity of the particles, the average step size of each particle was plotted against the number 

of tracks present within the particles. No significant correlation was present (Figure S3.20).  
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Figure S3.20. Number of events in each particle plotted against the average step size in that 

particle.  

b. No Correlation between Step Size and Number of Tracks. To determine if particles that 

contained a larger sample size (i.e., contained a larger number of tracks) correlated with step size 

within that particle, average step size of each particle was plotted against the number of tracks 

present within the particles. No significant correlation was present (Figure S3.21).  
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Figure S3.21. Number of tracks in each particle plotted against the average step size in that 

particle.  

 

XXIII. Analysis of Distribution Differences of Individual Particles  

a. Chi-Square Goodness-of-Fit Test. The particles cropped from the data appeared to show a 

different distribution of step sizes than the entire data set, indicating that particle-to-particle 

differences might be present within the sample. To determine if the particles fit the sum of the 3-

step theoretical distribution (Section XVII) with 95% statistical confidence, a Chi-Square test was 

performed for each particle. The following equation was used: 𝑋2 =  ∑
(𝑥𝑖−𝑚𝑖)2 

𝑚𝑖

𝑘
𝑖=1 . The 

theoretical distribution discussed in Section XVII was scaled to the total number of events present 

in each particle for accurate analysis. The critical value for 56 degrees of freedom (which was used 

for all particle analysis) is 74.468 and was used for determination of statistical difference with 95% 

confidence. In order to ensure the outliers past a step size of 400 nm were not overly considered 

during statistical analysis, a second chi-square goodness-of-fit test was performed without the steps 

larger than 400 nm. The critical value for 39 degrees of freedom, used for this second set of tests, 
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is 54.572 and was used for determination of statistical difference with 95% confidence. If a particle 

showed statistical difference for both of these tests, the particle was considered to have statistically 

significant differences from the theoretical distribution of the full experiments and therefore 

exhibiting a different distribution of motions from the full experiment. A summary of the test 

statistics for each particle and whether they were deemed statistically different from the full 

experiment theoretical distribution is shown below in Table S3.6.  

Table S3.6.  Summary of the Chi-Square Test Statistics for All Particles.  

Particle Test Statistic (0-570 nm) Test Statistic (0-400 nm) Statistically Different? 

P1 321367 93 Yes 

P2 12665 84 Yes 

P3 7644 64 Yes 

P4 525 525 Yes 

P5 3852 120 Yes 

P6 40206 100. Yes 

P7 122 123 Yes 

P8 117065 309 Yes 

P9 95 95 Yes 

P10 20. 20. No 

P11 43 43 No 

P12 9048 92 Yes 

P13 442 55 Yes 

P14 32 32 No 

P15 6987 86 Yes 

P16 372 371 Yes 

P17 54194 43 No 

P18 26200. 88 Yes 
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P19 185157 67 Yes 

P20 37 35 No 

 

b. Best-fit Curves. For the 15 particles that were statistically different from the sum of the 

theoretical distributions, residual analysis was used to discover the scaling of the three distributions 

(see Section XVII) which best described each individual particle. A Solver program was used in 

Excel (10 iterations) in order to determine the amount of contribution of each distribution towards 

the particle’s best fit. If a particle’s best-fit theoretical distributions differed from the full 

experimental theoretical distribution by a probability of 0.1 (10%) or more, that change was 

considered to be noteworthy for Figure 3.3k in the manuscript. A summary of the scaling 

parameters of the quasi-stationary, intermediate-step, and large-step distributions for the best-fit 

curves for all the statistically different particles in shown in Table S3.7.  Distributions which differ 

from the full-experiment theoretical distribution by 10% or more are highlighted yellow. 

Table S3.7. Scaling parameters for each statistically different particle.  

Particle Quasi-Stationary 

Scaling Parameter 

Intermediate-Step 

Scaling Parameter 

Large-Step Scaling 

Parameter 

P1 2.7028 2.6764 4.6207 

P2 0 7.4050 2.5949 

P3 0.6361 7.7496 1.6142 

P4 0 6.3767 3.6233 

P5 0 2.8546 7.1454 

P6 4.4017 3.2335 2.3649 

P7 0 8.2081 1.7919 

P8 1.7917 4.5926 3.6157 

P9 2.6102 3.0100 4.3798 
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P12 0.3351 8.6233 1.0416 

P13 0.8346 7.6404 1.5250 

P15 4.6959 4.1736 1.1275 

P16 5.9773 1.8841 2.1386 

P17 2.1241 5.4763 2.3996 

P18 4.7611 5.2389 0 

P19 1.8967 5.9261 2.1772 

 

XXIV. 20 Analyzed Particles and Figures 
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Figure S3.22. List of analyzed particles 1–20. 
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CHAPTER 4 

 

INTRODUCTION: THE FOUNDATION OF ARGUMENT-DRIVEN INQUIRY  

 

 

 

 

 

 

 

 

 

ABSTRACT 

Traditional laboratory classes are often administered through “cookbook” style curriculum that 

does not accurate reflect the scientific inquiry and debate. To reflect this more realistic picture of 

the scientific process, the traditional curriculum of confirmation labs for the lower division 

undergraduate labs at University of California, Irvine has been adapted to Argument-Driven 

Inquiry, a guided inquiry curriculum that allows for debate and revision. This chapter introduces a 

literature overview of the process of Argument-Driven Inquiry and its use as an alternative style 

of laboratory curriculum in other institutions. Portions of this chapter are adapted with permission 

from Howitz, W. J.; Frey, T.; Saluga, S. J.; Nguyen, M. M.; Denaro, K.; Edwards, K. D. A 

Specifications-Graded, Sports Drink-Themed General Chemistry Laboratory Course Using an 

Argument-Driven Inquiry Approach. J. Chem Ed. 2023, 100 (2), 672-680.  
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INTRODUCTION 

Laboratory classes are a necessary and vital part of the undergraduate chemistry education 

and provides students with the opportunity to gain valuable experience  in problem-solving, 

chemical safety, hands-on technique, and decision-making. These skills are interdisciplinary and 

are applicable to future careers and experiences in many fields, even if students do not continue 

on to a traditional chemical education. However, most traditional undergraduate laboratory 

education is not reflective of the true decision making and problem solving expected of scientists, 

as they provide students with “recipes” that are confirmed to give reliable positive results.  

In the past 30 years, this disconnect between the expectations of post-graduate scientists 

and the education provided has been noticed and one of the main attempts to bridge the gap is the 

introduction of guided inquiry. Guided inquiry is a pedagogical style characterized by open-ended 

questions and student-determined approaches to learning, both in lecture and laboratory settings.1–

4 Based on an evaluation of the same course taught both as a verification course and a guided-

inquiry course, there was an increased difficulty for the students but also increased student 

perseverance and willingness to work through problems,5 which is one of the most necessary skills 

for research scientists.  

The Science Writing Heuristic (SWH) approach was one of the various guided inquiry 

styles that were developed over the years, focused on scientific writing and literacy. The main role 

of the SWH is to encourage students to reflect on and effectively articulate the rationale behind 

decisions made in the laboratory. Students should pose questions, evaluate evidence, and justify 

claims made based on data. SWH has been used successfully in the chemistry laboratory in both 

high school and college settings.6–8 SWH has also shown significant increases in students’ critical 

thinking and research skills.9–11 One of the main parts of the SWH curriculum was the explicit 
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incorporation of a three-part framework to discuss scientific discovery: a claim, which is supported 

by empirical evidence, and justified by a rationale that pulls on fundamental chemical concepts. 

The use of  “claim, evidence, and justification” as a foundation for scientific argument acted as 

inspiration for the development of Argument-Driven Inquiry.  

Created by Joi Walker and Victor Sampson, Argument-Driven Inquiry (ADI) is a model 

inspired by SWH and focuses on teaching scientific argumentation in the classroom.12–14 Adding 

argumentation — a chance for students to share and constructively critique claims, evidence, and 

justifications with each other — improves SWH with debate and adds a social aspect. Laboratory 

experiments incorporating argumentation allow students to propose and defend scientific ideas 

with peers. Furthermore, the social creation of a scientific argument provides a way for students 

to determine the argument’s veracity by evaluating differing ideas from other individuals or 

groups.14–16  Argument-driven inquiry (ADI), as described by Walker, has seven steps:12 

1. Teams of students are introduced to a task and given a guiding question.  

2. Each team designs a procedure to address the research question and collects data 

following that procedure. 

3. Each team analyzes data to find evidence to propose and justify a claim (which 

answers the research question). 

4. Each team then presents their findings to other teams in an argumentation session.   

5. Each student writes a report based on the findings. 

6. Each student participates in an anonymous peer review of other students’ reports. 

7. Each student then revises their report to reflect the comments of their peers and 

submits it to the instructor for final evaluation. 
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ADI has two main parts: Fundamental Skills and Original Investigation. During 

Fundamental Skills, each group of 3 to 4 students is given a foundational activity requiring the 

students to practice new laboratory methods or techniques. Before the end of the Fundamental 

Skills portion of lab, the team uses knowledge obtained during the foundational activity to plan an 

experiment aimed at answering a provided research question. During Original Investigation, the 

team collects and analyzes data to find evidence which answers the guiding question. At the end 

of this session, each team presents their claim (their answer to the guiding question), evidence, and 

justification in an academic poster session, referred to as an argumentation session. An example 

poster is shown below in Figure 4.1 In this student-led argumentation session, members from 

different teams discuss the validity of evidence and the accuracy of claims with each other.  
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Figure 4.1 Example of a benchtop argumentation poster. Students create these posters to present 

their claim, evidence, and justification for their Original Investigation. While discussing laboratory 

results with their classmates, students can adjust their claims. Reproduced from Figure 1 in 

Reference 22.  

 

 

While ADI has been investigated heavily as an instructional style, most of these studies 

focus on middle school or high school students. Few literature examples of ADI experiments exist 

for chemistry laboratories in higher education. Many ADI experiments are aimed at younger 

students in middle school and high school, such as Sampson’s 22 ADI experiments for Grades 6-

8.17 Of the experiments designed for higher education, Walker presents a full series of experiments 

for the general chemistry curriculum, focusing on topics such as thermodynamics, hydrate identity, 

and limiting reagents,12 as well as density experiment using the ADI model.18  
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During my third year in the graduate program at the University of California, Irvine in 

2022, I worked with Prof. Kimberly Edwards and two more senior teaching assistants, Dr. Will 

Howitz and Dr. Taylor Thane, to address this gap in the literature curriculum. The instructional 

team was currently working on the implementation of ADI into the general chemistry series, which 

the three of them had designed during the COVID pandemic in 2020 and 2021. I was brought on 

as an additional researcher, as well as a graduate student with experience in specifications grading.  

One of the unique aspects of the ADI implemented at UCI is the incorporation of 

specifications grading, an alternative mastery-based graded scheme popularized by Linda Nilson 

in 2014.19 Specifications grading moves away from a traditional points-based system, using pass-

no pass assignments with specific thresholds for certain letter grades. This system also has a token 

economy the enables a revise-and-submit model, where students receive a certain number of 

tokens that can be used to resubmit assignments, make up labs, and turn in assignments. 

Specifications grading has been implemented here at UCI since 2019 to great success.20–23 During 

the transition of the undergraduate general chemistry labs, specifications grading was 

implemented, synergizing nicely with the revision steps of ADI. Specifications grading supports 

ADI because it is not a competitive grading system.  This fosters collaboration within and between 

teams. Assignment revision and focus on specific repeated important rubric criteria encourages 

students to take an iterative approach to course material. With the large enrollment of classes at 

UCI, we were unable to incorporate the peer review, but found the revise-and-resubmit portion of 

specifications grading suitable for our purposes.  

The first quarter of the general chemistry laboratory series (GCL-I) was implemented in 

2021 and 2022 and published in the Journal of Chemical Education in 2023.22 This was the 

springboard for my research and development of future ADI courses during my graduate studies. 
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The transition of the GCL-I was followed by the transition of the second quarter in the series, 

which is discussed in Chapter 5. As a transitional course between general and organic chemistry, 

the ADI experiments designed for GCL-II focus on both fundamental techniques such as thin-layer 

chromatography and introduce reaction-based experiments. As the first quarter was focused on 

characterization of sports drinks, the experiments of the second quarter of the general chemistry 

series revolve around the use of spices.  

While we have discussed many ADI experiments and curriculum designed for the general 

chemistry experiments, there are no examples of an ADI curriculum for the organic chemistry 

serie. My current work, which shall be continued after my defense, is the adaptation of existing 

organic chemistry curriculum to the ADI model under the guidance of Prof. Renée Link, discussed 

in Chapter 6.  
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CHAPTER 5 

A SPECIFICATIONS-GRADED, SPICE-THEMED, GENERAL CHEMISTRY 

LABORATORY COURSE USING AN ARGUMENT-DRIVEN INQUIRY APPROACH 

 

 

 

 

 

PREFACE 

This chapter is a collaboration between several scientists. Alyssa Burns and Yong Li were my 

fellow co-first authors on the publication, each of us contributing to the writing, experimentation, 

and implementation of the work presented below. Yong Li performed the experiments for Project 

#1, while Alyssa Burns performed the statistical analysis presented in the survey results, as well 

as creation of Figures 5.7 and 5.8. The experimental results shown under Projects #2 through #4 

were run or collected by me. All three of us assisted in the implementation of the course 

curriculum, collection of the surveys, and the writing of the manuscript. Melanie Nguyen assisted 

in class coordination, logistics of the experiments presented herein, and created the graphic shown 

in Figure 5.1.  Used with permission from Saluga, S. J.; Burns, A. M.; Li, Y.; Nguyen, M. M.; 

Edwards, K. D. A Specifications-Graded, Spice-Themed, General Chemistry Laboratory Course 

Using an Argument-Driven Inquiry Approach. J. Chem Ed. 2023 100 (10), 3903-3915.  
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ABSTRACT  

This chapter describes the creation of a second quarter of a two-quarter sequence of argument-

driven-inquiry general chemistry laboratories. The course contains four projects investigating the 

chemistry of spices (vanilla, cinnamon, spearmint, and cloves) and incorporates a structured 

review and hands-on applications of fundamental concepts necessary to transition between general 

and organic chemistry (colligative properties, TLC, synthesis, characterization tests, and unknown 

determination). The inquiry-based curriculum was designed to give students increasing 

responsibility and freedom to develop experimental design skills. Specifications grading is used to 

increase concept iteration and encourage teamwork amongst students. Survey results for student 

learning style, feelings about chemistry, and perception of the course format are compared for first 

and second quarter courses. Changes in survey responses show higher average positive responses 

in many categories for the second quarter course.   

INTRODUCTION 

 Herein, we describe the thematically connected curriculum for the second quarter general 

chemistry laboratory course (GCL-II) at the University of California, Irvine (UCI). We previously 

described the creation of the first quarter large-scale general chemistry laboratory course (GCL-I) 

using the same methodology.1 

Course Scale and Structure 

UCI’s non-chemistry-major two-course general chemistry laboratory sequence (GCL-I and 

GCL-II) spans two 10-week quarters. Weekly four-hour laboratory sessions with 24 students are 

supervised by one graduate student teaching assistant (GTA). The first quarter of lab (GCL-I) is 

taken with the last quarter of general chemistry lecture (GC-III) and the second quarter of lab 
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(GCL-II) is typically taken with the first quarter of organic chemistry lecture (OC-I) (Table 5.1). 

The high-enrollment (1300+ students) GCL-I course offering occurs each spring, followed by a 

high-enrollment (1000+ students) GCL-II course offering each fall. Summer session and alternate 

quarter course offerings for both courses typically have enrollments of approximately 200 with 

students who either did not initially pass prerequisite lecture courses or completed the course 

sequence off track. On-sequence high-enrollment GCL-I and GCL-II courses typically require 50 

lab sessions and 25 GTAs. Off-sequence low-enrollment courses require 8 lab sessions and 4 

GTAs.  (Appendix Section X contains GCL-II student demographics). 

Table 5.1. Structure of On-Sequence and Off-sequence General Chemistry Courses1 

Year Fall Quarter Winter Quarter 

 

Spring Quarter 

 

First-Year On-
Sequence 

General Chemistry 
Lecture I (GC-I)  

(No Laboratory Course) 

 

General Chemistry 
Lecture II (GC-II)  

(No Laboratory Course) 

 

General Chemistry 
Lecture III (GC-III) 
General Chemistry 
Laboratory I (GCL-I) 

First-Year Off-
Sequence 

 General Chemistry 
Lecture I (GC-I)  

(No Laboratory Course) 

General Chemistry 
Lecture II (GC-II)  

(No Laboratory Course) 

Second-Year 
On-Sequence 

Organic Chemistry 
Lecture I (OC-I) 
General Chemistry 
Laboratory II (GCL-
II) 

  

 

Second-Year 
Off-Sequence 

General Chemistry 
Lecture III (GC-III) 
General Chemistry 
Laboratory I (GCL-I)  

No Lecture Course 
General Chemistry 
Laboratory II (GCL-
II)  

Organic Chemistry 
Lecture I (OC-I)  

(No Laboratory Course) 
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 UCI’s offset of lower division lab from lecture, specifically the coupling of the large 

enrollment on-sequence GCL-II with OC-I, permits the incorporation of organic chemistry content 

in GCL-II, resulting in a transitional course bridging general and organic chemistry. Because GCL-

II relies on theories connected to intermolecular forces introduced in GC-II, students in the off-

sequence GCL-II can still connect conceptually with course content and benefit from the exposure 

to introductory organic techniques once enrolled in organic chemistry laboratory. 

Originally, the 8 weeks of traditional expository-type experiments in GCL-II addressed 

diverse topics derived from general chemistry lecture and the corequisite organic chemistry lecture 

course (e.g., solubility and miscibility, vapor pressure, analysis of a chelated iron salt, aspirin, and 

chlorophyll). During the laboratory, students worked in pairs to complete procedures outlined in 

the laboratory manual. After completing the experimentation, each student worked independently 

to answer post-laboratory questions including calculations with collected data or  answering 

conceptual questions.  

Theme 

Instead of a broad expository coverage of topics, the new GCL-II course still takes 

advantage of the corequisite organic lecture (OC-I), but is structured around four spice-themed 

projects following the argument-driven inquiry (ADI) format developed for GCL-I. Theme-based 

instruction in general chemistry laboratory courses has been used to contextualize course content 

for students.2–8 Thematic connections between experiments provide students a conceptual 

framework,9 make course content more relevant,4,9 and increase student understanding10,11 and 

engagement4,5,9,11,12. Because of this and the positive student response to the Gatorade theme in 

GCL-I,1 we also adopted a theme for GCL-II. Spices were chosen because their organic nature 

resonates with students concurrently enrolled in OC-I while  still utilizing concepts from GC-II to 
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remain accessible to off-sequence students . Furthermore, their benign nature eliminates most 

chemical hazards and waste. 

In the first project of GCL-II, students use freezing point depression and melting point to 

determine the identity of an unknown spice compound. In the second project, students identify 

spice compounds in an essential oil through thin layer chromatography (TLC). The final two 

projects require students to use techniques learned  in GCL-I and the previous projects in the GCL-

II to synthesize and determine the product of vanillin oxidation and to synthesize and determine 

the better sunscreen product from ketone and cinnamaldehyde reactions.   

Argument-Driven Inquiry (ADI) 

The previous version of GCL-II used confirmation-type experiments which provided 

detailed procedures and post-laboratory questions. Such an approach encourages students to 

engage in basic science process skills: observation, measurement, and data interpretation. There is 

support in the education community for going beyond this type of confirmation style 

experiments.13–16  

In comparison, Argument Driven Inquiry (ADI) experiments now used in GCL-II provide 

general procedural guidance and use the claim-evidence-justification framework.11 Students 

engage both in the above skills and in additional science process skills: hypothesis (claim) 

formulation, experimentation, and communication (through argumentation).15,17–20 The inquiry 

approach engages students more authentically in experimentation by requiring them to develop 

their own procedures.14,21 Furthermore, argumentation requires students to defend their claims and 

critique those of others. By combining inquiry and argumentation, ADI has been shown to increase 
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student ability to use evidence and reasoning, create a more positive student attitude toward 

chemistry, and improve performance on summative assessments.17,20,22,23 

Additionally, the encouraging results of the Laboratory Course Assessment Survey (LCAS) 

given to GCL-I students led us to continue the ADI approach in GCL-II.1 The LCAS measures 

student perception of peer collaboration, knowledge discovery, and iteration (revision and 

repetition) for course-based undergraduate research experiences (CUREs).24  We incorporated the 

survey because it also probes student perception of relevant ADI activities and, hence our course 

learning outcomes (Table 5.2): planning and conducting investigations (LO2 & LO3), collecting 

and analyzing data (LO3 & LO4), working with others (LO1 & LO4), and presenting and revising 

work (LO5). 

Table 5.2. GCL-II Learning Outcomes (LOs) 

Students will be able to: 
 
LO1: Broadly, engage in scientific inquiry and argumentation with a team of peers.  

LO2: Develop fundamental laboratory skills and design experimental procedures. (Skills: 
recordkeeping, safety/waste disposal, UV-Vis spectroscopy, separations, chromatography, 
melting and freezing point, and synthesis) 

LO3: Collect data, determine and perform data analysis on characterization test results. 

LO4: Determine what data are evidence that can be used as justification to support a claim. 
Defend scientific reasoning to peers. 

LO5: Produce an independent report defending their team’s claim using scientific reasoning, 
experimental design, and data analysis. Utilize the revision process to correct misconceptions.   

LO6: Demonstrate laboratory skill proficiency and argumentation abilities in the final 
practical exam. 

LO7: Demonstrate a basic understanding of lab safety through safety moments, weekly 
quizzes, and the safety exam. 
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METHOD 

GCL-II’s ADI course structure, like GCL-I, contains 4 two-week projects. The learning 

outcomes (Table 5.2) are inseparable from the seven-step ADI process (Figure 5.1): 

 

Figure 5.1 ADI Process.  
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1. Guiding Question (LO1): To prepare for a project’s first laboratory session (the fundamental 

skills (FS) session), students are given an initial guiding question (Table 3, second column) 

and provided general technique information. Before entering the lab, students independently 

complete a pre-laboratory quiz and prepare their electronic laboratory notebook (ELN) with 

an objective, safety and chemical tables (LO7), and a draft of procedures to follow in lab. 

2. Fundamental Skills (LO2 & LO3): During the FS session, a team of 3 to 4 students, (randomly 

formed during the first course meeting), practice the general technique, collect data, and 

perform data analysis to answer the guiding question. The team then creates a procedural plan 

to approach a second guiding question (Table 3, third column) for the original investigation 

(OI) in the following laboratory session. 

3. Plan for Original Investigation (LO2): To prepare for a project’s second laboratory session 

(the OI session), students independently complete a pre-laboratory quiz and prepare their ELN 

as they did for the first lab session. 

4. Original Investigation (LO3): During the OI session, the team follows their procedural plan 

to collect more data, performs data analysis, then provides a justification of their claim (the 

second guiding question’s answer).  

5. Argumentation (LO1 & LO4): Using chalk paint on their benchtop, the team creates a poster 

with their claim, evidence, and justification. One team member stays with the poster to defend 

the team's argument to other teams, while the remaining team members travel to other posters 

and critique their claims.  

6. Laboratory Report (LO5): After the OI lab session, students individually write a report based 

on their experimental work, data analysis, and feedback received during the argumentation 

session. 
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7. Revise and Resubmit (LO5): Students may revise work based on GTA feedback in exchange 

for tokens earned through the specifications grading system (see Appendix).  

 

Table 5.3. Guiding Questions for GCL-II 

Project Fundamental Skills (FS) Original Investigation (OI) 

1 What is the average freezing point 
depression constant for menthol? What 
is the melting point of the solute? 
Students measure the freezing point of 
pure menthol and a menthol solution to 
determine the freezing point depression 
constant. Students also measure the 
solute melting point. 

What is the identity of the unknown spice 
chemical? Students measure the melting 
point of an unknown and the freezing 
point of a menthol solution containing a 
known amount of that unknown. The 
unknown’s molecular mass is determined 
by freezing point depression.   

2 What are the Rf values of the spice 
compounds? Which heptane:acetone 
ratio is the best eluent? Students run 
multiple TLCs of known compounds in 
various eluent mixtures. 

Which spice compounds are present in the 
essential oil? Students run a TLC of an 
essential oil with an eluent mixture chosen 
from the previous work and compare the 
Rf values to the standards. 

3 What is the percent yield of the synthesis 
if the product is divanillin? If the product 
is vanillic acid? Students perform an 
oxidation of vanillin and measure the 
product’s yield. 

What is synthesized, divanillin or vanillic 
acid? Is the product pure? Students use 
product solubility, melting point, TLC, 
and UV-Vis absorbance to characterize 
their product. 

4 What are the characteristics of the 
products observed so far make for a good 
sunblock? Students synthesize, 
crystallize, and begin characterization 
tests.  

When combined with cinnamaldehyde, 
which reagent (acetophenone or acetone) 
makes the best sunblock? Why? Students 
complete characterization tests on both 
products.  

 

Our seven ADI steps incorporate scientific inquiry processes: problem identification, 

making observations, posing questions, collecting data, using scientific concepts to analyze data, 

and finally, summarizing and communicating results.25 While most undergraduate laboratory 
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curriculum contains the above steps, the amount students can control experimentation (the inquiry 

level) is on a continuum.  Experiments can range from confirmation type experiments (in which 

all experimentation parts are dictated) to authentic inquiry (where the student is responsible for the 

entire process - from the problem investigated to the conclusion derived from the results).  

Structured, guided, and open inquiry span the difference between these two extremes (Figure 

5.2).21,26–29 

 

Figure 5.2. Spectrum of Inquiry Instruction21 

 

A primary goal in designing the GCL-I and GCL-II curriculum was to increase the 

trajectory of inquiry during the courses. An iterative approach throughout the course sequence 

reinforces understanding of laboratory skills and data analysis techniques while providing students 

a tool chest to use in each progressive experiment. This is especially evident in GCL-II. Students 

must employ basic laboratory techniques (such as solution preparation, digital balance use, and 

visible spectroscopy) from GCL-I with little prompting as well as repurpose skills introduced in 

each progressive GCL-II project to answer the guiding questions. Another design goal was to allow 

for student result variability to enable robust argumentation (ADI course structure, step 5). The 

social sense-making of argumentation is short-circuited if all students come to the same 

conclusion. In conjunction with this, the ability to use scientific reasoning and apply laboratory 

skills to new problems is more important than finding one right answer.18,19,30,31 
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An analysis of  GCL-I and GCL-II experiments using Bruck et. al.’s Rubric to Guide 

Curriculum Development27 is shown in Table 5.4. In the first week of each GCL-I project (the FS 

session), the question, background, procedures, and data analysis are provided.  Therefore, the 

inquiry level for the FS sessions is structured. The second week of each GCL-I project (the OI 

session)  provides: 

• A new guiding question (Table 5.3);  

• General instructions about poster creation for argumentation including claim, evidence, 

and justification; 

• Lab report content questions regarding concepts investigated, procedures used, and claim 

justification.  Students have access to a rubric, which is specific to each project and 

provides the student some direction as they prepare their report. (Rubric examples, 

Appendix Section IV.)  

Because results analysis/interpretation is not provided in the OI sessions, the inquiry level 

is guided.  

Like GCL-I, the first two projects of GCL-II start with structured inquiry FS sessions, 

followed by guided inquiry OI sessions. The third and fourth projects of GCL-II rely on the 

techniques learned in GCL-I and the first two projects of GCL-II to characterize products. Students 

are reminded of the techniques learned thus far and a few experimental directions (potential 

solvents, dilution factors, and synthesis procedures). This reduces cognitive load and ensures lab 

work can be completed during the 4 hour time block. Therefore, the inquiry level in the FS sessions 

has increased to guided inquiry in the last two projects of GCL-II. While the question, background 

and procedures are given, no indication of how to analyze the data is provided. The OI sessions 

for these two projects increase inquiry further toward open inquiry by not providing 



186 
 

procedures/design. By project #4, the only information available to provide guidance in answering 

the OI guiding question is a list of the characterization tests learned during the course sequence 

with a few experimental details so students can accomplish the work within the allotted laboratory 

time. 

Table 5.4. Level of Inquiry by Laboratory Session.  

Characteristic GCL-I 
FS 1-4 

GCL-I  
OI 1-4 

GCL-II  
FS 1 & 2 

GCL-II  
OI 1 & 2 

GCL-II  
FS 3 & 4  

GCL-II  
OI 3 & 4 

Problem 
/Question 

Pa P P P P P 

Theory 
/Background 

P P P P P P 

Procedures 
/Design 

P P P P P NP 

Results Analysis P NP P NP NP NP 

Results 
Communication 

NPb NP NP NP NP NP 

Conclusion NP NP NP NP NP NP 

Level of Inquiry Structured 
(0.5) 

Guided  
(1) 

Structured 
(0.5) 

Guided  
(1) 

Guided  
(1) 

Open  
(2) 

aP = provided 
bNP = not provided 
 

For an ADI course, content that predictability results in naturally-occurring variability is 

often chosen. (Note: this is the opposite of confirmation-type curriculum which relies on the 

students finding one correct answer.)13,32  Therefore, an experiment that does not consistently 

provide good data for novices may work well for ADI. Another important aspect of ADI 

experiment design is the type of guiding question. Choosing a guiding question focusing on 

distinguishing (or identifying) instead of obtaining mathematical values supports variation in 

experimental design and data interpretation.19 
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While GCL-II’s FS guiding questions often ask students to obtain specific mathematical 

values (such as melting points, retention factors, and percent yields), the OI guiding questions 

(which are central to the argumentation process) do not (Table 5.3). Furthermore, while the OI 

guiding questions of GCL-II’s first three projects do have correct, scientifically sound answers, 

flaws in student extrapolation of FS procedure and data analysis in the OI sessions lead to varied 

data and result in differing claims between student teams. Finally, the last GCL-II project (#4) 

starts with a guiding question with only conditional answers. One team’s product might be better 

because it is pure, while another team’s product has a higher yield, and so on. Another benefit of 

this variability is that small experimental details are interchangeable in a way that does not affect 

project structure or documentation (learning outcomes, the manual, the answer key).  

PROJECTS  

GCL-II is a transitional course bridging general and organic chemistry with a mixture of 

concepts and techniques from the two sub-disciplines. The course is designed so major concepts 

and techniques, such as TLC, reoccur throughout projects.  Projects also have enough variability 

to increase inquiry and foster discussion. TLC eluent, for example, is not dictated, and students 

can choose characterization tests when determining product identity. Furthermore, some 

conclusions depend on techniques learned (Projects 1 and 2) while others allow students to choose 

techniques they wish to perform (Projects 3 and 4).  

Project #1: Menthol and Freezing Point Depression 

Project 1 focuses on determining an unknown’s identity with freezing and melting points. 

Many freezing-point depression experiments are known;29,33–37 herein, we use menthol as a solvent 

and spice compounds as the solute. In the FS session, student teams measure menthol and cinnamic 

acid melting points using a melting point apparatus. Students also set up, measure, and analyze the 
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cooling curves for menthol and cinnamic acid-menthol solutions to determine freezing points and 

calculate their team’s Kf and average Kf of menthol for the lab section. 

For the OI, students are provided an unknown: cinnamic acid, 4-hydroxybenzaldehyde or 

vanillin. Students identify the unknown by measuring melting point and finding the molar mass 

using freezing point depression. Because the collection of the cooling curve requires proper 

technique (vigorous mixing), freezing point depression data are more varied compared to melting 

point data (Figure 5.3). As seen in Figure 5.3, the ability to determine the freezing point (based off 

of the graph’s inflection point, or the plateau that follows) is more difficult with incorrect 

technique. 

 

Figure 5.3. Cooling curves of pure menthol and menthol solution acquired by using correct (top) 
and incorrect (bottom) technique. 
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As part of argumentation, students must decide if they would use freezing point depression 

or melting point to characterize an unknown. A majority of students decide freezing point 

depression is less useful. For future projects, most students choose melting point over freezing 

point depression.  

Project #2: Essential Oils and TLC  

Project 2 focuses on thin-layer chromatography (TLC) and serves as a building block for 

later experiments. TLC is a separation technique widely employed in industry and laboratory 

courses.38–40 Food-based analytes such as essential oils have been used for undergraduate TLC 

experiments since they are common, inexpensive, and often contain a mixture of organics for 

separation.41,42 Inquiry-based TLC experiments have also been utilized, though these experiments 

are generally limited to factors modulating TLC performance.38,43,44 

In the FS session, students are tasked to determine the best eluent to achieve good TLC 

separation of the provided standards: carvone, cinnamaldehyde, dihydrocarveol, eugenol, 

limonene, and vanillin. The eluents are of variable polarity, consisting of 1:1, 1:2, 2:3, or 3:2 

heptane:acetone. (This procedure has since been improved; see appendix). Students work within a 

team, with each student developing TLC plates of all standards for a particular eluent ratio. All 

standards appear colorless, so UV light and permanganate dip techniques are employed to visualize 

aromatics/conjugated systems and oxidizable groups respectively. While the various eluent ratios 

produce varied separation between standards, results are also affected by student technique. Once 

all plates are developed, teammates compare Rf values to determine the best eluent ratio. (The 

eluent ratio with the most distinct standard Rf values is 3:2 heptane:acetone, Figure 5.4.) These Rf 

values are also used in the OI. 
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Figure 5.4. TLCs of essential oil standards under UV light and after a permanganate dip (left to 
right: vanillin (V), dihydrocarveol (D), carvone (C), trans-cinnamaldehyde (TC), limonene (L), 
eugenol (E)) and the unknown spearmint oil (U) (rightmost) in 3:2 heptane:acetone eluent mixture.  
 

In the OI, teammates work together to determine the chemicals present in an unknown 

essential oil. Ideally, students select the best eluent ratio from the FS session to run TLC on their 

unknown, then compare Rf values between standard and unknown plates to determine the unknown 

components. Other approaches may include running multiple plates with different eluent ratios, 

and/or rerunning standard plates from the FS session. The unknown sample is the same for all 

students (spearmint oil), and contains only carvone, limonene, and dihydrocarveol. One of the 

unknown components (carvone) is UV-active, while the other two are visible after the 

permanganate dip. During argumentation, student results tend to vary both in eluent ratio selected 

and in the unknown components determined. For example, student claims vary from one to three 

unknown chemicals. Sample student responses (Table 5.5) and an argumentation poster example 

(Figure 5.5) are provided and 39% of students sampled (n =157) found 2 of the 3 right unknown 

compounds, and 56% of students used the best ratio (3:2 heptane:acetone). 
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Figure 5.5. Example of a Project #2 Argumentation Poster. Poster has been rewritten from a 
student poster by the authors for increased legibility.  
 
Table 5.5. Representative Sample of Project #2 Student Claims and the Eluent Ratios they used   

Claim: Which essential oils are present 
in the unknown? 

Eluent Ratio (heptane:acetone) 

Carvone and limonene 2:3 

Carvone and eugenol 2:3 

Carvone 3:2 

Carvone, dihydrocarveol and limonene 3:2 
 

Project #3: Vanillin Oxidation and Melting Point  

Projects 3 and 4 are adapted from literature45–47 and focus on performing a synthesis during 

the FS session and then using characterization techniques of the student’s choice during the OI 

session.  

In Project 3, vanillin is reacted with hydrogen peroxide in the presence of horseradish 

peroxidase. The procedure is adapted from Vosburg45, with one modification: students are 
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instructed to cool the reaction to room temperature before adding acetic acid and horseradish 

peroxidase solution (0.05 mg/mL). The FS session is the students’ first exposure to organic 

synthesis and vacuum filtration. During the OI session, students are expected to determine the 

major product after the synthesis: vanillic acid, divanillin, or recovery of vanillin starting material. 

While students can choose from characterization techniques they have used before, melting point 

analysis between product and the provided standards of vanillin and vanillic acid allows for  

conclusive determination that divanillin is the synthesized product. Other techniques used to 

determine the identity of the product include solubility, UV-Visible spectroscopy (which students 

used in GCL-I) and TLC (sample data, Table 5.6). Because students successively build upon 

concepts learned in the course, no explicit procedure is provided for TLC or UV-Vis spectroscopy. 

Table 5.6. Representative Sample of Student Data for Project #3 Chemicals.  

 vanillin vanillic acid  divanillin  

Yield  n/a n/a 57.8%a  

Solubility  EtoAc, EtOH, water EtOH, water EtOH 

Melting Point (°C) 81-83 210 315 

Rf (in 7:3 ethyl 
acetate:heptane)  

0.64 0.46 0.15 

aAveraged from student data, n = 102, after excluding students who calculated above 100% yield   

Project #4: Cinnamon Sunscreen and UV-Vis Spectroscopy  

Project 4 focuses on the synthesis of two aldol products from cinnamaldehyde and either 

acetone or acetophenone. At this point in OC-I (typically taken with GCL-II), the students have 

not learned aldol condensation and do not know the mechanism; therefore, the experimental focus 

is product characterization (sample data, Table 5.7). 
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Table 5.7. Representative Sample of Student Data for Project #4 Chemicals.  
 acetophenone aldol  acetone aldol 

Yield  30-70% 40-50% 

Solubility  EtOH (partial), EtOAc (partial) EtOH, EtOAc 

Melting Point (°C)  100-102 142-143 

Rf (in 3:2 ethyl 
acetate:heptane) 

0.57 0.46 

 

The procedure was adapted from Jaworek-Lopez and Dicks, but with only acetone or 

acetophenone as the ketone partner to cinnamaldehyde.46,47 The FS session focuses on the synthesis 

of either the cinnamaldehyde-acetone or cinnamaldehyde-acetophenone product; students work in 

teams of four, with each pair performing one synthesis. During the procedure, students are 

introduced to recrystallization to purify products. The OI session focuses on the student’s choice 

of three previously used characterization techniques to determine which product is the more 

effective sunscreen. The main technique for determination is designed to be UV-Vis spectroscopy 

(Figure 5.6), but this characterization test is not required and is performed only at the student’s 

prerogative. A conclusion can be made using whatever characterization tests are performed.  
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Figure 5.6.  UV-Vis Spectra of Acetophenone and Acetone Aldol 

 

Both products could be argued to be the most effective based on a myriad of factors, from 

the respective absorbances in the UV region to the color of each purified product (Table 5.8).  

Table 5.8. Sample Project #4 Student Claims and Justifications  
Claim: Which product is 
a better sunscreen?  

Sample Justification  

Acetophenone Aldol 
Product 

“It is insoluble in water . . . so it will be effective as a water resistant 
sunscreen. In addition, it had a higher yield, and will therefore be 
more cost-effective.”  

Acetone Aldol Product “[The] acetone [product] is a better sunscreen ingredient because it 
had a higher melting point than the [acetophenone product]  . . and we 
want a sunscreen that will only melt at high temperatures.”  

Acetone Aldol Product “[The acetone product] makes a better sunscreen . . . proven by the 
broader peak and the higher absorbance [relative to the acetophenone 
product] of the UV-Vis spectra.”  

Acetophenone Aldol 
Product  

“The amount of UV light that the [acetophenone aldol product] 
absorbed was the determining factor. The peak is larger and broader 
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than that for the [acetone aldol product]. From this, we can conclude 
that the acetophenone product absorbs a larger amount of UV light.”  

 

Hazards  

While many chemicals used (vanillin, cinnamaldehyde, eugenol, carvone, etc.) are 

flammable, skin and/or eye irritants/sensitizers in concentrated or pure form, all chemicals are used 

in either small quantities or are provided in dilute forms. The organic solvents used (acetone, 

heptane, ethanol, and ethyl acetate) have the same hazards, with the addition of central nervous 

system toxicity. Heptane is used in place of hexane because of its lower volatility. Horseradish 

peroxidase (project #3) is a respiratory and skin sensitizer.  Sodium hydroxide (3M, project #4) is 

corrosive to the skin and can cause eye damage.  

If required, waste is neutralized with citric acid and sodium bicarbonate. Glass TLC 

spotters are collected and disposed of by the GTAs to minimize contamination and injury.  

Required laboratory attire for GCL-II includes safety goggles, lab coats, long thick pants 

covering ankles, sturdy water-resistant closed toed shoes and nitrile gloves. These steps protect 

against exposure (to irritants, sensitizers, and corrosives) and cuts from broken glassware.  All 

heating is done with hotplates and water baths to reduce the risk of ignition of flammable 

substances. Volatile organic solvents are used in the fume hood. No open flame is present in the 

laboratory. 

Student Assessment & Specifications Grading 

In specifications grading, assignments or rubric items are combined into bundles and the 

level to pass each bundle for a particular grade is specified. Each rubric item and bundled 

assignments are assessed as satisfactory or unsatisfactory. This grading method was first 

introduced by Linda Nilson in 201448. Examples of specifications grading have been reported for 
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general chemistry, biochemistry, biology, math, anatomy and physiology, engineering, and physics 

lectures, as well as scientific writing courses, general, and organic chemistry laboratory.1,49–62  

The specifications grading structure of GCL-II is the same as GCL-I1. For each project, 

three types (or grading bundles) of assignments are due: (1) the in-laboratory work done during 

the FS session; (2) the in-laboratory work done during the OI session; and, (3) the lab report 

completed after the OI session. All assignments have student facing rubrics with each assignment 

type (bundle) containing the same general rubric item categories (Table 5.9). A final assignment 

bundle is the laboratory practical consisting of: safety, technique, and argumentation. The practical 

contains all but two of the same general categories: (1) The safety part of the practical includes the 

safety rubric item;  (2) the technique part includes procedure, observations, and data analysis rubric 

items; and, (3) the argumentation part includes data analysis, but focuses on argumentation rubric 

items (claim, justification, and evidence). 

Table 5.9. General Rubric Items by Assignment Type 
General 
Rubric Items 

Fundamental 
Skills (FS) 

Original 
Investigation 
(OI) 

Lab Reports Final Exam 

Safety ✓ ✓  ✓ 

Objective or 
Purpose 

✓ ✓ ✓  

Concepts ✓  ✓  

Procedure ✓ ✓ ✓ ✓ 

Observations ✓ ✓  ✓ 

Data Analysis ✓ ✓ ✓ ✓ 

Argumentation ✓ ✓ ✓ ✓ 
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The goal of specifications grading is to focus students on the specific skills / knowledge 

needed to meet course learning outcomes.48,50,54,63,64 The repetition of general rubric items 

throughout the courses is central to this effort. To ensure this repetition is obvious to students, 

rubric items are titled with a general rubric item name and then have a description specific to each 

assignment (SI Section II). Each rubric item is pass or no pass; no partial credit is given. To further 

encourage students to meet course learning outcomes,58 students can revise and resubmit graded 

work in exchange for tokens earned by completing introductory course assignments, educational 

study surveys (described below), and mid-quarter GTA student evaluations (Appendix Section 

VIII).  (Note: Completion rate for token earning opportunities (including educational surveys) 

typically exceeded 98% of course enrollment.) 

For a given course grade, students must pass a given number of each of the assignment 

bundles (Fundamental Skills, Original Investigation, Laboratory Reports) and practical exam 

sections. Performance on the pre-laboratory quizzes dictates the assignment of + or - to the letter 

grade. This requirement is the same as published for GCL-I1 (Appendix Section VIII).  

Because specifications grading is a non-competitive grading process, teams work together 

in a collaborative manner, supporting the ADI process.50,54,65 Furthermore, token earning and 

exchange permits revision on 5 of the 12 assignments (4 FS + 4 OI + 4 LR = 12). Token exchange 

for revision replaces the peer-review step often present in ADI. 

RESULTS  

Attitude toward the Subject of Chemistry Inventory 

Because the Attitude toward the Subject of Chemistry Inventory (ASCI(V2)) has 

shown the impact of a curriculum change, we choose to use the survey to measure students’ attitude 

toward chemistry midway through each quarter of GCL-I and GCL-II.66–69 In general, students 



198 
 

indicate general chemistry laboratory is hard, tense, challenging work that is beneficial and 

somewhat interesting and worthwhile regardless of their enrollment in GCL-I or GCL-II.  (Figure 

5.7).  

 

Figure 5.7. Attitude toward the Subject of Chemistry Inventory (ASCI (V2)) Results for GCL-I 
and GCL-II, Large On-Sequence Courses. Positive adjectives are shown on the right, their 
corresponding negative values on the left, reported as a continuum from 1-7. Average responses 
for GCL-I are shown in orange (⏺) and GCL-II in blue (⏹). Changes that are statistically 
significant (p < 0.05 with Mann-Whitney U test) are denoted in bolded text. Numerical data can 
be found in the appendix. 

 

Going from GCL-I to GCL-II, a statistically positive shift occurred in 9 of 20 items 

surveyed (demonstrated by bold green average shift values, Figure 5.7).  While on the negative 

side of the center value (4), GCL-II is more relaxed, more organized, more secure, and clearer, 
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than GCL-I.  Furthermore, GCL-II is more exciting, with an increase of 0.17. It cannot be 

discounted, with increased time in the lab, students will become more comfortable, which may 

influence the positive trends seen.  

The only significant negative attitude shift is students perceive GCL-II as less safe than 

GCL-I, with an average shift of -0.19. The increase in hazards between the GCL-I and GCL-II 

courses is a potential source. The hazards in the Gatorade themed GCL-I are limited to dilute 

solutions of acids, bases and bleach. No chemical reactions require heating and no vacuum is used. 

However, in GCL-II, the organic nature of many of the chemicals require the use of volatile organic 

solvents (and, therefore, fume hood use), oxidizers, reaction heating, et cetera in combination with 

safety curriculum covering these hazards.  

Laboratory Course Assessment Survey 

A modified version of the Laboratory Course Assessment Survey (LCAS) was given to 

GCL-I and GCL-II while students were engaged in the fourth and final project. LCAS, a 17-item 

survey designed to measure the effectiveness of course-based undergraduate research experiences 

(CUREs)24, contains three sections: assessing student perception of peer collaboration, generation 

of new knowledge, and work revision and repetition. In addition to the above mentioned activities, 

the LCAS tool measures student perception of course activities central to ADI: experimental 

design, data collection / analysis and argumentation (Table 5.10). Conclusions from survey data 

are offered with the caveat that no control group was used for comparison.   

Table 5.10. Modified LCAS Results Comparisons between GCL-I and GCL-II. 

Course (Enrollment) GCL-I (1224) GCL-II (927) 

 Avg SD Avg SD 

Collaboration 22.1 0.6 22.2 0.7 
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C1. Discuss elements of my investigation 
with classmates and instructors 3.8 0.8 3.8 

 0.6 

C2. Reflect on what I was learning 3.6 0.8 3.7 0.7 

C3. Contribute my ideas and suggestions 
during class discussions 3.6 0.7 3.6 0.8 

C4. Help other students collect or analyze 
data 3.7 0.7 3.7 0.7 

C5. Provide constructive criticism and 
challenge each other’s interpretations 3.7 0.6 3.6 0.7 

C6. Share the problems and seek input on 
how to address them 3.7 0.7 3.7 0.7 

Discovery / Relevance 18.4 0.9 19.0 1.1 

D1. Generate novel results that could be of 
interest the community 3.0 1.2 3.2 1.2 

D2. Conduct an investigation to find 
something previously unknown 3.6 1.1 3.7 1.19 

D3. Formulate my own research question or 
hypothesis to guide an investigation 4.0 1.0 4.0 1.07 

D4. Develop new arguments based on data 4.1 1.0 4.2 0.91 

D5. Explain how my work has resulted in 
new scientific knowledge 3.8 0.9 3.9 1.14 

Iteration 20.9 1.0 22.7 1.1 

I1. Revise and repeat work to account for 
errors or fix problems 3.2 1.3 3.6 1.2 

I2. Change methods of investigation if it 
was not unfolding as predicted 3.1 0.9 3.5 1.2 

I3. Share and compare data with other 
students 4.0 1.0 4.3 0.9 

I4. Collect and analyze additional data to 
address new questions 4.1 1.0 3.8 1.2 

I5. Revise and repeat analyses based on 4.1 1.0 3.8 1.2 
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feedback 

I6. Revise drafts of papers or presentations 
based on feedback 3.5 1.0 3.8 1.1 

 

Collaboration was measured on a four point scale: weekly (4), monthly (3), 1 or 2 times 

(2) and never (1).  Both Discovery / Relevance and Iteration were modified from the six point scale 

in the earlier work to a five point scale: (5) strongly agree, (4) somewhat agree, (3) neither, (2) 

somewhat disagree, and (1) strongly disagree.  The sum of the averages for each of the three 

categories is reported in the gray box in the average (Avg) column. 

The responses in the Collaboration (C1-C6) section are consistently high (Table 5.10). On 

average most activities occur almost weekly for both GCL-I and GCL-II. This consistent response 

indicates the ADI team structure results in the perception of collaboration (C1-C6). 

The Discovery/Relevance (D1-D5) section contains survey items closely connected with 

the inquiry processes of the course: designing experimentation, forming a hypothesis, creating an 

argument and communicating work.  Overall, the averaged response shows small increases in 

agreement strength from GCL-I to GCL-II, indicating students perceive these inquiry processes 

are occurring repeatedly throughout the course sequence (Table 5.10). The agreement with the item 

about new argument creation based on data (D4) is the highest agreement level of all survey items.  

Furthermore, the agreement to this item increases slightly from GCL-I to GCL-II, suggesting the 

argumentation sessions (which occur with each project) play a prominent role in the students’ 

perception of the curriculum. Conversely, the “generate novel results… of interest to the 

community” item (D1) garnered a neutral response in both GCL-I and GCL-II. The theme-based 

nature of the courses could explain this response. GCL-II’s spice theme (like GCL-I’s Gatorade 
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theme) was used to provide students with a familiar connection to the course content, but also 

reduces the “novelty” of the subject matter.    

Multiple survey items showed significant increases in agreement in the Iteration section 

(I1-I6), specifically in items related to revision (I1 and I2, Table 10). Rather than the period-long 

techniques in GCL-I, GCL-II provides students with multiple small characterization tests which 

can be repeated. The time barrier that restricted multiple tries of a single technique is not as 

prevalent in the GCL-II, which is likely tied to the increase in agreement to I1 and I2. This can 

also be seen in the previously presented ASCI (V2) survey results, which indicate students in GCL-

II felt more organized and more relaxed than in GCL-I.  

 

 

Figure 5.8. Student pass rates on rubric items concerning TLC technique throughout GCL-II.  
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The effect of iteration is shown in students’ mastery of TLC. TLC is repeated throughout 

GCL-II: in the FS of Project #2, then in the OI and LR of Project #2, and finally in Project #3 with 

only basic eluent information provided. The pass rate for TLC (Figure 5.8) increases from an initial 

50.5% pass rate to a 77.2% pass rate within Project #2, and increases again to a 82.5% pass rate 

during Project #3, indicating increasing retention of TLC techniques and concepts. 

SUMMARY AND FUTURE WORK  

 Herein, we have presented a theme-based, specifications-graded, ADI-focused lab for 

GCL-II. The thematic connection was well-received in GCL-I and was continued to connect 

projects and increase the relevance of the content.1 Furthermore, the iterative application of 

methods and skills from previous projects gives student teams increasing responsibility and 

freedom to collaboratively develop experimental design skills.  

The modified LCAS results indicate the GCL-II course results in varying student 

engagement compared to GCL-I, mostly showing small to significant increases, especially for 

iteration. The designed repetition of fundamental concepts and techniques results in increased 

comprehension, as shown in increasing pass rate on related rubric items as the course proceeds. 

From GCL-I to GCL-II, the ASCI (V2) results show a positive attitude shift, notably with students 

considering GCL-II to be more relaxed, more organized, and more exciting than GCL-I. 

Since the results presented here, adjustments have been made to Project #2 (detailed in the 

appendix). Future adjustments are being made to the specifications grading tools, such as switching 

to general rubric items from assignment bundles to ensure a passing score reflects proficiency for 

course objectives. Technique videos are also being developed and implemented to enhance 

retention and iteration.  
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APPENDIX  

I. IRB Statement 

This study was approved by the University of California, Irvine, Institutional Review Board as 

exempt (IRB 2018-4661) including FERPA compliance. 

II. Student Lab Manuals 
 
a. Project #1 Student Lab Manual  

 
 

 PRE-LAB QUIZ  Quiz #1 Session #1 
 

A Canvas pre-lab quiz is due every week at 11:59 pm the day before your lab section.  The 
information needed to answer these questions can be found in your general chemistry lecture 
textbook, the Lab Safety for Chemists online text (Sections 2.1.1) and in documents hyperlink 
within this document.     
 

https://drive.google.com/file/d/1zGrN2CkyKk-UejhEa277V-VPzfgf-TLr/view?usp=sharing/download?download_frd=1
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   INTRODUCTION 

Argument Driven Inquiry Process 
As in Chem 1LC, you will be introduced to Fundamental Skills (basic skills that will help you 
complete the Original Investigation) in the first part of each project.  You and your team will use 
what you’ve learned during the Fundamental Skills section to create a unique plan to tackle an 
experimental question (the second Guiding Question) and create a “poster” on the benchtop in 
the lab. The poster should contain the following sections: 

• Guiding Question(s): given in each project   
• Evidence: neatly and concisely arranged data and/or results tables 
• Claim: the answer to the guiding question 
• Justification: an explanation using scientific theories or laws that ties together the evidence 

and the claim 
 

During the Argumentation (or poster session), one team member serves as the “spokesperson” - 
staying with the poster to answer questions from your peers. The rest of the team are “travelers” 
who will visit other posters and engage in discussion to challenge the other teams’ reasoning and 
reevaluate their own. The discoveries made during the argumentation process are pivotal to 
answering these three fundamental questions in your individual (not team) Lab Report: 

• What concept(s) were you investigating and how are they related to the guiding 
question(s)?  

• How did you go about your work and why? If you found value in another team’s evidence 
collection or justification, contrast it with the work your team did. 

• What is your argument? (In other words, use the evidence you collected to justify your 
claim.) Indicate if/how your argument was altered by the poster session. 

 

In this first project you will investigate melting and freezing points and see how the formation of a 
solution affects these physical properties. In the Fundamental Skills section, you will determine 
the freezing point depression constant (Kf) for a solution of cinnamic acid dissolved in menthol. In 
the Original Investigation section, you will determine the identity of an unknown solute dissolved 
in menthol. You will then compare and contrast your results with your peers in the Argumentation 
section. Before the next session, you will write a Lab Report about this experiment.  Refer to the 
assignment formatting document for necessary components for all 3 assignment types. 

Melting & Freezing Points  
What is the difference between a melting point and a freezing point?  Put simply, it’s whether 
the temperature is increasing or decreasing toward the temperature in question.   
 

A melting point is the temperature at which the kinetic energy of a substance’s particles (i.e. 
molecules) is high enough to slide past each other; it is the temperature when a solid becomes 
a liquid.  A freezing point is the temperature at which the kinetic energy of a substance’s 
particles (i.e. molecules) is low enough to become closely packed and vibrate in place; it is the 
temperature at which a liquid becomes a solid. For a particular substance both the melting and 
freezing point is the same temperature, what the temperature is called depends on whether the 

https://docs.google.com/document/d/e/2PACX-1vTTk59vpC1LoGWMMPlG__vxiJ8SoHVy7fVnq2o4qWv7wUo02qFbhNiIA5Zt_RLSWIzWAlCOHTwDwGTW/pub
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substance is being heated or cooled.  A cooling (or heating) curve (Figure 1) demonstrates 
the connection between the two physical properties.  The label Tb (for boiling point) and Tf (for 
freezing point) are typically used, as they are involved in the colligative properties of freezing 
point depression (to be discussed below) and boiling point elevation. 

 
Figure 1.  Cooling / Heating Curve 

 

The melting (or freezing) point of menthol, one of the main chemicals used in this project, varies 
from 42-45 °C depending if it is (-)-menthol, the stereoisomer which makes up most of natural 
menthol, or 36-38 °C if it is a racemic mixture of (-)-menthol and its stereoisomer (+)-menthol. 

 
Figure 2.  Common Menthol Stereoisomers 
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Freezing Point Depression 
When a solute is dissolved in a solvent, the freezing point temperature is lowered in proportion 
to the number of moles of solute added.  This property, known as freezing point depression, is a 
colligative property; it depends on the ratio of solute and solvent particles and not on the identity 
of the substance itself.  The equation for this relationship is: 
 

ΔT =Tf(solvent) - Tf(solution) = Kf · m 
 

where ΔT is the freezing point depression, Kf is the freezing point depression constant specific 
for a given solvent (menthol in this experiment), and m is the molality of the solution.  Molality 
(m) is used because it is independent of the volume changes that can occur with variations in 
temperature, unlike molarity (M).   

molality (m) =  moles of solute / kg of solvent 

In this project, the freezing temperature of the pure solvent, menthol, is found first. Next the 
freezing point of a solution is measured.  This will provide the data needed to calculate the 
freezing point depression constant.  Once this value is known, measuring the masses of a 
solute in menthol, calculating freezing point depression, ΔT, and, the equations above can be 
used to find the molecular weight of the solute.     

molecular weight =  mass / moles 

 

Solutions & Solubility 
The concept of solubility is central to many chemical processes. In Chem 1LC you have 
already relied on solubility - the ability of a liquid solvent to dissolve a solid solute. Sucrose and 
chemical dyes were dissolved in the deionized water.  In this project menthol, a solid at room 
temperature, serves as a solvent once it is melted.  Then a solid solute will be introduced into 
this warm liquid.  As long as this solute’s melting point is above the temperature of the solution, 
it dissolves, it does not melt.   
 

 The idea of solubility has a few layered nuances:   
• On a qualitative level, a simple, straightforward indication of solubility is a visual 

observation of a solute “disappearing” into a solvent.   
• Solubility also refers to a quantitative value for a particular solute in a particular solvent 

at a given temperature.  For example, the solubility of sodium chloride is 35.9 g/L in 
water and 0.65  g/L in ethanol. Adding a solute mass greater than the quantitative 
solubility will result in the presence of solid in the solution. The presence of solid in this 
situation does not indicate insolubility, it indicates that the solution is saturated - no more 
solid will dissolve.   

 

When measuring freezing point depression, solubility must be taken into account.  The amount 
of solute added to solvent should not exceed its solubility. 
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  GUIDING QUESTION(S) 
 

You will be provided a Digi-Melt, menthol, test tubes, a temperature probe and various solutes 
(cinnamic acid, vanillin and hydroxybenzaldehyde). Using a water bath on a hot plate, determine 
the melting and freezing points of the pure substances and solutions.  
1. Fundamental Skills: What is the average freezing point depression constant for the lab 

section? What is the melting point of the solute? 
2. Original Investigation: What is the identity of the unknown spice chemical? What is the best 

method for determining the identity? 
 

Session One 
 

 SAFETY MOMENT (WEEK 1): 

Emergency Flip Book: 
Students will be assigned an emergency scenario from this list.  As a group, spend ~5 minutes 
to discuss the appropriate responses.  Select a speaker to present the group’s plans to the 
class. Refer to the UCI Emergency Procedure Flip Chart for reference as you discuss the 
scenarios.  Describe your plans in 2-3 sentences on the Fundamental Skills ELN. 
 

  FUNDAMENTAL SKILLS 
 

Before your lab section: 
• Read the Introduction, Fundamental Skills, and hyperlinked documents in those sections.  
• Take the Prelab Quiz on Canvas.   
• Complete the Objectives, Chemical, Safety (GHS) tables, and a rough draft of the 

Procedures in the Fundamental Skills page in your ELN.  
 

At the beginning of the lab section, your TA will: 
• Make sure you are dressed appropriately and have personal protective equipment (lab coat, 

goggles and gloves). 

https://docs.google.com/document/d/1kneL84C6dV6e_K5t8a7I1fh30XbCcj2gbkUysPgee1A/edit?usp=sharing
https://drive.google.com/file/d/1jn2qxv4OEltXkM5Tkbj0iLNEBJXE-oy9/view?usp=sharing.pdf
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• Assign you to a team of 3-4 students for the quarter. Although much of the work in this 
course is teamwork, you must fill out your own ELN pages and create your own plots.  While 
teamwork will introduce strong similarities between the work of team members, word-for-
word copying is a violation of UCI’s Academic Integrity policy.   

o For this experiment, students will be working in separate pairs for the 
Fundamental Skills portion (parts A-C). The team will regroup for the Original 
Investigation portion during the second half of the experiment.  

• Briefly introduce the ADI process & grading policies for the course. 
• Make sure a team leader is nominated for the project. 
• Demonstrate the set up and use of Digi-Melt and temperature probe (stirring and probe 

removal). 
• Send out a link for a shared data spreadsheet which will be used to determine the average 

Kf for this lab session. 

Safety: Goggles, a lab coat, thick long pants completely covering the ankles, and sturdy 
water resistant closed toed shoes are required when performing any experiment utilizing 
chemicals, glassware, and/or lab equipment in a chemistry laboratory.  Chemicals in this 
experiment (menthol, vanillin and 4-hydroxybenzaldehyde) can cause eye and skin irritation 
or damage.  
• Avoid contact with skin and eyes. Wash affected areas immediately if a chemical comes into 

contact with bare skin.  If a large quantity is splashed on you, notify a labmate and/or TA while 
moving toward the eye wash (by the lab door) or shower (in the hallway). Contaminated 
clothing should be removed as soon as possible.  

• Replace gloves if they become contaminated with chemicals, do not continue to wear the 
gloves and spread the contamination throughout the lab.  

• Notify the instructor if any chemical is spilled. 
 

Part A: Melting Points  
1. Wear safety goggles and lab coats at all times. Important:  This lab is "messy". Be sure to 

clean up any small spills. Keep the lab bench, equipment and balance areas clean.  

2. Prepare samples. Obtain a capillary tube and fill it with ~2-3 mm of menthol. Do the same 
with cinnamic acid.  You can use TLC spotters or the tube tappers to push the solid to the 
bottom of the capillary tube. 

3. Set up the Digi-Melt by adjusting the start temperature (25 °C), the end temperature (150 
°C), and the ramp rate (5-10 °C/min). 

https://docs.google.com/document/u/0/d/1n5awSZDff8bY2-QT6-fWgrUCqIJYc1hJIZFvg7Lpb1w/edit
https://docs.google.com/document/u/0/d/19LvoyTg4UZAOiikgdz9SFZZRDGIqR51qU8Vhk8aSIqQ/edit
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1. Connect the temperature probe to Channel 1 of the LabQuest3. In the  screen, click on 
the box that says “Mode:Time Based.” Change the duration to 6 minutes. Change the rate to 
6 samples/minute. This will give better results when determining the freezing point of the 
menthol. Click OK.  

2. Set up two water baths using 400 mL beakers.   

a. One should be placed on a hot plate and maintained at 60−70 °C. 
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8. After 6 minutes, data collection will stop.  

https://docs.google.com/document/d/1mW4Qio2pRUJ96iAovs7wGm1e4rKl6gX8-l9jyUi1SwM/edit#bookmark=id.tglh8ul0jrmt
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your notebook. Email the resulting file to your ELN.  
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Shutdown the LabQuest3 and not simply put it to sleep. To shutdown the LabQuest3: press the 
home key, select System → Shut Down → OK. 
 

 ORIGINAL INVESTIGATION PLAN 
 

Answer the Fundamental Skills Guiding Question and create a plan to answer the Original 
Investigation Guiding Question: 
  
1. Fundamental Skills: What is the average freezing point depression constant for the lab 

section? What is the melting point of the solute? 
 

As a team, discuss these questions based on the work you have done in the Fundamental Skills 
section.  Answer this question in your own words.   
 
2. Original Investigation: What is the identity of your team’s unknown spice chemical? What 
is the best method for determining the identity? 
 

Menthol and unknowns (cinnamic acid, 4-hydoxybenzaldehyde and vanillin) will be provided 
next week and all of the laboratory equipment or glassware used in the Fundamental Skills section 
will be available. Use the Original Investigation planning questions provided in the ELN to help 
you and your team plan a course of action to answer the question during next week’s lab.  Before 
coming to lab next week, perform a Q-test on the class Kf data collected during the Fundamental 
Skills section to remove any outliers.  Use the revised Kf value in your data next week. 
 

Do not upload the In-Lab ELN page.  You will turn this page in next week.  
 

Session Two 
 

PRE-LAB QUIZ   Quiz #1 Session #2 
 

A Canvas pre-lab quiz is due every week at 11:59 pm the day before your lab section.  The 
information needed to answer these questions can be found in your general chemistry lecture 
textbook, the Lab Safety for Chemists online text (Section 5.1.2), in the Odyssey program, and 
in documents hyperlink within this document.  
 

https://docs.google.com/document/d/e/2PACX-1vQmipIPg4EQxCFPEEMTNQ9bgg1tRciAEHbEe4M3IsN7mF65BGg7xvZ9ytgj-mFmtz2LUWJEZyaUsNNi/pub
http://www.uci.eblib.com/patron/FullRecord.aspx?p=4462550
https://drive.google.com/file/d/1zGrN2CkyKk-UejhEa277V-VPzfgf-TLr/view?usp=sharing/download?download_frd=1
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SAFETY MOMENT (WEEK 2) 
 

Flammables: 
1. Before Flame Ramp Demonstration Video: Answer the following questions on the Original 

Proposal ELN page. You may work with your team.  
• What are potential sources of ignition in the lab?  

 
2.  Your TA will show you the video. 
 
3. After the Video: Answer the following questions in your ELN with your team.  The TA will 
call on teams to share. 

• What was the source of ignition? 
• What was the flammable in the demonstration? 
• Why do you observe a fire even though the flammable and the source of ignition are not 

near one another? 
 

  ORIGINAL INVESTIGATION 
 

Menthol and unknowns (cinnamic acid, 4-hydoxybenzaldehyde and vanillin) will be 
provided and all of the laboratory equipment or glassware used in the Fundamental Skills 
section will be available. As a team, proceed with the plans you outlined last week on your 
Original Investigation page with the unknown assigned to you by your TA. Once your data 
collection and analysis are complete, create a “poster” on the benchtop containing the following 
four sections: 

• Guiding Question: Restate the Original Investigation Guiding Question. Do not feel that 
you have to write it word-for-word as it appears earlier in this document.   

• Claim: Answer to the Original Investigation Guiding Question. 
• Evidence: Use the answer to Guiding Question #1 from the Fundamental Skills section 

and decide, as a team, how the information found in the Original Investigation should be 
presented as concisely as possible.  

• Justification: How does the evidence you included support your claim? What 
assumptions made or scientific theories/laws were invoked during data analysis and 
interpretation? 

• Comments:  The team leader should take down important ideas gained from other teams 
during the poster presentation. 

  
 

    ARGUMENTATION (POSTER SESSION) 
 

https://youtu.be/GpWZOAJe5cE
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You and your team will then compare and contrast your results with your peers during the poster 
session. Nominate one team member to be your “spokesperson” who will stay with the poster and 
answer any questions from your labmates. (Each project will have a different spokesperson so 
every student will have this role once during the quarter.) The rest of the team will be “travellers” 
who will go to other posters and engage in discussion about data collection and interpretation. 
The goal during this session, this Argumentation, is to challenge your peers’ reasoning and 
reevaluate your own. Spokespersons and travellers should discuss the claim using the evidence 
to justify their own point of view. What you discover during this process is pivotal for creating a 
good Lab Report.   
 

The three boldface questions below apply to all projects.  
 
 

• Purpose & Concepts: What concept(s) were you investigating and how are they related 
to the guiding question(s)? 

• Procedures & Data Analysis: How did you go about your work and why?  
• Argumentation: What is your claim? How does your evidence justify your claim?   
 

At the end of the poster session, completely clean the poster from the lab bench as directed by 
your TA then your team should hold a short discussion to re-evaluate your claim based on what 
they have learned during the poster session. If time permits, you can collect more data.   
  
Take a picture of the “poster” and attach it to the In-Lab ELN page.  Once you have finished all 
your work on the ELN, review the assignment formatting document then create a PDF with a 
clearly visible numeric Turnitin similarity score. Upload this PDF to the appropriate Gradescope 
assignment and assign the Gradescope sections. 
 

 LAB REPORT 
 

The lab report is an individual, not team effort.  The content of the report is based on the 
evidence, claim, and justification your team shared during the argumentation section and the 
understanding you gained by comparing those ideas against those of other teams. (Be willing to 
adjust your justification and/or claim in response to what you learn in the argumentation poster 
session and/or the peer evaluation.)  
 

Use the rubric and the boldfaced questions above to structure your lab report. The first page 
should answer the first two questions shown above, the second page should answer the third 
question. However, these are formal reports, not separate responses to the three individual 
questions - make sure your writing flows and creates a cohesive message. You should not 
have individual headers or prompts for each rubric item. 
 

https://docs.google.com/document/d/e/2PACX-1vTTk59vpC1LoGWMMPlG__vxiJ8SoHVy7fVnq2o4qWv7wUo02qFbhNiIA5Zt_RLSWIzWAlCOHTwDwGTW/pub
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Lab Report: Review the assignment formatting document before the next step. Create a PDF 
with a Turnitin similarity score clearly visible of your revised Lab Report ELN page and upload it 
to the appropriate Gradescope assignment. This step must be done by 11:59 pm the day before 
your week 3 lab period. 
 
b. Project #2 Lab Manual  
 

 

 PRE-LAB QUIZ  Quiz #2 Session #1 
 

A Canvas pre-lab quiz is due every week at 11:59 pm the day before your lab section.  The 
information needed to answer these questions can be found in your general chemistry lecture 
textbook, the Lab Safety for Chemists online text (Sections 7.1.3) and in documents hyperlinked 
within this document.  
 

   INTRODUCTION 
 

In this project, thin layer chromatography (TLC) will be used to determine which spice 
compounds are present an essential oil. You will be able to use the technique again in future 
projects and throughout organic chemistry laboratory. 

https://docs.google.com/document/d/e/2PACX-1vTTk59vpC1LoGWMMPlG__vxiJ8SoHVy7fVnq2o4qWv7wUo02qFbhNiIA5Zt_RLSWIzWAlCOHTwDwGTW/pub
https://drive.google.com/file/d/1zGrN2CkyKk-UejhEa277V-VPzfgf-TLr/view?usp=sharing
https://docs.google.com/document/d/e/2PACX-1vTLnm0EkEM_eVtkElh6spiYAi_aXh8kNWiTbCCv9sLqQtV46cr_uEP7tu6uvUwV6UmsxrgqCZo2C2Pe/pub
https://docs.google.com/document/d/e/2PACX-1vTLnm0EkEM_eVtkElh6spiYAi_aXh8kNWiTbCCv9sLqQtV46cr_uEP7tu6uvUwV6UmsxrgqCZo2C2Pe/pub
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Thin layer chromatography (TLC) is frequently to separate components in an analyte mixture 
to determine the number and identity of components in a mixture, check chemical purity, or 
follow reaction progress.  In this project, we will use it for the first purpose - to find the number 
and potential identity of the components of an essential oil mixture.  
 

In TLC, the components of the analyte mixture are separated by an interplay of intermolecular 
forces between the silica stationary phase and eluent mobile phase with the molecules of 
the analyte mixture.   

Silica 
The most common TLC plate is typically an inert rigid backing (glass, foil, or plastic) coated with 
silica powder.  Silica (SiO2) is a solid with an extended structure of tetrahedral silica atoms 
bridged together by bent oxygen atoms.  On the surface of the silica particles, the solid 
terminates in very polar silanol (Si-O-H) groups (Figure 1).  Silica is referred to as the 
stationary phase because it does not move when the TLC plate is “developed”. 

  
            Figure 1.  Silica extended structure and surface. 

Analyte 
The analyte mixture is typically dissolved in a minimal amount of solvent to create a very 
concentrated to saturated solution.  Two to three drops of this solution is delivered by capillary 
(a small glass tube with a very small inner diameter (0.5 mm)) to one spot on the origin line 
(drawn in pencil) at the bottom of the silica plate (Figure 2).   
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Figure 2.  TLC plate. 

 

This plate is then placed into a few milliliters of an organic solvent called eluent. This eluent is 
the mobile phase and it travels up the plate via capillary action. The line which the eluent 
moves to is called the solvent front.   

Eluent & Developing Chamber 
Once all solvent has evaporated from the analyte “spot”, the TLC plate is placed into a 
developing chamber.  To create a TLC developing chamber a small glass jar with a lid just 
large enough to fit the TLC plate is needed.  An eluent (an organic solvent or mixture of organic 
solvents) is added to a height of ~0.5 cm.  The level must be below the origin line created on the 
TLC plate.   

Jar Beaker 

 

 

 

 Figure 3.  Developing Chambers 
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A piece of paper towel (or filter paper) is then fitted around approximately half the interior walls 
with the bottom edges immersed in the eluent.  Capillary action will draw the eluent throughout 
the paper.  This wetted paper ensures the vapor of the eluent is uniform throughout the 
developing jar once it is capped.   
 

When the TLC plate is placed in the jar, the eluent serves as the mobile phase – moving up the 
silica on the plate (also by capillary action).  The different compounds in the analyte mixture will 
be carried in the eluent (up the plate) at different rates depending on polarity.  The TLC plate 
must be removed before the eluent moves beyond the top of the silica powder on the plate.  The 
line which the eluent moves to is called the solvent front.  The solvent front must be marked 
with a pencil immediately after removing the plate from the developing jar. 

Intermolecular Forces 
The components of the analyte mixture are separated by an interplay of intermolecular forces 
between the silica stationary phase and eluent mobile phase with the molecules of the analyte 
mixture.   

• The silica stationary phase is very polar, so more polar analyte compounds will adsorb 
more strongly to the silica and are less likely to travel up the plate any significant 
distance.  In fact, if the analyte is too polar it will not move from the origin (the spot 
where the analyte solution was delivered by the capillary tube).   

• The mobile eluent phase can vary from moderately polar to nonpolar depending on the 
identity of the organic solvent or mixture of organic solvents.  Nonpolar eluents tend to 
move only nonpolar compounds of the analyte mixture a significant distance up the 
plate.  More polar eluents result in the movement of more of all of the compounds of the 
analyte mixture up the plate.  A more polar eluent is a better competitor for the analyte 
molecules versus the polar silica stationary phase.  

 

 
You are stuck with the polar silica and the mixture (the analyte molecules) is part of the 
experimental objective and cannot be altered.  You can, however, manipulate the make up of 
the eluent to separate the mixture of analytes.  A common method used to “tune” an eluent 
polarity is to mix a relatively nonpolar solvent (i.e., heptane) with a solvent of intermediate 
polarity (i.e., acetone).  The overall polarity is determined by the volume to volume ratio of the 
two solvents.  In this project, you want to tune the eluent polarity so that all the analyte 
molecules travel different distances up the TLC plate - they have different Rf values (explained 
below). 
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Figure 4.  Same Analyte Mixture & Stationary Phase, Different Eluent Mixture 

 

The effect of different eluent mixtures can be seen in Figure 4.  Eluent A is too polar, so all the 
analyte components are easily carried in the mobile phase and separation is not good.  On an 
actual plate, you may not be able to distinguish 3 distinct bands.  Eluent B is too nonpolar, two 
of the analyte components remain adsorbed onto the polar stationary phase and do not 
separate.  Again on an actual plate, you may not be able to see that two different components 
are in the lower spot.  The polarity of Eluent C is well “tuned” separating the three components 
completely.  It would be the eluent to use to meet the objectives of this project. 

Retention Factor (Rf) 
TLC results can be quantified by calculating the retention factor (Rf).  An Rf value is the ratio of 
the distance the analyte traveled versus distance the eluent travelled.   
 

Rf = distance from origin to analyte = 
 

xa 
 

distance from origin to solvent front 
 

xt 
 

The labeling of xa and xt are shown in Figure 5.  The distance an analyte travels is dependent on 
its polarity as well as the identity of the stationary and mobile phases.  If the stationary and 
mobile phases are the same, the distance a particular analyte travels (its Rf value) will always 
be the same.  Keep in mind the significant figure rules when making distance measurements. 

 
Figure 5.  Developed TLC plate. 

 
 

https://docs.google.com/document/d/e/2PACX-1vTaBYvWubt8DURynGElXTpHcQyEbYIxa4MjKcuPWJm6_R2HWWt2vmNcp-rs6PE-DrwadRdT1mKnFpPz/pub
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  GUIDING QUESTION(S) 
 
 

1. Fundamental Skills: What are the Rf values of the spice compounds? Which heptane:ethyl 
acetate ratio is the best eluent? 

2. Original Investigation: Which spice compounds are present in the essential oil? 
 

Session One 
 

 SAFETY MOMENT (WEEK 1): 
 

Fume Hood:   
• Read all instructions carefully, once the dry ice is added you will want to move quickly. 
• Fill a 1000 mL beaker about halfway with warm water from the sink. 
• Add dry ice (~1 cup) to the beaker until a large amount white vapor cloud forms.   
• When vapor production declines, pour out the water (not the ice) and refill with warm water. 

Add dry ice if necessary.  
• Take pictures and note your observations for each step. 
 
 

1. Position the beaker in the back of the hood. How do the fumes move as they evolve from 
the beaker? Move the beaker to the front of the hood. In what direction do the fumes go? 

2. Position the beaker near the edge of the hood. How are the fumes affected as you move 
your hands over the beaker and in and out of the hood?   
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3. Open and close the sash (the hood “window”) with the beaker at the front of the hood (Avoid 
slamming the sash, it can come off its track.)  How do the fumes react to this movement? 

4. Place another beaker behind the water/dry ice beaker. Reach over and pull the empty 
beaker over the water/dry ice beaker and out of the hood. Were fumes pulled out with the 
empty beaker?   

5. Turn on the emergency exhaust. What do you observe? 
6. Open the sash half way, slowly move the dry ice / water beaker from the hood down to the 

floor. At what point do the fumes stop getting sucked into the fume hood? 
 

  FUNDAMENTAL SKILLS 
 

Before your lab section: 
• Read the Introduction, Fundamental Skills, and hyperlinked documents in those sections.  
• Take the Pre Lab Quiz on Canvas.   
• Complete the Objectives, Chemical, Safety (GHS) tables, and a rough draft of the 

Procedures in the Fundamental Skills page in your ELN.  
• Bring a pencil and ruler to lab. 
 

At the beginning of the lab section, your TA will: 
• Make sure you are dressed appropriately and have personal protective equipment (lab coat, 

goggles and gloves). 
• Demonstrate how to set up a TLC chamber (both jar and beaker set up) and demonstrate 

how to spot and develop a TLC plate. 

Safety:  
Goggles, gloves, a lab coat, thick long pants completely covering the ankles, and sturdy water 
resistant closed toed shoes are required when performing any experiment utilizing chemicals, 
glassware, and/or lab equipment in a chemistry laboratory.   
 

Heptane and ethyl acetate are flammable, skin irritants and inhalant hazards. Avoid ignition 
sources. Wear gloves when handling these chemicals. Cover open containers to reduce 
evaporation.  

Procedures 
1. For this project, you will be working in a team with your table group. Using an assigned 

eluent ratio, each team member is  responsible for collecting TLC results for each of the TLC 
standard solutions. 

2. Each team member should collect the following: a TLC developing chamber or developing 
beaker setup, three TLC plates, and 5.5 cm filter paper.  

3. One team member should pick up a vial or a small amount (1-2 mL) of the following 
solutions from the fumehood: carvone, dihydrocarveol, eugenol, limonene, and vanillin TLC 
standard solutions.  
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4. Another team member should obtain no more than 30 mL each of heptane and ethyl acetate 
in labeled beakers. This amount of solvent should be enough to prepare all four eluent 
mixtures.  Cover the beakers with a watch glass to prevent evaporation.  Share the solvent 
amongst team members.  

 

TLC is being used to show the number of components present in a mixture. Therefore, the best 
eluent provides the most separation between all the analytes on the developed TLC plate.  A 
common strategy used to “tune” eluent polarity is to mix two miscible solvents of different 
polarities in different ratios. A plate is run in each system to determine the best eluent system. 
  
5. To determine the best eluent system, each team member will be responsible for a 
different eluent heptane volume to ethyl acetate volume ratios: 9:1, 4:1, 3:2 or 2:3. Each eluent 
ratio will need to be prepared separately, and should be covered when not in use, to prevent 
evaporation. Aim to create around ~10 mL of total solvent. The volume should be just enough to 
fill the bottom of each TLC developing chamber to a depth of ≤0.5 cm. Do not make more 
solutions than needed, as it generates waste. 
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9. Solvent will move up the plate “wetting” it.  Once the ‘solvent front’ is within ~0.5 cm of 
the top of the plate, remove the plate from the chamber with tweezers and mark the solvent 
front line with a pencil. Do not let your solvent front travel to the top of the silica on the TLC 
plate, Rf values cannot be calculated if the solvent front is not visible.  
 

Organic molecules containing a significant degree of conjugation (alternation of double and 
single bonds) are often colored and easily seen on TLC plates.  Other organic molecules can be 
visualized with ultraviolet light.  The TLC plates contain a fluorescent material that causes the 
entire plate to appear green under UV light.  If the analyte molecules absorb the UV light, their 
spots will appear dark on the glowing green background. 
 
10. Circle visible spots on the TLC plate with a pencil. Use a UV lamp to visualize 
colorless/UV active analyte spots. Try both the short and long wave settings. Circle any spots 
visible under the UV lamp. Take photos of your TLC plate and attach the photos to your 
ELN.  
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may appear light brown and may be hard to see against the stained purple plate. If the 
concentration of the spot is too high, the yellow spot may smear while drying.  
 
4. Allow the TLC plate to dry for 1 minute.   
 
5. For each TLC plate, record the color of each spot, the distance (cm) from the origin line 
to the spot, and the distance (cm) from the origin line to the solvent front. Calculate the Rf value 
for each spot and include these values on your Google Sheet.  

https://docs.google.com/document/d/e/2PACX-1vQxs9kC_z2UjfPDzpykTQ1rij6KYSmxhUaDdV73fZ69Vs0F9x5DdWdsnNv8JQoiV0xKi1YAa707Fqzs/pub
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Session Two 
 

PRE-LAB QUIZ   Quiz #2 Session #2 
 

A Canvas pre-lab quiz is due every week at 11:59 pm the day before your lab section.  The 
information needed to answer these questions can be found in your general chemistry lecture 
textbook, the Lab Safety for Chemists online text (Section 7.2.2), in the Odyssey program, and 
in documents hyperlink within this document. s 
 

SAFETY MOMENT (WEEK 2) 
 

Glove Permeability   
Your TA will set up a demo to illustrate glove permeability against acetone. In your notebook, 
record the time when your TA adds solvent into the glove. Record any observations until a 
solvent breakthrough is observed (record the time breakthrough happens). How does the 
experimental breakthrough time compare to that reported for the solvent on the SDS? Calculate 
the % accuracy.  
 

  ORIGINAL INVESTIGATION 
 

Obtain a few drops of essential oil. As a team, proceed with the plans you outlined last week on 
your Original Investigation page. Once your data collection and analysis are complete, create a 
“poster” on the benchtop containing the following four sections: 
• Guiding Question: Restate the Original Investigation Guiding Question. Do not feel that you 

have to write it word-for-word as it appears earlier in this document.   
• Claim: Answer to the Original Investigation Guiding Question. 
• Evidence: The TLC information obtained in the Fundamental Skills section should be 

included (i.e. the answer to Guiding Question #1). Decide, as a team, how the information 
found in the Original Investigation should be incorporated as concisely as possible.  

• Justification: How does the evidence you included support your claim? What assumptions 
made or scientific theories/laws were invoked during data analysis and interpretation? 

• Comments:  The team leader should take down important ideas gained from other teams 
during the poster presentation. 

 

http://www.uci.eblib.com/patron/FullRecord.aspx?p=4462550
https://drive.google.com/file/d/1zGrN2CkyKk-UejhEa277V-VPzfgf-TLr/view?usp=sharingdownload?download_frd=1
https://store.wavefun.com/product_p/spstudentuci.html
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    ARGUMENTATION (POSTER SESSION) 
 

Compare and contrast your results with your peers during this session. Choose a team member 
who has not yet been the “spokesperson” to stay with the poster and answer questions. The rest 
of the team, the “travelers”, will go to other posters and challenge your peers’ reasoning and 
reevaluate your own. What you discover during this process is pivotal for creating a good Post 
Lab Report.   
 

The three boldface questions below apply to all projects. A few sample questions specific to 
this project are provided here to help the spokesperson prepare and travelers initiate in-depth 
discussion while at each poster. 
• Purpose & Concepts: What concept(s) were you investigating and how are they related 

to the guiding question(s)? 
• Procedures & Data Analysis: How did you go about your work and why?  
• Argumentation: What is your claim? How does your evidence justify your claim?     
 

At the end of the poster session, your team should hold a short discussion to re-evaluate your 
claim based on what they have learned during the poster session. If time permits, you can 
collect more data.   
 

Take a picture of the “poster” and attach it to the In-Lab ELN page.  Once you have finished all 
your work on the ELN, review the assignment formatting document then create a PDF with a 
clearly visible numeric Turnitin similarity score. Upload this PDF to the appropriate Gradescope 
assignment and assign the Gradescope sections. 
 

  LAB REPORT 
 

The lab report is an individual, not team, effort.  The content of the report is based on the 
evidence, claim, and justification your team shared during the argumentation section and the 
understanding you gained by comparing those ideas against those of other teams. (Be willing to 
adjust your justification and/or claim in response to what you learn in the argumentation poster 
session.)  
 

Use the rubric and the boldfaced questions above to structure your lab report.  The first page 
should answer the first two questions shown above, the second page should answer the third 
question. However, these are formal reports, not separate responses to the three individual 
questions - make sure your writing flows and creates a cohesive message.  
 

https://docs.google.com/document/d/e/2PACX-1vTUCJOzouhLPzd6se4kn9GXh9HtSZxvdJqsfWOhQ0ofKz0hOuMR1hNoW8YOJj4vWjPBFCXrpTVDnQm3/pub
https://docs.google.com/document/d/e/2PACX-1vTTk59vpC1LoGWMMPlG__vxiJ8SoHVy7fVnq2o4qWv7wUo02qFbhNiIA5Zt_RLSWIzWAlCOHTwDwGTW/pub
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Report: Review the assignment formatting document before the next step. Create a PDF with a 
Turnitin similarity score clearly visible of your Lab Report ELN page and upload it to the 
appropriate Gradescope assignment. This step must be done by 11:59 pm the night before your 
next lab period. 
 
c. Project #3 Lab Manual  
 

 

 PRE-LAB QUIZ  Quiz #3 Session #1 
 

A Canvas pre-lab quiz is due every week at 11:59 pm the day before your lab section.  The 
information needed to answer these questions can be found in your general chemistry lecture 
textbook, the Lab Safety for Chemists online text (Sections 4.1.1 - 4.1.3) and in documents 
hyperlinked within this document.     
 

   INTRODUCTION 
 

Synthesis  
The Original Proposal asks you to determine the product of the reaction between vanillin, 
hydrogen peroxide, and horseradish peroxidase.  Hydrogen peroxide is a common oxidizing 

https://docs.google.com/document/d/e/2PACX-1vTTk59vpC1LoGWMMPlG__vxiJ8SoHVy7fVnq2o4qWv7wUo02qFbhNiIA5Zt_RLSWIzWAlCOHTwDwGTW/pub
https://drive.google.com/file/d/1zGrN2CkyKk-UejhEa277V-VPzfgf-TLr/view?usp=sharing96/download?download_frd=1
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agent and horseradish peroxidase is an enzyme (a biological catalyst). Two product options are 
provided: the dimer divanillin and vanillic acid.   
 

Both possibilities are a result of oxidation: the formation of divanillin occurs through a phenoxy 
radical coupling (followed by a hydrogen atom rearrangement) or the formation of vanillic acid is 
a more simplistic oxidation of the aldehyde functional group to a carboxylic acid.  The 
techniques introduced in the Fundamental Skills section are a starting point to determine the 
identity of the product. However, use any skill you have learned in either quarter of general 
chemistry laboratory.  

 
 

Stoichiometric Calculations 
To perform any synthesis stoichiometric calculations determine the amounts of reagents and 
the theoretical yield. These calculations connect the amounts of reactants and products through 
mole ratios from a balanced chemical equation. The complete dimensional analyses - the 
calculations showing the unit conversion of one chemical to another - should always be included 
in your laboratory notebook.  
 

When planning a chemical reaction, two different types of calculations are often needed: 
1. Calculation of reactant amount from another reactant’s amount. The molar mass of the 

first reactant is used to convert mass to moles and then the mole ratio between the two 
reactants is used to calculate the stoichiometric equivalent of the second reactant. (If the 
pure form of the reagent is a liquid, the liquid can be massed into a tared container or 
density can be used to convert between volume and mass.)   

 
 

https://docs.google.com/document/d/e/2PACX-1vTO_ecKVvFKQ1kUsV1Ix6rwyYXf87lArPtjjX429oCfx7P3SYEri4QUakrvLfRf55ob8ryiNQArslK7/pub
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2. Calculation of product amount from a reactant (theoretical yield determination). 
a. Theoretical yield is calculated from the limiting reagent.  If the limiting reagent is not 
known, the actual reactant masses measured in lab should each be used to calculate the 
product mass. This calculation follows the same procedure as the stoichiometric calculations 
above: the molar mass of the reactant is used to convert mass to moles, then the mole ratio 
between the reactant and product is used to calculate the stoichiometric equivalent of the 
product.  Whichever value is smallest is the theoretical yield (and the reactant’s whose mass it 
was calculated from is the limiting reagent).   

b. Once the synthesis is complete and the mass of the product (the actual yield) 
has been recorded, the percent yield can be calculated: actual yield/theoretical yield x 
100.  This value quantifies the efficiency of the chemical reaction.   

 

Solubility 
The concept of solubility is central to many chemical processes. You’ve already seen that 
solubility dictates solution concentration in the first project and it is a central principle of 
chromatography In the second project.  After all, the distance a particular analyte travels up a 
plate in TLC is directly related to its solubility in the eluent versus its attraction to the silica 
stationary phase.  
 

In this project, the qualitative observation of solubility can be used to characterize that 
substance.  If the solute is visually observed to “disappear into a solvent, that is a simple, 
straightforward indication of solubility.  However, solubility is actually a continuum ranging from 
complete to incomplete to no solubility. If a solid solute dissolves completely resulting in a 
transparent solution, the solute has complete solubility in that solvent. If a solid solute partially 
dissolves creating a translucent solution, the solute has incomplete solubility.  If a solid solute 
clumps together and the solvent will be clear (and colorless), the solute has no solubility. 
 

Solubility also refers to a quantitative value for a particular solute in a particular solvent at a 
given temperature.  For example, the solubility of sodium chloride is 35.9 g/L in water and 
0.65  g/L in ethanol.  Adding a solute mass greater than the quantitative solubility will result in 
the presence of solid in the solution.  The presence of solid in this situation does not indicate 
insolubility, it indicates that the solution is saturated - no more solid will dissolve.  When using 
solubility to characterize compounds or perform separations looking up the accepted values of 
solubility for a solute in a particular solvent can aid in predictions of solubility and the planning of 
experimental work. 
 

Vacuum Filtration 
Solubility is also central to the technique of filtration.  A mixture of two compounds with differing 
solubilities can be separated with relative ease. By dissolving the mixture in a solvent in which 
only one compound is soluble, the soluble compound can be filtered away from the other 
insoluble compound (which remains in the solid form). 
 

The solid is separated from the mother liquor (the liquid they form in) by vacuum 
filtration.  Vacuum filtration uses a Buchner (pronounced "byook-ner") funnel -  a flat bottomed, 
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porous, circular bowl with a short stem.  The stem is fitted with a rubber stopper and inserted in 
the mouth of a side arm filter flask. A thick walled hose attaches the side arm of the filter flask to 
vacuum line connected to a vacuum pump or a vacuum aspirator. Place circular filter paper, 
the same diameter as the funnel’s bowl, on the flat bottom and wet with the appropriate solvent 
to create a seal before turning on the vacuum to start the filtration. 
 

 

  

Figure 3a Figure 3b 
 

Figure 3.  Vacuum Filtration Set Up. 
 

A vacuum line attaches the vacuum connector in the fume hood to the vacuum pump (Figure 
4b). The TA will turn on the pump using switch on the door of the cabinet housing the pump 
(Figure 4a). Once this is done, pull vacuum by opening the vacuum valve on the fume hood 
(Figure 4c). Before adding your sample check for a tight seal.  Turn on the vacuum and place a 
hand on top of the funnel. Suction should be felt. If not, check the hose/side-arm and 
mouth/funnel connections.   
 

Pump Power  
Switch 

Pump 
(cabinet under switch in A) 

 Vacuum valve & connector (fume 
hood) 

 

  

Figure 4. Laboratory Vacuum 
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  GUIDING QUESTION(S) 
 
 

1. Fundamental Skills: What is the percent yield of the synthesis if the product is divanillin?  If 
the product is vanillic acid? 

2. Original Investigation: What is synthesized, divanillin or vanillic acid? Is the product pure? 
 

Session One 
 

 SAFETY MOMENT (WEEK 1): 
 

Poisons 
• Your TA will assign each team one of the following questions to answer in your ELN based 

on the safety video that you will watch as a class during lab this week. You will have 5 
minutes to answer the question assigned. 

• What is a poison? Provide a general definition. What is the difference between acute 
poisoning and chronic poisoning? 

• What type(s) of GHS symbols represent toxicants? What do each of them mean 
specifically? Hint: There are four you need to know. 

• How is the lethality of a poison measured? What is the name for the metric used and 
at what doses/concentrations are toxicants considered deadly for ingestion, 
inhalation, and absorption? 

• Look up the SDS for solid potassium permanganate. What is the LD50 for the 
ingestion of the chemical? 

• What should you do in case of solid potassium permanganate exposure via 
ingestion? Via absorption?  

• Why isn’t potassium permanganate considered a poison?  What are 3 key 
differences between that SDS and the SDS of osmium tetroxide? 

• After 5 minutes, your team leader will present (in 1-2 minutes) your team’s answer to the 
class.  

• Your TA will then show a video of a poisoning accident from Dartmouth College. Take notes 
on the video in your ELN and identify at least one thing that could have been done 
differently to avoid the poisoning. 

 

  FUNDAMENTAL SKILLS 
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Before your lab section: 
• Read the Introduction, Fundamental Skills, and hyperlinked documents in those sections.  
• Take the Prelab Quiz on Canvas.   
• Complete the Objectives, Chemical, Safety (GHS) tables, and a rough draft of the 

Procedures in the Fundamental Skills page in your ELN.  
 

At the beginning of the lab section, your TA will: 
• Make sure you are dressed appropriately and have personal protective equipment (lab coat, 

goggles and gloves). 

Safety:  
Goggles, gloves, a lab coat, thick long pants completely covering the ankles, and sturdy water 
resistant closed toed shoes are required when performing any experiment utilizing chemicals, 
glassware, and/or lab equipment in a chemistry laboratory. Ethanol, heptane and ethyl acetate 
are flammable solvents; avoid spark sources. 
 

For this section, teams of four should split into two sets of partners.  Each set should perform 
the synthesis separately.    

Synthesis Procedure 
The synthesis for a product based on vanillin is described below. For your original investigation, 
you will follow the synthesis steps and collect your product via vacuum filtration. Once you have 
your product, you will need to use a minimum of three of the characterization tests from the 
Fundamentals Skills section to determine which product was synthesized and the percent yield.  
 
 

1. Clean a 250 mL Erlenmeyer flask with soap and water and then rinse at least 3 times with 
deionized water.   

2. Add ~1.0 g of vanillin to 90 mL of DI water in a 250 mL Erlenmeyer flask. 

https://docs.google.com/document/d/e/2PACX-1vTSdN4ZLv_onMmjeOntuIISs38S5RlxO_jLanTXDZJt3pLj93eb9eYRRs0rJYi7WeoglSnMyei-8TFM/pub


238 
 

10. Save your solid product in a labeled scintillation vial in your TA’s drawer. 
 

The liquid waste from this part only should be disposed of in the sink.  
 

At least three of the four characterization tests must be done by the team as part of the Original 
Investigation. 

https://docs.google.com/document/d/e/2PACX-1vTI4DUnaP68-PaOmjWyjTd0EQ0D52aXg9H_2t9nDSR6huKNKp6p_1U3o7FAaf5FuKUQjfBo3denKum_/pub
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Characterization Test #3: TLC 
Use the TLC skills you learned in an earlier project to determine the product’s purity.  Heptane 
and ethyl acetate will be available in the lab.  A ratio of the two solvents will likely make the best 
eluent.  Create and develop at least 3 TLC plates with different ratios of heptane and ethyl 
acetate. Present the TLC plate with the best separation (most varied Rf values) between 
reactants and products.  

Characterization Test #4: Absorption Spectrum  
1. Add ~1 mg of your substance in about 50 mL of solvent. Concentration is not important for 

absorption spectroscopy.  Start with a small amount of solid (~ 1 mg) in a small volume (~5 
mL) of solvent. (Solutions should not have any particulates. Use gravity filtration if needed.) 
Dilute (10-fold) with solvent so that any peaks are smooth and rounded at the top.  If there is 
a straight line or spikes at the top of the spectrum, dilution is needed. 

2. Go to the shared spectrometer. Before taking your measurement, you will need to calibrate.  
a. In the main screen of the LabQuest3, click the red box, and then from the 
dropdown, select Calibrate. A pop-up will appear with the calibration information. Allow 
the lamp to warm up for 90 seconds.  
b. During this time, prepare a blank by filling an empty cuvette with your chosen 
solvent. 

https://docs.google.com/document/d/e/2PACX-1vRjJ1NZ9_mKBNUbfC3jdvVTlaX9q9VSy5Xor5ZiwGJJDl96RSY5KzUwGRZkojJ3N-dZb4AeWPofaacT/pub
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1. Fundamental Skills: What is the percent yield of the synthesis if the product is divanillin?  If 
the product is vanillic acid? 

 

As a team, discuss these questions based on the work you have done in the Fundamental Skills 
section.  Answer this question in your own words.   
 

2. Original Investigation: According to the characterization tests learned in this course to 
which product is synthesized, divanillin or vanillic acid? Is the product pure?  
 

All reagents, instrumentation & equipment necessary for characterization are provided. If you 
have time, you should start your characterizations during the first session of this project.   
 

Do not upload the In-Lab ELN page.  You will turn this page in next week.  
 

Session Two 
 

PRE-LAB QUIZ   Quiz #3 Session #2 

 

A Canvas pre-lab quiz is due every week at 11:59 pm the day before your lab section.  The 
information needed to answer these questions can be found in your general chemistry lecture 
textbook, the Lab Safety for Chemists online text (Section 6.1.1), in the Odyssey program, and 
in documents hyperlinked within this document.  
 

SAFETY MOMENT (WEEK 2) 
 

Risk Assessment:   
Your TA will show a video on risk assessment and answer the following questions:  
1. Why do you need to be careful while performing a reaction even if it’s the 100th time you’ve 
done it?  
2. How could the scientist in the video have made better judgment regarding monitoring the 
temperature of the reaction?  
3. Is it okay to trust the risk assessment performed by someone other than you? Why or why 
not? If no, provide reasons why not. 

http://www.uci.eblib.com/patron/FullRecord.aspx?p=4462550
https://drive.google.com/file/d/1zGrN2CkyKk-UejhEa277V-VPzfgf-TLr/view?usp=sharing
https://store.wavefun.com/product_p/spstudentuci.html
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  ORIGINAL INVESTIGATION 
 

All reagents, instrumentation & equipment necessary for characterization are provided. As a 
team, proceed with the plans you outlined last week on your Original Investigation page. Once 
your data collection and analysis are complete, create a “poster” on the benchtop containing the 
following four sections: 

• Guiding Question: Restate the Original Investigation Guiding Question. Do not feel that 
you have to write it word-for-word as it appears earlier in this document.   

• Claim: Answer to the Original Investigation Guiding Question. 
• Evidence: Decide, as a team, how the information found in the Original Investigation 

should be incorporated as concisely as possible.  
• Justification: How does the evidence you included support your claim? What 

assumptions made or scientific theories/laws were invoked during data analysis and 
interpretation? 

• Comments:  The team leader should take down important ideas gained from other teams 
during the poster presentation. 

 

After you are done with the characterization, place your product in the amber product collection 
bottle in the fume hood. 
 

    ARGUMENTATION (POSTER SESSION) 
 

Compare and contrast your results with your peers during this session. Choose a team member 
who has not yet been the “spokesperson” to stay with the poster and answer questions. The rest 
of the team, the “travelers”, will go to other posters and challenge your peers’ reasoning and 
reevaluate your own. What you discover during this process is pivotal for creating a good Post 
Lab Report.   
 

The three boldface questions below apply to all projects. A few sample questions specific to 
this project are provided here to help the spokesperson prepare and travelers initiate in-depth 
discussion while at each poster. 
• What concept(s) were you investigating and how are they related to the guiding 

question(s)? 
• How did you go about your work and why?  
• What is your claim? How does your evidence justify your claim?   
 

https://docs.google.com/document/d/e/2PACX-1vTvWAtrmHqUVpr-BaIBwC17oDdoAyJuIsSwPxjCx1Ikn2q8mS6nYm8XQt1xswAqHycGTFnP4NpEM0Cs/pub
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At the end of the poster session, your team should hold a short discussion to re-evaluate your 
claim based on what they have learned during the poster session. If time permits, you can 
collect more data.   
 

Take a picture of the “poster” and attach it to the In-Lab ELN page.  Once you have finished all 
your work on the ELN, review the assignment formatting document then create a PDF with a 
clearly visible numeric Turnitin similarity score. Upload this PDF to the appropriate Gradescope 
assignment and assign the Gradescope sections. 
 
 

  LAB REPORT 
 

The lab report is an individual, not team effort.  The content of the report is based on the 
evidence, claim, and justification your team shared during the argumentation section and the 
understanding you gained by comparing those ideas against those of other teams. (Be willing to 
adjust your justification and/or claim in response to what you learn in the argumentation poster 
session and/or the peer evaluation.)  
 

Use the rubric and the boldfaced questions above to structure your lab report.  The first page 
should answer the first two questions shown above, the second page should answer the third 
question. However, these are formal reports, not separate responses to the three individual 
questions - make sure your writing flows and creates a cohesive message.  
 

Report: Review the assignment formatting document before the next step. Create a PDF of 
your Lab Report ELN page with a Turnitin similarity score clearly visible and upload it to the 
appropriate Gradescope assignment. This step must be done by 11:59 pm the night before your 
next lab period. 
 
 
 
 
 
 
 
 
 
 
 
 
 

https://docs.google.com/document/d/e/2PACX-1vTTk59vpC1LoGWMMPlG__vxiJ8SoHVy7fVnq2o4qWv7wUo02qFbhNiIA5Zt_RLSWIzWAlCOHTwDwGTW/pub
https://docs.google.com/document/d/e/2PACX-1vTTk59vpC1LoGWMMPlG__vxiJ8SoHVy7fVnq2o4qWv7wUo02qFbhNiIA5Zt_RLSWIzWAlCOHTwDwGTW/pub
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d. Project #4 Lab Manual  
 

 

 PRE-LAB QUIZ  Quiz #4 Session #1 
 

A Canvas pre-lab quiz is due every week at 11:59 pm the day before your lab section.  The 
information needed to answer these questions can be found in your general chemistry lecture 
textbook, the Lab Safety for Chemists online text (Sections 6.1.2 & 6.2.1) and in documents 
hyperlinked within this document.   
 

   INTRODUCTION 

Synthesis  
Cinnamaldehyde contains an aldehyde functional group. Aldehydes can react with ketone 
functional groups forming new carbon-carbon bonds in a synthesis called aldol condensation. 
Ketones with hydrogen atoms on only one carbon “alpha” to the carbonyl carbon atom undergo 
aldol condensation in a 1:1 ratio with cinnamaldehyde.   

https://drive.google.com/file/d/1zGrN2CkyKk-UejhEa277V-VPzfgf-TLr/view?usp=sharing6/download?download_frd=1
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Figure 1.  Reaction of cinnamaldehyde with acetophenone.  Hydrogen atoms omitted for clarity. 
 

Two molecules of cinnamaldehyde can react with acetone (also a ketone), to form 
dicinnamalacetone, a product that can absorb ultraviolet light.  The 2:1 cinnamaldehyde:acetone 
ratio is due to the presence of hydrogen atoms on both carbons “alpha” (directly bound to) the 
carbonyl (C=O) carbon atom.   

 
Figure 2.  Reaction of cinnamaldehyde with acetone.  Hydrogen atoms omitted for clarity. 

Crystallization 
Along with the reaction efficiency, the purity of the product is also important. Crystallization (or 
recrystallization) uses the concept of solubility to purify compounds.  During a synthesis 
reaction, reactions may not go to completion or byproducts may form. When the product is 
collected, these impurities may be present. The product is first dissolved in a solvent which it is 
sparingly soluble in. When the solution is heated, the solubility of the product increases and the 
product fully dissolves in the hot solvent. The solution is cooled to room temperature then 
cooled further in ice. As the temperature decreases, so does the solubility and the product 
begins crystallizing out of solution. The impurities remain soluble and the solid product crystals 
can be collected with vacuum filtration.  

Characterization 
Assumptions about a chemical’s usefulness for a specific application can also be made from the 
results of the characterization techniques learned in general chemistry lab. For example, 
chemical sunscreens work by absorbing damaging UV and high energy light. Broadband 
sunscreens are able to absorb more wavelengths and are considered better sunscreens.  Other 
quantitative or qualitative observations such as melting point, molecular weight, purity, color, 
consistency, and yield may further aid in evaluating the chemical’s usefulness. 
 

  GUIDING QUESTION(S) 
 

https://docs.google.com/document/d/e/2PACX-1vRarkduIclsFbxLT_6tLQXC0jfP8eDvJTSLxVFK5fMLKCkRY_GvorLXGzEyNh3Cx2Pp1dS9Z-jHUnxS/pub
https://docs.google.com/document/d/e/2PACX-1vTI4DUnaP68-PaOmjWyjTd0EQ0D52aXg9H_2t9nDSR6huKNKp6p_1U3o7FAaf5FuKUQjfBo3denKum_/pub
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You will be given cinnamaldehyde and several ketones. You will be performing a synthesis that 
makes sunscreen from these reagents. You will use several characterization techniques to 
determine which sunscreen is the best. 
1. Fundamental Skills: What characteristics of the products observed so far make for a good 

sunblock? 
2. Original Investigation: When combined with cinnamaldehyde, which reagent 

(acetophenone or acetone) makes the best sunblock? Why? 
 

Session One 
 

 SAFETY MOMENT (WEEK 1): 
 

Managing Risk: 
Use the Risk Assessment slide as a guide, and for each event provide a severity score value (1-
5), a probability score value (1-5), and a risk level (1-25). Provide a statement for each event on 
how you can mitigate and/or manage risk. 
Attach the Google slide to your ELN (if using ELN) and be prepared to share one of your scenarios 
with the class. 
 

  FUNDAMENTAL SKILLS 
 

Before your lab section: 
• Read the Introduction, Fundamental Skills, and hyperlinked documents in those sections.  
• Take the Prelab Quiz on Canvas.   
• Complete the Objectives, Chemical, Safety (GHS) tables, and a rough draft of the 

Procedures in the Fundamental Skills page in your ELN.  
 

At the beginning of the lab section, your TA will: 
• Make sure you are dressed appropriately and have personal protective equipment (lab coat, 

goggles and gloves). 
• Your TA will demonstrate how to use a Digi-Melt and vacuum filtration. 

Safety:  
Goggles, gloves, a lab coat, thick long pants completely covering the ankles, and sturdy water 
resistant closed toed shoes are required when performing any experiment utilizing chemicals, 
glassware, and/or lab equipment in a chemistry laboratory.  All of the ketones are either 

https://docs.google.com/presentation/d/1_TfsBkqc1NXqfGOTjayYu5AWKo2bYBkkPocKkGc8kzs/copy
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flammable, eye irritants, or harmful if swallowed.  Avoid ignition sources, wear goggles, replace 
gloves immediately when they are contaminated, and wash your hands frequently. 
 

For this section, teams of four should split into two sets of partners.  Each set should perform a 
different synthesis (one with acetophenone, the other with acetone).  At least four of the six 
characterization tests must be done by the team. 

Synthesis of Cinnamaldehyde Sunscreen 
1. Determine the correct volume of acetophenone or acetone for 0.30 mL of cinnamaldehyde. 

Use the Canvas quiz as an example.   
2. Using a syringe, add acetophenone or acetone to a scintillation vial.  Add 2.0 mL of ethanol 

and a stir bar, begin stirring. 
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Complete at least one characterization test described in the Original Investigation Plan 
below during Fundamental Skills.  Before you leave lab, save your products in vials labelled 
with the product name, names of your team members, your TA’s name, the date (including the 
year). Your TA will have you store the product in a drawer so you can use them to finish the 
project next week. 

 

 ORIGINAL INVESTIGATION PLAN 
 

Now it is time to answer the Fundamental Skills Guiding Question and create a plan to answer 
the Original Investigation Guiding Question: 
  
1. Fundamental Skills: What characteristics of the products observed so far make for a good 

sunblock? 
 

As a team, discuss these questions based on the work you have done in the Fundamental Skills 
section.  Answer this question in your own words.   
 

2. Original Investigation: Use the characterization tests learned in this course to answer the 
following question: When combined with cinnamaldehyde, which reagent (acetophenone or 
acetone) makes the best sunblock? Why?   
 

All reagents, instrumentation & equipment necessary for characterization are provided. If you 
have time, you should start your characterizations during the first session of this project.  You 
must use at least 4 of the six tests listed below. 
 
 

• Percent Yield (see Lab 3 procedure) 
• Solubility (see Lab 3 procedure) 
• Melting Point MP start and end temperatures are 85 and 150 with a ramp rate of  (5-10 

deg/min).  (see Lab 1 procedure) 
• TLC: A ratio of heptane and acetone (available in lab) will likely make the best eluent. 

Present the TLC plate with the best separation (most varied Rf values) between 
reactants and products.  (see Lab 2 procedure) 

• Absorption Spectrum: Concentration is important!  Add 0.010 g of your product to a 10 
mL volumetric flask. Add solvent that will best dissolve your product. Create more dilute 
solution by adding 10 drops of the solution just made into a 10 mL volumetric flask.  Add 
ethanol.   (see Lab 3 procedure) 

• Molecular Weight by Freezing Point Depression: Perform this characterization test 
last, as it can require most of the synthesized product.  Determine if the product is 
soluble in menthol by using a small amount of product in less than half a gram of 
menthol.   (see Lab 1 procedure) 

https://docs.google.com/document/d/1fwlC7p0Qt6pCGOS06qMW08rP2kw5MNEtAnNjJVQRoHI/view#bookmark=id.z99jzngsmght
https://docs.google.com/document/d/1fwlC7p0Qt6pCGOS06qMW08rP2kw5MNEtAnNjJVQRoHI/edit#bookmark=id.87oo5la1ywxf
https://docs.google.com/document/d/1mW4Qio2pRUJ96iAovs7wGm1e4rKl6gX8-l9jyUi1SwM/edit#bookmark=id.dd93uhy8caax
https://docs.google.com/document/d/10QQ7oh28GxuYQMA-4m7x_kiQ8WlITNSq6jvieZzY2RA/edit#bookmark=id.u0o6eerq3fsg
https://docs.google.com/document/d/1fwlC7p0Qt6pCGOS06qMW08rP2kw5MNEtAnNjJVQRoHI/edit
https://docs.google.com/document/d/e/2PACX-1vQzwP5X_85HqX3PFNVSPnwMSGAzqE5HeVCMVwy3FFU7HVR5-bjtooiwTrGxAf-T2QpNrURzsLsd8ldJ/pub
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Clean-Up  
• Place capillary tubes and TLC spotters in the broken glass container. 
• TLC plates should be placed in the solid waste container in the fume hood. 
• Ethanol solutions and leftover TLC solvent should be placed in the organic waste container 

in the fume hood.  
• Put develop jars back uncapped. Return beakers and watch glasses to the shelves. 
• Turn in both clearly labeled scintillation vials filled with the two products to your TA. 
 

Do not upload the In-Lab ELN page.  You will turn this page in next week.  
 

 

Session Two 
 

PRE-LAB QUIZ   Quiz #4 Session #2 
 

A Canvas pre-lab quiz is due every week at 11:59 pm the day before your lab section.  The 
information needed to answer these questions can be found in your general chemistry lecture 
textbook, the Lab Safety for Chemists online text (Section 1.1.2 & 1.2.2), in the Odyssey 
program, and in documents hyperlinked within this document.  
 

SAFETY MOMENT (WEEK 2) 
 

Green Chemistry 
Your TA will place two packing peanuts into two separate jars of water labeled A and B.  Take 
an initial picture of these jars and then a picture every 5 minutes for 30 minutes.  Attach the 
pictures to the Original Proposal ELN page.  Before the end of lab the TA will perform another 
procedural step for this demonstration.  Take and attach pictures to your ELN at this point 
also.  Beneath these pictures in your ELN, answer the following:  If you have a choice to pick 
one packing material (A or B) over the other, which would you choose and why (think about 
which material you would want to wash up on a beach)?  How is this demonstration related to 
green chemistry and how are Chem 1LC and 1LD examples of green chemistry? 
 

http://www.uci.eblib.com/patron/FullRecord.aspx?p=4462550
https://drive.google.com/file/d/1zGrN2CkyKk-UejhEa277V-VPzfgf-TLr/view?usp=sharing96/download?download_frd=1
https://store.wavefun.com/product_p/spstudentuci.html
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  ORIGINAL INVESTIGATION 
 

As a team, proceed with the plans you outlined last week on your Original Investigation page. 
Once your data collection and analysis are complete, turn in both products to your TA in 
properly labeled vials.  Then create a “poster” on the benchtop containing the following four 
sections: 

• Guiding Question: Restate the Original Investigation Guiding Question. Do not feel that 
you have to write it word-for-word as it appears earlier in this document.   

• Claim: Answer to the Original Investigation Guiding Question. 
• Evidence: Decide, as a team, how the information found in the Original Investigation 

should be incorporated as concisely as possible. Data for both products should be 
included and appropriately annotated to indicate important characteristics.  

• Justification: How does the evidence you included support your claim? What 
assumptions made or scientific theories/laws were invoked during data analysis and 
interpretation? 

• Comments:  The team leader should take down important ideas gained from other teams 
during the poster presentation. 

 

After you are done with the characterization, place your products in the appropriate amber 
product collection bottles in the fume hood. Make sure you are putting each product in the 
correct bottle.  
 

    ARGUMENTATION (POSTER SESSION) 
 

Compare and contrast your results with your peers during this session. Choose a team member 
who has not yet been the “spokesperson” to stay with the poster and answer questions. The rest 
of the team, the “travelers”, will go to other posters and challenge your peers’ reasoning and 
reevaluate your own. What you discover during this process is pivotal for creating a good Lab 
Report.   
 

The three boldface questions below apply to all projects. A few sample questions specific to 
this project are provided here to help the spokesperson prepare and travellers initiate in-depth 
discussion while at each poster. 
• What concept(s) were you investigating and how are they related to the guiding 

question(s)? 
• How did you go about your work and why?  
• What is your claim? How does your evidence justify your claim?   
 

https://docs.google.com/document/d/e/2PACX-1vQLkkFYgVNNVWDD9RqeBsfnIHe7mgQ4yrfmojnfDqUmplBEjZxXjYkKpeZ8HfuKCNOV0kmXGlDlwAjg/pub


250 
 

At the end of the poster session, your team should hold a short discussion to re-evaluate your 
claim based on what they have learned during the poster session. If time permits, you can 
collect more data.   
 

Take a picture of the “poster” and attach it to the In-Lab ELN page.  Once you have finished all 
your work on the ELN, review the assignment formatting document then create a PDF with a 
clearly visible numeric Turnitin similarity score. Upload this PDF to the appropriate Gradescope 
assignment and assign the Gradescope sections. 
 

  LAB REPORT  
 

The lab report is an individual, not team effort.  The content of the report is based on the 
evidence, claim, and justification your team shared during the argumentation section and the 
understanding you gained by comparing those ideas against those of other teams. (Be willing to 
adjust your justification and/or claim in response to what you learn in the argumentation poster 
session and/or the peer evaluation.)  
 

Use the rubric and the boldfaced questions above to structure your lab report.  The first page 
should answer the first two questions shown above, the second page should answer the third 
question. However, these are formal reports, not separate responses to the three individual 
questions - make sure your writing flows and creates a cohesive message.  
 

Fall Quarter (Thanksgiving week 9):  
Lab Report: Create a PDF with a Turnitin similarity score clearly visible of your Lab Report ELN 
page and upload it to the appropriate Gradescope assignment. This step must be done by 11:59 
pm Monday of week 9. 
 

Winter Quarter:  
Lab Report: Review the assignment formatting document before the next step. Create a PDF 
with a Turnitin similarity score clearly visible of your Lab Report ELN page and upload it to the 
appropriate Gradescope assignment. This step must be done by 11:59 pm the day of your week 
9 lab period. 
 
 
 
 
 
 
 
 
 

https://docs.google.com/document/d/e/2PACX-1vTTk59vpC1LoGWMMPlG__vxiJ8SoHVy7fVnq2o4qWv7wUo02qFbhNiIA5Zt_RLSWIzWAlCOHTwDwGTW/pub
https://docs.google.com/document/d/e/2PACX-1vTTk59vpC1LoGWMMPlG__vxiJ8SoHVy7fVnq2o4qWv7wUo02qFbhNiIA5Zt_RLSWIzWAlCOHTwDwGTW/pub
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III.  In-Lab Assignment Student Rubrics  

Table S5.1. In-Lab #1 Rubric.  
Rubric Item Full Marks 

ASSIGNMENT WILL 
NOT BE GRADED 
WITHOUT THE 
FOLLOWING: 

• Complete procedures are required & they must be in 
your own words & at a level that a peer could repeat 
them. 

• No more than one other section (safety, objectives, 
chemicals/supplies, observations, data (tables/plots)) is 
missing. 

• Time & date stamps for Fundamental Skills section 
match the day & time that work was done (i.e., no other 
work was done after lab). 

• The Turnitin similarity score must be clearly visible on 
the document. 

Format (2 pts) Mistakes should be crossed through (not deleted). Images should 
be appropriately sized for their purpose. Clear headings should be 
used. These points can also be lost for: incomplete pre-lab OR late 
submission OR for inappropriate, improper or unsafe behavior in 
the lab. 

Fundamental Skills 
 

Objective Describe the purpose of the experimental work, the general method 
to be used and the anticipated results. Objectives longer than 4 
sentences will not be graded. 

Procedure: 
Chemicals/Supplies 

Present, completely filled in & no items missing. 

Safety: 
Hazard Table & Moment 

Follow safety rules during lab.  
Fill in hazards table and respond to the safety moment. 
Include safety equipment scavenger hunt picture & photo of the 
class wearing proper PPE.  

Observations: 
Qualitative Data 

Include relevant descriptions of all chemicals & solutions with no 
more than 1 missing or incomplete description. 

Procedure: Provide detailed procedural steps for melting & freezing point 
measurements. (A fellow student should be able to follow and 
achieve your results.) 
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Observations: 
Quantitative Data 

Provide all measurements with the appropriate number of 
significant figures & units. Repetitive data must be reported in a 
table. Only include your data (not that of the entire team) 

Data Analysis: 
Cooling/Freezing 
Curve(s) 

Provide analyzed cooling/freezing curve(s) with appropriate titles 
& labels. Axes must be scaled so data fills the graph. The image 
must be visible & legible on the PDF submitted to Gradescope. 
Data file must be attached & a Google sheet link provided. 

Argumentation Answer the Guiding question for the Fundamental Skills section of 
the project. 

Original Investigation 
 

Safety: 
Moment 

Follow safety rules during lab.  
Provide answers to the questions in Project #1 document for the 
Safety Moment. 

Objective Describe the purpose of the experimental work, the general method 
to be used & the anticipated results in your  own words. Objectives 
over 4 sentences long will not be graded. 

Observations: 
Qualitative Data 

Include relevant descriptions of all chemicals and solutions. 

Procedure: Provide detailed procedural steps for determining the identity of 
your unknown. 

Observations: 
Quantitative Data 

Provide all measurements/data tables/plots with the appropriate 
number of significant figures, labeling, scaling, etc. 

Data Analysis: Unknown 
Determination 

Connect data to the determination of the unknown identity. Include 
a relevant data values and properly formatted sample calculation if 
appropriate. 

Argumentation Attach a legible image of the bench top “poster” to the ELN page. 
Summarize other teams’ critiques of your team’s poster & your 
critique of other teams’ posters.  Describe how the information 
exchange in the poster session will affect your lab report’s content. 
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Table S5.2. In-Lab #2 Rubric  
Rubric Item Full Marks 

ASSIGNMENT WILL 
NOT BE GRADED 
WITHOUT THE 
FOLLOWING: 

• Complete procedures are required & they must be in 
your own words & at a level that a peer could repeat 
them. 

• No more than one other section (safety, objectives, 
chemicals/supplies, observations, data (tables/plots)) is 
missing. 

• Time & date stamps for Fundamental Skills section 
match the day & time that work was done (i.e., no other 
work was done after lab). 

• The Turnitin similarity score must be clearly visible on 
the document. 

Format (2 pts) Mistakes should be crossed through (not deleted). Images should 
be appropriately sized for their purpose. Clear headings should be 
used. These points can also be lost for: incomplete pre-lab OR late 
submission OR for inappropriate, improper or unsafe behavior in 
the lab. 

Fundamental Skills 
 

Objective Describe the purpose of the experimental work, the general method 
to be used and the anticipated results. Objectives longer than 4 
sentences will not be graded. 

Procedure: 
Chemicals/Supplies 

Present, completely filled in & no items missing. 

Safety: 
Hazard Table & Moment 

Follow safety rules during lab.  
Hazard Table is filled out completely. 
Provide observation pictures for the safety moment 

Qualitative Observations Include relevant descriptions of all chemicals & solutions with no 
more than 1 missing or incomplete description. 

Procedure: Provide detailed procedural steps for TLC chamber set up & plate 
development. 

Observations: Developed 
Plate Appearance 

Attach images of TLC plates (visible light, UV & dipped) 

Quantitative 
Observations: 
Rf Data 

Provide TLC plate measurements with the appropriate number of 
significant figures & units in a table. Only include your data (not 
that of the entire team). 
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Data Analysis: 
Rf calculation 

Add calculated Rf values to data table & provide 1 sample 
Rf calculation. 

Argumentation Answer the Guiding question for the Fundamental Skills section of 
the project. 

Original Investigation 
 

Safety: 
Moment 

Follow safety rules during lab.  
Provide observations and answer question in Project #2 document 
for the safety moment. 

Objective Describe the purpose of the experimental work, the general method 
to be used & the anticipated results in your  own words. Objectives 
over 4 sentences long will not be graded. 

Observations: 
Qualitative Data 

Describe all chemicals and solutions with no more than 1 missing 
or incomplete descriptions. 

Procedure: Provide detailed procedural steps for determining the identity of 
your unknown. 

Observations: 
Data 

Provide all measurements/data tables/plots/images with the 
appropriate number of significant figures, labeling, scaling, etc. 

Data Analysis: Unknown 
Determination 

Connect data to the determination of the unknown identity. Include 
a relevant data values and properly formatted sample calculation if 
appropriate. 

Argumentation Attach a legible image of the bench top “poster” to the ELN page. 
Summarize other teams’ critiques of your team’s poster & your 
critique of other teams’ posters.  Describe how the information 
exchange in the poster session will affect your lab report’s content. 

 

Table S5.3. In-Lab #3 Rubric.  
Rubric Item Full Marks 

ASSIGNMENT WILL NOT BE 
GRADED WITHOUT THE 
FOLLOWING: 

• Complete procedures are required & they must be 
in your own words & at a level that a peer could 
repeat them. 

• No more than one other section (safety, 
objectives, chemicals/supplies, observations, data 
(tables/plots)) is missing. 

• Time & date stamps for Fundamental Skills 
section match the day & time that work was done 
(i.e., no other work was done after lab). 
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• The Turnitin similarity score must be clearly 
visible on the document. 

Format (2 pts) Mistakes should be crossed through (not deleted). Images 
should be appropriately sized for their purpose. Clear 
headings should be used. These points can also be lost 
for: incomplete pre-lab OR late submission OR for 
inappropriate, improper or unsafe behavior in the lab. 

Fundamental Skills 
 

Objectives Describe the purpose of the experimental work, the general 
method to be used and the anticipated results. Objectives 
longer than 4 sentences will not be graded. 

Procedure: Chemicals/Supplies Present, completely filled in & no items missing. 

Safety: 
Hazard Table & Moment 

Follow safety rules during lab.  
Hazard Table is filled out completely. 

Observations: 
Qualitative Data 

Include relevant descriptions of all chemicals & solutions 
with no more than 1 missing or incomplete description. 

Procedure: Provide detailed procedural steps for the synthesis and 
characterization test. (A fellow student should be able to 
follow and achieve your results.) 

Observations: 
Quantitative Data 

Provide all measurements with the appropriate number of 
significant figures & units. Repetitive data must be reported 
in a table. Only include your data (not that of the entire team) 

Data Analysis: Vanillic Acid 
Yield 

Provides a sample calculation for the percent yield if the 
product is vanillic acid 

Data Analysis: Divanillin 
Yield 

Provides a sample calculation for the percent yield if the 
product is divanillin 

Observations: Characterization 
Test #1 

Provides all data (for standards and product) from the 
characterization test chosen. If your test has files or pictures, 
attach them in this section. Quantitative data should be 
organized in a table. 

Argumentation Answer the Guiding question for the Fundamental Skills 
section of the project. 

Original Investigation 
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Safety: 
Moment 

Follow safety rules during lab.  
Provide answers to the questions in Project #3 document for 
the safety moment. 

Objective Describe the purpose of the experimental work, the general 
method to be used & the anticipated results in your own 
words. Objectives over 4 sentences long will not be graded. 

Observations: 
Qualitative Data 

Describe all chemicals and solutions with no more than 2 
missing or incomplete descriptions. 

Procedure: Provide detailed procedural steps for the characterization 
tests. (A fellow student should be able to follow and achieve 
your results.) 

Observations: 
Quantitative Data 

Provide all measurements with the appropriate number of 
significant figures & units. Quantitative data must be 
reported in a table. 

Observations: Characterization 
Test #2 

Provide all data from the characterization test chosen. If your 
test has files or pictures, attach them in this section. 
Quantitative data should be organized in a table. 

Observations:  Characterization 
Test #3 

Provide all data from the characterization test chosen. If your 
test has files or pictures, attach them in this section. 
Quantitative data should be organized in a table. 

Data Analysis: Identification of 
Product 

Identify the synthesis product through analysis of each 
characterization test result. States whether or not the product 
is believed to be pure. 

Argumentation Attach a legible image of the bench top “poster” to the ELN 
page. Summarize other teams’ critiques of your team’s 
poster & your critique of other teams’ posters.  Describe how 
the information exchange in the poster session will affect 
your lab report’s content. 

 

Table S5.4. In-Lab #4 Rubric.  
Rubric Item Full Marks 

ASSIGNMENT WILL 
NOT BE GRADED 
WITHOUT THE 
FOLLOWING: 

• Complete procedures are required & they must be in 
your own words & at a level that a peer could repeat 
them. 

• No more than one other section (safety, objectives, 
chemicals/supplies, observations, data (tables/plots)) is 
missing. 
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• Time & date stamps for Fundamental Skills section 
match the day & time that work was done (i.e., no 
other work was done after lab). 

• The Turnitin similarity score must be clearly visible on 
the document. 

Format (2 pts) Mistakes should be crossed through (not deleted). Images should 
be appropriately sized for their purpose. Clear headings should be 
used. These points can also be lost for: incomplete pre-lab OR 
late submission OR for inappropriate, improper or unsafe 
behavior in the lab. 

Fundamental Skills 
 

Objectives Describe the purpose of the experimental work, the general 
method to be used and the anticipated results. Objectives longer 
than 4 sentences will not be graded. 

Procedure: 
Chemicals/Supplies 

Present, completely filled in & no items missing. 

Safety: 
Hazard Table & Moment 

Follow safety rules during lab.  
Hazard Table is filled out completely. 

Observations: 
Qualitative Data 

Include relevant descriptions of all chemicals & solutions with no 
more than 1 missing or incomplete description. 

Procedure: Provide detailed procedural steps for the synthesis and 
characterization test. (A fellow student should be able to follow 
and achieve your results.) 

Observations: 
Quantitative Data 

Provide all measurements with the appropriate number of 
significant figures & units. Repetitive data must be reported in a 
table. Only include your data (not that of the entire team) 

Data 
Analysis: Characterization 
Test #1 

Provide all data for the characterization test. Attach files or 
pictures & organize quantitative data in a table. 

Argumentation Answer the Guiding question for the Fundamental Skills section 
of the project. 

Original Investigation 
 

Safety: 
Moment 

Follow safety rules during lab.  
Provide answers to the questions in Project #1 document for the 
assigned GHS symbol. 
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Objective Describe the purpose of the experimental work, the general 
method to be used & the anticipated results in your  own 
words. Objectives over 4 sentences long will not be graded. 

Observations: 
Qualitative Data 

Describe all chemicals and solutions with no more than 1 missing 
or incomplete descriptions. 

Procedure: Provide detailed procedural steps for the characterization tests. (A 
fellow student should be able to follow and achieve your results.) 

Data Analysis: 
Characterization Test #2 

Provide all data for the characterization test. Attach files or 
pictures & organize quantitative data in a table. 

Data Analysis: 
Characterization Test #3 

Provide all data for the characterization test. Attach files or 
pictures & organize quantitative data in a table. 

Data Analysis: 
Characterization Test #4 

Provide all data for the characterization test. Attach files or 
pictures & organize quantitative data in a table. 

Argumentation Attach a legible image of the bench top “poster” to the ELN page. 
Summarize other teams’ critiques of your team’s poster & your 
critique of other teams’ posters.  Describe how the information 
exchange in the poster session will affect your lab report’s 
content. 

 

IV.  Post-Lab Report Student Rubrics  

Table S5.5. Lab Report #1 Rubric  
Rubric Items Full Marks 

REPORTS WILL NOT BE GRADED IF THEY DO NOT MEET THE FOLLOWING 
REQUIREMENTS: 

• Written directly in the ELN w/ 1.5 line spacing, Arial font, size 16 
• Page limit: 4 pages including figures/plots (which =~7000 characters across all rich 

text boxes) 
• Have 3 broad headings: Purpose & Concepts, Procedures & Data Analysis & 

Argumentation (consisting of claim, evidence & justification). 
• Figures/plots must be inserted within the text & unit labels or axes values must be 

large enough to read. Sample calculations must be typed, not inserted as a picture. 
• Your name & the Turnitin similarity score must be present & clearly visible at the 

top of PDF. Margins must be 1 inch on all sides & not overlapped with 
text/figures/plots/tables. 
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• PDF uploaded to Gradescope with: All pages assigned to the "ASSIGN ALL 
PAGES - Format" question. All other questions assigned to their relevant pages. 

Purpose & Concepts 

Purpose Describe the main goal of the project & the main techniques used to achieve 
this goal. Purposes should be no longer than 4 sentences. 

Concepts (I) Define freezing point & discuss cooling curves and how they are interpreted. 

Concepts (II) Define freezing point depression, its equation (and variables) & how its used 
to find a solute’s identity.  Do not provide numerical values in this section. 

Concepts (III) Define melting point & discuss how it is used to find a pure substance’s 
identity. 

Procedure & Data Analysis 

Procedure: FP 
Measurements 

Provide procedure(s) for collecting the freezing point data used to determine 
the unknown’s identity. 

Procedure: MP 
Measurements 

Provide procedure(s) for collecting the melting point data used to determine 
the unknown’s identity. 

Data Analysis: 
FP Data 
Presentation 

Provide analyzed freezing point data, sample calculations, and/or relevant 
properly formatted plots with correct significant figures.   

Data Analysis: 
MP Data 
Presentation 

Provide analyzed melting point data with correct significant figures.   

Data Analysis: 
Comparisons 

Report values experimentally found for your unknown and values possible 
for all possible unknowns for both techniques. 

Argumentation 

Claim State your claim(s). 

Evidence (I) States which unknown value compares the best to the value obtained from 
the freezing point measurements. 

Evidence (II) States which unknown value compares the best to the value obtained from 
the melting point measurements. 

Evidence (III) Compare closeness of experimental values to true values for each procedure. 
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Justification (I) Discuss why freezing point depression can be used to determine the identity. 

Justification 
(II) 

Discuss why melting point can be used to determine the identity.   

Justification 
(III) 

Discuss the accuracy of the techniques for determining the unknown 
identity. 

Peer to Peer 
Argumentation 

Discuss how your understanding of your claim, interpretation of your 
evidence or your justification was deepened or changed during the poster 
session. This section should be 2-3 sentences. 

 

Table S5.6. Lab Report #2 Rubric.  
Rubric Items Full Marks 

REPORTS WILL NOT BE GRADED IF THEY DO NOT MEET THE FOLLOWING 
REQUIREMENTS: 

• Written directly in the ELN w/ 1.5 line spacing, Arial font, size 16 
• Page limit: 4 pages including figures/plots (which =~7000 characters across all rich 

text boxes) 
• Have 3 broad headings: Purpose & Concepts, Procedures & Data Analysis & 

Argumentation (consisting of claim, evidence & justification). 
• Figures/plots must be inserted within the text & unit labels or axes values must be 

large enough to read. Sample calculations must be typed, not inserted as a picture. 
• Your name & the Turnitin similarity score must be present & clearly visible at the 

top of PDF. Margins must be 1 inch on all sides & not overlapped with 
text/figures/plots/tables. 

• PDF uploaded to Gradescope with: All pages assigned to the "ASSIGN ALL 
PAGES - Format" question. All other questions assigned to their relevant pages. 

Purpose & Concepts 

Purpose Describe the main goal of the project & the main techniques used to achieve 
this goal. Purposes should be no longer than 4 sentences. 

Concepts (I) Describe the identity and polarity of analytes and the mobile and stationary 
phase. 

Concepts (II) Discuss how analytes are separated on a TLC plate. 

Concepts (III) Discuss the use of ultraviolet light and permanganate solution to visualize 
spots on a TLC plate 
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Procedure & Data Analysis 

Procedure Provide procedure(s) for collecting the TLC data used to determine the 
unknown’s identity. 

Data Analysis: 
Standards 

Provide all measurements/data tables/plots/images with the appropriate 
number of significant figures, labeling, scaling, etc for standard TLCs. 

Data Analysis: 
Unknown 

Provide all measurements/data tables/plots/images with the appropriate 
number of significant figures, labeling, scaling, etc for unknown TLC(s).  

Data Analysis: 
Comparisons 

Provide standard and unknown Rfs with proper format. 

Argumentation 

Claim State your claim. 

Evidence (I) List the evidence associated with the unknown essential oil that allowed the 
determination of its components 

Evidence (II) Connect the evidence associated with the standards and the unknown that 
allows for the determination of unknown components. 

Justification (I) Explain why standards have different Rfs 

Justification 
(II) 

Explain the difference between spots identified by UV light and spots 
identified by permanganate dip. 

Peer to Peer 
Argumentation 

Discuss how your understanding of your claim, interpretation of your 
evidence or your justification was deepened or changed during the poster 
session. This section should be 2-3 sentences. 

 

Table S5.7. Lab Report #3 Rubric.  
Rubric Items Full Marks 

REPORTS WILL NOT BE GRADED IF THEY DO NOT MEET THE FOLLOWING 
REQUIREMENTS: 

• Written directly in the ELN w/ 1.5 line spacing, Arial font, size 16 
• Page limit: 4 pages including figures/plots (which =~7000 characters across all rich 

text boxes) 
• Have 3 broad headings: Purpose & Concepts, Procedures & Data Analysis & 

Argumentation (consisting of claim, evidence & justification). 
• Figures/plots must be inserted within the text & unit labels or axes values must be 

large enough to read. Sample calculations must be typed, not inserted as a picture. 
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• Your name & the Turnitin similarity score must be present & clearly visible at the 
top of PDF. Margins must be 1 inch on all sides & not overlapped with 
text/figures/plots/tables. 

• PDF uploaded to Gradescope with: All pages assigned to the "ASSIGN ALL 
PAGES - Format" question. All other questions assigned to their relevant pages. 

Purpose & Concepts 

Purpose Describe the main goal of the project & the main techniques used to 
achieve this goal. Purposes should be no longer than 4 sentences. 

Concepts (I) Describe the two potential reaction pathways & products. 

Concepts (II) Describe the purpose of filtration. 

Concepts (III) Describe how the product identity will be determined. Define standards 
and describe how they are used in characterization tests. 

Procedure & Data Analysis 

Procedure: 
Vanillin 
Synthesis 

Articulate the synthesis performed, including all relevant equipment, 
chemicals, and/or concentrations. This section should be approximately 2 
sentences, but this point will not be removed if it is longer. 

Data Analysis 1: 
(1 out of the 4 
characterizations) 

Provide & interpret data analysis 1. 

Data Analysis 2: 
(1 out of the 4 
characterizations) 

Provide & interpret data analysis 2. 

Data Analysis 3: 
(1 out of the 4 
characterizations) 

Provide & interpret data analysis 3. 

Argumentation 

Claim State your claim. 

Evidence (I) Provides 3 pieces of evidence that allowed for the determination of the 
product’s identity. 

Evidence (II) Provides 1 piece of evidence that allowed for the determination of product 
purity. 
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Justification (I) Explain how comparison of product to standard data is used to determine 
product identity. 

Justification (II) Explain how product data is used to determine purity. 

Peer to Peer 
Argumentation 

Discuss how your understanding of your claim, interpretation of your 
evidence or your justification was deepened or changed during the poster 
session. This section should be 2-3 sentences. 

 

Table S5.8. Lab Report #4 Rubric.  
Rubric Items Full Marks 

REPORTS WILL NOT BE GRADED IF THEY DO NOT MEET THE FOLLOWING 
REQUIREMENTS: 

• Written directly in the ELN w/ 1.5 line spacing, Arial font, size 16 
• Page limit: 4 pages including figures/plots (which =~7000 characters across all rich 

text boxes) 
• Have 3 broad headings: Purpose & Concepts, Procedures & Data Analysis & 

Argumentation (consisting of claim, evidence & justification). 
• Figures/plots must be inserted within the text & unit labels or axes values must be 

large enough to read. Sample calculations must be typed, not inserted as a picture. 
• Your name & the Turnitin similarity score must be present & clearly visible at the 

top of PDF. Margins must be 1 inch on all sides & not overlapped with 
text/figures/plots/tables. 

• PDF uploaded to Gradescope with: All pages assigned to the "ASSIGN ALL 
PAGES - Format" question. All other questions assigned to their relevant pages. 

Purpose & Concepts 

Purpose Describe the main goal of the project & the main techniques used to 
achieve this goal. Purposes should be no longer than 4 sentences. 

Concepts (I) Describe the two reaction pathways & their products 

Concepts (II) Conceptually describe the process and purpose of recrystallization. 

Concepts (III) Describe the chemical qualities of a good sunscreen. 

Procedure & Data Analysis 

Procedure: 
Cinnamaldehyde-
Ketone Synthesis 

Articulate the synthesis performed, including all relevant equipment, 
chemicals, and/or concentrations. This section should be approximately 2 
sentences, but this point will not be removed if it is longer. 
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Data Analysis: 
Characterization 
Test #1 

Provide & interpret characterization test data.  Data must be discussed in 
the text, and if applicable presented as a 

• properly labeled & formatted image or plot 
• combined table with the other characterization tests 

Data Analysis: 
Characterization 
Test #2 

Provide & interpret characterization test data.  Data must be discussed in 
the text, and if applicable presented as a 

• properly labeled & formatted image or plot 
• combined table with the other characterization tests 

Data Analysis: 
Characterization 
Test #3 

Provide & interpret characterization test data.  Data must be discussed in 
the text, and if applicable presented as a 

• properly labeled & formatted image or plot 
• combined table with the other characterization tests   

Data Analysis: 
Characterization 
Test #4 

Provide & interpret characterization test data.  Data must be discussed in 
the text, and if applicable presented as a 

• properly labeled & formatted image or plot 
• combined table with the other characterization tests   

Argumentation 

Claim State your claim. 

Evidence (I) Describe characterization test results that support the claim. 

Evidence (II) Describe characterization test results that do not support (or strongly 
support) the claim. 

Justification (I) Discuss which characterization tests contributed to the decision that the 
chosen sunscreen is the preferred sunscreen, and why 

Justification (II) Discuss which characterization tests did not contribute to the decision that 
the chosen sunscreen is the preferred sunscreen, and why 

Justification (III) Analyze possible sources of error that could have affected the data and the 
decision of the preferred sunscreen 
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Peer to Peer 
Argumentation 

Discuss how your understanding of your claim, interpretation of your 
evidence or your justification was deepened or changed during the poster 
session. This section should be 2-3 sentences. 

 
 

Tables S5.9 and S5.10 give approximate time frames for activities conducted in the 

fundamental skills and original investigation laboratory sessions. 

Table S5.9. Approximate times for Fundamental Skills Session Activities 

Activities Time (mins) 

Safety Moment 15 

TA pre-lab talk/ demonstration 15 

Experimentation  170 

Analysis of data and draft of procedure 
outline 

30 

 

Table S5.10. Approximate times for Original Investigation Activities 

Activities Time (mins) 

Safety Moment 15 

TA pre-lab talk/ demonstration 15 

Experimentation  140 

Analysis of data and creation of poster 30 

Argumentation session 30 
 

The times provided above are the maximum times for each activity, however, frequently 

these times are variable depending on students’ speed.  
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V. Chemicals and Sample Preparations 

a. Project #1 additional chemicals and equipment  

Additional Equipment:  

● Melting point apparatus  

● Melting point capillary tubes  

● Temperature probes  

● Large test tube 

● Ring stand and clamp  

● Hot plate  

Chemicals Needed:  

● L-menthol  

● Vanillin  

● Cinnamic acid  

● 4-hydroxybenzaldehyde 

Waste Containers:  

● Contaminated glass waste  

b. Project #2 additional equipment and chemicals  

Additional Equipment: 

● TLC plates 

● TLC spotters, taped to each vials of standards 

● TLC developing jars w/caps 

● 3 TLC lamps setup per lab 
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● 1 watch glass per student 

● 1 small forcep at each permanganate dip station 

Chemicals Needed: 

● Heptane 

● Ethyl acetate 

● KNO4 solution 

● ~ 20 mL of the following: 

○ 1:75 spearmint oil:acetone (essential oil for Original Investigation) 

○ 1:50 limonene:acetone 

○ 1:50 dihydrocarveol:acetone 

○ 1:100 carvone:acetone 

○ 1:50 cinnamaldehyde:acetone  

○ 1:50 eugenol:acetone  

○ 1:50 vanillin: acetone  

Waste Containers: 

● Organic waste container 

● TLC plate waste container 

c. Project #3 additional chemicals and equipment.  

Additional Equipment:  

● pH paper  

● Hot plate  

● Buchner funnel (vacuum filtration)  
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● Test tubes  

● Melting point apparatus  

● Melting point capillary tubes  

● TLC plates  

● TLC spotters  

● UV-Vis spectrophotometer 

● Cuvettes (for absorbance)  

● Micro stir bar  

Chemicals Needed:  

● Vanillin 

● 0.010 M acetic acid  

● 0.05 mg/mL horseradish peroxidase  

● 3% hydrogen peroxide  

● 95% ethanol  

● Ethyl acetate  

Waste Containers:  

● Organic waste container 

● TLC waste container  

● Contaminated glass container  

d. Project #4 additional equipment and chemicals.  

Additional Equipment: 

● Scintillation vials 
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● Melting point apparatus 

● Melting point capillary tubes 

● TLC plates  

● TLC spotters 

● Ice baths 

● UV-Vis spectrophotometer 

● Cuvettes (for absorbance) 

● Micro stir bar 

Chemicals Needed: 

● 95% ethanol 

● Acetone 

● 0.2M NaOH in ethanol 

● Cinnamaldehyde 

● Acetophenone 

Waste Containers: 

● Organic waste container 

● TLC waste container  

● Contaminated glass container  

 
VI. Survey Questions and Data 

Significance (p < 0.05) of the changes between the GCL-I and GCL-II responses was 

determined via a Mann-Whitney U Test.  
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Table S5.11. Mid-Quarter Survey Results: Attitude toward the Subject of Chemistry Inventory 
(ASCI (V2)) 

Field GCL-I 
(1119) 

GCL-II 
(930) 

p-value Significance 

easy:hard 5.25 5.14 0.02 No  

worthless:beneficial 4.87 4.93 0.5 No 
exciting:boring 3.82 3.65 0.005 Yes 

complicated:simple 2.69 2.75 0.1 No 

confusing:clear 3.01 3.17 0.002 Yes 

good:bad 3.56 3.42 0.01 Yes 
satisfying:frustrating 4.29 4.14 0.04 Yes 

scary:fun 3.64 3.62 0.7 No 

comprehensible:incomprehensible 3.69 3.66 0.7 No 

challenging:not challenging 2.35 2.39 0.2 No 
pleasant:unpleasant 4.19 4.08 0.04 Yes 

interesting:dull 3.24 3.17 0.3 No 

disgusting:attractive 4.19 4.17 0.3 No 

comfortable:uncomfortable 4.26 4.22 0.5 No 
worthwhile:useless 3.30 3.20 0.07 No 

work:play 2.17 2.22 0.4 No 

chaotic:organized 3.64 3.83 0.004 Yes 

safe:dangerous 3.35 3.54 0.004 Yes 

tense:relaxed 2.58 2.80 0.0001 Yes 
insecure:secure 3.44 3.60 0.02 Yes 
Scale: Range 1-7 from the first adjective listed to the second adjective.  

 

The end of quarter student survey was used verbatim except a five-point Likert scale was 

applied instead of a six-point scale. This survey was adapted from Corwin, L.A.; Runyon, C.; 

Robinson, A.; Dolan, E. The Laboratory Course Assessment Survey: A Tool to Measure Three 

Dimensions of Research-Course Design. CBE-Life Sci. Educ. 2015, (14), 1-11. 

1. Collaboration.  In this course, I was encouraged to… Weekly, Monthly, 1 or 2 times, Never 
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a. Discuss elements of my investigation with classmates and instructors. 

b. Reflect on what I was learning. 

c. Contribute my ideas and suggestions during class discussions. 

d. Help other students collect or analyze data. 

e. Provide constructive criticism to classmates and challenge each other’s 

interpretations. 

f. Share the problems I encountered during my investigation and seek input on how 

to address them. 

2. Discovery/Relevance.  In this course, I was expected to… Strongly Disagree, Somewhat 

disagree, Neither agree nor disagree, Somewhat agree, Strongly agree 

a. Generate novel results that are unknown to the instructor and the could be of interest 

to the broader scientific communityor others outside of class 

b. Conduct an investigation to find something previously unknown to myself, other 

students, and the instructor. 

c. Formulate my own research question or hypothesis to guide an investigation. 

d. Develop new arguments based on data. 

e. Explain how my work has resulted in new scientific knowledge. 

3. Iteration.  In this course, I had time to… Strongly Disagree, Somewhat disagree, Neither 

agree nor disagree, Somewhat agree, Strongly agree 

a. Revise and repeat work to account for errors or fix problems. 

b. Change the methods of investigation if it was not unfolding as predicted. 

c. Share and compare data with other students. 
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d. Collect and analyze additional data to address new question or further test 

hypotheses that arose during the investigation. 

e. Revise and repeat analyses based on feedback. 

f. Revise drafts of papers or presentations about my investigation based on feedback. 

 

VII. Poster Examples 

All poster examples shown below have been rewritten by the authors from student data for 

legibility.  

a. Project #1 Posters. 
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Figure S5.1. Poster Examples for Project 1.  

 

b. Project #2 Posters. 
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Figure S5.2. Poster examples for Project 2.  
 
c. Project #3 Poster.  
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Figure S5.3. Poster Examples for Project 3.  
 
d. Project #4 Poster.  
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Figure S5.4. Poster Examples for Project 4.  

VIII. Grading  

This course was graded using specifications grading, which requires passing a certain 

number of each assignment type in order to achieve certain letter grades in the course (Table 

S5.12).  

 Table S5.12. Letter Grade Requirements   

Assessment Minimum to 
Earn Da,b 

Minimum to 
Earn Cb 

Minimum to 
Earn Bb 

Minimum to 
Earn Ab,c 

Fundamental Skills 
Laboratory Notebook 

Assignments 

Pass 2 Pass 3 Pass 3 Pass 4 

Original Investigation 
Laboratory Notebook 

Assignments 

Pass 2 Pass 2 Pass 3 Pass 4 

Postlaboratory Reports High Pass 1 
& Low Pass 

1 OR  

High Pass 1 & 
Low Pass 2  

OR 

High Pass 2 
& Low Pass 

1 OR 

High Pass 3 

OR 

High Pass 2 
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Low Pass 3 Low Pass 4 High Pass 1 
& Low Pass 

3 

& Low Pass 
2 

Final Exam Components: 
Safety Knowledge, 

Technique, 
Argumentation 

Pass 1 Pass 2 Pass 2 Pass 3 

aStudents who do not meet the minimum criteria for D grade earn an F in the course. 
bOur institution does use plus and minus grades, and our course has set criteria for students to 
achieve these grades. To earn a plus grade, students must meet the criteria for the letter grade above 
and also earn at least 80% on prelaboratory quizzes. To earn a minus grade, students must meet 
the criteria for the letter grade above and also earn less than 65% on prelaboratory quizzes.  
cTo earn an A+ requires earning a High Pass on all four laboratory reports and earning at least 95% 
on prelaboratory quizzes. 

 

All assignments were graded using a pass/no-pass format for in-lab assignments 

(Fundamental Skills (FS) Laboratory Notebook Assignments and Original Investigation (OI) 

Laboratory Notebook Assignments) and on a high-pass/low-pass/no-pass basis for Post-

Laboratory Reports. The passing thresholds for each category are set at approximately 80% for the 

FS and OI Laboratory Notebook Assignments (Table S5.13). For Lab Reports (LR), the high-pass 

threshold is set to approximately 85%, while the low pass is set to around 60% (Table S5.14).  

Tokens can be earned and exchanged as follows: 

Token Earning Opportunities: 

• 2 Tokens are earned for completing the work with 70% or higher in the first Canvas module. 

• 3 Tokens can be earned for completing all course surveys. 
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Tokens Trade-Ins: 

• 1 Token: 

o a resubmission (within 72 hours from the time your TA sends an announcement) of 

an "incomplete" Fundamental Skills or Original Investigation assignment (as long 

as you made a significant attempt on the assignment) or a "low pass" Lab Report  

o make-up lab session (only 1 allowed per quarter). Please note: The availability of 

this option depends on the day & time of your lab section and the timeliness of your 

request.  Make-ups can only be made during the week of the particular assignment. 

• 2 Tokens: 

o a resubmission of a Lab Report (as long as you made a significant attempt on the 

assignment) within 72 hours  

o data set if you cannot attend lab (only 1 data set OR make up lab allowed per quarter 

- in other words, you can only miss one lab) 

• 3 Tokens: 

o a pass on one section of the practical (can only be used once). Tokens left over at 

the end of the quarter will automatically be applied to this criteria. 

Specific pass requirements are shown below:  

Table S5.13. Pass Thresholds for FS and OI Assignments  

Assignment  Pass Threshold  

Fundamental Skills #1  11/14 

Original Investigation #1  8/10 

Fundamental Skills #2  8/11 

Original Investigation #2  8/10 
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Fundamental Skills #3 10/12 

Original Investigation #3  8/11 

Fundamental Skills #4  8/10 

Original Investigation #4  8/11 
 

Table S5.14. Pass Thresholds for LR Assignments  

Assignment  Low Pass Threshold  High Pass Threshold 

Lab Report #1  8/14 12/14 

Lab Report #2 9/15 13/15 

Lab Report #3  9/15 13/15 

Lab Report #4  9/15 13/15 
 

IX.  Modifications to Project 2: TLC 

After collection of the data presented in this chapter, modifications were made to Project 2 

to improve the quality of data collected by students. The TLC shown in the main paper was 

performed with 4 ratios of heptane:acetone; this has been optimized to improve the separation of 

the spice compound standards for clearer identification of the unknown.  

We recommend using a mixture of heptane and ethyl acetate as the TLC solvent. The four 

ratios used in the current iteration of this experiment are: 9:1, 4:1, 3:2 and 2:3, as we found making 

the TLC solvent more nonpolar achieved better separation of the spots.  

The ideal ratio is 9:1 heptane:ethyl acetate, as shown below in Figure S5.5.  
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Figure S5.5. TLC of standards and unknown in 9:1 heptane:ethyl acetate under UV light (top) and 
after KNO4 stain. From left to right: vanillin, dihydrocarveol, carvone, trans-cinnamaldehyde, 
limonene, eugenol, and unknown (containing carvone, dihydrocarveol, and limonene).  
 
X.  Demographic Information 

Table S5.15. GCL-II Student Demographics 

Quarter Fall On-Sequence Winter Off-Sequence 

Enrollment 945 154 

Number of G-TAs 22 4 

Biological Sciences Majors 64.2% 48.1% 

Undeclared/Unaffiliated Students 4.6% 7.1% 

First Generation College Students  32% 47% 

Low income Students 30% 45% 

International Students  7% 7% 
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CHAPTER 6  

ON-GOING PROJECT: DEVELOPMENT OF ARGUMENT-DRIVEN INQUIRY 

LABORATORIES FOR ORGANIC CHEMISTRY  

 

 

 

 

ABSTRACT 

 Argument-Driven Inquiry (ADI) laboratory experiments are one of the many advances to 

move away from confirmatory, “cookbook” style of laboratory curriculum, among other advances 

for more guided inquiry in the teaching laboratory. With student-led argumentation and revision 

of claims based on evidence and discussion, ADI is an attractive alternative to incorporate guided 

inquiry into the laboratory in a structured framework. While there are multiple examples of ADI 

General Chemistry laboratories, there are few literature examples of ADI experiments designed 

for a second-year Organic Chemistry course. This chapter outlines the ongoing effort to design a 

series of Organic Chemistry experiments to be used in an ADI course, with a focus on designing 

intentional variation to lead to robust argumentation. These experiments were evaluated by a group 

of undergraduate beta-testers, who performed the full course as students, including the 

argumentation sessions. These designed experiments are discussed and analyzed based on student 

feedback. The argumentation sessions were analyzed by the Assessment of Student Argumentation 

in the Classroom protocol to quantify the level of discourse achieved by the students. Both results 

are evaluated to determine the efficacy of the designed curriculum.  Future directions and 

continuing work on the curriculum are outlined.  
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INTRODUCTION 

The following on-going project builds on the materials discussed in Chapter 4 and Chapter 

5, to expand the Argument-Driven Inquiry-style laboratories to Organic Chemistry, which, to our 

knowledge, has never been reported. Argument-Driven Inquiry (ADI) requires the students to 

design their own experimental procedures during the second half of each project (Original 

Investigation, or OI), which can provide significant logistic and safety challenges during organic 

chemistry experiments. ADI, as well, requires variability in results for students to discuss and 

debate their results. An experiment that gives reproducible results with no variation in the hands 

of beginners will not provide sources for argumentation, and is therefore unsuited to ADI. 

However, these reliable results are found in most published undergraduate experiments. To address 

this gap, I have worked with the instructional team at University of California, Irvine (UCI) to 

develop and design new ADI curriculum.  

Herein, we describe preliminary attempts to transition existing curriculum to the ADI 

format, building upon the previously reported success of UCI’s ADI General Chemistry 

Laboratories. Consistency across lower-division laboratories is an additional benefit for both the 

general chemistry series and organic chemistry series to adopt the ADI process.  

Organic Chemistry Laboratory I (OCL-I) at UCI is a 10-week course with course meetings 

once a week for 4 hours, with a week being used for final examinations and a floating week to 

account for holidays, leaving 8 course meetings for experiments. The ADI curriculum moves away 

from independent single-week experiments to add projects spanning at least two weeks, with one 

week for Fundamental Skills (straight-forward experiments with procedures provided by the 

instructor) and Original Investigation (open-ended experiments with student-written procedures). 

With these time constraints and the multiweek nature of ADI, we focused on fundamental organic 
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chemistry techniques and concepts such as competition between reactions rather than attempting 

to incorporate as many reactions as possible.  As seen in the Guiding Questions table below (Table 

6.1), the Fundamental Skills questions focus on the understanding of a particular technique and 

reaction, while the Original Investigation questions focus on the application of techniques and 

reactions to answer a conceptual question.  

Table 6.1. Guiding Questions for OCL-I  

 Fundamental Skills (FS)  Original Investigation (OI)  

Project #1 

(1) How can you determine the 

identity of each pure substance 

through the use of 1H NMR and IR 

spectroscopy? How can you 

recognize that a given sample  is a 

mixture containing more than one 

substance using 1H NMR and IR 

spectroscopy? 

(2) How can you determine the 

identity of each mixture through the 

use of melting point and TLC?  

What is the identity of the compounds in 

the unknown mixture? How did you 

conclusively determine the identity?  

Project #2 

What is the ratio of substitution to 

elimination products for the 

reactions performed? 

What reagents favor substitution and/or 

elimination, and how could you 

conclusively determine this? 

Project #3 

(1) What recrystallization procedure 

was most effective for purifying 

trans-stilbene and why was this the 

most effective procedure? 

(2) What is the major component of 

your crude product and how were 

you able to confirm this? 

Which recrystallization technique was the 

best for isolating your major compound? 

Why was this technique the most 

effective? 

 

 As the laboratory sequence builds on each other, we wanted to increase the level of inquiry, 

as defined by Bruck et. al.,1 during the Organic Chemistry series, compared to the previously 

reported General Chemistry series.2,3 As seen in Table 6.2, nearly all of the experiments have 

increased inquiry, especially during the Original Investigation of each project.  With consistent 

open inquiry during the last week of each project, we want to move the curriculum closer and 

closer to reflecting authentic research.  
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Table 6.2. Level of Inquiry by Laboratory Session. 

Characteristic Fundamental 

Skills 

Original 

Investigation 

Problem 

/Question 

P P 

Theory 

/Background 

P P 

Procedures 

/Design 

P NP 

Results Analysis NP NP 

Results 

Communication 

NP NP 

Conclusion NP NP 

Level of Inquiry Guided 

(1) 

Open 

(2) 

aP = provided 
bNP = not provided 

 

When designing the experiments for OCL-I, we had to consider the logistics of the course. 

During on-sequence quarters, OCL-I can have up to 1500 students enrolled; the off-sequence 

quarter has approximately 300 students. The course is taught by graduate teaching assistants, many 

of which have not taught the course before, even in its previous iteration. The experiments 

designed must be able to be prepped on large scale and give results that are consistent (to prevent 

excessive troubleshooting) but variable (to foster robust argumentation). A further consideration is 

the lack of available equipment: lower-division teaching laboratories do not have access to rotary 

evaporators and NMR spectra cannot be provided the same day as the experiment due to 

scheduling conflicts. We also account for hazards and cost when choosing materials and reactions, 

and have adapted the curriculum to greener, safer reagents that require no special waste disposal.  
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All of the projects presented here take and account for these restraints and are therefore 

readily adaptable to many universities and colleges in different situations. We present three 

projects for the first-quarter or -semester organic chemistry lab. Students work in groups of 3 to 4 

to answer the guiding questions for each project, with each student working in tandem to complete 

the techniques and reactions. In Fundamental Skills, they learn procedures for techniques and 

reactions, followed by a modified procedure designed by the group in the Original Investigation.  

PROJECTS 

Project #1: Identity and Purity of Pharmaceutical Mixtures  

 Project #1 is adapted from the current curriculum used at UCI, developed by Prof. Will 

Howitz, a previous graduate student. This project focuses on the fundamental techniques that are 

essential to undergraduate organic chemistry laboratory experiments: thin-layer chromatography 

(TLC), melting point analysis, infrared spectroscopy (FT-IR), and interpretation of 1H NMR 

spectra. The students use the four techniques listed to determine the composition of a mixture of 

two unknown pharmaceutical compounds. This is a three-week project, with two weeks of 

Fundamental Skills to learn the individual techniques, followed by one week of Original 

Investigation, where students attempt to determine the composition of an unknown mixture of two 

pharmaceutical compounds.  

 The Fundamental Skills portion of this project lasts for two weeks. In these two weeks, the 

students are presented with an unknown mixture made up of two of four pharmaceutical 

compounds: acetaminophen, acetylsalicylic acid, naproxen, and  sorbitol (Figure 6.1a). Standards 

of each of the four compounds are also provided. The first week is focused on the acquisition and 

interpretation of FT-IR spectra and the interpretation of instructor-provided 1H-NMR spectra for 

both the standards and the unknown mixture. The provided NMR spectra is fully integrated but 
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not assigned for both the standards and the unknown mixtures. In the second week, they perform 

the analysis of their same unknown mixture with TLC and melting point analysis. In order to have 

a valid conclusion, they must compare the TLC and melting point results of their mixture to the 

standards, which must be run in tandem by the students. As this is the Fundamental Skills portion 

of the project, and this is the first time some students will be performing these techniques, an 

explicit procedure is provided for each of the four techniques. For future projects, and for the 

Original Investigation, step-by-step procedures for these techniques are not provided.  

 
Figure 6.1. a) Structures of the four pharmaceutical compounds in Fundamental Skills and 

Original Investigation. b) Structures of the three additional pharmaceutical compounds in Original 

Investigation. c) TLCs of the 8 unknown mixtures for Original Investigation. For both pictures, 

from left to right: 1. sorbitol:caffeine (1:1), 2. acetaminophen:caffeine (1:1), 3. acetylsalicylic 

acid:caffeine (1:1), 4. naproxen:caffeine (1:1), 5. acetaminophen:ibuprofen (1:3), 6. 

sorbitol:lidocaine (1:3), 7. sorbitol:ibuprofen (1:3), 8. acetylsalicylic acid:ibuprofen (1:3).  
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 Within the Fundamental Skills portion of lab, students should discover that some 

techniques were better suited to determining the identity of some compounds, rather than others. 

Melting point can not be used to identify a mixture, and sorbitol does not appear under UV light 

for TLC. The NMR, particularly for the aromatic region, can be difficult for students to interpret 

for mixtures including naproxen and acetylsalicylic acid.  

 The third week of this project is the Original Investigation, each group of 4 students is 

given a new mixture composed of one of the previous four pharmaceutical compounds 

(acetaminophen, acetylsalicylic acid, naproxen, sorbitol) and one of three new compounds 

(ibuprofen, lidocaine, and naproxen) (Figure 6.2b). Standards of the new compounds were 

provided as well, and no procedure is given other than the guideline that at least three different 

techniques must be performed. In an ideal procedure, students characterize both the unknown 

mixture provided to them and the three standards using any of the four techniques to properly 

compare and contrast data. The eight unknown mixtures in Original Investigation, and the eight 

mixtures in Fundamental Skills (see appendix for list), were chosen because of their ability to 

provide confirmation of identities through TLC or IR in addition to 1H-NMR, as students should 

have multiple pieces of evidence to support their claim.  

Project #2: Nucleophile and Electrophile Choice for Substitution and Elimination Reactions   

 Project #2 focuses on the competition between substitution and elimination reactions, and 

is adapted from a previously published paper on guided inquiry experiments by Wharry.4 The 

experiments presented in this publication appealed to us for use in ADI due to the variable results 

between the difference nucleophiles (sodium ethoxide, sodium methoxide, or potassium tert-

butoxide) and electrophiles (1-bromopentane, 2-bromopentane, and 2-bromo-2-methylbutane). 

When the students design their own procedures for the Original Investigation, they can choose 
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between these different nucleophiles and electrophiles to attempt to achieve either more 

substitution or elimination, ideally designing experiments based on their conceptual understanding 

of how steric interactions influence the ratio between substitution and elimination products. This 

is a two-week project, with the first week being devoted to the Fundamental Skills section, and the 

second week for Original Investigation.  

 In Fundamental Skills, students perform a standard reaction of 2-bromopentane with 

sodium methoxide in methanol, which was reported to give a roughly equal mixture of substitution 

and elimination product. We have found that it gives slightly more substitution product (Figure 

6.2) but is nevertheless a good starting point for conceptual understanding, with a secondary alkyl 

halide and a “medium-sized” nucleophile. This reaction, which is performed at reflux  for 1 hour, 

is then extracted with methyl tert-butyl ether and saturated ammonium chloride (to remove the 

precipitated sodium bromide salt). The organic layer of the extraction is taken directly to the GC 

and analyzed.  

 During the reaction time, the students perform a brief extraction activity in order to learn 

the technique in a low-stakes environment. The students are provided a known mixture of sodium 

benzoate and acetanilide, where sodium benzoate is extracted into the aqueous layer and 

acetanilide into the organic. The solvent system of MTBE and water reflects the extraction solvents 

used in the reaction, and is confirmed by the students’ choice of either TLC or melting point.  

 In the Original Investigation, students are asked to modify the previous reaction by 

changing the nucleophile, electrophile, or both, to favor either substitution or elimination. Students 

are allowed to change experimental parameters such as time and temperature as well, but must 

confirm these changes with the laboratory instructor before proceeding. Students are only requires 
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to perform one additional reaction, but groups can perform more than one, provided that they 

budget their time efficiently.  

 For legibility of the gas chromatograph, the MTBE/alcohol peak, which consistently 

appears between the olefin and ether product, is included from the calculated ratios. In all cases, 

the alkyl halide starting material is the last significant peak to elute from the column, as confirmed 

by GC-MS and standards. (See section VIII in the appendix.)  

 
Figure 6.2. The percentages of olefin and ether products and percent conversion for the Project 

#2 reactions, calculated via GC. Abbreviations: t-BuO = sodium t-butoxide/t-butanol, MeO = 

sodium methoxide/methanol, EtO = sodium methoxide/methanol, iPrO = sodium 

isopropoxide/isopropanol, 1-Br = 1-bromopentane, 2-Br = 2-bromopentane and 2-BrMe = 2-

bromo-2-methylbutane.  

 

When attempting to replicate the results presented by Wharry,4 we discovered differences 

with our experiments that were relevant to the design of the course. We found that, generally, the 

amounts of olefin were higher than previously reported, particularly noticeable in the reactions 

with low conversion. This is likely due to the high temperature and short reaction time, which will 
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favor the elimination product. This deviation from the expected results can foster discussion 

amongst the students, but instructors should be aware of the increased difficulty of shifting the 

product ratio towards substitution rather than elimination.  

In addition, we found that the 2-methyl-2-bromobutane provided significant impurities that 

hindered interpretation of the data. As confirmed by gas chromatography, the 2-bromo-2-

methylbutane used in these experiments matched its reported 95% purity, with 1-bromopentane 

(90%) and 2-bromopentane (98%) having similar purity. The impurities in the case of 2-bromo-2-

methylbutane did not elute with the solvent and instead convoluted the GC spectra to the point 

where the students were unable to determine the substitution product and starting material peaks, 

even when provided with standard GC spectra. We considered the hypothesis that the 2-bromo-2-

methylbutane was breaking down inside the column or at the injection site due to the heat, but 

similar results were obtained even with a room temperature injection port and minimal heating.  

Isopropoxide, as seen in Figure 6.2, has been incorporated into this project as a fourth 

nucleophile, outside the scope of the Wharry paper.4 This, along with the continued optimization 

of Project #2 to find a reliable third electrophile for the Original Investigation to replace the 2-

bromo-2-methylbutane, adds to the choices the students can make when designing their own 

unique procedure.  

Project #3: Recrystallization of an Epoxidation Product  

 The third project focuses on recrystallization, a technique not introduced yet into the 

course. We have found, anecdotally, that the concepts that underly recrystallization are often lost 

due to the complexity of the technique itself. This project spans three weeks, with one Fundamental 

Skills week being devoted to a recrystallization workshop. The second week of Fundamental Skills 

focuses on the epoxidation of trans-stilbene to achieve and impure product and characterizing that 
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crude product. The Original Investigation allows the student to design their own recrystallization 

procedure based on the ones presented in the recrystallization workshop, or try a new procedure 

with any combination of common organic solvents.  

 The recrystallization workshop in the first week of Project #3 presents each group of 

students a known impure mixture where the major component is trans-stilbene. Each group of 4 

students will attempt three different recrystallization techniques, which differ by solvent: 1) single 

solvent with isopropanol; 2) dual solvent with toluene/ethanol; and 3) dual solvent with 

ethanol/water.  The expected results of these three recrystallization should favor the ethanol/water 

system; isopropanol alone gives a lower percent recovery (due to difficulties in determining the 

saturation point) and toluene/ethanol gives a high percent recovery, but an impure product (due to 

the similar solubility of both components in toluene).  

The recrystallization workshop has been tested with the minor compound as either biphenyl 

or cis-stilbene and works well. We recommend biphenyl as the minor components as the mixture 

of cis- and trans-stilbene results in a rather “goopy” mixture with a melting point very close to 

room temperature. After recrystallization with any of three options, a more solid product is 

obtained, but this can make the technique more difficult for some students. In addition, biphenyl 

is significantly cheaper than cis-stilbene, and therefore might be preferred for classes with large 

enrollments.  

The second week of Fundamental Skills focuses on the students obtaining the crude 

epoxidation product. Trans-stilbene can be easily epoxidized through the use of mCPBA but we 

shied away from this route due to the dangers of this highly reactive oxidant.5 When looking for 

alternative green procedures, we came across the Course-based Undergraduate Research 

Experience by Wilczek et. al.6, adapting the procedure reported by Limnios and Kokotos.7 This 
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procedure reports a 70% conversion for unactivated alkenes such as trans-stilbene through the use 

of hydrogen peroxide and 2,2,2-trifluoroacetophenone as a catalyst, and this was ideal for our 

purposes. As the Original Investigation focuses on recrystallizing an impure product, we sought a 

procedure that results in incomplete conversion, resulting in a crude product that is a mix of trans-

stilbene and trans-stilbene oxide. During this experiment, extraction must be performed as part of 

the workup, and TLC and melting point are used to characterize the crude product, incorporating 

the previously learned techniques.  

The Original Investigation results in students designing their own recrystallization 

procedure for their crude product. The only guidance given in the Original Investigation is that 

each group of 4 must try at least two different recrystallizations, in order to answer the guiding 

question to determine what recrystallization procedure is preferred and why. Many of the students 

in the beta-testing course used the solvent systems presented in the recrystallization workshop. 

The toluene/ethanol solvent system is particularly unsuited to the crude product, as it has high 

solubility at both low and high temperatures. Students also have the option to try different solvent 

systems or use different temperatures instead of the procedures given; we anticipate this will be 

less common than using those presented in the recrystallization workshop, but students should be 

made aware that it is an option.  

Although the green oxidation procedure with 2,2,2-trifluoroacetophenone as a catalyst was 

designed to give an impure product, the beta-testing class had difficulty obtaining the epoxide as 

the major product, which resulted in the students obtaining a “major product” of their starting 

material and recrystallizing trans-stilbene during their Original Investigation. We decided to 

transition to a different green procedure presented by Broshears et. al. using the salt Oxone as the 

oxidizing agent,8 which we hope will give the students a major product of trans-stilbene oxide.  
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ARGUMENTATION ANALYSIS  

 At the end of each Original Investigation, there is an argumentation session, where the 

students discuss and debate their results in a “poster session.” Engaging in active debate and 

discussion is a necessary part of science and is an essential part of the ADI curriculum. In order to 

evaluate our new curriculum to see if it met the standards of ADI, we evaluated the argumentation 

through the use of the Assessment of Scientific Argumentation in the Classroom (ASAC) protocol.  

 The ASAC protocol was first introduced by Sampson et. al. in 2012 to address the lack of 

a protocol targeted specifically at the cognitive, epistemic, and social aspects of scientific 

argumentation.9 This observation protocol has been adapted to analyze argumentation sessions in 

ADI classrooms in several studies.10–13 This tool, being designed to analyze the nature and quality 

of student argumentation, was uniquely suited to assist us in determining the level of argumentation 

achieved by the beta-testing class. For analysis, we used a modified version of the ASAC protocol, 

used by Hosbein et. al.,12 with 18 possible points in each of the categories (cognitive, epistemic 

and social) for a total of 54 possible points (see appendix section IV for the completely protocol).  

 The beta-testers were a group of 12 undergraduates who participated in a mock course and 

provided feedback on assignments and experiments. They performed the course as written and 

participated in the argumentation session, which was recorded and then transcribed. The beta-

testing students were in their third and fourth year, have all taken the organic chemistry laboratory 

series and were all STEM majors. Therefore, the argumentation data comes from a more 

experienced group of students than would be present in a classroom and is skewed by this. As well, 

due to the small size of the beta-testing class, there is not a significant sample size to draw any 

statistical conclusion from this data. However, in these preliminary results, we can compare to the 
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existing studies that have used the ASAC protocol to evaluate argumentation and determine if the 

argumentation demonstrated by the beta-testing class is comparable to other undergraduate scores.  

 Sampson et. al. and Hosbein et. al. reported a cumulative ASAC score between 18 to 35 

points for their undergraduate participants, fluctuating over the course of a semester.9,12 As seen in 

Figure 6.3, the ASAC scores achieved by the beta-testing course easily match this standard set by 

previous studies. 

 
Figure 6.3. ASAC observation scores for the argumentation sessions in the beta-testing course.  

 There are a few caveats for this comparison, as mentioned previously. The students are 

more experienced than the normal demographic of second-year organic chemistry students, and 

the two studies cited for comparison are based on general chemistry students, who are often 

freshman and have little lab experience. Nevertheless, we consider these preliminary results 

promising, as it indicates the experiments have enough intentional variability to support robust 

argumentation. When these experiments are implemented into an active course, we hope to analyze 
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the argumentation sessions of the students to obtain statistically significant data to guide future 

curriculum.  

CONCLUSIONS AND FUTURE DIRECTIONS  

 These experiments consist of the first Argument-Driven Inquiry experiments designed for 

the organic chemistry laboratory series, to our knowledge. These experiments incorporate the main 

techniques of organic chemistry, as well as introducing introductory chemical concepts such as 

competition between substitution and elimination. These three projects were designed to give 

variable results that would allow for robust discussion. The beta-testing course demonstrated that 

the argumentation was comparable to other undergraduate ADI courses presented in the literature. 

We hope that this curriculum will be used at both UCI and other institutions to bring authentic 

inquiry into the undergraduate organic laboratory.  

 These experiments are still being tweaked before their first implementation at UCI in the 

summer of 2024, with small procedural changes such as those mentioned in the Projects section. 

The second ADI Organic Chemistry laboratory, OCL-II, is also in development, and will be 

implemented in Fall 2024. During these courses, the argumentation will be recorded and analyzed 

as it was presented herein, and student surveys will be gathered in order to evaluate student 

response to the new curriculum.  
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APPENDIX  

I.  IRB Statement  

This study was approved by the University of California, Irvine, Institutional Review 

Board as exempt (IRB 2024-4482) including FERPA compliance. 
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II. Student Lab Manuals  

a. Project #1 Student Lab Manual  

Project 1: Identity and Purity of Pharmaceutical 

Mixtures 
 

 WHO USED THIS 

CHEMISTRY?  

In the 1950s and 1960s, there was a famous and 

controversial “miracle cure” for cancer: Krebiozen. 

Created by Stevan Durovic and Andrew C. Ivy, they 

distilled this white powder from the blood serum of 

horses who had spontaneously recovered from tumors.  

 

Although there were claims of curing patients of cancer 

in 20 out of 22 cases, the scientific community looked at 

it with skepticism: no double-blind trials had been performed and most importantly, no one truly 

knew what Krebiozen was.  

 

This is where Alma Levant Hayden and her team came in. Hayden was the one of the first 

Black female scientists to be employed at the National Institutes of Heath and then the Food and 

Drug Administration, and in 1963, Hayden was asked to discover what Krebiozen actually was. 

She acquired a tiny vial of the mystery substance – so little that federal researchers were 

concerned it couldn’t be tested.  

 

By taking a microgram amount of Krebiozen in a potassium bromide solution, Hayden ran a 

series of infrared spectroscopy experiments of both Krebiozen and standard compounds, 

comparing the fingerprint data of the unknown compound to the standards. 

 

The “miracle cure” for cancer ended up being creatine, an amino acid derivative readily available 

in a diet that includes meat, and a compound that could be made cheaply by chemical retailers.  

 

By using identification techniques, such as the ones that you will be performing in this 

experiment, Hayden was able to discover the identity of an unknown substance and determine 

that the proposed cure was fraudulent.  
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INTRODUCTION TO ARGUMENT-DRIVEN INQUIRY  

In CHEM 51LB, you and your classmates will use Argument-Driven Inquiry to answer a series 

of Guiding Questions in multi-week projects. Each project will have two parts: Fundamental 

Skills and Original Investigation. 

 

You will be introduced to Fundamental Skills (basic skills that will help you complete the 

Original Investigation) in the first part of each project.  During the second part of each project, 

you and your team will use what you’ve learned during the Fundamental Skills section to create 

a unique plan to tackle an experimental question (Original Investigation). At the end of the 

Original Investigation, you and your team will create a “poster” on the benchtop in the lab. The 

poster should contain the following sections: 

Guiding Question(s): given in each project   

Claim: the answer to the guiding question 

Evidence: neatly and concisely arranged data and/or results tables 

Justification: an explanation using scientific theories or laws that ties together the 

evidence and the claim 

 

During the Argumentation (or poster session), one team member serves as the “spokesperson” - 

staying with the poster to answer questions from your peers. The rest of the team are “travelers” 

who will visit other posters and engage in discussion to challenge the other teams’ reasoning and 

reevaluate their own. The discoveries made during the argumentation process are pivotal to 

answering these three fundamental questions in your Lab Report: 

1) What concept(s) were you investigating and how are they related to the guiding question(s)?  

2) How did you go about your work and why? If you found value in another team’s evidence 

collection or justification, contrast it with the work your team did. 

3) What is your argument? (In other words, use the evidence you collected to justify your claim.) 

Indicate if/how your argument was altered by the poster session. 

WEEK 1 

Fundamental Skills 1: Infrared and NMR Spectroscopy 
Adapted from Prof. William Howitz, Georgia Institute of Technology 

 

EXPERIMENT LEARNING OBJECTIVES: 

After completing this experiment, you should be able to: 

• Identify key signals present in IR spectra and assign them to specific functional groups 

present in the sample compound(s). 
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• Identify key signals absent in IR spectra and assign them to specific functional groups not 

present in the sample compound(s). 

• Use chemical shift, integration, and splitting (multiplicity) information in 1H NMR 

spectra to identify fragments of the structure of the sample compound(s). 

• Use fragments of structures identified from 1H NMR spectra data to construct the 

structure(s) of the sample compound(s). 

• Identify whether a sample contains one or more than one compound based on 1H NMR 

data. 

• Use collected IR and 1H NMR spectra data as evidence to support claims about the 

structure(s) of the sample compound(s). 

 

REACTIONS: None 

TECHNIQUES: IR Spectroscopy, 1H NMR Spectroscopy 

 

Infrared (IR) and nuclear magnetic resonance (NMR) spectroscopy are two of the most powerful 

tools chemists use to determine the structures of compounds. In this experiment you will determine 

the structures of the unknowns (may be mixtures or pure substances) using IR and NMR spectra. 

We will revisit the same unknowns in the second part of this project later in your next lab period. 

READING ASSIGNMENT: 

• NEW MATERIAL 

• NMR spectroscopy of mixtures - Don’t worry much about the exact ratios of 

compounds. Just focus on clues that a spectrum might contain more than one 

compound.  

• Sections 1.2.1 and 5.3.7 from Laboratory Safety for Chemistry Students 

• REVIEW (these are topics you have seen before but might need to review) 

Spectroscopy Introduction, Infrared Spectroscopy, and NMR 

• IR Spectroscopy Overview 

• How and FTIR Spectrometer Operates 

• Identifying the Presence of Particular Groups 

• IR: Application 

• IR: Interpretation 

• IR: Theory                                                      

• Interpreting IR Spectra 

• IR Spectroscopy Background 

• NMR: Overview  

• NMR: Background and Physics 

• NMR: Introduction 

• NMR: Structural Assignment 

• NMR: Experimental 

• NMR: Theory  

• Supplementary info can be found in Janice Gorzynski Smith (3rd, 4th ed, or 5th ed), Ch 13.5-

13.8, Ch 14  

• Watch lecture videos on Canvas! 

https://chem.libretexts.org/Bookshelves/Physical_and_Theoretical_Chemistry_Textbook_Maps/Supplemental_Modules_(Physical_and_Theoretical_Chemistry)/Spectroscopy/Magnetic_Resonance_Spectroscopies/Nuclear_Magnetic_Resonance/NMR%3A_Experimental/NMR_Spectroscopy_in_Lab%3A_Complications
http://www.uci.eblib.com/patron/FullRecord.aspx?p=4462550
https://chem.libretexts.org/Bookshelves/Physical_and_Theoretical_Chemistry_Textbook_Maps/Supplemental_Modules_(Physical_and_Theoretical_Chemistry)/Spectroscopy/Vibrational_Spectroscopy/Infrared_Spectroscopy
https://chem.libretexts.org/Bookshelves/Physical_and_Theoretical_Chemistry_Textbook_Maps/Supplemental_Modules_(Physical_and_Theoretical_Chemistry)/Spectroscopy/Vibrational_Spectroscopy/Infrared_Spectroscopy/How_an_FTIR_Spectrometer_Operates
https://chem.libretexts.org/Bookshelves/Physical_and_Theoretical_Chemistry_Textbook_Maps/Supplemental_Modules_(Physical_and_Theoretical_Chemistry)/Spectroscopy/Vibrational_Spectroscopy/Infrared_Spectroscopy/Identifying_the_Presence_of_Particular_Groups
https://chem.libretexts.org/Bookshelves/Physical_and_Theoretical_Chemistry_Textbook_Maps/Supplemental_Modules_(Physical_and_Theoretical_Chemistry)/Spectroscopy/Vibrational_Spectroscopy/Infrared_Spectroscopy/Infrared%3A_Application
https://chem.libretexts.org/Bookshelves/Physical_and_Theoretical_Chemistry_Textbook_Maps/Supplemental_Modules_(Physical_and_Theoretical_Chemistry)/Spectroscopy/Vibrational_Spectroscopy/Infrared_Spectroscopy/Infrared%3A_Interpretation
https://chem.libretexts.org/Bookshelves/Physical_and_Theoretical_Chemistry_Textbook_Maps/Supplemental_Modules_(Physical_and_Theoretical_Chemistry)/Spectroscopy/Vibrational_Spectroscopy/Infrared_Spectroscopy/Infrared%3A_Theory
https://chem.libretexts.org/Bookshelves/Physical_and_Theoretical_Chemistry_Textbook_Maps/Supplemental_Modules_(Physical_and_Theoretical_Chemistry)/Spectroscopy/Vibrational_Spectroscopy/Infrared_Spectroscopy/Interpreting_Infrared_Spectra
https://chem.libretexts.org/Bookshelves/Physical_and_Theoretical_Chemistry_Textbook_Maps/Supplemental_Modules_(Physical_and_Theoretical_Chemistry)/Spectroscopy/Vibrational_Spectroscopy/Infrared_Spectroscopy/IR_Spectroscopy_Background
https://chem.libretexts.org/Bookshelves/Physical_and_Theoretical_Chemistry_Textbook_Maps/Supplemental_Modules_(Physical_and_Theoretical_Chemistry)/Spectroscopy/Magnetic_Resonance_Spectroscopies/Nuclear_Magnetic_Resonance
https://chem.libretexts.org/Bookshelves/Physical_and_Theoretical_Chemistry_Textbook_Maps/Supplemental_Modules_(Physical_and_Theoretical_Chemistry)/Spectroscopy/Magnetic_Resonance_Spectroscopies/Nuclear_Magnetic_Resonance/NMR%3A_Background_Physics_and_Mathematics
https://chem.libretexts.org/Bookshelves/Physical_and_Theoretical_Chemistry_Textbook_Maps/Supplemental_Modules_(Physical_and_Theoretical_Chemistry)/Spectroscopy/Magnetic_Resonance_Spectroscopies/Nuclear_Magnetic_Resonance/Nuclear_Magnetic_Resonance_II
https://chem.libretexts.org/Bookshelves/Physical_and_Theoretical_Chemistry_Textbook_Maps/Supplemental_Modules_(Physical_and_Theoretical_Chemistry)/Spectroscopy/Magnetic_Resonance_Spectroscopies/Nuclear_Magnetic_Resonance/NMR%3A_Structural_Assignment
https://chem.libretexts.org/Bookshelves/Physical_and_Theoretical_Chemistry_Textbook_Maps/Supplemental_Modules_(Physical_and_Theoretical_Chemistry)/Spectroscopy/Magnetic_Resonance_Spectroscopies/Nuclear_Magnetic_Resonance/NMR%3A_Experimental
https://chem.libretexts.org/Bookshelves/Physical_and_Theoretical_Chemistry_Textbook_Maps/Supplemental_Modules_(Physical_and_Theoretical_Chemistry)/Spectroscopy/Magnetic_Resonance_Spectroscopies/Nuclear_Magnetic_Resonance/NMR%3A_Theory
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 PRE-LAB ASSIGNMENT: 

• Complete all portions of pre-lab ELN work according to guidelines 

o Objective 

o GHS table 

• Locate the SDS files for the following compounds and add them to the SDS folder in 

your notebook. 

o naproxen 

o acetaminophen 

o acetylsalicylic acid 

o sorbitol 

• Add the chemical structures of the following compounds to your notebook. 

o naproxen 

o acetaminophen 

o acetylsalicylic acid 

o sorbitol 

• Look at the literature IR and NMR spectra for naproxen, acetaminophen, acetylsalicylic 

acid, and sorbitol. You can find the spectra in a folder labeled "Literature IR and NMR 

spectra" in your ELN. 

• Video Quiz(zes) on Canvas 

 IMPORTANT SAFETY INFORMATION 
• Naproxen, acetaminophen, acetylsalicylic acid, and sorbitol are all nontoxic 

• Dichloromethane is toxic, a carcinogen, an irritant, can be absorbed through the skin, and 

harmful if swallowed. Wear gloves and wash your hands thoroughly after handling it. 

Avoid contact with skin and eyes. Dichloromethane is a suspected carcinogen when inhaled 

in large quantities. 

 IN-LAB ASSIGNMENT: 

Jamboard 

At the beginning of your lab period, work with your partner(s) to complete the Jamboard Activity 

assignment linked in your LabArchives (ELN) page (also linked on the Canvas Week 1 Roadmap page). 

Insert screenshots of your team's answers where indicated. 
 

GUIDING QUESTIONS 
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For this experiment, you will be looking to answer the following question, and it should guide 

your experiments:  

 

Fundamental Skills 1 Guiding Question(s): How can you determine the identity of each pure 

substance through the use of 1H NMR and IR spectroscopy? How can you recognize that a given 

sample  is a mixture containing more than one substance using 1H NMR and IR spectroscopy?  

 EXPERIMENTAL PROCEDURE 

Unknown Groups 

You will work in a team of 4 during this lab period. Your TA will help coordinate unknown teams in your 

section. Your team will be tasked with identifying the identities of the compounds present in each of 3 

unknown solid samples. In this lab period, you will use 1H NMR and IR spectroscopy to accomplish your 

goal. Pure compound IR and 1H NMR spectra will be provided. 1H NMR spectra of the unknowns will be 

provided. Your team will take IR spectra.  
 

 

  

1. Become an expert on one of the pure compound’s 1H NMR and IR spectra. 

In your unknowns team, decide which compound each teammate will be responsible for.  

 

  

Teammate Expert Compound 
 

acetaminophen 
 

naproxen 
 

acetylsalicylic acid 
 

sorbitol 

 

Find the experts in your compound from each of the other unknowns teams in your section. 

Work with your fellow experts (~30 minutes) to analyze the provided 1H NMR and IR 

spectra for your pure compound. Fill in the “expert known compound” tables in the IR & 

NMR Worksheets (see ELN). Your goal is to know the spectra for your expert compound 

well enough to be able to explain it to the other members of your unknowns team and help 

identify the compound if it appears as one of your unknowns. 

 

 

Compound/Mixture IR Spectra NMR Spectra 
Unknown mixtures Students perform  GIVEN 
Pure compound standards GIVEN - See ELN GIVEN - See ELN 
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2. Obtain IR Spectra for your Unknown Compounds 

Return to your unknowns team. Your team will receive a set of Eppendorf tubes containing 

a small amount of each of your unknowns. Each team member will obtain an infrared 

spectrum for an unknown, and make copies for your teammates. Your TA will help you 

with the IR instrument. How might you identify the compounds in your unknown by IR 

spectroscopy? By NMR spectroscopy? 

General Steps for Obtaining an IR Spectrum 

(See Instrument Instructions in Lab Archives or on Canvas for an idea of how the program works. 

Your TA will help you!) 
• Ensure the ATR stage is clean prior to use 

• If not clean, squirt a small amount of the provided methanol (in the squirt bottle) onto a 

KimWipe and gently wipe the stage clean 

• Follow the instructions provided on instrument use  

o Starting by taking a blank 

o Then collect a spectrum of your sample 

• Clean the sample off the stage using a dry KimWipe 

• Remove any remaining chemical residue by squirting some methanol on a KimWipe and 

then gently wipe the stage down thoroughly 

3. Identify the Functional Groups in Your Unknowns:  

With your unknowns team, determine the wavenumber of important absorption bands for 

each unknown from its spectrum. Keep in mind that each unknown is  a mixture of two 

compounds. Interpret the infrared spectra to determine what kind of bond or group is 

responsible for each significant IR band. Use the IR Functional Groups and Frequencies 

Chart from your lecture textbook and/or the abbreviated table in the pre-lab video to make 

these determinations. 

 

Fill in the IR portion of your worksheet for each of your unknowns. Narrow down the 

possibilities for compounds that could be in the unknown as much as possible. Remember 

that each unknown is a mixture of two standard compounds. 

 

REMEMBER TO PUT YOUR UNKNOWN NUMBER AND LETTER ON YOUR 

WORKSHEET. 

4. Use NMR Spectra to Identify Pieces of Your Unknown:  

For each unknown, fill out the NMR table in the worksheet provided in your ELN. Note 

that although there is a 13C column, there will be no 13C spectra provided in this lab so you 

may ignore that column in the worksheet. That column is there, however, if you want to 

use the worksheet as you practice NMR problems in the future as you will be expected to 

be able to interpret 13C NMR for the lab practical at the end of the quarter. 

 

IMPORTANT NOTES TO CONSIDER WHEN ANALYZING REAL NMR SPECTRUM: 

• Broad carboxylic acid peaks: Hydrogen-containing groups that can participate in hydrogen 

bonding (such as carboxylic acids, amines, and alcohols) can appear as very broad peaks 
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in the NMR spectrum. Sometimes these peaks are so broad that they don’t even look like 

“peaks” anymore, but if you integrate underneath them, you can still tell that there is a 

hydrogen there. 

• CDCl3 vs. DMSO-d6: The most common solvent to use for NMR samples is deuterated 

chloroform (CDCl3), but another common solvent is deuterated dimethyl sulfoxide 

(DMSO-d6). In CDCl3, hydrogens on heteroatoms (e.g., -OH, -NH2, etc.) do not participate 

in splitting (they almost always appear as singlets). However, in DMSO-d6, hydrogen atoms 

on heteroatoms can split and be split by their neighbors. 

 

REMEMBER TO PUT YOUR UNKNOWN NUMBER AND LETTER ON YOUR 

WORKSHEET. 

4. Use IR and NMR to Determine Unknown Identity 

Use the information from your IR and NMR tables to determine the identity of the 

compound(s) in each of your unknowns. Draw the structures of the two compounds. Fill 

out your justification. Include any key evidence you used to determine whether you 

unknown contains one or two compounds and what key features in the IR and NMR spectra 

support your claims. 

 

TURNING IN YOUR ELN ASSIGNMENT 
• This assignment is due the day following your lab section day. 

• Instructions and a rubric for your ELN assignment can be found on Canvas. See the Weekly 

Roadmap for this week. 

• Include your IR and NMR worksheets with your ELN assignment on Gradescope. Save as a pdf 

and submit. They do not have to be 100% complete and correct yet. We will be looking for clear 

good faith efforts to complete them. Mistakes and/or notes about what you’ve narrowed down so 

far are fine. 

 

 

WEEK 2 

Fundamental Skills 2: Melting Range and TLC Analysis 
Adapted from Prof. William Howitz, Georgia Institute of Technology 

EXPERIMENT LEARNING OBJECTIVES: 

After completing this experiment, you should be able to: 

• Use melting range data to determine whether a sample is a pure substance or a mixture, 

within the inherent limits of the technique. 
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• Experimentally determine an appropriate eluting solvent mixture for TLC of a set of 

samples. 

• Use TLC data to determine whether a sample is a pure substance or a mixture, within the 

inherent limits of the technique. 

• Experimentally identify at least one scenario in which melting range and TLC could 

provide conflicting experimental evidence about whether a sample is a pure substance or 

a mixture and explain this conflict. 

• Use TLC data to determine the identity of the component(s) of a sample, within the 

inherent limits of the technique. 

• Explain when data from each technique (melting range and TLC) can be used to identify 

the component(s) of a sample conclusively and when the data cannot be used 

conclusively. 

 READING ASSIGNMENT: 

o Organic Chemistry Lab Techniques textbook (Nichols) for TLC and melting point 

o Laboratory Safety for Chemistry Students 

▪ Sections 4.1.3, 7.3.1 (focus on heating and chromatography sections), 

8.1.1, 8.2.2 

 PRE-LAB ASSIGNMENT: 

1. Complete video quizzes on Canvas 

2. Achieve assignment 

3. Complete all portions of pre-lab notebook work according to guidelines 

 

 IMPORTANT SAFETY INFORMATION: 

• Hexanes is volatile, flammable, and a neurotoxin. Avoid contact with skin and eyes. Use 

in the fume hood only. Avoid breathing fumes. 

• Ethyl acetate, methanol, and acetone are flammable. Inhalation of vapors can be 

toxic. Work in the fume hood and keep away from sparks or flames. 

• Naproxen, acetaminophen, acetylsalicylic acid, and sorbitol are all nontoxic. 

 

 IN-LAB ASSIGNMENT: 

https://chem.libretexts.org/Bookshelves/Organic_Chemistry/Organic_Chemistry_Lab_Techniques_(Nichols)
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Jamboard 

At the beginning of your lab period, work with your partner(s) to complete the Jamboard Activity 

assignment linked in your LabArchives (ELN) page (also linked on the Canvas Week 2 Roadmap page). 

Insert screenshots of your team's answers where indicated. 

 

GUIDING QUESTION 

For this experiment, you will be looking to answer the following question, and it should guide 

your experiments:  

 

Fundamental Skills 2 Guiding Question: How can you determine the identity of each mixture 

through the use of melting point and TLC?  

  EXPERIMENTAL PROCEDURE: 

Note: Your TA will assign you to either perform Melting Point Analysis or Thin 

Layer Chromatography first. Halfway through the lab period, each group will swap 

and perform the other technique. 

Melting Point Analysis: 

Note that you will be performing this procedure for each of your unknowns A, B, and C. 

 

Take a piece of weigh paper and fold it in half along the diagonal. Place the folded weigh paper 

onto the analytical balance and tare the balance. What does it mean to “tare” the balance? Measure 

out ~50 mg of your unknown A onto the weigh paper. The exact amount does not matter, but be 

sure to record the exact reading from the balance. Make sure you label which sample is which on 

your piece of weigh paper! 

 

Take a melting point capillary tube and press the open end into your mixture on the weigh paper. 

You are aiming to get enough mixture into the tube to fill it ~3 mm high. When you think you have 

enough, invert the tube and place it into the tube tapper slot on the Digimelt. Press and hold the 

tube tapper button until the sample falls to the bottom of the capillary tube. 

 

Repeat the above procedure for unknown B and C. 

 

Place the capillary tube containing A into the leftmost opening at the top of the Digimelt, then 

place B in the middle and C on the right. Set the start temperature on the Digimelt to 115 oC, the 

end temperature to 175 oC, and the ramp rate to 2 oC/min. Why is this an appropriate ramp rate? 

What would happen to the observed melting range if you increased the ramp rate? Follow the 

instructions on the front of the Digimelt (or the Quick Start Guide on Canvas) to begin 
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preheating the instrument and ramping the temperature at the ramp rate. Observe the samples 

carefully during the ramp and record the temperature at which the first bit of liquid appears in each 

tube and the temperature at which the solid in each tube has completely become liquid. 

Thin Layer Chromatography: 

Note that you will be performing this procedure for each of your unknowns A, B, and C. 

 

Preparing your TLC samples 

 

Transfer ~30 mg of your unknown A to an appropriately labeled test tube. Add 1 mL of methanol 

to the test tube to dissolve the sample. Repeat for unknowns B and C, making sure each test tube 

is clearly labeled. Prepare 10 mL of a 1:1 hexanes:ethyl acetate solvent mixture by measuring 5 

mL of hexanes and mixing it with 5 mL of ethyl acetate. Add the solvent mixture to a TLC 

chamber. Place a piece of filter paper inside the chamber against the side and let the solvent mixture 

contact the filter paper. What is the purpose of the filter paper? Cover the chamber. Why is it 

important to cover the chamber? Prepare your TLC plate by drawing a horizontal line (baseline) 

in pencil above the bottom of the plate that is higher than the height of the solvent in the TLC 

chamber. Why must the solvent be below the baseline? Make three tick marks along the baseline 

where you will spot your unknowns A, B, and C. Label the marks. 

 

Preparing and analyzing your first TLC plate 

 

Dip a TLC spotter into your sample A, then spot it on the left tick mark by gently touching the end 

of the spotter to the TLC plate. Repeat for your samples B (middle tick mark) and C (right tick 

mark), using a clean spotter each time. To clean a TLC spotter, dip it into a small amount of 

acetone, then “spot” on a paper towel until the liquid is gone. Repeat two more times. Why should 

you clean the spotter between each sample? After spotting all three mixtures, but before putting 

the TLC plate into the chamber, check your TLC plate under the UV lamp. If you don’t see 

anything on the baseline for a particular spot, it may mean that your sample is too dilute and you 

need to re-spot it. 

 

Once your TLC plate is prepared, gently lower it into the TLC chamber with the baseline end down 

using tweezers. Cover the chamber. Allow the plate to develop until the solvent front is about 1 

cm from the top (or until it stops moving up the plate). Once the plate has finished developing, 

carefully remove the TLC plate from the chamber. Quickly mark the solvent front, then look at the 

TLC plate under a UV lamp. Why do you need to mark the solvent front quickly? Circle any spots 

you see. 

 

To calculate the retention factor (Rf), for each spot on the TLC plate, measure the distance between 

the baseline and the center of the spot and divide this by the distance between the baseline and the 

solvent front. Take a picture of your TLC plate and add it to your ELN. 

 

If the Rf value for any of your samples is very high or very low (i.e., the spot is very close to the 

bottom or top of the plate), you are probably not able to observe clear separation between 

compounds with different Rfs in a mixture. Determine whether the Rf values of the spots in any of 

the lanes on this TLC plate fall within the range where you can accurately determine differences 
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in Rf. How does changing the solvent mixture affect the Rf values of the compounds on the TLC 

plate? Create a new solvent mixture based on your previous results. 

 

Preparing and analyzing a co-spotted TLC plate 

 

Determine which of the lanes (A, B, or C) from your first TLC plate would most benefit from 

being re-run in this new and improved solvent system. You are going to prepare a new TLC plate 

with what is called a “co-spot.” Prepare a TLC plate with three tick marks as before. Label the left 

lane with the unknown letter you are re-running, label the middle lane “CS” (for “co-spot”), and 

label the right lane “H” (for “hypothesis”). Spot the unknown that you are re-running in both the 

left and middle lanes. Make a hypothesis as to the identity of this unknown. Make a TLC sample 

of your hypothesis (if you hypothesize that this unknown is a mixture, make a mixture using a 

small amount of the two pure components). Using a clean TLC spotter, spot your hypothesis 

sample in both the middle and right lanes. Run and analyze the TLC plate as before. After 

analyzing this new TLC plate, you should be able to answer the following question: What is a “co-

spot,” and what is it used for? 

 

If you would like to re-run any of your unknowns in a new solvent system, you may follow the 

above instructions in order to do so. 

Clean-Up: 

1. Non-halogenated organic waste 

a. Hexanes 

b. Ethyl acetate 

c. Acetone 

d. Methanol 

e. Mixture samples  

2. Solid waste 

a. TLC plates 

3. Broken glass container 

a. Used glass pipettes  

b. Used TLC spotters  

c. Used melting point capillary tubes 

4. Trash can 

a. Used paper towels 

b. Weigh paper that is free of solid chemicals 

c. Used filter paper (the residual solvent is minimal and will evaporate rapidly) 

 

Clean the glassware following the procedure below: 

• Rinse the glassware with a small amount of acetone and dispose of it in the non-

halogenated organic waste container. 

• Wash the glassware with soap and water using a glassware cleaning brush.  

• Rinse the glassware using DI water. 

• Rinse the glassware with acetone to dry it and dispose of the acetone rinse in the non-

halogenated organic waste container. 
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FINALIZE YOUR PLAN FOR ORIGINAL INVESTIGATION  

Next week will be the Original Investigation, where you will need to answer the Original 

Investigation Guiding Question through the skills you’ve learned in the first two weeks of this 

project.  

 

In the Original Investigation, you will be provided an unknown mixture or pure substance that 

could contain one of the four chemicals you have previously analyzed in Fundamental Skills 

(naproxen, acetylsalicylic acid, sorbitol, acetaminophen) or three new pharmaceutical 

compounds (ibuprofen, caffeine, lidocaine).  

 

For this project, you will need at least 3 different pieces of evidence to reach a conclusion. 

You can use any of the four techniques in Fundamental Skills (TLC, melting point, IR or H 

NMR*) to answer the question. 

 

*H NMR of the pure substances and mixtures will be provided by your TA if asked.  

 

With your group, write a detailed procedure for how you will answer the following Guiding 

Question:  

 

 

Original Investigation Guiding Question: What is the identity of each compound in 

the unknown substance or mixture? How did you conclusively determine their identity 

or identities?  

WEEK 3 

Original Investigation: Determination of an Unknown 

Pharmaceutical Mixture 
 

In the Original Investigation, you will use the skills you’ve previously learned to answer the 

Guiding Question. No procedure is explicitly provided, but you should have created one with 

your group.  

 PRE-LAB ASSIGNMENT:  

1. Write a procedure for your Original Investigation with your group.  
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2. In addition to the four previous pharmaceutical compounds, make sure you include the 

SDS and safety information for the three other possible unknown compounds:  

o Ibuprofen  

o Caffeine  

o Lidocaine  

3. Complete all pre-lab portions of your lab notebook according to guidelines.  

 

  PRELIMINARY DATA COLLECTION 

You will be provided an unknown mixture that could contain one of the four chemicals you have 

previously analyzed in Fundamental Skills (naproxen, acetylsalicylic acid, sorbitol, 

acetaminophen) or three new pharmaceutical compounds (ibuprofen, caffeine, lidocaine).  

 

For this Original Investigation, you will need at least 3 different pieces of evidence to reach 

a conclusion. You can use any of the four techniques in Fundamental Skills (TLC, melting point, 

IR or H NMR*) to answer the question. 

 

*H NMR of the pure substances and mixtures will be provided by your TA if asked.  

 

As a team, proceed with the plan you’ve previously created with your group to answer the 

Original Investigation Guiding Question.  

 

Original Investigation Guiding Question: What is the identity of the compounds in 

the unknown mixture? How did you conclusively determine the identity?  

 

 

 ARGUMENTATION (POSTER SESSION) 

Once your preliminary data collection and analysis are complete, create a “poster” on the 

benchtop containing the following four sections: 

• Guiding Question: Restate the Original Investigation Guiding Question. Do not feel that 

you have to write it word-for-word as it appears earlier in this document.   

• Claim: Answer to the Original Investigation Guiding Question. 

• Evidence: Use the answer to Guiding Questions from the Fundamental Skills section and 

decide, as a team, how the information found in the Original Investigation should be 

presented as concisely as possible.  

• Justification: How does the evidence you included support your claim? What assumptions 

made or scientific theories/laws were invoked during data analysis and interpretation? 

• Comments:  The team leader should take down important ideas gained from other teams 

during the poster presentation. 

 

You and your team will then compare and contrast your results with your peers during the poster 

session. Nominate one team member to be your “spokesperson” who will stay with the poster and 
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answer any questions from your labmates. The rest of the team will be “travelers” who will go to 

other posters and engage in discussion about data collection and interpretation. The goal during 

this session, this argumentation, is to challenge your peers’ reasoning and reevaluate your own. 

Spokespersons and travelers should discuss the claim using the evidence to justify their own point 

of view, and adjust their conclusions as necessary.  

 

As you discuss with other groups, make sure to fill out the Argumentation worksheet and attach it 

to your ELN!  

 

At the end of the poster session, your team should hold a short discussion to re-evaluate your 

claim based on what they have learned during the poster session. You can change or adjust 

your claim after the poster session.  

 

  CONFIRMATORY DATA COLLECTION 

 

After argumentation, collect another piece of evidence that supports your claim (i.e. an additional 

TLC, an additional mixed melting point, etc.).  

 

If your claim changed, obtain an additional piece of evidence that supports your new claim 

based on the discussions that you have in the argumentation session.  

 

If your claim did not change, obtain an additional piece of evidence that you did not obtain 

previously (such as a new TLC eluent ratio or an additional mixed melting point) that supports 

your original claim based on the discussions that you had in the argumentation session. 

 

b. Project #2 Student Lab Manual  

Project 2: Nucleophile Choice and Solvent Effects for 

Substitution and Elimination Reactions 
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 WHO USED THIS CHEMISTRY?  

One of the main focuses for this project is the use of extraction to 

isolate and purify products. You’ll need to use extraction in this 

project to purify your products to be able to be analyzed via gas 

chromatography—a necessary step for accurate interpretation of 

results.  

 

As a foundational skill in organic chemistry, extraction has been an 

essential technique for many scientists and Chika Kuroda, the 

first woman in Japan to receive a Bachelor of Science in 1916, is 

no different. Later going on to receive a doctorate in chemistry for 

her research in carthamin (a pigment of safflower plants), Kuroda 

was a professor at Tohoku Imperial University, Tokyo Women’s 

Higher Normal School, and Ochanomizu University for many 

years.  

 

Kuroda’s work focused on the extraction of natural pigments from plants, like carthamin, and the 

synthesis of them in the lab. Her work at Ochanomizu University in 1949 resulted in the 

extraction and isolation of quercetin crystals from onion skin. This discovery led to the creation 

of Kerutin C, an antihypertensive drug. This was a solid-liquid extraction, a different kind of 

extraction to the liquid-liquid extraction you’ll be performing in this experiment, but you’ll be 

following the same chemical principles as Kuroda and many other scientists like her.  

 

 

 

WEEK 1 

Fundamental Skills: Extraction and Initial Reaction 
Adapted from Prof. William Howitz, Georgia Institute of Technology 

 

EXPERIMENT LEARNING OBJECTIVES: 

After completing this experiment, you should be able to: 

• Use liquid-liquid extraction to isolate product(s) 

• Prep and perform a reaction under reflux conditions  

• Understand the mechanistic underpinnings of elimination and substitution reactions  

• Analyze product ratios through the use of gas chromatography  
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REACTIONS: None 

TECHNIQUES: Extraction, Reaction Setup, Gas Chromatography  

 

READING ASSIGNMENT: 
[To be added later]  

 PRE-LAB ASSIGNMENT: 

• Complete all portions of pre-lab ELN work according to guidelines 

o Objective 

o GHS table 

• Locate the SDS files for the following compounds and add them to the SDS folder in 

your notebook. 

o 2-bromopentane  

o 2-bromo-2-methylbutane  

o sodium methoxide/methanol solution  

o methyl tert-butyl ether (MTBE)  

o ammonium chloride solution  

o magnesium sulfate anhydrous  

• Add the chemical structures of the following compounds to your notebook. 

o 2-bromopentane  

• Write out the mechanisms for BOTH alkyl halides undergoing BOTH substitution and 

elimination, for 4 mechanisms total. (Note: please write the most plausible substitution or 

elimination mechanism for each) 

• Video Quiz(zes) on Canvas 

 IMPORTANT SAFETY INFORMATION 
• Sodium methoxide is a strong base and is corrosive. Handle with gloves and wear safety goggles 

at all times.  

• 2-bromopentane is a serious skin and eye irritant. Hand with gloves and wear safety goggles at 

all times. It is also highly flammable, so keep away from open flames and sources of ignition.  

• Methanol and methyl tert-butyl ether are volatile, flammable organic solvents. Avoid breathing 

in fumes and handle in the fume hood.  

• Acetanilide and sodium benzoate are eye irritants. Handle with gloves and wear safety goggles 

at all times.   
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 IN-LAB ASSIGNMENT: 
In this experiment, you will be working in your same group of 4 to perform two reactions, both 

with 2-bromopentane. Each reaction will be performed by a pair at the same time, and analyzed 

by gas chromatography. MAKE SURE TO PERFORM YOUR REACTIONS IN  DUPLCATE.  

 

During the heating time of the experiment, you will be performing a short extraction workshop to 

get you familiarized with the technique.  

GUIDING QUESTIONS 

For this experiment, you will be looking to answer the following question, and it should guide 

your experiments:  

 

Fundamental Skills Guiding Question(s): What is the ratio of substitution to elimination 

products for the reactions performed?  

 EXPERIMENTAL PROCEDURE 

Reaction procedure:  

 

Before you begin, obtain a 50 mL round bottom flask, a stir bar,  and a waterless condenser from 

the stockroom. Ensure that all glassware is completely dry to minimize water contamination.  

 

Set up the apparatus: a hot plate on a jack, a boiler plate with sand on top of the hot plate, and two 

clamps that can hold the round bottom flask and waterless condenser.    

 

In the dry 50 mL round bottom flask, add 1.2 mL of the 1.5 M sodium methoxide solution (or 0.6 

mL of the 25% w/w sodium methoxide in methanol and 0.6 mL of methanol) and a stirbar. Add 

0.5 mL of the alkyl halide to the flask.  

 

Lightly grease the joint of the condenser and connect the condenser to the round bottom flask. Set 

the whole apparatus on the hot plate, start the stirring (the stir should be set to around 2, so that it 

stirs without making a vortex), and heat to reflux (start the heat around 3-4 and adjust as needed). 

Reflux occurs when you can see the solvent condensing on the sides of the flask and the condenser, 

but should not be a vigorous boil.  
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This reaction should reflux for 1 hr.  

 

Extraction Workshop:  

 

During the reflux, perform a small extraction activity. Gather a 60 mL separatory funnel and 3 100 

mL beakers. Secure a clamp or a ring stand that can hold that separatory funnel comfortably.  

 

Place approximately 0.5 g (record this value, but it doesn’t need to be exact!) of the 1:1 

acetanilide:sodium benzoate mixture into one of the beakers. Add 10 mL of MTBE (methyl t-butyl 

ether) and 10 mL of saturated ammonium chloride solution to the beaker. Stir lightly to dissolve 

the solids, and then transfer the whole mixture to a closed separatory funnel. Make sure the stopper 

is well fitted on the top of the sep. funnel and gently shake the funnel to ensure mixing of the two 

layers. Vent every 30 seconds to avoid dangerous pressure build up! Secure the funnel back on the 

ring stand or clamps and remove the stopper. Allow the two layers to separate and carefully drain 

the bottom layer into a clean beaker. Which layer is organic?  Which is aqueous?  What compounds 

are currently in each layer?  Wash the organic layer that is in the sep. funnel with ~10 mL of 

saturated ammonium chloride. What does “wash” mean in the context of extraction?  What is the 

purpose of washing the organic layer?  After the layers have separated, drain the bottom layer into 

the same flask containing the aqueous layer from the previous extraction.  

 

Drain the top layer into a separate beaker.  

 

Use one of the two ways to analyze the organic layer:  

 

 

1. TLC: Run a TLC of the sodium benzoate and acetanilide standards and the organic layer 

using a 1:1 hexanes:ethyl acetate mixture.  

 

 Analyze your TLC - what compound did you isolate?  
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2. Melting point: Evaporate off the organic solvent by running a light stream of air over it. 

It should evaporate in 5-10 minutes, leaving behind crystals. Gather the crystals and place in a 

melting point tube. Run a melting point experiment and compare to literature values of sodium 

benzoate and acetanilide. 

 

Analyze your melting point data - what compound did you isolate?   

 

Work-up Procedure: 

 

After 1 hr, turn off the heat and stirring for the hot plate. Allow the reaction flask to cool down to 

room temperature (around 10 minutes). After 10 minutes, remove the condenser from the reaction 

flask and pull the magnetic stir bar out of the flask with a magnet.  

 

Add 10 mL of MTBE to the flask. Pour the entire contents of the flask into a closed 60 mL 

separatory funnel. There will be solids at the bottom of the flask - it’s okay if you’re not able to 

get all of the solids into the funnel. What are likely the solids at the bottom? Is it your product? 

Add 10 mL of saturated ammonium chloride to the separatory funnel and mix, inverting and 

shaking the funnel to mix the two layers. Make sure to vent the funnel regularly.  

 

Drain the bottom layer into a beaker, leaving the top layer in the funnel. Add another 10 mL of 

saturated ammonium chloride to the funnel. The two layers should reform. Repeat the mixing 

process and drain the bottom layer into the same beaker with the original bottom layer.  

 

Repeat this washing procedure once more with 10 mL of water.  

 

Drain the organic layer into a separate beaker. Add magnesium sulfate anhydrous until the solid 

flows freely in the beaker when swirled (the “snowglobe effect”). Decant off the liquid with a glass 

pipette, making sure not to catch any solid in the pipette, and into a scintillation vial. Label the vial 

with your initials and clean up before taking your GC spectra.  

 

Clean Up:  

1. Non-halogenated Liquid Waste 

a. Water 

b. Acetone 

c. Methanol  

d. Sodium methoxide in methanol  

e. 2-bromopentane/2-bromo-2-methylbutane  

f. MTBE (methyl tert-butyl ether)  

2. Aqueous Waste  

a. saturated ammonium chloride  

b. aqueous layers  

3. Glass Waste 

a. Used glass pipettes  

4. Trash Can 
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a. Used paper towels 

b. Used gloves 

c. Used disposable plastic pipettes (expel any liquid into liquid waste first) 

 

Clean the glassware following the procedure below: 

• Rinse the glassware with a small amount of acetone and dispose of it in the non-

halogenated organic waste container. 

• Wash the glassware with soap and water using a glassware cleaning brush. 

• Rinse the glassware using DI water. 

• Rinse the glassware with acetone to dry it and dispose of the acetone rinse in the 

non-halogenated organic waste container. 

 

GC Analysis:  

 

Take your organic layer to the GC in a scintillation vial. Your TA will run a GC method on your 

product. What compounds come out first? Where is your solvent peak? Make sure to email your 

spectra to yourself for analysis.  

 

GC spectra of starting materials and solvents will be provided, along with a list of boiling point.  

 

 

FINALIZE YOUR PLAN FOR ORIGINAL INVESTIGATION  

Next week will be the Original Investigation, where you will need to answer the Original 

Investigation Guiding Question through the skills you’ve learned in the first two weeks of this 

project.  

 

In the Original Investigation, you will be adjusting the reaction you performed last week in the 

Fundamental Skills portion to achieve a higher yield of either the substitution or the elimination 

product by adjusting the reagents used. You can change either the alkylbromide, the alkoxide, or 

both, using the lists below.   

 

Options for the alkoxide: sodium methoxide/methanol, sodium ethoxide/ethanol, sodium 

isopropoxide/isopropanol or potassium tert-butoxide/t-butanol  

 

Options for the alkylbromide: 2-bromopentane, 1-bromopentane, or 2-bromo-2-methylpentane  

 

You can follow the same reaction procedure for the reaction as in Fundamental Skills. If you 

would like to make a modification to the reaction other than changing the alkylbromide or 

alkoxide, clear the modification with your TA.  

 

Before you perform the reaction, you should have a hypothesis of whether you are 

adjusting the reaction towards substitution or elimination, and this should be mentioned in 

your procedure and Answer to the Guiding Question.  
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With your group, write a detailed procedure for how you will answer the following Guiding 

Question:  

 

Original Investigation Guiding Question: What reagents favor substitution and/or 

elimination, and how could you conclusively determine this?  

 

 

 TURNING IN YOUR ELN ASSIGNMENT 
• This assignment is due the day following your lab section day. 

• Instructions and a rubric for your ELN assignment can be found on Canvas. See the Weekly 

Roadmap for this week 

 

WEEK 2 

Original Investigation: Adjusting the Original Reaction  
 

In the Original Investigation, you will use the skills you’ve previously learned to answer the 

Guiding Question. No procedure is explicitly provided, but you should have created one with 

your group.  

 

 PRE-LAB ASSIGNMENT:  

1. Write a procedure for your Original Investigation with your group.  

2. Complete all pre-lab portions of your lab notebook according to guidelines.  

3. Add in the SDS and chemical structures for the chemicals you decided to use in your 

Original Investigation experiment.  

 

  PRELIMINARY DATA COLLECTION 

As a team, proceed with the plan you’ve previously created with your group to answer the 

Original Investigation Guiding Question.  

 

 

Original Investigation Guiding Question: Based on the reactions ran in 

Fundamentals Skill and your Original Investigation, which reagents favor substitution 

and/or elimination and how did you conclusively determine this?  
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 ARGUMENTATION (POSTER SESSION) 

Once your preliminary data collection and analysis are complete, create a “poster” on the 

benchtop containing the following four sections: 

• Guiding Question: Restate the Original Investigation Guiding Question. Do not feel that 

you have to write it word-for-word as it appears earlier in this document.   

• Claim: Answer to the Original Investigation Guiding Question. 

• Evidence: Use the answer to Guiding Questions from the Fundamental Skills section and 

decide, as a team, how the information found in the Original Investigation should be 

presented as concisely as possible.  

• Justification: How does the evidence you included support your claim? What assumptions 

made or scientific theories/laws were invoked during data analysis and interpretation? 

• Comments:  The team leader should take down important ideas gained from other teams 

during the poster presentation. 

 

You and your team will then compare and contrast your results with your peers during the poster 

session. Nominate one team member to be your “spokesperson” who will stay with the poster and 

answer any questions from your labmates. The rest of the team will be “travelers” who will go to 

other posters and engage in discussion about data collection and interpretation. The goal during 

this session, this argumentation, is to challenge your peers’ reasoning and reevaluate your own. 

Spokespersons and travelers should discuss the claim using the evidence to justify their own point 

of view, and adjust their conclusions as necessary.  

 

At the end of the poster session, your team should hold a short discussion to re-evaluate your 

claim based on what they have learned during the poster session. You can change or adjust 

your claim after the poster session.  

 

  CONFIRMATORY DATA COLLECTION 

 

After argumentation, collect another piece of evidence that supports your claim. For this 

experiment, you will NOT be able to run an additional reaction. You can, however, obtain and 

analyze the GC spectra from another group, and add its evidence to your own. Your group must 

perform its OWN analysis on the additional evidence, and make sure to record the additional 

evidence as another group’s, not your own.  

 

If your claim changed, obtain an additional piece of evidence that supports your new claim 

based on the discussions that you have in the argumentation session.  

 

If your claim did not change, obtain an additional piece of evidence that you did not obtain 

previously that supports your original claim based on the discussions that you had in the 

argumentation session. 
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c. Project #3 Lab Manual  

Project 3: Recrystallization of an Epoxidation Product 

 WHO USED THIS CHEMISTRY?  
This experiment focuses on understanding the 

underlying principles of recrystallization, the 

process in which a compound is purified by 

dissolving the impure substance in a low-

solubility solvent and then precipitating out a 

more pure substance after cooling. Very few 

understand the properties of crystals better than 

Gautum R. Desiraju, who is known as “the 

father of crystal engineering.”  
 
Crystal engineering is a field that bridges 

physics, architecture and supramolecular 

chemistry. Desiraju himself defined the field as 

“the understanding of intermolecular 

interactions in the context of crystal packing and the utilization of such understanding in the design of 

new solids with desired physical and chemical properties." Born in 1952, Desiraju earned his PhD at the 

age of 24 from the University of Illinois, Urbana-Champaign. The major problem in crystal engineering is 

that the prediction of a crystal structure from a molecular structure is very difficult and not easily 

derivable from functional groups. Identification of supramolecular synthons, Desiraju’s main research 

focus, simplifies this otherwise intractable problem, by identified a repeatable unit that is an approximate 

of the crystal. 

 
He is one of the most cited scientists in the world and currently works as a Professor Emeritus at the 

Indian Institute of Science to this day.  

 

 

 

 

 

WEEK 1 

Fundamental Skills 1: Recrystallization Workshop 
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EXPERIMENT LEARNING OBJECTIVES: 

After completing this experiment, you should be able to: 

• recrystallize and impure mixture with both one-solvent and dual-solvent mixtures  

• determine the purity of your recovered solid through TLC and melting point 

• calculate percent recovery  

• determine the best recrystallization method amongst the three recrystallizations 

performed 

 

REACTIONS: None  

TECHNIQUES: Recrystallization, Melting Point, TLC  

 PRE-LAB ASSIGNMENT: 

• Complete all portions of pre-lab ELN work according to guidelines 

o Objective 

o GHS table 

• Locate the SDS files for the following compounds and add them to the SDS folder in 

your notebook. 

o trans-stilbene 

o biphenyl  

o cis-stilbene  

• Add the chemical structures of the following compounds to your notebook. 

o trans-stilbene  

o biphenyl  

o cis-stilbene  

• Video Quiz(zes) on Canvas 

 IMPORTANT SAFETY INFORMATION 
• Ethanol and isopropanol are volatile, toxic and flammable. Use in the fume hood.  

• Hexanes is volatile, flammable, and a neurotoxin. Avoid contact with skin and eyes. Use 

in fume hood only. Avoid breathing fumes.  

• Toluene is volatile, flammable, and a carcinogen. Avoid contact with skin and eyes. Use 

in fume hood only. Avoid breathing fumes.  

• Trans-stilbene and biphenyl are irritants. Avoid contact with skin and eyes.  

 IN-LAB ASSIGNMENT: 
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GUIDING QUESTIONS 

For this experiment, you will be looking to answer the following question, and it should guide 

your experiments:  

 

Fundamental Skills 1 Guiding Question(s): What recrystallization procedure was most 

effective for purifying trans-stilbene and why was this the most effective procedure?  

 EXPERIMENTAL PROCEDURE 

In this experiment, you will be testing different recrystallization techniques in order to determine 

the best procedure for purification. You will be working in pairs for this experiment, but you 

should confer with your group to answer the Fundamental Skills Guiding Question.  

 

Before beginning the recrystallization, obtain a small plastic vial of impure trans-stilbene from 

your TA. This vial contains 75% trans-stilbene and 25% of a minor component (either biphenyl 

or cis-stilbene). Your goal during each of the recrystallization procedures will be to remove the 

minor component.  

 

You will attempt to purify the trans-stilbene by each of the three recrystallization techniques. 

With this in mind, please divide the provided sample into 4 equal parts of approximately 

0.3 g each. Weigh and record the mass of each portion. (The 4th part is in case you would like to 

retry a recrystallization.)  

 

Before you begin the recrystallizations, make sure you have the following equipment set up: a 

hot plate, a Buchner funnel with a filtration flask, and an ice bath in a 500 mL beaker.  

 

RECRYSTALLIZATION #1: SINGLE SOLVENT (ISOPROPANOL)  

 

Obtain around 20 mL of isopropanol. Recrystallize your crude product from ethanol by placing 

your product into an appropriately sized Erlenmeyer flask and slowly adding portions of the 

isopropanol just until the solid is completely dissolved. You can assist in this process by heating 

the isopropanol/product mixture on a hot plate, swirling constantly (it should NOT boil, and you 

should be able to handle the flask with your gloved hands).  Be careful not to add too much 

solvent!  What will happen if you add too much solvent? What can you do if you add too much 

solvent?  

 

Place the flask into an ice bath to complete recrystallization.  Cool a small beaker of water in ice 

while you wait for crystallization to occur.  

 

Vacuum filter the solid and rinse with ice-cold water. Why is it important to rinse the crystals? 

Why is it important that the water is ice-cold? Allow the solid to dry in the filter funnel while 

pulling air through the sample for at least 15 minutes.  Record the mass of the dried product. 
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Use the original mass and the mass of your dried product to calculate the percent recovery of your 

recrystallization.  

 

RECRYSTALLIZATION #2: DUAL SOLVENT (TOLUENE/ETHANOL)  

 

Heat approximately 20 mL of toluene and 20 mL of ethanol in separate flasks or beakers, but on 

the same hot plate. Adjust the temperature of the hot plate so that the toluene is hot but not boiling. 

Recrystallize your crude product from toluene/ethanol by placing your product into an 

appropriately sized Erlenmeyer flask and slowly adding portions of the hot toluene just until the 

solid is completely dissolved. You will need to stir or swirl the flask containing your product 

solution and keep it warm during this process. Why is it important to keep the solution warm? Be 

careful not to add too much solvent! Add ethanol dropwise and swirl your recrystallization flask 

just until a slight cloudiness persists (be aware for this particular recrystallization, the cloudiness 

may go away on its own, or appear similar to snowflakes before disappearing).  Add hot toluene 

again dropwise until the cloudiness disappears. Allow the solution to cool to room temperature 

and then place the flask into an ice bath to complete recrystallization.  Why don’t we just put the 

solution directly into the ice bath without cooling to room temperature first? Cool a small beaker 

of water in ice while you wait for crystallization to occur. (Note that this is the general procedure 

for recrystallizing from mixed solvent when the exact solvent ratios needed are not known. You 

will be expected to remember this general procedure in the future.) 

 

Vacuum filter the solid and rinse with ice-cold water. Why is it important that the water is ice-

cold? Allow the solid to dry in the filter funnel while pulling air through the sample for at least 15 

minutes.  Record the mass of the dried product. 

 

Use the original mass and the mass of your dried product to calculate the percent recovery of your 

recrystallization.  

 

RECRYSTALLIZATION #3: DUAL SOLVENT (ETHANOL/WATER) 

 

Heat approximately 20 mL of ethanol and 20 mL of water in separate flasks or beakers, but on the 

same hot plate. Adjust the temperature of the hot plate so that the ethanol is hot but not boiling. 

Recrystallize your crude product from ethanol/water by placing your product into an appropriately 

sized Erlenmeyer flask and slowly adding portions of the hot ethanol just until the solid is 

completely dissolved. You will need to stir or swirl the flask containing your product solution and 

keep it warm during this process. Why is it important to keep the solution warm? Be careful not to 

add too much solvent! Add water dropwise and swirl your recrystallization flask just until a slight 

cloudiness persists (be aware for this particular recrystallization, the cloudiness may go away on 

its own, or appear similar to snowflakes before disappearing).  Add hot ethanol again dropwise 

until the cloudiness disappears. Allow the solution to cool to room temperature and then place the 

flask into an ice bath to complete recrystallization.  Why don’t we just put the solution directly 

into the ice bath without cooling to room temperature first? Cool a small beaker of water in ice 

while you wait for crystallization to occur. (Note that this is the general procedure for 

recrystallizing from mixed solvent when the exact solvent ratios needed are not known. You will 

be expected to remember this general procedure in the future.) 
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Vacuum filter the solid and rinse with ice-cold water. Allow the solid to dry in the filter funnel 

while pulling air through the sample for at least 15 minutes.  Record the mass of the dried product. 

 

Use the original mass and the mass of your dried product to calculate the percent recovery of your 

recrystallization.  

TLC:  

Obtain a TLC for each of the recrystallized products (each on a separate TLC plate).  

Draw three lanes on each TLC plate: one for the standard (trans-stilbene), one for a co-spot, and 

one for the recrystallization product. Develop the TLC plates in an eluent mixture of 100% 

hexanes. Remove your TLC from the chamber when the solvent has gone up ¾ of the plate and 

mark the solvent line. After your TLC plate has dried, use UV light to determine the spots 

present on your plate.  

Melting Range: 

Obtain a melting range for each of the recrystallized products and your crude mixture. Why are 

we interested in the melting range of both crude and recrystallized solid? When you have narrowed 

down which sample is pure trans-stilbene, perform a mixed melting range experiment(s) using 

your pure product with the trans-stilbene standard provided. What does a mixed melting range 

experiment tell us? If the melting range of your recrystallized product is low, try drying it again 

for a longer period of time. 

Clean-Up: 

1. Non-halogenated organic waste 

a. Ethanol  

b. Isopropanol 

c. Toluene  

d. hexanes 

2. Solid waste 

a. TLC plates 

3. Broken glass container 

a. Used melting point capillary tubes 

b. TLC spotters 

4. Trash can 

a. Used paper towels 

b. Weigh paper that is free of solid chemicals 

c. Used filter paper (the residual solvent is minimal and will evaporate rapidly) 

 

Before you leave lab, make sure you have data from all 3 recrystallizations to answer the 

Fundamental Skills 1 Guiding Question(s).  

TURNING IN YOUR ELN ASSIGNMENT 
• This assignment is due the day following your lab section day. 
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• Instructions and a rubric for your ELN assignment can be found on Canvas. See the Weekly 

Roadmap for this week. 

• Save as a pdf and submit. They do not have to be 100% complete and correct yet. We will be 

looking for clear good faith efforts to complete them. Mistakes and/or notes about what you’ve 

narrowed down so far are fine 

 

 

WEEK 2 

Fundamental Skills 2: Epoxidation Reaction 

EXPERIMENT LEARNING OBJECTIVES: 

After completing this experiment, you should be able to: 

• perform an epoxidation reaction of trans-stilbene to stilbene oxide 

• isolate the impure product through the use of extraction  

• use melting point and TLC to determine your product(s) and its purity  

• calculate percent yield  

• determine the major component of your crude product  

 

REACTIONS: Epoxidation of Stilbene  

TECHNIQUES: Extraction, Melting Point, TLC 

 PRE-LAB ASSIGNMENT: 

1. Complete video quizzes on Canvas 

2. Achieve assignment 

3. Complete all portions of pre-lab notebook work according to guidelines 

 IMPORTANT SAFETY INFORMATION: 

• Ethanol and ethyl acetate are volatile, toxic and flammable. Use in the fume hood. 

• Hexanes is volatile, flammable, and a neurotoxin. Avoid contact with skin and eyes. Use 

in fume hood only. Avoid breathing fumes.  

• pH 11 buffer is a strong base. Avoid contact with skin and eyes. Neutralize before 

disposal.  

• 30% Hydrogen peroxide is very corrosive and should only be handled by your TA.  
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 IN-LAB ASSIGNMENT: 

GUIDING QUESTION 

For this experiment, you will be looking to answer the following question, and it should guide 

your experiments:  

 

Fundamental Skills 2 Guiding Question: What is the major component of your crude product 

and how were you able to confirm this?   

  EXPERIMENTAL PROCEDURE: 

You will be performing this reaction in pairs, so each group should be running two reactions, 

and obtain two sets of your product (you’ll need this for your original investigation!)  

Reaction Set-Up: 

 

Before you begin, obtain the following:  

• a 50 mL round bottom flask 

• a jack and a hot plate  

• two clamps 

• a thermometer  

• a 250 mL beaker filled halfway with water 

• a heating block and a sand  

• a stir bar   

 

Arrange your reaction apparatus: place the hot plate on top of the jack and adjust to a height 

where the clamp could reasonably hold the neck of your round bottom flask. Place the 250 mL 

beaker filled with water on the hot plate. Clamp the thermometer so that it sits inside the beaker 

of water without touching the sides or the bottom.  

 

Weight out 270 mg (0.270 g) of trans-stilbene and record the mass. Transfer the solid to the 50-

mL round bottom flask with a stir bar. Add 3 mL of the pH 11 buffer, and then 3 mL of the tu-

butanol/catalyst mixture, using the syringes provided. Then add 0.35 mL of acetonitrile, 

measured out in the syringe provided. Place your round bottom flask on the heating block and 

start the stirring so that the solution is well-mixed, but a vortex is not formed. There will be 

undissolved solids at the bottom of your flask.  

 

Begin to heat your reaction, keeping a watch on the thermometer in the water bath.  You’re 

looking to heat your reaction to 60 degrees Celsius.  
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After your reaction is stirring and heating, call your TA over. They will add 0.70 mL of 30% 

hydrogen peroxide to your flask.  

 

Heat your reaction at 60 degrees Celsius for 1 hour.  

 

If your mixture starts to boil, it is TOO HOT. Be vigilant during these 60 minutes, and make sure 

that the thermometer reads between 50 and 70 degrees Celsius. The reaction may start to reflux 

on the sides of the flask, but if it starts to steam, it is too hot. What does it mean to reflux?  

Reaction Work-Up:  

While the reaction is cooling, weigh an empty scintillation vial (with cap) and record its mass.  

 

After your reaction is completed and cooled, remove the stir bar with a magnetic rod. Transfer 

the content of the flash, including the solids, into a 60 mL separatory funnel. Rinse the flask with 

10 mL of 10% aqueous sodium thiosulfate and transfer this into the separatory funnel. Rinse the 

flask with 10 mL of ethyl acetate and transfer this into the separatory funnel.  

 

Cap and invert the funnel 2-3 times, venting for gas every 30 seconds or so. Swirl the funnel. 

Before separating the layers, ensure that all the solids are dissolved. If the solids persist, add 1 

mL of ethyl acetate at a time (no more than 5 mL) to the separatory funnel and mix again.  

 

Drain the bottom layer into a beaker. What is the bottom layer? Drain the top layer into a 

different beaker. What is the top layer? Add sodium sulfate to the organic layer until you observe 

the “snow globe” effect and the sodium sulfate moves around the flask when swirled.  

 

Decant the liquid into your weighed scintillation vial, making sure to not carry over any solids.  

 

Blow off the organic solvent with a gentle stream of air. This will take around half an hour, so 

use jacks or clamps to hold the scintillation vial under the air stream while you and your partner 

cleans up the workstation. Run a TLC while the organic solvent evaporates. Use your time 

wisely! 

 

Melting Range and TLC 

Obtain a TLC for the crude product. Draw three lanes on the TLC plate: one for the starting 

material (trans-stilbene), one for a co-spot, and one for the crude product. Develop the TLC 

plates in an eluent mixture of 100% hexanes. Remove your TLC from the chamber when the 

solvent has gone up ¾ of the plate and mark the solvent line. After your TLC plate has dried, use 

UV light to determine the spots present on your plate.  

 

Obtain a melting range for your crude mixture.  

 

You’ll be using this melting range and TLC as a starting point to analyze your purification during 

the Original Investigation.  



327 
 

Clean-Up 

1. Aqueous waste 

a. Sodium sulfate  

b. Aqueous layers after extraction  

2. Organic Waste  

a. TLC eluent  

3. Solid waste  

a. Used TLC plates  

4. Broken glass container 

a. Used glass pipettes  

b. Melting point capillary tubes 

c. TLC spotters  

5. Trash can 

a. Used paper towels 

b. Weigh paper that is free of solid chemicals 

c. Used filter paper (the residual solvent is minimal and will evaporate rapidly) 

 

Clean the glassware following the procedure below: 

• Rinse the glassware with a small amount of acetone and dispose of it in the non-

halogenated organic waste container. 

• Wash the glassware with soap and water using a glassware cleaning brush.  

• Rinse the glassware using DI water. 

• Rinse the glassware with acetone to dry it and dispose of the acetone rinse in the non-

halogenated organic waste container. 

FINALIZE YOUR PLAN FOR ORIGINAL INVESTIGATION  

Next week will be the Original Investigation, where you will need to answer the Original 

Investigation Guiding Question through the skills you’ve learned in the first two weeks of this 

project.  

 

For a complete original investigation, your group will need to do at least two recrystallization 

techniques of your isolated crude product, so plan accordingly.   

 

With your group, write a detailed procedure for how you will answer the following Guiding 

Question:  

 

 

Original Investigation Guiding Question: Which recrystallization technique was the 

best for isolating your major compound? Why was this technique the most effective?  
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WEEK 3 

Original Investigation 
 

In the Original Investigation, you will use the skills you’ve previously learned to answer the 

Guiding Question. No procedure is explicitly provided, but you should have created one with 

your group.  

 

 PRE-LAB ASSIGNMENT:  

1. Write a procedure for your Original Investigation with your group.  

2. In addition to the previous compounds, make sure you include the SDS and safety 

information for the compounds you intend to use in  

3. Complete all pre-lab portions of your lab notebook according to guidelines.  

 

  PRELIMINARY DATA COLLECTION 

As a team, proceed with the plan you’ve previously created with your group to answer the 

Original Investigation Guiding Question.  

 

For a complete original investigation, your group will need to do at least two recrystallization 

techniques of your isolated crude product, so plan accordingly. 

 

Original Investigation Guiding Question: Which recrystallization technique was 

the best for isolating your major compound? Why was this technique the most 

effective?  

 

 ARGUMENTATION (POSTER SESSION) 

Once your preliminary data collection and analysis are complete, create a “poster” on the 

benchtop containing the following four sections: 

• Guiding Question: Restate the Original Investigation Guiding Question. Do not feel that 

you have to write it word-for-word as it appears earlier in this document.   

• Claim: Answer to the Original Investigation Guiding Question. 

• Evidence: Use the answer to Guiding Questions from the Fundamental Skills section and 

decide, as a team, how the information found in the Original Investigation should be 

presented as concisely as possible.  
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• Justification: How does the evidence you included support your claim? What assumptions 

made or scientific theories/laws were invoked during data analysis and interpretation? 

• Comments:  The team leader should take down important ideas gained from other teams 

during the poster presentation. 

 

You and your team will then compare and contrast your results with your peers during the poster 

session. Nominate one team member to be your “spokesperson” who will stay with the poster and 

answer any questions from your labmates. The rest of the team will be “travelers” who will go to 

other posters and engage in discussion about data collection and interpretation. The goal during 

this session, this argumentation, is to challenge your peers’ reasoning and reevaluate your own. 

Spokespersons and travelers should discuss the claim using the evidence to justify their own point 

of view, and adjust their conclusions as necessary.  

 

As you discuss with other groups, make sure to fill out the Argumentation worksheet and attach it 

to your ELN!  

 

At the end of the poster session, your team should hold a short discussion to re-evaluate your 

claim based on what they have learned during the poster session. You can change or adjust 

your claim after the poster session.  

 

  CONFIRMATORY DATA COLLECTION 

 

After argumentation, collect another piece of evidence that supports your claim (i.e. an additional 

TLC, an additional mixed melting point, etc.).  

 

If your claim changed, obtain an additional piece of evidence that supports your new claim 

based on the discussions that you have in the argumentation session.  

 

If your claim did not change, obtain an additional piece of evidence that you did not obtain 

previously (such as a new TLC eluent ratio or an additional mixed melting point) that supports 

your original claim based on the discussions that you had in the argumentation session. 

 

III. Lab Report Rubrics  

 The following are the lab report scaffolds and rubrics that will be provided to the students 

and were provided to the undergraduate beta-testers. The scaffold for each project provides the 

individual Experiment-Specific Questions (ESQ) that correlate to the rubric items. The associated 

ESQs are listed in the “rubric item” column in each lab report rubric.  
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a. Project #1 Lab Report Scaffold 

Chem 51LB Project #1 Report Scaffold 

Identification of Pharmaceutical Mixtures 

Instructions:  
Report scaffolds are provided to help you learn how to write about the experiments you 

conduct.  For this first experiment, we will start small. You will only be discussing how you 

interpreted your IR and NMR data to identify the unknowns provided because talking about IR 

and NMR data in a written format is challenging. Be aware that this information would normally 

be included as part of the results and discussion sections of a full lab report. For this assignment, 

answer the specific questions provided using complete sentences in the third person passive voice, 

but keep the general questions in mind as a guide.    

 

Each question in this scaffold is numbered. In a separate document, number your responses to the 

Experiment-Specific Questions only. Do not write the specific questions in your separate document 

as these will only take up the space you need for your responses to those questions. Also, do not 

include the general questions or answers to the general questions.   

 

You will need to repeat answering the set of questions below six times, one set for each of the six 

unknowns. Label your responses with a lowercase letter next to each number to distinguish the 

different unknowns. For example, you should label your responses as 1a, 2a, etc. for unknown A 

and then 1b, 2b, etc. for unknown B. The document containing your typed responses to these 

questions should not exceed a total of six pages (one page per unknown compound). 

 

Post-Lab Report Format: MUST BE TYPED IN WORD OR A SIMILAR PROGRAM, NOT AN 

ELN PAGE! Times New Roman; 12 pt. font; double spaced; 1” margins; no more than 6 pages; 

use 3rd person passive voice only (For example, “We dissolved the white solid in 10 mL of hot 

water,” should be written as, “The white solid was dissolved in 10 mL of hot water.”).  Include 

your name, student ID number, and lab course code.  This format is NOT OPTIONAL and TA’s 

will remove points for failure to follow these instructions. 

Submitting Your Assignment 
Attach the worksheets for each unknown at the very end of the document. Submit the completed 

assignment document (answers to these questions and the worksheets) as a single pdf file on 

Canvas. If you need help creating a single pdf, check out this resource. 

Introduction  
1. What was the purpose of this experiment? How did we plan to accomplish this?  The purpose 

of an experiment is not simply to introduce a student to a technique or reaction! The purpose 

https://www.pcmag.com/article/362731/how-to-combine-pdf-files
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corresponds to the objective you wrote for your in-lab notebook pages so if you got full credit 

for it previously, just copy and paste it into the introduction section of your post-lab report. If 

you did not previously earn full credit for them, carefully review your TA’s feedback to help 

you improve it. 

Theory  

Experiment-Specific Questions: 

2.  What does IR spectroscopy measure? How was it used to determine the identity of the 

unknowns in this experiment? 

3.  What do the peaks on a 1H NMR spectrum represent? What are the three primary 

components of a  1H NMR peak, and what does each component tell you about what the peak 

represents? How was this information used to determine the identity of the unknowns in this 

experiment? 

4.  How does the melting range of a compound change if it becomes contaminated with one or 

more impurities? Explain. Refer back to the melting point analysis technique video and/or 

safety readings for more information. How was melting point analysis used to determine the 

identity of the unknowns in this experiment? 

5.  Specifically explain how and why polarity allows compounds to separate on a TLC plate. 

This section should focus on the compounds being separated and on the stationary phase. 

6.  Specifically explain how the eluting solvent impacts the movement of compounds on a TLC 

plate. For example, what happens if your solvent system has more hexanes than ethyl acetate 

or vice versa? What makes a particular solvent mixture the best choice for analyzing a 

compound or mixture of compounds by TLC? Refer back to the TLC technique video and/or 

safety readings for more information. 

7.  How was TLC used to determine the identity of the unknowns in this experiment? 

 

Results 

General Questions: 

What important data were obtained in this experiment? Do not explain your results yet. Just 

provide them in an organized format. Don’t forget to include any assigned unknown number! You 

should include a table to organize your data in addition to sentences. 

Experiment-Specific Questions: 

None. The rubric is already very specific. Follow the rubric. 

 

Note: All of the necessary data needs to be present in table format, but you can combine and 

organize the tables in an efficient way to save space as long as the tables are clear enough to be 

interpreted by the reader. Tables may be single spaced. 
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Discussion  

General questions:  

How do you know the identity of the product and/or unknown? What conclusions can you draw 

from the data? What conclusions can you NOT draw from the data?   

Experiment Specific Questions: 

 

8.  Answer the Original Investigation Guiding Question: What is the identity of each compound 

in the unknown substance or mixture? How did you conclusively determine their identity or 

identities?  

 

9.  What analytical techniques did you perform in your original investigation? Why did you 

choose these techniques to answer the guiding question? What safety considerations informed 

the choices made in the Original Investigation? If you choose a technique over a different 

method, explain your rationale. 

 

10. How were you able to conclusively determine the identity of the Original Investigation 

unknown? What specific evidence from the technique was used to determine the identity of the 

unknown? Was it possible to identify a mixture or a pure substance via the technique? If this 

technique alone was not enough to determine the identity of the unknown, what other evidence 

was necessary?  

 

ESQ 10 should be repeated for each technique performed in the original investigation.  

 

11. What are the limitations of each of the techniques that were used? Did any information from 

one analytical technique seem to contradict another? (For example, did one technique seem 

to indicate a pure compound, but a different technique indicated a mixture? Did one technique 

seem to indicate one molecule, but a different technique indicated a different molecule?) If 

information appeared to be contradictory, what decisions were made about which evidence 

was most important? 

 

12. What discussions from argumentation shaped your conclusions? What information was 

obtained from your post-argumentation confirmatory experiment? Did the data support or 

refute your original claim?  

 

Conclusion  
13. How would you summarize your results and analysis in the context of the objective in 2-3 

sentences? In other words, what is it that you want the reader to remember after having read 

your report? Make sure you remind the reader briefly what the objective(s) was/were before 

indicating whether the data obtained was sufficient to meet the objective(s). 
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b. Project #1 Lab Report Rubric 

Table S6.1. Project #1 Lab Report Rubric  

Rubric item Item description 

Introduction 

(ESQ1) 

Clearly states the overall goal of the experiment, including specific 

compounds and techniques used. 

Theory 1 

(ESQ2) 

IR Spectroscopy 

Theory 

Clearly explains what is being measured in IR spectroscopy and 

how IR spectroscopy is being used in the context of the experiment. 

Theory 2 

(ESQ3) 

NMR Spectroscopy 

Theory 

Clearly explains what signals represent in a 1H NMR spectrum. 

Describes the three primary components of a 1H NMR signal and 

clearly explains what information can be gathered from each. 

Explains how 1H NMR was used in the context of the experiment. 

Theory 3 

(ESQ4) 

Melting Point Analysis 

Theory 

Clearly explains how the melting range of a pure compound differs 

from that of a mixture. Explains how melting point analysis was 

used in the context of the experiment. 

Theory 4a 

(ESQ5) 

TLC Separation Theory 

Clearly explains how and why polarity allows for compounds to 

separate on a TLC plate. Explanation should focus on compounds 

being separated and stationary phase. Mobile phase (eluting solvent) 

does NOT need to be included for this item. 

Theory 4b 

(ESQ6) 

TLC Solvent Mixture 

Theory 

Clearly explains how the ratio of solvents in the eluent mixture 

affects Rf and compound separation by TLC. 

Theory 4c 

(ESQ7) 

TLC Unknown 

Identification Theory 

Clearly explains how TLC was used in the context of the 

experiment. 

Results 1 

Original Investigation 

Unknown Labels & 

Identity Table 

(BODY) 

All of the following data are presented in well-organized table(s): 

1) unknown number/letter 

2) unknown identity. 

*May be merged with IR data and NMR data 

Results 2a  

Original Investigation 

IR Data Table  

If IR was performed during the OI, this table MUST be 

included. If it was not, you do not need this rubric item. All of 

the following data are presented in well-organized table(s): 
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(BODY)  values for relevant peaks present from the IR spectrum for your 

original investigation unknown and its functional groups. 

*Standards must be clearly labeled 

*May be merged with unknown labels and NMR data 

Results 2b 

Fundamental Skills + 

Original Investigation 

(Standards) IR Data 

Table 

(BODY) 

If IR was performed during the OI, this table MUST be 

included. If it was not, you do not need this rubric item. All of 

the following data are presented in well-organized table(s): 

values for relevant peaks present from the IR spectrum for each 

standard relevant to your original investigation and their functional 

groups. 

*Standards must be clearly labeled 

*May be merged with NMR data 

Results 3a 

Original Investigation 

NMR Data Table  

(BODY)  

If NMR was performed during the OI, this table MUST be 

included. If it was not, you do not need this rubric item. All of 

the following data for each standard relevant to your original 

investigation  are presented in well-organized table(s): for each peak 

in the 1H NMR spectrum, the 

1) chemical shift, 

2) integration, 

3) splitting, and 

4) proton assignment 

5) letter (a, b, c, etc.) corresponding to a group of equivalent 

hydrogens in the ChemDraw structures in Results 4 

*Standards must be clearly labeled 

*May be merged with IR data 

Results 3b 

Fundamental Skills + 

Original Investigation 

(Standards) NMR Data 

Table 

(BODY) 

If NMR was performed during OI, this table MUST be included. 

If it was not, you do not need this rubric item. All of the 

following data for each standard relevant to your original 

investigation  are presented in well-organized table(s): for each peak 

in the 1H NMR spectrum, the 

1) chemical shift, 

2) integration, 

3) splitting, and 

4) proton assignment 

5) letter (a, b, c, etc.) corresponding to a group of equivalent 

hydrogens in the ChemDraw structures in Results 4 

*Standards must be clearly labeled 

*May be merged with IR data 

Results 4 

Labeled ChemDraw 

Structures 

(APPENDIX) 

1) ChemDraw structures of the compounds in of each standard 

(2) Each group of equivalent hydrogens in your original 

investigation unknown(s) is clearly labeled with a letter (a, b, c, etc.) 
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corresponding to an NMR signal in the NMR table(s) in Results 3. If 

you did not include Results 3, please correlate to Results 2.  

(in Appendix) 

Results 5 

Melting Range 

(Standards + 

Unknowns) Data Table 

(BODY) 

If melting range was performed during the OI, this table MUST 

be included. If it was not, you do not need this rubric item. All of 

the following items are present in well-organized table(s): 

1) unknown sample numbers/letters 

2) melting ranges for each unknown sample (from both OI and FS), 

and 

3) literature melting ranges for standards (from both OI and FS). 

*May be merged with Rf data  

Results 6 

Rf (Standards + 

Unknowns) Data Table 

(BODY) 

If TLC was performed during the OI, this table MUST be 

included. If it was not, you do not need this rubric item. All of 

the following items are present in well-organized table(s): 

1) unknown sample numbers/letters, 

2) Rf values for each unknown sample (from both OI and FS), and 

3) Rf values for each relevant standard (from both OI and FS). 

*May be merged with melting range data 

Results 7 

Rf Sample Calculation 

(APPENDIX) 

Clearly and correctly provides sample calculations for Rf values. 

One sample calculation is sufficient. 

Discussion 1a 

(ESQ 8 & 9)  

Answer to OI Guiding 

Question (1)  

States the identification of the unknown mixture for the Original 

Investigation, and which analytical techniques were performed to 

answer the Original Investigation Guiding Question.  

Discussion 1b 

(ESQ 8 & 9) 

Answer to OI Guiding 

Question (2)  

Clearly explains the rationale for choosing the analytical techniques 

that were performed during the Original Investigation, including 

which chemicals were investigated. 

Discussion 1c  

(ESQ 9)  

Safety Concerns  

Explains specific safety considerations and how these considerations 

informed choices made during the Original Investigation.  

Discussion 2a  

(ESQ 10)  

Technique 1  

Clearly explains which potential unknown identity/identities are 

supported by the first technique performed and makes an argument 

for which possible structures should be included and excluded based 

on this evidence. Evidence must be an accurate interpretation of data 

and support the claims made. 

Discussion 2b 

(ESQ 10)  

Clearly explains which potential unknown identity/identities are 

supported by the second technique performed and makes an 
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Technique 2  argument for which possible structures should be included and 

excluded based on this evidence. Evidence must be an accurate 

interpretation of data and support the claims made. 

Discussion 2c 

(ESQ 10)  

Technique 3  

Clearly explains which potential unknown identity/identities  are 

supported by the third technique performed and makes an argument 

for which possible structures should be included and excluded based 

on this evidence. Evidence must be an accurate interpretation of data 

and support the claims made. 

Discussion 3 

(ESQ 10)  

Pure Substance or 

Mixture   

Clearly explains if your Original Investigation unknown was a pure 

substance or a mixture and includes evidence from multiple 

techniques.  

Discussion 4a 

(ESQ 11)  

Limitations of 

Technique  

Clearly explains the practical limitations of the techniques used in 

the Original Investigation, in the context of using evidence for 

determination of unknown identity.  

Discussion 4b 

(ESQ 11)  

Contradictory Results  

Clearly explains whether or not any data obtained through different 

techniques in Original Investigation was contradictory. If any data is 

contradictory, provides a reasonable explanation for the 

contradiction and which piece of evidence was used to make the 

conclusion. If no data is contradictory, give an example of a 

scenario where data would be contradictory and explain how it 

would appear and how you would identify the contradiction.  

Discussion 5a  

(ESQ 12)  

Argumentation (1)  

Discusses the claim of at least one other group, and whether or not 

that claim supports or refutes your own claim. If the claim was 

changed during argumentation, discuss the rationale behind 

changing the claim.  

Discussion 5b  

(ESQ 12)  

Argumentation (2)  

Clearly explains whether the post-argumentation confirmatory data 

supported or refuted your post-argumentation claim.  

Conclusion 

(ESQ13) 

(1) Clearly summarizes the results in the context of the objective(s). 

(2) Clearly states whether the objective(s) was/were met or not, and 

includes 1-2 sentences that support that statement. 

 

c. Project #2 Lab Report Scaffold  

Chem 51LB Project #2 Report Scaffold 
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Substitution/Elimination Parameters 

Instructions:  
Report scaffolds are provided to help you learn how to write about the experiments you 

conduct.  Each question in this scaffold is numbered. In a separate document, number your 

responses to the Experiment-Specific Questions only. Do not write the specific questions in your 

separate document as these will only take up the space you need for your responses to those 

questions. Also, do not include the general questions or answers to the general questions.   

 

Post-Lab Report Format: MUST BE TYPED IN WORD OR A SIMILAR PROGRAM, NOT AN 

ELN PAGE! Times New Roman; 12 pt. font; double spaced; 1” margins; no more than 6 pages; 

use 3rd person passive voice only (For example, “We dissolved the white solid in 10 mL of hot 

water,” should be written as, “The white solid was dissolved in 10 mL of hot water.”).  Include 

your name, student ID number, and lab course code.  This format is NOT OPTIONAL and TA’s 

will remove points for failure to follow these instructions. 

Submitting Your Assignment 
Submit the completed assignment document (answers to these questions and the worksheets) as a 

single pdf file on Canvas. If you need help creating a single pdf, check out this resource. 

Introduction  
1. What was the purpose of this experiment? How did we plan to accomplish this?  The purpose 

of an experiment is not simply to introduce a student to a technique or reaction! The purpose 

corresponds to the objective you wrote for your in-lab notebook pages so if you got full credit 

for it previously, just copy and paste it into the introduction section of your post-lab report. If 

you did not previously earn full credit for them, carefully review your TA’s feedback to help 

you improve it. 

Theory  

Experiment-Specific Questions: 

2.  What are the mechanistic differences between substitution and elimination mechanisms? 

What are the different types of substitution and what mechanistically defines each type? 

What are the different types of elimination and what mechanistically defines each type?  

3.  What conditions favor elimination? What conditions favor substitution? Explain why.  

4.  In the Fundamental Skills portion of the lab, what was the nucleophile? What was the 

electrophile?  

5.  Compared to the reaction performed in Fundamental Skills, what did you anticipate your 

products to be in your Original Investigation? State the hypothesis you had when designing 

your Original Investigation.  

https://www.pcmag.com/article/362731/how-to-combine-pdf-files
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6.  Specifically explain how gas chromatography allows you to determine the ratio of 

substitution and elimination product. What allows you to determine which peak elutes first?  

 

Results 

General Questions: 

What important data were obtained in this experiment? Do not explain your results yet. Just 

provide them in an organized format. Don’t forget to include any assigned unknown number! You 

should include a table to organize your data in addition to sentences. 

Experiment-Specific Questions: 

None. The rubric is already very specific. Follow the rubric. 

 

Note: All of the necessary data needs to be present in table format, but you can combine and 

organize the tables in an efficient way to save space as long as the tables are clear enough to be 

interpreted by the reader. Tables may be single spaced. 

 

Discussion  

General questions:  

How do you know the identity of the product and/or unknown? What conclusions can you draw 

from the data? What conclusions can you NOT draw from the data?   

Experiment Specific Questions: 

 

7.  Answer the Original Investigation Guiding Question: What reagents favor substitution and/or 

elimination and how could you conclusively determine this? Even if you only hypothesized for 

one of the two (elimination or substitution), answer both parts of the Guiding Question.  

8.  Why did you choose the particular combination of reagents? Explain your rationale for 

choosing these reagents over the other options. What safety concerns were considered when 

writing your Original Investigation procedure?  

9.  How did your data differ between the Fundamental Skills and Original Investigation? What is 

the conceptual reasoning for this? Do you believe that this evidence supports your hypothesis? 

10. How were you able to conclusively determine the ratio of the Original Investigation reaction? 

What specific evidence was used to determine the ratio? If this reaction alone was not enough 

to reach a conclusion, what other evidence was necessary?  

11. What are the limitations of the technique or reaction? Did any information from one reaction 

seem to contradict another? (For example, did one reaction seem to indicate a substitution 
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product, but a different technique indicated the same substitution product? Did one reaction 

seem to indicate one conclusion, but a different reaction indicated a different conclusion?) If 

information appeared to be contradictory, what decisions were made about which evidence 

was most important? 

12. What discussions from argumentation shaped your conclusions? What information was 

obtained from your post-argumentation confirmatory experiment? Did the data support or 

refute your original claim?  

 

Conclusion  
13. How would you summarize your results and analysis in the context of the objective in 2-3 

sentences? In other words, what is it that you want the reader to remember after having read 

your report? Make sure you remind the reader briefly what the objective(s) was/were before 

indicating whether the data obtained was sufficient to meet the objective(s). 

 

d. Project #2 Lab Report Rubric 

Table S6.2. Project #2 Lab Report Rubric  

Rubric item Item description 

Introduction 

(ESQ1) 

Clearly states the overall goal of the experiment, including specific 

compounds and techniques used. 

Theory 1  

(ESQ 2)  

Substitution vs. 

Elimination  

Clearly explains the difference between elimination and substitution 

reactions mechanistically, including necessary components of the reaction.  

Theory 2a 

(ESQ 2 & 3) 

Substitution 

Reactions  

Explains the two types of substitution reactions and the differences between 

the two of them mechanistically. Discusses which conditions favor 

substitution reactions and why.  

Theory 2b  

(ESQ 2 & 3)  

Elimination 

Reactions  

Explains the two types of eliminations reactions and the differences 

between the two of them mechanistically. Discusses which conditions favor 

elimination reactions and why.  

Theory 3 

(ESQ 4)  

FS Reaction  

Identifies the nucleophile and electrophile of the reactions ran in the 

Fundamental Skills. 

Theory 4  

(ESQ 5)  

Identifies the nucleophile and electrophile of the reaction(s) ran in Original 

Investigation and whether or not this reaction was hypothesized to favor 
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OI Reaction + 

Hypothesis  

substitution or elimination. Explains the conceptual reasons for this 

hypothesis.  

Theory 5a  

(ESQ 6) 

GC Theory  

Clearly explains how gas chromatography separates out compounds from a 

mixture. Discusses the order in which compounds elute from the column.  

Theory 5b  

(ESQ 6)  

GC Ratio 

Clearly explains how gas chromatography is used to determine the ratio of 

substitution or elimination products.  

Results 1  

(BODY)  

Fundamental 

Skills Data  

Gas Chromatography data from the Fundamental Skills reactions is 

presented in a clearly organized table with the area of the substitution 

product(s), elimination product(s), and starting material(s), if applicable.  

 

*can be combined with the OI tables  

Results 2  

(BODY)  

Original 

Investigation 

Data  

Gas Chromatography data from the Fundamental Skills reactions is 

presented in a clearly organized table with the area of the substitution 

product(s), elimination product(s), and starting material(s), if applicable.  

 

*can be combined with the FS tables  

Results 3  

(APPENDIX)  

Fundamental 

Skills 

Mechanism  

Full and complete mechanism of the major product(s) of the two reactions 

ran in Fundamental Skills with no more than two mistakes (which include 

incorrect formal charges, arrows, or structures).  

Results 4  

(APPENDIX)  

Original 

Investigation 

Mechanism  

Full and complete mechanism of the major product(s) of the reaction(s) ran 

in Original Investigation with no more than two mistakes (which include 

incorrect formal charges, arrows, or structures).  

Discussion 1a 

(ESQ 7)  

Answer to OI 

Guiding Question 

(1)  

States the reagents which favor substitution and elimination in this 

experiment to answer the Original Investigation Guiding Question. 

Discussion 1b 

(ESQ 7 & 8) 

Answer to OI 

Guiding Question 

(2)  

Explains whether the particular reactions performed during Fundamental 

Skills and Original Investigation favored substitution or elimination and 

how this was determined. Discusses the choice of particular reagents and 

why they were chosen.   
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Discussion 1c  

(ESQ 8)  

Safety Concerns  

Explains specific safety considerations and how these considerations 

informed choices made during the Original Investigation.  

Discussion 2a  

(ESQ 9 & 10)  

FS + OI 

Differences  

Discusses the differences in the data between the reactions run in 

Fundamental Skills and Original Investigation and how this data assisted in 

answering the Original Investigation Guiding Question.  

Discussion 2b  

(ESQ 9)  

Hypothesis  

Clearly states whether or not the hypothesis at the beginning of Original 

Investigation was confirmed or refuted and what evidence led to this 

conclusion.  

Discussion 3a 

(ESQ 11)  

Limitations of 

Technique  

Clearly explains the practical limitations of the techniques and reactions 

used in the Original Investigation, in the context of using evidence for 

determination of substitution and/or elimination products.  

Discussion 3b 

(ESQ 11)  

Contradictory 

Results  

Clearly explains whether or not any data obtained in Original Investigation 

was contradictory. If any data is contradictory, provides a reasonable 

explanation for the contradiction and which piece of evidence was used to 

make the conclusion. If no data is contradictory, give an example of a 

scenario where data would be contradictory and explain how it would 

appear and how you would identify the contradiction.  

Discussion 4a  

(ESQ 12)  

Argumentation 

(1)  

Discusses the claim of at least one other group, and whether or not that 

claim supports or refutes your own claim. If the claim was changed during 

argumentation, discuss the rationale behind changing the claim.  

Discussion 4b  

(ESQ 12)  

Argumentation 

(2)  

Clearly explains whether the post-argumentation confirmatory data 

supported or refuted your post-argumentation claim.  

Conclusion 

(ESQ13) 

(1) Clearly summarizes the results in the context of the objective(s). 

(2) Clearly states whether the objective(s) was/were met or not, and 

includes 1-2 sentences that support that statement. 

  

e. Project #3 Lab Report Scaffold  

Chem 51LB Project #3 Report Scaffold 

Recrystallization of an Epoxidation Product  
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Instructions:  
Report scaffolds are provided to help you learn how to write about the experiments you 

conduct.  For this assignment, answer the specific questions provided using complete sentences in 

the third person passive voice, but keep the general questions in mind as a guide.    

 

Each question in this scaffold is numbered. In a separate document, number your responses to the 

Experiment-Specific Questions only. Do not write the specific questions in your separate document 

as these will only take up the space you need for your responses to those questions. Also, do not 

include the general questions or answers to the general questions.   

 

Post-Lab Report Format: MUST BE TYPED IN WORD OR A SIMILAR PROGRAM, NOT AN 

ELN PAGE! Times New Roman; 12 pt. font; double spaced; 1” margins; no more than 6 pages; 

use 3rd person passive voice only (For example, “We dissolved the white solid in 10 mL of hot 

water,” should be written as, “The white solid was dissolved in 10 mL of hot water.”).  Include 

your name, student ID number, and lab course code.  This format is NOT OPTIONAL and TA’s 

will remove points for failure to follow these instructions. 

Submitting Your Assignment 
Submit the completed assignment document (answers to these questions and the worksheets) as a 

single pdf file on Canvas. If you need help creating a single pdf, check out this resource. 

Introduction  
1. What was the purpose of this experiment? How did we plan to accomplish this?  The purpose 

of an experiment is not simply to introduce a student to a technique or reaction! The purpose 

corresponds to the objective you wrote for your in-lab notebook pages so if you got full credit 

for it previously, just copy and paste it into the introduction section of your post-lab report. If 

you did not previously earn full credit for them, carefully review your TA’s feedback to help 

you improve it. 

Theory  

Experiment-Specific Questions: 

2.  What type of reaction are we doing over the course of this project? What is the starting 

material and the anticipated product?   

3.   Why did we perform extraction in this experiment? What were we extracting?  

4.  How is recrystallization being used in this experiment? Why are we using it?  What would 

someone need to know about how recrystallization works to understand how and why it is 

being used and to understand the data and results? 

5.  Explain the concepts between the different types of recrystallizations as performed in the first 

week of Fundamental Skills. You’re not discussing your results here, but rather discussing 

the differences between the procedures and why it would result in a difference in the results.  

https://www.pcmag.com/article/362731/how-to-combine-pdf-files
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6.  How is melting point being used in this experiment? Why are we using it?  What would 

someone need to know about how melting point works to understand how and why it is being 

used and to understand the data and results? Don’t include any results here. You are 

providing the proper background for the reader to be able to interpret your results later. 

7.  How is thin layer chromatography (TLC) being used in this experiment? Why are we using 

it? What would someone need to know about how thin layer chromatography works to 

understand how and why it is being used and to understand the data and results? 

 

Results 

General Questions: 

What important data were obtained in this experiment? Do not explain your results yet. Just 

provide them in an organized format. Don’t forget to include any assigned unknown number! You 

should include a table to organize your data in addition to sentences. 

Experiment-Specific Questions: 

None. The rubric is already very specific. Follow the rubric. 

 

Note: All of the necessary data needs to be present in table format, but you can combine and 

organize the tables in an efficient way to save space as long as the tables are clear enough to be 

interpreted by the reader. Tables may be single spaced. 

 

Discussion  

General questions:  

How do you know the identity of the product and/or unknown? What conclusions can you draw 

from the data? What conclusions can you NOT draw from the data?   

Experiment Specific Questions: 

 

8.  Answer the Fundamental Skills 2 Guiding Question: What product did you obtain, and how 

did you decide that was the product?  Use your data to build an argument for your conclusion.  

9.  Based on the evidence from your Fundamental Skills, what was the efficacy of your reaction? 

Did your reaction appear to go to completion? Do you believe your major product was the 

expected product?  

10. Answer the Original Investigation Guiding Question: Which recrystallization technique was 

the best for isolating your major compound? Why was this technique the most effective?  



344 
 

11. Why did you choose the particular solvent or solvents? Explain your rationale for choosing 

this solvent system over the other options. What safety concerns were considered when writing 

your Original Investigation procedure?  

12. How did your chosen recrystallization data differ from other recrystallizations performed in 

the Fundamental Skills and Original Investigation? What is the conceptual reasoning for this? 

Do you believe that this evidence supports your hypothesis? 

13. How were you able to conclusively determine the best recrystallization out of the Original 

Investigation? What specific evidence was used to determine this? If this evidence alone was 

not enough to reach a conclusion, what other evidence was necessary?  

14. What are the limitations of the technique or reaction? Did any information from one reaction 

seem to contradict another? (For example, did a recrystallization work well in Fundamental 

Skills and then not work effectively in the Original Investigation?) If information appeared to 

be contradictory, what decisions were made about which evidence was most important? 

15. What discussions from argumentation shaped your conclusions? What information was 

obtained from your post-argumentation confirmatory experiment? Did the data support or 

refute your original claim?  

 

Conclusion  
16. How would you summarize your results and analysis in the context of the objective in 2-3 

sentences? In other words, what is it that you want the reader to remember after having read 

your report? Make sure you remind the reader briefly what the objective(s) was/were before 

indicating whether the data obtained was sufficient to meet the objective(s). 

 

f. Project #3 Lab Report Rubric 

Table S6.3 Project #3 Lab Report Rubric 

Rubric item Item description 

Introduction 

(ESQ1) 

Clearly states the overall goal of the experiment, including specific 

compounds and techniques used. 

Theory 1 

(ESQ 2)  

Reaction  

Describes the type of reaction performed in this project, including 

reagents and anticipated product.  

Theory 2  

(ESQ 3)  

Extraction  

Clearly explains the purpose of extraction in this experiment, including 

the solvents used and what is being extracted.  

Theory 3a  

(ESQ 4)  

Recrystallization 

Purpose  

Clearly explains the purpose and use of the technique of 

recrystallization and provides a conceptual rationale for the procedure 

used to recrystallize.  
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Theory 3b  

(ESQ 5)  

Recrystallization 

Differences  

Clearly articulates the differences between the three different 

recrystallizations performed in the Fundamental Skills portion in the 

lab. Connects the difference in procedure to anticipated differences in 

results, conceptually (this may be different than your experimental 

data)  

Theory 4  

(ESQ 6)  

Melting Point  

Clearly explains the purpose of melting point in this experiment and 

how the data is being interpreted, including mixed melting point (if 

performed).  

Theory 5  

(ESQ 7)  

TLC  

Clearly explains the purpose of TLC in this experiment and how the 

data is being interpreted.  

Results 1 

(BODY)  

Percent Recovery  

Provides a well-organized table that presents the percent recovery for 

all recrystallizations performed in both Fundamental Skills and Original 

Investigation  

 

*may be combined with the melting point and Rf value tables  

Results 2  

(BODY)  

Melting Point 

Values  

Provides a well-organized table that presents the melting point for the 

standard (trans-stilbene), the crude product from the reaction, and the 

recovered product for all recrystallizations performed in the Original 

Investigation ONLY. You do not need to include the Fundamental 

Skills data in this table.  

 

*may be combined with the percent recovery and Rf value tables  

Results 3  

(BODY)  

Rf Values  

Provides a well-organized table that presents the Rfs for the standard 

(trans-stilbene), the crude product from the reaction, and the recovered 

product for all recrystallizations performed in the Original Investigation 

ONLY. You do not need to include the Fundamental Skills data in this 

table.  

 

*may be combined with the percent recovery and melting point tables 

Results 4  

(APPENDIX)  

Sample Calculation 

- Percent Recovery  

Provides a full and complete sample calculation for percent recovery  

Results 5 

(APPENDIX)  

Sample Calculation 

- Rf  

Provides a full and complete sample calculation for Rf  



346 
 

Discussion 1 

(ESQ 8)  

Answer to FS 

Guiding Question  

States the major product that was obtained from the epoxidation 

reaction and how it was determined by citing evidence that supports the 

claim. 

Discussion 2 

(ESQ 9) 

FS Reaction 

Efficacy  

Explains whether the particular reaction performed during Fundamental 

Skills was an effective reaction, based on the evidence. States whether 

or not this was the expected product.  

Discussion 3a  

(ESQ 10)  

Answer to OI 

Guiding Question 

(1)  

States the answer to the Original Investigation Guiding Question, 

giving an overview of the evidence that allowed this conclusion to be 

reached.  

Discussion 3b  

(ESQ 10 & 11)  

Answer to OI 

Guiding Question 

(2)  

Discusses the solvent choice for recrystallization and why these 

choice(s) were made to answer the Original Investigation Guiding 

Question.  

Discussion 3c 

(ESQ 11)  

Safety Concerns  

Explains specific safety considerations and how these considerations 

informed choices made during the Original Investigation.  

Discussion 4a  

(ESQ 12)  

FS + OI Differences  

Discusses the differences in the data between the crystallizations run in 

Fundamental Skills and Original Investigation and how this data 

assisted in answering the Original Investigation Guiding Question.  

Discussion 4b 

(ESQ 13)  

Best 

Recrystallization 

Explains how you determined the best recrystallization between the two 

(or more) recrystallizations performed in your Original Investigation  

Discussion 5a 

(ESQ 14)  

Limitations of 

Technique  

Clearly explains the practical limitations of the techniques and 

reactions used in the Original Investigation, in the context of using 

evidence for determination of substitution and/or elimination products.  

Discussion 5b 

(ESQ 14)  

Contradictory 

Results  

Clearly explains whether or not any data obtained in Original 

Investigation was contradictory. If any data is contradictory, provides a 

reasonable explanation for the contradiction and which piece of 

evidence was used to make the conclusion. If no data is contradictory, 

give an example of a scenario where data would be contradictory and 

explain how it would appear and how you would identify the 

contradiction.  
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Discussion 6a  

(ESQ 15)  

Argumentation (1)  

Discusses the claim of at least one other group, and whether or not that 

claim supports or refutes your own claim. If the claim was changed 

during argumentation, discuss the rationale behind changing the claim.  

Discussion 6b  

(ESQ 15)  

Argumentation (2)  

Clearly explains whether the post-argumentation confirmatory data 

supported or refuted your post-argumentation claim.  

Conclusion 

(ESQ16) 

(1) Clearly summarizes the results in the context of the objective(s). 

(2) Clearly states whether the objective(s) was/were met or not, and 

includes 1-2 sentences that support that statement. 

 

IV. ASAC Protocol  

 The following is the adjusted ASAC protocol used to evaluate the argumentation for the 

beta-testing of the OCL-II projects. This protocol rubric was used both by the graduate student 

researcher (myself) and the 4 undergraduate student researchers. It is included in its entirety below.  

Assessment of Scientific Argumentation in the Classroom Observation Protocol 

 

CONCEPTUAL AND COGNITIVE ASPECTS OF SCIENTIFIC ARGUMENTATION  

HOW THE GROUP ATTEMPTS TO NEGOTIATE MEANING OR DEVELOP A BETTER 

UNDERSTANDING 

(THESE ITEMS TARGET HOW THE GROUP ATTEMPTS TO MAKE SENSE OF WHAT IS 

GOING ON) 

C1. The talk of the group was focused on 

solving a problem or advancing 

understanding. 

0 1 2 3 

Not at 

all 

One or 

Two 

Instances 

Three or 

Four 

Instances 

Often (> 

4 

Instances) 

Description: The emphasis on advancing understanding indicates that there were some 

significant claims or explanations at the heart of discussion. Groups that score high on this 

item maintain the focus of their talk and efforts on understanding or solving the problem 

rather than the best way to finish their work quickly or with the least amount of effort. 

Note: Groups that stay on topic but never go engage in an in-depth discussion about what 

is happening should be scored low on this item. 

0 1 2 3 
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C2. The participants sought out and 

discussed alternative claims or 

explanations. 

Not at 

all 

One or 

Two 

Instances 

Three or 

Four 

Instances 

Often (> 

4 

Instances) 

Description: Divergent thinking is an important part of argumentation. A group that meets 

this criterion would talk about more than one claim, explanation, or solution. Individuals 

that valued alternative modes of thinking would respect and actively solicit new or 

alternative claims, explanations, or solutions from the other participants. Note: Groups that 

discuss multiple types of grounds or support for a claim, explanation, or solution but only 

one claim, explanation, or solution should be scored low on this item. 

C3. The participants modified their 

explanation or claim when they noticed 

an inconsistency or discovered anomalous 

information.  

0 1 2 3 

Not at 

all 

One or 

Two 

Instances 

Three or 

Four 

Instances 

Often (> 

4 

Instances) 

Description: Inconsistencies between claims or explanation and the phenomenon under 

investigation are common.  A group that modified their claim or explanation when they 

noticed inconsistencies or anomalies would not ignore “things that do not fit” or attempt to 

discount them once they are noticed by one of the participants.  Groups that score high on 

this item try to modify their claim or explanation (not just their reasons) in order to account 

for an inconsistency or an anomaly rather than attempting to “explain them away.” 

C4. The participants were skeptical of 

ideas and information. 

0 1 2 3 

Not at 

all 

One or 

Two 

Instances 

Three or 

Four 

Instances 

Often (> 

4 

Instances) 

Description: During scientific argumentation, allowing a variety of ideas to be presented, 

but insisting that challenge and negotiation also occur would indicate that group members 

were skeptical. Accepting ideas without accompanying reasons would result in a low score 

because it is a sign of credulous thinking. In other words, students must be willing to ask, 

“how do you know?” or “Are you sure?” Groups that respond to the ideas of others with 

comments such as “ok”, “that sounds good to me”, or “whatever you think is right” would 

score low on this item. 

C5. The participants provided reasons 

when supporting or challenging an idea. 

0 1 2 3 

Not at 

all 

One or 

Two 

Instances 

Three or 

Four 

Instances 

Often (> 

4 

Instances) 

Description: Providing reasons to support or challenge a claim, conclusion, or explanation 

is a crucial characteristic of argumentation.  Claims must have some support provided for 

them beyond simply restating the claim itself. Making claims without support would result 
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in a low score on this item and including any reason like “that’s what I think”, “it doesn’t 

make sense”, “the data suggests…” or “but that doesn’t fit with…” would result in a higher 

score. Note: Personal or past experiences count as a reason for this item. 

C6. The participants attempted to 

evaluate the merits of each alternative 

claim or explanation in a systematic 

manner. 

0 1 2 3 

Not at 

all 

One or 

Two 

Instances 

Three or 

Four 

Instances 

Often (> 

4 

Instances) 

Description: This addresses the tentative or responsive nature of science.  The idea that 

there is often more than one way to interpret data or evidence and that only through careful 

analysis can an idea be accepted or eliminated.  This gets at the “gut” response factor.  

Conclusions are not based on opinion or inference. 

COGNITIVE SUBSCORE:  /18 

 

EPISTEMIC ASPECTS OF SCIENTIFIC ARGUMENTATION 

HOW CONSISTENT THE PROCESS IS WITH THE CULTURE OF SCIENCE 

(THESE ITEMS TARGET HOW THE GROUP DETERMINES WHAT COUNTS AS VALID 

OR ACCEPTABLE) 

E7. The participants used evidence to 

support and challenge ideas or to make 

sense of the phenomenon under 

investigation. 

0 1 2 3 

Not at 

all 

One or 

Two 

Instances 

Three or 

Four 

Instances 

Often (> 

4 

Instances) 

Description: A goal of scientific argumentation is the use of data that has been collected, 

analyzed, and interpreted as evidence to defend a claim, conclusion, or explanation.  This 

item implies that students were attempting to use evidence in their arguments.  This should 

more than an opinion; they must discuss data that was collected, how the data was 

analyzed, or what the results of an analysis means.  Statements like “that’s what I think” or 

“it doesn’t make sense” would result in a low score.  Statements like  “the data we found 

suggests that …” or “our evidence indicates…” would result in a higher score. 

E8. The participants examined the 

relevance, coherence, and sufficiency of 

the evidence. 

0 1 2 3 

Not at 

all 

One or 

Two 

Instances 

Three or 

Four 

Instances 

Often (> 

4 

Instances) 

Description: This item draws attention to the amount and kinds of evidence used to support 

a claim or explanation.  Groups that attempt to (a) determine the value of a piece of 

evidences (e.g., “does that matter?”), (b) look at links or the relationship between multiple 
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pieces of evidence (e.g., “This supports X and Y but this only supports X”), or (c) attempt 

to determine if there is enough evidence to support an idea (e.g., “We do not have any 

evidence to support that”) would score higher on this item. 

E9. The participants evaluated how the 

data was gathered, analyzed or 

interpreted. 

0 1 2 3 

Not at 

all 

One or 

Two 

Instances 

Three or 

Four 

Instances 

Often (> 

4 

Instances) 

Description: The evidence provided for a claim or explanation should be evaluated based 

on how well the data was gathered, analyzed, and interpreted. A question such as “Why is 

that evidence included?” or “How did they gather their data?” or “Where did that data 

come from?” indicates that the participants are assessing methods or an interpretation of 

data and would result in a higher score. 

E10. The participants used scientific 

theories, laws, or models to support and 

challenge ideas or to help make sense of 

the phenomenon under investigation. 

0 1 2 3 

Not at 

all 

One or 

Two 

Instances 

Three or 

Four 

Instances 

Often (> 

4 

Instances) 

Description: Science is theory-laden.  In other words, scientists rely on broad, well-

supported organizing ideas to frame their arguments and claims.  Students should also 

employ these paradigmatic ideas in providing warrants for the evidence and claims they 

make or use to refute others’ claims.  Explicit reference to these “big ideas” will result in a 

higher score on this item. 

E11. The participants made distinctions 

and connections between inferences and 

observations explicit to others. 

0 1 2 3 

Not at 

all 

One or 

Two 

Instances 

Three or 

Four 

Instances 

Often (> 

4 

Instances) 

Description: The structure of scientific arguments includes evidence involving both 

empirical (such as quantitative measurements and systematic observations) and inferential 

(noting of trends and logical connections among observations) aspects.  Making these 

distinctions and their connections explicit to others enhances the quality of the 

argumentation and thus results in a higher score. 

E12. The participants used the language 

of science to communicate ideas. 

0 1 2 3 

Not at 

all 

One or 

Two 

Instances 

Three or 

Four 

Instances 

Often (> 

4 

Instances) 

Description: This item stresses the importance of the accurate use of scientific language by 

students. The adoption and use appropriate terms (e.g., condensation, force, etc.), phrases 
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(e.g., “it supports” rather than “it proves”) or ways of describing information is a 

characteristic of argumentation that is scientific. Note: Ideas may be explicated before 

being labeled with the correct terminology. 

EPISTEMIC SUBSCORE:   /18 

 

SOCIAL ASPECTS OF SCIENTIFIC ARGUMENTATION 

HOW THE PARTICIPANTS INTERACT WITH EACH OTHER 

(THESE ITEMS TARGET GROUP DYNAMICS) 

S13. The participants were reflective 

about what they know and how they 

know. 

0 1 2 3 

Not at 

all 

One or 

Two 

Instances 

Three or 

Four 

Instances 

Often (> 

4 

Instances) 

Description: It is important for members of the group to agree on what they know and to 

be specific about how they know.  Statements such as, “do we all agree?” or “is there 

anything else we need to figure out?” or “can we be sure?” indicate that participants are 

monitoring their progress and have an end goal in mind. 

S14. The participants respected what 

each other had to say. 

0 1 2 3 

Not at 

all 

One or 

Two 

Instances 

Three or 

Four 

Instances 

Often (> 

4 

Instances) 

Description: Respecting what others have to say is more than listening politely or giving 

tacit agreement. Respect also indicates that what others had to say was actually heard and 

considered (e.g., “that is a good point”, interesting idea”, or “I hadn’t thought of that”). A 

group that scored high on this would allow everyone to present their ideas and express their 

opinions without censure or ridicule.  

S15. The participants discussed an idea 

when it was introduced into the 

conversation. 

0 1 2 3 

Not at 

all 

One or 

Two 

Instances 

Three or 

Four 

Instances 

Often (> 

4 

Instances) 

Description: To be a participating and contributing member of the group, it is important to 

feel valued. Ideas and opinions need to be critically acknowledged. This means they are 

considered and given weight by the group. Groups that ignore ideas when they are 

proposed (results in the same idea being mentioned over and over) would earn a low score 

on this item. 
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S16. The participants encouraged or 

invited others to share or critique ideas. 

0 1 2 3 

Not at 

all 

One or 

Two 

Instances 

Three or 

Four 

Instances 

Often (> 

4 

Instances) 

Description: Good argumentation comes from considering and comparing competing ideas 

from multiple individuals to construct the most robust explanation of the phenomenon 

under study. Groups that consist of individuals that invite others to share (e.g., “what do 

you think”), critique (e.g., “do you agree” or “it is ok to disagree with me”), or discuss an 

idea (e.g., “let’s talk about this some more”) would score higher that a group with an 

alienating leader that dominates the conversation and the work of the group. 

S17. The participants restated or 

summarized comments and asked each 

other to clarify or elaborate on their 

comments. 

0 1 2 3 

Not at 

all 

One or 

Two 

Instances 

Three or 

Four 

Instances 

Often (> 

4 

Instances) 

Description: The depth of discussion will be enhanced by not making implicit judgments 

or assumptions about another person’s ideas or views, and it demonstrates that their point 

of view is valued and is furthering the discussion. Communication provides students with 

opportunities to identify the strengths and weaknesses of their understanding. 

S18. There was equal participation from 

all members of the group. 

0 1 2 3 

Not at 

all 

One or 

Two 

Instances 

Three or 

Four 

Instances 

Often (> 

4 

Instances) 

Description: The degree to which in member contributed to the argumentation impacts the 

depth and breadth of the discourse.  Also, one or two high performers may result in a high 

score on some items, but not be representative of the actual argumentation event.  Groups 

where some members are not engaged would score low on this item. 

SOCIAL SUBSCORE:   /18 

TOTAL SCORE:   /54 
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V. Project #1 Unknown List  

Fundamental Skills Unknowns:  

1. 1:3 acetylsalicylic acid:acetaminophen  

2. 1:1 acetylsalicylic acid:sorbitol  

3. 1:1 acetylsalicylic acid:naproxen  

4. 1:3 naproxen:acetaminophen  

5. 1:3 acetaminophen:acetylsalicylic acid  

6. 1:3 acetaminophen:naproxen  

7. 1:1 naproxen:sorbitol  

8. 1:3 naproxen:acetaminophen  

Original Investigation Unknowns:  

1. 1:1 Sorbitol: Caffeine  

2. 1:1 Acetaminophen: Caffeine  

3. 1:1 Acetylsalicylic Acid: Caffeine  

4. 1:1 Naproxen: Caffeine  

5. 1:3 Acetaminophen: Ibuprofen  

6. 1:3 Sorbitol: Lidocaine  

7. 1:3 Sorbitol: Ibuprofen  

8. 1:3 Acetylsalicylic Acid: Ibuprofen  
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VI. NMR Spectra for Project #1 
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VII. IR Spectra for Project #1  

a. Sorbitol: Caffeine 1:1 (Unknown 1) 
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b. Acetaminophen: Caffeine, 1:1 (Unknown 2)  
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c. Acetylsalicylic Acid: Caffeine 1:1 (Unknown 3)  
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d. Naproxen: Caffeine 1:1 (Unknown 4)  
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e. Acetaminophen: Ibuprofen 1:3 (Unknown 5)  
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f. Sorbitol: Lidocaine 1:3 (Unknown 6)  
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g. Sorbitol: Ibuprofen 1:3 (Unknown 7)  
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h. Acetylsalicylic Acid: Ibuprofen 1:3 (Unknown 8)  
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VIII. GC Spectra for Project #2  

a. methoxide + 1-bromopentane  
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b. methoxide + 2-bromopentante  

 
c. methoxide + 2-methyl-2-bromobutane  
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d. ethoxide + 1-bromopentane 

 
e. ethoxide + 2-bromopentante  
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f. ethoxide + 2-methyl-2-bromobutane 

  
g. isopropoxide + 1-bromopentane 
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h. isopropoxide + 2-bromopentane  

 
i. t-butoxide + 1-bromopentane  

 



382 
 

j. t-butoxide + 2-bromopentane  

 
k. t-butoxide + 2-methyl-2-bromobutane  
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