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ABSTRACT OF THE DISSERTATION

Environmental Effects on the Solid-State Reaction Dynamics of Anthracene Derivatives

by

Fei Tong

Doctor of Philosophy, Graduate Program in Chemistry
University of California, Riverside, December 2017
Dr. Christopher. J. Bardeen, Chairperson

Anthracene derivatives can undergo photochemical reactions under light irradiation, like
a [4+4] photodimerization and a Dewar isomerization. When these molecules are made
into micro- and nano-sized crystals, some of them exhibit interesting photomechanical
motions and deformations like bending, twisting, curling, and expanding. Both the
internal and external environmental effects were found to significantly influence the
photomechanical behaviors and photochemical reactions of these molecules in the solid-
state. One goal of this research is to better understand the relationship between dynamics
of chemical reactions and crystal photomechanical behavior they produce, and to see if

these reaction rates can be enhanced by internal or external factors.

O-tert-butylanthracene (9TBA) undergoes a Dewar isomerization in solution and in
polymers, but produced no photomechanical response in the crystal, even though it

generates a significant volume change and a highly strained molecular structure after



photoisomerization. But when this molecule is embedded in a polymer, a strong pressure
dependence of the photoisomerization was observed in both forward and reverse
reactions, providing us a possible way to engineer more pressure sensitive molecules in

the future.

We investigated the photodimerization process of 9-methylanthracene (9MA) in
polycrystalline thin films. It was found that both the photochemical reaction and
nonradiative relaxation rates increase as more photoproduct is formed, which we denoted
as an autocatalytic pathway. The local environment of a 9MA molecule changes as the
surrounding molecules react. We derived rigorous equations and extended a current
model (the Finke-Watzky Model) to describe the non-exponential reactant decay, and we
were able to predict its time-dependent photoluminescence evolution over the course of
the reaction, which showed agreement with the experimental results. The presence of
autocatalytic reaction dynamics in a molecular crystal system may play a role in its
photomechanical response. This new chemical reaction pathway is different from the

single exponential process seen in photoresponsive soft polymer systems.

Besides internal factors, like intra- and intermolecular interactions, we also studied the
external environmental effects on molecular crystals. lonic surfactants like
cetyltrimethylammonium bromide (CTAB) was discovered to dramatically promote both
the photomechanical motion and the photochemical reaction rates of dimethyl-2-(3-

anthracen-9-yl)allylidene)malonate (DMAAM) nanocrystals. These results may help

xi



illustrate how surface effects can enhance crystal reactivity. Future work will involve
incorporating the photochemical processes with photomechanical behaviors and
exploring more interesting mechanical motions with various shapes and sizes of

molecular crystals.
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Chapter 1 Introduction

1.1 History and background of photomechanical materials

People always make efforts to take advantage of energy sources from nature to help them
to do work. One example is the appearance of mills. People in ancient periods started to
build windmills' and watermills® to mill cereals to replace animals such as donkeys or
horses. Wind flow or water flow generated by differences of potential energy (pressure or
gravity) can generate rotation to do mechanical work™ . Once proper constructions are
built, such resources (wind and water) from nature can keep working continuously. As a
result, they can accomplish more work in a certain duration compared to manpower or
animals. The larger the difference in potential energy, the more work they can generate.
The steam engine was invented when people realized that they could utilize different
energy forms and convert them to do mechanical work’. The huge kinetic energy
generated via the volume change of vapor from heating water can do extensive
mechanical work in a short time. Various energy sources were explored in order to drive
the development of society after this industrial evolution, such as electricity, heat, light

. -1
and chemical energy® '’

As for light energy, the nature has already learned how to take advantage of this resource
during the evolution of billions of years. Plants can convert light energy into chemical
energy via photosynthesis'"* '?, accumulate it as they grow, and supply energy to other
organism like insects and animals'”. However, this enormous energy resource is not fully

utilized by human beings. People started to make use of light and convert it into



electricity via devices such as solar cells over the last 200 year. The first photovoltaic
effect was experimentally demonstrated by a French physicist Edmond Becquerel in

1839'* and Willoughby Smith first described the effect of light on selenium in 1873"> 6,

The direct conversion of photons to mechanical motion is called “photomechanical
effect”. Photomechanical behavior is attracting more and more attention because it does
not require direct contact with materials or by hard connections such as wires'’. Light, as
a clean and green resource, can achieve precise control in space, intensity, polarity and
wavelength. The first application of photomechanical device could date from the late
1800s when Alexander Graham Bell tried to make a photophone that could enable
communication without wires'®. Initial research activities of photomechanical effects in
polymeric materials were undertaken in the 1960s. In 1967, Lovrien proposed four
strategies to convert light energy into mechanical energy using photochromic molecules
such as azobenzenes in polymer chains’. The general approach of these initial studies
remains largely unchanged today, focusing on incorporating photoresponsive moieties

into polymeric or crystalline materials.

1.2 Photomechanical molecular crystals

Instead of embedding molecules inside host materials such as liquid crystal polymers,
some single crystals can also show a photomechanical response under light. The first
systematic study of the photochemistry of molecular crystals dates back to 1964, when

Schmidt and Cohen studied the photodimerization of cinnamic acid derivatives. The



“topochemistry” they postulated described how the spatial arrangement of reactant

molecules can affect the photochemistry'*?'

. The prototypical reaction, much studied by
Schmidt and others, is the [2 + 2] photodimerization of cinnamic acid, shown in Figure
1.1 (f). In the solid state, UV light irradiation produces the a-truxillic acid photodimer if
the trans-cinnamic acid is crystallized in the a-polymorph, the B-truxinic acid dimer if the
cinnamic acid crystalizes in the a-polymorph, and there is no photoreaction if the

cinnamic acid crystallized in the y-polymorph.”'** Recent work by MacGillivray et al. in

expanding the scope and utility of the [2 + 2] dimerization is particularly noteworthy™*

In 1966, Tatsuzaki et al. first reported a photomechanical response in an inorganic SbSI
single crystal. This photomechanical behavior was attributed to the unique coexistence of
photoconductivity and ferroelectricity in SbSI crystals. The length of a SbSI crystal
changed when it was illuminated by visible light in the presence of an electric field® . The
first example of photomechanical motion based on a photochemical reaction in an
organic molecular crystal was reported in 1982 by Abakumov and Nevodchikov*®. The
crystals were composed of a semiquinone complex of platinum group metals that

generated a free-radical complex when exposed to visible or near-infrared light.
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Figure 1.1. Examples of reversible photochromic reactions that have been used to drive
photomechanical motion in crystals. (a) trans-cis isomerization of azobenzene; (b) ring
formation and cleavage reaction of diarylethene derivatives; (c) ring formation and
cleavage isomerization of furylfulgide; (d) intramolecular hydrogen transfer reaction of
salicyldienoanilines; (e) intramolecular linkage isomerization of a
nitropentaaminecobalt(Ill) complex; (f) [2+2] cycloaddition reaction of cinnamic acid;
and (g) [4+4] cycloaddition reaction of anthracene derivatives. (Reproduced with the
permission of Elsevier.)



The bending action in this complex was ascribed to the radical-mediated formation of
dimerized Rh—Rh bonds between stacked complexes within the crystal. A decade later,
in 1992, Abakumov and coworkers were involved in a study that clarified the chemistry
of the rhodium semiquinone complexes but left the question of the bending mechanism

2
unanswered.?’

In 2002, Nakanishi and coworkers showed that while the photopolymerization of a
diolefin derivative resulted in the disintegration of bulk crystals, the same photoreaction
did not destroy nanocrystals*®. In 2006, our group showed that although larger crystals
composed of the anthracene derivative 9-tert-butylanthracene ester (9TBAE) shattered
under light illumination, but crystalline nanorods composed of the same molecule could
expand up to 15% when irradiated by 365 nm light.**This expansion was driven by a
crystal-to-crystal [4 + 4] photodimerization reaction and did not fragment the nanorods
(Figure 1.2). This result suggested that such crystals could generate large mechanical
displacements, possibly useful for photomechanical applications. The MacGillivray and
Garcia-Garibay groups have also reported that organic nano- and microcrystals can

survive photochemical transformations with their morphology intact.*®*!
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Figure 1.2 () FM image of a ig-crystal BAE nanorod before illu-mination and (b)
after illumination with 365 nm. Scale bar is 6 pm. Note that the diameter of the rod in the
xy-plane appears greater than 200 nm due to its convolution with the broad AFM tip.
(Reproduced with the permission of American Chemical Society.)

During this same period, work on solid-state photochromic materials proceeded, with
notable progress in Irie’s group on the photoinduced ring-opening/closing reaction of the
diarylethene (DAE) family (Figure 1.1b).** Several derivatives that could undergo the
ring-opening/closing reaction in crystalline form were found.”> Experiments
demonstrated that crystal surface features could be switched back and forth by exposure
to UV followed by visible light.’* In 2007, Irie’s group also demonstrated that a
molecular crystal composed of the DAE derivative shown in Figure 1.3 could undergo
reversible deformations upon exposure to different wavelengths of light.*>> Although the
magnitude of the shape changes was small (<1%), when vacuum evaporation was used to

generate microcrystals on a surface, more dramatic deformations could be observed

(Figure 1.3).

Irie and other workers have continued to explore the diarylethene ring-opening and

closing reaction for possible applications™ *°. One example is the use of a 10 micro



diameter molecular crystal rod and to push a metallic microparticle. Upon
photoexcitation, the large force generated by flexing of the crystal rod will push a gold

microsphere as far as 30 um. (Figure 1.4)

F2 Fa
A =365 nm
———
A>500nm
S Et
1 (open ring) 1 (closed ring)
10 um 10 um

Figure 1.3 Open- and closed-ring chemical structures and reaction scheme for a
diarylethene derivative, 1, 2-bis(2-ethyl-5-phenyl-3-thienyl)perfluorocyclopentene. The
images illustrate the reversible deformation of a single crystal that can be switched back
and forth using ultraviolet (365 nm) and visible (500 nm) light. A square single crystal of
(1) with corner angles of 88° and 92° reversibly changes to a shape with corner angles of
82 and 98°. The crystal thickness was 570 nm. (Reproduced with the permission of
Nature Publishing Group.)
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Figure 1.4 Movement of a gold microsphere by a rod-like diarylethene crystal after
irradiation with UV (365 nm) light. The gold micro-particle is 90 times heavier than the
rod-like crystal (250%5 x5 mm) and appears in the images as a black spot. The ultraviolet
light-induced bending of the crystal could push the gold micro-particle as far as 30 um.
The exposure time of each frame was 500 ms (2000 frames sec™') and the numbers above
the images are frame numbers. (Reproduced with the permission of Nature Publishing
Group.)



1.3. Advantages of molecular crystals
As hard materials, molecular crystals are usually regarded as fragile. However, there are a
few examples that have shown that molecular crystals can have large deformation. For

00.37-39 In

instance, some molecular crystals can be bent elastically over 180° or even 36
2015, Naumov et al demonstrated a superelastic single crystal that exhibited perpetually
self-propelling behavior.” The good elasticity was attributed to the low-dimensional
hydrogen-bonding network which can provide enough internal strain to do propulsion

while also keeping the crystal intact.

One advantage of molecular crystals is that they can respond more rapidly than soft
materials (polymer and liquid crystal elastomers) as they do not need a matrix to help
them to amplify the deformation of molecules to the macroscopic level. Moreover, the
energy transfer process (from light energy to mechanical energy) will be more efficient
and faster as the heat dissipation of polymer chains has been avoided.*' And also, even
though the deformation or displacement of molecular crystal may be smaller, the local
stress or force that produced is usually the same or even larger than soft elastomers.**™**
Photomechanical molecular crystals can do much more work under light illumination. In
2010, Irie et al demonstrated that a rod-like diarylethene co-crystal can lift a metal ball
which is at least 200 times heavier than the crystal itself under UV light illumination®
(Figure 1.5). Another advantage of molecular crystals is their simplicity and ease of
analysis. For example, X-ray diffraction techniques can easily get detailed information on

crystal structure under varying temperature and pressure conditions.****



Figure 1.5 Superimposed photographs of a crystal cantilever lifting a lead ball with a
mass 275 times larger than the crystal upon irradiation with UV light from the underside
of the actuator. (Reproduced with the permission of American Chemical Society.)

1.4 Engineering molecular structure to get better photomechanical behavior

1.4.1 Photoisomerization — the intramolecular reaction

Even though the photomechanical effects are mostly shown in polymers and liquid

4931 azobenzene derivatives can also show photomechanical behavior when they

crystals
are in single crystals. In 2009, Koshima et al firstly reported that crystals composed of
amino-azobenzene derivatives could undergo up to 100 bending and unbending cycles
under repeated UV light irradiation.”> The crystal would bend away from light source
after UV irradiation while revert back after about 30s due to the thermal effects. Barrett et
al. have prepared numerous azobenzene derivatives and extensively characterized their
crystal-to-crystal photoisomerizations and mechanical response.46’ 334 One interesting
example shown in Figure 1.6 is how the illumination conditions of light could control the
photomechanical bending.” Their work has demonstrated that the use of halogen
substitution allows this class of molecules to exhibit fast photomechanical motion with

good cycling behavior and that derivatives that allow visible light to drive the

photomechanical motion can be prepared. This work also proved that it is possible to



engineer molecule structures to design promising photomechanical molecular crystals in

the future.

Cis-crystal Trans-polycrystal
Figure 1.6 Irreversible bending of a thin crystal of cis-1 by 457 nm light, with the arrow

at the top of the figures indicating the direction of irradiation. (Reproduced with the
permission of American Chemical Society.)

1.4.2 Photodimerization — the intermolecular reaction

The photochemical reaction of azobenzene derivatives is based on its trans < cis
intramolecular isomerization, but very good photomechanical behavior can also be found
in molecular crystals that undergo intermolecular reactions such as [2+2] and [4+4]
cycloadditions.** *> °® Recently, in order to expand the photomechanical capabilities of
molecular crystals, our group has systematically modified the 9-anthracene carboxylic
acid (9AC) molecule by replace the H at the C-10 position, which is directly across from
the COOH group, with CH3, F, Cl, Br, and another COOH group5 9 But we had more
success by placing substituents at other positions on the anthracene ring. One successful
example is 4-fluoro-9-anthracene carboxylic acid (4F9AC), which can exhibit the most

rapid photomechanical responses with at least an order of magnitude improvement in

both mechanical recovery and photodimer dissociation rate (Figure 1.7).
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Figure 1.7 Series of optical microscopy images of (a) 9AC and (b) 4F-9AC
microcrystalsafter a 1 s exposure to 405 nm light causes them to deform. The 4F-9AC
crystal completely untwists in 25 s, while the 9AC crystal requires 420 s to unbend. Both
scale bars are 50 um. (Reproduced with the permission of American Chemical Society.)
1.4.3 T-type and P-type molecular crystals

Currently, various organic compounds can show photomechanical behaviors in their

crystal forms. This includes diarylethene derivatives’>>°, furyl fulgide®, azobenzene

4 29, 57-59

derivatives®*? s salicylideneaniline6], anthracene derivatives , 4-chlorocinnamic
acid®, 1,2-bis(4-pyridyl)ethylene salt®, and benzylidenedimethylimidazolinone®. And

people are trying to prepare more organic compounds to obtain better molecules.

From a practical standpoint, the photomechanical response should be reversible so that
the motion can be repeated for multiple cycles. This reversibility can be divided into two
forms: T-type and P-Type.*> °® In T-type crystal, the photochemical reaction produces a

metastable product that will thermally revert back to the reactant under ambient

11



conditions. The advantage of such crystals is that only a single wavelength of light is
needed to cause the photomechanical response, some anthracene derivatives is one of T-
type crystals.”’’ But the rate of reverse reactions cannot be controlled precisely since the
crystal resets itself depending on ambient temperature. On the other hand, in P-type
crystals, the forward and reverse reactions can be initiated by using light with different
wavelengths. In this way, people can obtain either the reactant or photoproduct
selectively. Most of azobenzene derivatives and diarylethene derivatives belong to P-type

2-36, 52-54
crystals.**?% 9%

However, one cannot claim arbitrarily which type of crystal is better than the other as
both of them have own advantages and disadvantages. Moreover, molecular crystals
provide a synthetically accessible way to prepare molecules with more diversity and
variety and that is why people are still exploiting in this field and trying to make more

. . 2,54
interesting molecules.*> **

1.5 Mechanism of the photochemistry

1.5.1 The Warner Theory in polymer system

Making more useful molecules is one goal we have in the field photomechanical
molecular crystals. The other one would be understanding mechanism — what is actually
happening during the process photochemical reaction inside those molecular crystals?
Currently, most researchers use Warner Theory®’ which assumed first-order reaction

kinetics in reactions and is widely used in liquid crystal elastomers and polymer systems.
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In Warner Theory, the propagation of light traveling through the materials is described by
Beer-Lambert Law and the intensity of light will attenuate with a single-exponential
decay . The photoactive elastomer will then deform due to interfacial strain caused by

bimorph structure of reactants and products (Figure 1.8).

Figure 1.8 A beam of light, traveling in the x-direc‘;cion is incident on the surface of film
of a photoactive nematic elastomer, absorption leads to bend. (Reproduced with the
permission of American Physical Society.)

It is obvious that the mechanism in molecular crystals would be different from the
polymer system. Not only the photomechanical behavior of molecular crystals is different,
but also the photochemical reaction process is different. There were already some
research that suggested that the situation may be more complicated in molecular crystal
systems. Previous work in our group of 9-methylanthracene (9MA) showed that here is a
clear delay between the start of the reaction and the onset of bending when we measured
the 9MA photomechanical response and fluorescence signal simultaneously (Figure
1.92).° In 2014, Brillante et al showed that the photodimerization of solid-state 9-
cyanoanthracene exhibited non-exponential kinetics. The data was measure by Raman
spectroscopy and the analysis was based on the Finkey-Watzky model, which is different

from Warner Theory that is widely used in polymer systems (Figure 1.9b).”
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Figure 1.9 (a) Normalized time-dependent fluorescence and curvature data for individual
OMA microneedles. The data points are generated by measurement of the monomer
fluorescence signal at 550 nm and analysis of fluorescence microscopy images, both
collected simultaneously. (b) Conversion fraction of solid-state 9-cyanoanthracene as a
function of time as obtained from the band intensities of micro-Raman spectra.
(Reproduced with the permission of American Chemical Society.)

1.5.2 The JAMK Model in molecular crystals system

McBride and Eckhardt have done extensive work on measuring such effects and

developing theoretical models to understand them’' "

. The cooperative nature of
photochemistry in crystals can lead to complicated kinetic behavior, and the Johnson—
Mehl-Avrami—Kolmogorov (JMAK) model of nucleation is often invoked to analyze

: 4
reaction rates.7 73

The JIMAK model, also known as the JIMAK equation was first derived by Kolmogorov
in 1937 and popularized by Melvin Avrami in a series of papers published in the Journal
of Chemical Physics from 1939 to 1941.7°"®Basically, it can be summed up through a
simple equation:

V(t)=1-¢""
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where V is the fraction of the transformed phase and V. is the so-called extended volume
of the transformed phase, that is the volume the transformed phase would acquire if the

overlap among the growing nuclei was disregarded.

The kinetics of the JMAK model usually predicts a sigmoidal shape or S-shape, where
the transformation rates of crystal nucleation are low at the beginning and the end of the
transformation but rapid in between. The initial slow rate can be attributed to the time
required for a significant number of nuclei of the new phase to form and begin growing.
During the intermediate period the reaction rate speeds up as the nuclei grow into
particles and consume the old phase while nuclei continue to form in the remaining
parent phase. Once the transformation approaches completion the rate will slow as there

is little untransformed material for further nucleation.”

The JMAK model has been widely used due to its simplicity research areas. However, it
has some drawbacks which prevent it from describing the chemical reactions at molecular
level. For example, the JIMAK model assumes nucleation always occurs randomly and
homogeneously over the entire untransformed portion of the material, which is usually
not true in reality due to the defects and edges of materials. And also it claims that the
crystal growth occurs at the same rate in all directions during the chemical reaction,
which excludes the intrinsic effects of materials like self-catalyzed processes due to the

accumulation of products in many biological systems and metallic nanoparticles systems.
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1.5.3 The Finke -Watzky Model in molecular crystal system

In 1997, Dr. Watzky and Finke successfully developed a model to describe the
continuous nucleation and autocatalytic growth of Ir nanoclusters. This model consists of

a slow, continuous nucleation (A—B, rate constant k;) followed by a fast, autocatalytic
growth (A+B—2B, rate constant k,). The model has become known as the Finke-Watzky

(F-W) two-step model and has been applied to a variety of phenomena involving

1-84 .
81-84 and solid-

nucleation and growth, including catalyst formation,™ protein aggregation,
state reactions.” The F-W two-step kinetic model uses the concept of pseudo-elementary
steps and allows for the quantitative determination of average rate constants for
nucleation and autocatalytic growth, which provides both a physical model and a
mathematical solution®. When it is applied to solid-state reaction processes, its balanced

reactions and associated rate constants enable transparent physical interpretations and

easy connection to experimental observables.

We applied the F-W two-step model to the 9MA system and showed that it could be used
to analyze both the time-dependent decrease in reactant concentration and the speed-up in
the fluorescence decay. The details of this research project can be found in Chapter 4.
The ability to quantitatively model the kinetics will be necessary to quantitatively model

the crystal photomechanical response, which we plan to do in our future work.*
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1.6 Models coupling with photomechanical behavior

In addition to explaining the photochemistry in solid-state photomechanical molecular
crystals, how photomechanical behavior arises from photochemical kinetics also attracts
if the distribution of photoproducts follows an

chemists’ attention. For example,

exponential distribution according the first-order kinetics, the same as responsive
polymers, the interface strain caused by weak gradient of displacement between reactant
and photoproduct molecules will be relatively small.®” On the other hand,
photomechanical bending may be enhanced if the distribution of photoproducts follows a

non-exponential profile, especially in microscopic-sized materials like nanowires (Figure

1.110).
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Figure 1.10 Two different types of kinetics models lead to different photomechanical
behaviors.

1.6.1 Basic ideal of deformation — bimorph structure
As with the photomechanical responsive polymers, the most common mechanical

deformation observed in molecular crystals is bending. Basically, the bending occurs
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when the photoproducts form preferentially on the illuminated side of an optically thick
crystal, generating a bimorph structure.®” Therefore, bending is the result of the strain
gradient that arises at the interface between two different chemical phases containing the
reactant and photoproduct molecules (Figure 1.11). This type of motion usually depends
on the shape of the crystal, and a long flat crystal may want to seek to alleviate internal
strain by twisting. Examples of twisting crystals can be found in diarylethene®® and

anthracene derivatives”’.

hv

——
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M\

M= reactant M = photoproduct

Figure 1.11 Attenuation of exciting light leads to a gradient of reacted and unreacted
molecules. This forms a bimorph-type structure where the motion is driven by strain
between the different phases.

1.6.2 The Bimetal Model

The bimorph structure idea provides people a basic idea of how to generate
photomechanical bending of crystals via tuning illumination conditions such direction,
intensity and duration. Based on this, in 2015, Kitagawa et al proposed an simple model
which originated from Timoshenko’s bimetal model to describe the bending of

diarylethene crystals.* The Timoshenko bimetal model was first reported in 1925 and

was used to explain the thermal behavior of a strip thermostat under various
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temperatures.”’ The bending curvature of the crystals can be described in the following

equation and figure 1.11:

curvature =

1_ (al—az emn(1+m)
R h, “1+4mn+6m°n+4mn+m?*n?

where R is the curvature radius, aj(i = 1, 2) are the actuation strains, h; (i = 1, 2) are the

layer thickness, m = h;/hy, n = E|/E,, and E; (i = 1, 2) are the Young's moduli.

(a) Bending away from UV light (b) Bending toward UV light
:{?V uv f’,‘v ™
b
NV ~ N <=
e e
h, hy h, hy

Figure 1.12 Illustration of Timoshenko's bimetal model in the case of (a) bending away
from UV light and (b) bending toward UV light. (Reproduced with the permission of
MDPL.)

In this model, the needle-shaped crystal is basically divided into two layers: one is
photoreacted and the other is non-photoreacted. In the non-photoreacted layer, the value
of actuation strain o, is assumed to be zero because the layer cannot expand or contract.
In bending away from UV light, the value of o, is the coefficient of expansion. In

contrast, it is the coefficient of contraction when the crystal bends toward UV light. The

equation can be simplified further if the two Young's modulus values E; and E, are
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assumed to be the same because only a few percent of the molecules are reacted form due

to the assumption. Then the equation can be rewritten as follows:

Curvature = 22 6m(12+ m) T
h 1+4m+6m”+4m°+m

One advantage of the bimetal model is that it is easy to handle and understand, and can
help people to collect useful information about how the bending speeds depend on
thickness of rod-like crystals. But it ignores the both gradient change of excitation light
and the distribution of photoproducts. It is not clear how to apply the model when it is

applied to no needle-shaped crystals’" or crystals showing twisting’’ or coiling motion®.

1.6.3 External environmental effects

In addition to exploring the intrinsic effects of crystals, people are also trying to exploit
effects of external environment that can produce photomechanical phenomena. Molecules
in molecular crystals can communicate with external environment directly, which raises
the possibility to have side reactions like oxidation but also provides more opportunities
to optimize their properties by changing external environmental conditions. One way to
get rid of side reactions is to add a protective layer outside the molecular crystal. In 2008,
Bardeen et al used a sol-gel method to coat silica onto the surface of 9AC nanorods, and
adjusting them from hydrophobic into hydrophilic (Figure 1.14)."The reversible
photomechanical bending behavior of 9AC nanorods was preserved but with a much
reduced rate. The hard template or shell consisting of silica was proposed to inhibit the
bending during the light irradiation, A softer surfactant — sodium dodecyl sulfate (SDS)

was used to coat the crystals instead.”* As a result, the SDS-treated nanorods showed
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much more consistent bending behavior than the uncoated rods. These results
demonstrated that it is possible to optimize the external environment to tune the

photomechanical properties of molecular crystals.

Crystallne
Organc Core

S0, shet
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Figure 1.13 The scheme of preparing SiO, coated 9AC nanorods. (Reproduced with the
permission of Elsevier.)

1.7 Different shapes of molecular crystals

In addition to finding better molecular structures and understanding the mechanism of
photomechanical molecular crystals, people also make efforts to prepare different shapes
that can show various motions under light. People can grow crystals into numerous

939 vapor evaporation’’, template

shapes by using methods such as solvent-annealing
method”®, slow reprecipitation growth’” ' and even laser induced methods'”". One

question is how to take advantages of those shapes and harness crystals to do useful

mechanical work.
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1.7.1 Needle-shaped bending and twisting

Currently, organic crystals that are prepared in rod-like or needle shapes are most studied
photomechanical molecular crystals. They show bending or twisting upon excitation light.
The bending motion is easy to observe and characterize, and it is easy also to fabricate
kinetic models based on bending of slender crystals. For now, the organic crystals that
can show bending or twisting can mainly be divided into three parts (Figure 1.15)
24,55.56, (if)

according to their photochemical reactions: (i) [2+2] and [4+4] cycloadditions

. . . 102 geeen - . . 2
trans <> cis photoisomerization'®?; (iii) ring open and ring close photoreaction®?.

Figure 1.14 (a) 1000™ bending of diarylethene crystals based on ring open and close
photoreactions. (b) Bending of azobenzene crystal based on cis <> trans
photoisomerization. (c) and (d) Photomechanical bending of molecular crystals based on
[2+2] and [4+4] photodimerization. (Reproduced with the permission of American
Chemical Society.)

The bend angle of slender crystal bending can reach as large as 90 ° and some of them
have high reversibility®*. Irie et al has demonstrated one rod-like diarylethene crystal that

can show at least 1000 reversible bending motions under alternative UV and visible light

illumination.**Besides, people have narrowed down crystal size to achieve smaller
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materials that may have potential applications in cells or even inside human bodies.
Bardeen et al has demonstrated that nanowires with 35 nm in diameter could show

reversible photomechanical bending via two-photon excitation.”

1.7.2 Plate or sheet like photomechanical crystals

Although the majority of photomechanical molecular crystals are rod-like or needle
shaped, the crystals with other shapes like plates and sheets are not rare. For example, the
first photomechanical behavior of a diarylethene crystal was observed in a rhomboid

crystal (Figure 1.3). In 2009, Koshima et al reported a plate-like microcrystal of

azobenzene exhibited reversible rolling up under irradiation with UV light.”*The bending
deflection angle was as large as a semicircle of ~ 180° along the short axis, and the rolled

up crystal could revert back in darkness after a few seconds (Figurel.16).
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Figure 1.15 The plate-like azobenzene crystal shows reversible large angle bending
under light and resets itself when in darkness. (Reproduced with the permission of
American Chemical Society.)

The crystal could be switched more than 100 times despite with a very low quantum yield

of isomerization, estimated as ~1%. Such microplate crystals can also be prepared using
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other organic molecules. In 2011, Koshima et al extended their work to a furylfulgide

1
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Figure 1.16 The furylfulgide molecule that was used to make plate-like crystal (up) The
plate-like furylfulgide crystal before (a) and after UV irradiation (b) 1 and 2s (down). The
scale bar: 50um (Reproduced with the permission of American Chemical Society.)

The microplates they obtained from furylfulgide could exhibit 200 reversible bending
motions under alternative light exposures, and significant photochromic changes were

observed before and after light irradiation (Figure 1.17). Their work demonstrated that it

is possible to change the shape of a crystal but still retain the photomechanical response.

1.7.3 Photomechanical molecular crystals with branched structures

One challenge for the field of photomechanical molecular crystals is to find ways to turn
these different crystal motions with various shapes into useful work. Previously, several
groups have constructed devices in which crystal bending in harnessed to turn gears or
clamp objects'™, and also demonstrated a single crystal can lead to translational motion®"
% However, these motions are usually based on asymmetric environments or situations

constructed artificially. An alternate approach is to prepare a crystal shape that rotates or
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translates in a specific direction under repeated illuminations, analogous to a photon-
powered ratchet. Bardeen et al recently used a pH-drop method to grow 4F9AC crystals
with 2-10 arms branching out from a central point. These branched microcrystals
exhibited a ratchet-like, unidirectional rotational motion under repeated light exposures,
suggesting that more complex crystal shapes can lead to more interesting behavior
(Figure 1.18)'%°. This approach can be extended to highly branched crystals which have

hundreds of arms and function as microscopic brooms.”

Figure 1.17 Optical microscopy images of an X-shaped crystal that rotates clockwise
after each irradiation period. The cycle was repeated for 25 times. 5 cycles of the X-
shaped crystal before and after irradiation are illustrated. Scale bar: 20pum. (Reproduced
with the permission of John Wiley and Sons.)

1.7.4 Photosalient effects of photomechanical molecular crystals

In order to mimic the natural motions of animals such as jumping and hopping, the
photosalient effects have been studied. Naumov et al. have characterized these

“photosalient” crystals, showing that the buildup of strain during a photochemical

reaction could be released in a sudden, violent shape change that could propel the crystal
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over considerable distances (cm).'”""’Often, this jumping behavior was accompanied by
crystal fragmentation, and controlling this effect depends on controlling the crystal shape
and irradiation conditions. The different mechanical response modes of differently

shaped crystals are illustrated in Figure 1.19.

Figure 1.18 Various kinematic effects observed after UV irradiation of coordination
metal complex crystals. (a) Rolling or flipping; (b) separation of a small fraction of the
crystal, which propels the remaining portion of the crystal; (c) explosion or splitting of a
crystal. (Reproduced with the permission of John Wiley and Sons.)

Such photosalient phenomena can also be observed in diarylethene crystals.'®*'"?

Continuously UV-irradiated crystals initially underwent a photochromic change, but
when the energy reached ~10 pJ they typically jumped 1-2 mm nearly perpendicular to
the long molecular axis. However, larger crystals did not jump and merely cracked under
the accumulated strain. The photosalient effect in photomechanical crystals represents a

direct and visually impressive demonstration of the conversion of light into mechanical
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motion through a photochemical reaction on a macroscopic scale. It sets the platform for
the design of actuating materials that can mimic animal motions. The degree to which
solid-state reactions affect crystal mechanical properties and how these properties affect

fracture and photosalient behavior is just beginning to be explored.

1.8 Summary

In conclusion, there are mainly three challenges in the field of photomechanical
molecular crystals to be addressed currently. First of all, how can we make more new
photomechanical molecules that show more interesting motions? Secondly, what is
mechanism of photochemistry inside molecular crystals and how do the photochemical
reactions lead to their photomechanical behaviors? The last one will be what is the best

crystal shape for specific motions or mechanical work?

This thesis is trying to do deal with the three questions above by using solid-state
molecular crystals based on anthracene derivatives. First, we tried to investigate the
pressure dependence of the photoisomerization of 9-tert-butylanthracene (9TBA)

111
molecule

. We utilized optical spectroscopy methods to probe this process and we
found that its molecular structure could play a vital role in its sensitivity to external
mechanical stimulus. We want to find out how we can design mechanochemical and
pressure sensitive molecules by doing this project, which will be discussed in detail in

Chapter 3. Second, as for mechanism of photomechanical molecular crystals, we

implemented the Finke-Watzky (F-W) model and took advantage of 9-methylanthrace
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(OMA) as a sample to investigate the photochemical reaction kinetics of
photodimerization in this molecular crystal.*® We have extended F-W model and derived
rigorous equations to describe kinetics and predict the photoluminescence changes during
the photochemical reaction process. Third, we studied how texternal environmental
factors can influence both photochemical reaction rate and photomechanical behavior
using an ionic surfactant, cetyl trimethylammonium bromide (CTAB).'*The details will
be discussed in Chapter 4 and Chapter 5, respectively. Last, we are currently synthesizing
different types of molecular crystal with different shapes, sizes, and compositions, with
the aim of getting more interesting and useful photomechanical motions. We have
already prepared highly branched crystals and work on ultra-long microribbons and
hexagonal plates are on. Some work will be discussed in Chapter 6. Finally, we hope the
context in this thesis can make some contribution to the field of solid-state

photomechanical molecular crystals and help drive developments in photochemistry.
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Chapter 2 Experimental details

2.1 Solid-state organic nanowires preparation by AAO template method

2.1.1 Introduction of AAO template method

The synthesis of such organic nanostructures with good control over both size and
morphology is challenging because the cohesive forces between units (molecules) are
relatively weak compared to the covalent bonds found in inorganic materials. A more
promising route is the use of uniformly sized templates which force the organics to
assemble within a well-defined space.'” The commercial availability of high porosity
AlL,O; filters has made them the most commonly used template for the fabrication of
organic nanotubes and nanowires. Because of the surface energy gained by interaction of
the organics with the walls of the Al,O3 channels, the most common outcome of exposing

such membranes to organics is the formation of tubes.’

2.1.2 Bell jar vails setups for nanowires preparation

In our lab, we usually take advantage of anodic aluminum oxide (AAQO) templates to
growth nanosized rod-like organic compounds. Figure 2.1 shows the setup that we use to
prepare organic nanowires. Usually, several milligrams of solid compound will dissolve
into 50~100 microliters of organic solvents to form a homogenous solution. The solution
will be dropped cast onto a blank AAO template which is sitting on a flat Teflon stage.
The Teflon stage with the AAO template will be then put into a glass bell jar for solvent
annealing. It usually takes a few days for all solvent to evaporate and allow organic

compound to grow into crystallize inside the AAO template channels. The temperature
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setting will depend on the compound and solvent. Basically, solvents with low viscosity

will need more time and higher temperature to evaporate, but the temperature will never

/I . Drop cast organic solution upon

the surface of AAO template

go over 100 °C.

2. Solution will get inside the
nano-channels of AAO template

5. Harvest crystal nanowires

3. Put AAO template into bell jar to 4. Use acid solution to dissolve
evaporate residue solvent gradually  AAO template

Figure 2.1 The general procedures of preparing organic compounds by using AAO
template method.

2.1.3 Sample polishing and separation

We take out the AAO template after the solvent inside the AAO template fully evaporates.
Sandpaper (2000 grit, main material: SiC) will be used to polish the AAO template in
order to get rid of the residual compound left on the template surface. The AAO template
is first placed onto a Teflon stage with several small holes and then the whole stage will
be put onto a filtering flask. During the polishing process, a small vacuum will be applied
in order to fix the AAO template during the polish. It is necessary to polish both faces of

template so that they become shiny.
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After polishing, the whole template will be put in an aqueous solution consisting of
20~50% wt phosphoric acid and 0.2 % wt sodium dodecyl sulfate (SDS). Individual
nanowires will be obtained after a few days of dissolving the AAO template and Figure
2.2 is the Scanning Electron Microscopy (SEM) image of diarylethene nanowires

harvested after dissolving AAO template.

det | sp "
25:41 ETD | 3 0

Figure 2.2 SEM images of diarylethene nanowires prepared by AAO template method.

2.2 Solid-state organic microcrystals preparation by floating drop method

2.2.1 Introduction of floating drop method

It is very important to make high quality single crystal of organic compounds with large
size for characterization techniques, such as optical characterization and reflection
measurements’. Some reliable methods have been proposed for single crystal growth in
organic compounds, such as vapor-phase crystal growth™ °. However, the phase
transitions during the heating process may limit or even prevent crystallization in certain
materials. Moreover, it is easy to damage crystals when they are removed from the

growth vessel, as most of the resulting crystals are thin and brittle.
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One alternative way is to grow crystals from solution when a suitable solvent can be
found. Also one can place the solution upon the surface of a denser, immiscible, and non-
wettable liquid, which is called the floating drop (FD) method’. This method was used to
grow single crystal of proteins from aqueous solution and then extended to the growth of

anthracene and pyrene single crystals.

When a drop of solvent is added upon the surface another liquid in which it cannot be
dissolved, we can expect two different behaviors:

(1) The drop spreads over the liquid surface until it covers the whole surface.

(i1) The drop forms a compact lens.

These two different behaviors can be described in terms of the spreading coefficient
S=y1-v2-v12, wherey;, v, andy;, are the surface tensions of the liquid substrate, solvent,
and liquid substrate/solvent interfaces, respectively. The physics of the liquid on the
surface of liquid substrate has been studied extensively by Langmuir®. The thickness of

compact lens in case (i1) can be also described in the following equation:

t2 = —25p;
N 9p0,(p. = p,)

where p; and p; are the density of the liquid substrate and the solvent respectively, and
the g is the gravity acceleration. Figure 2.3 shows the two-liquid system at equilibrium in
case (ii) by Langmuir. During the floating-drop process, the drop of the solvent that
contains the dissolved compound is deposited onto the liquid substrate surface and it is

allowed to dry slowly to obtain good crystal eventually.
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Figure 2.3 Lens floating on the surface of a liquid bath. The surface tensions of the liquid
substrate, solvent, and substrate/solvent interface are marked y1, y2, and yio,
respectively; t. is the equilibrium thickness of the lens. (Reproduced with the permission
of Royal Society of Chemistry.)

2.2.2 Setups description and sample preparation

In our group, we use the floating drop method to grow microcrystals of anthracene

derivatives. Figure 2.4 shows the typical scheme of the experiment.
 — " —

0 _— —

—————

Figure 2.4 The typical procedure of floating drop method to make microcrystals of
anthracene derivatives. (a) Several milliliters of water have been added into a petri dish.
(b) The solvent consisting of organic compound is deposited onto water surface. (c)
Microcrystals form after slowing evaporation of solvent. (d) Optical microscope image of
a single 9AC microribbon obtained by using floating drop method.

Usually several milliliters of H,O will be added into a Petri dish to form a flat surface as
the liquid substrate. Then the several microliters of solvent which contains organic

compound will be deposited upon the H,O surface using a pipette. The Petri dish will be

covered to slow down the evaporation of organic solvent in order to grow good crystals.
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It usually takes a few days for the solvent evaporate entirely and eventually get the micro

sized crystals.

As we mentioned above, the duration of the solvent evaporation depends on the solvent.
Slower evaporation of solvent will generate better crystals. Usually solvents with high
boiling points need to more time to evaporate than others with low boiling points. For
example, it usually it takes a week for xylenes to reach full evaporation while it only
takes one day for the same amount of hexane to achieve full evaporation. Another effect
that may affect the evaporation rate is the concentration of compounds. As for choice of
solvent, it must not dissolve in water, and also its density should be less than the density
of H,O. Ethyl acetate is a good candidate for the floating-drop method as its boiling point
(77°C) is between xylenes (~140°C) and hexane (68°C), so it will evaporate neither too
slowly nor too fast. Moreover, ethyl acetate can dissolve most organic compounds with
its medium polarity and viscosity. Figure 2.5 shows a 4F9OAC microcrystal prepared by

using ethyl acetate.’

In summary, the floating-drop method is an alternative way to prepare high quality
crystals with large size. Moreover, this method does not require high temperature heating
and the set-up for sample preparation is quite simple. In some cases, the crystal shape can

be optimized by using different solvents and tuning the concentration.
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Figure 2.5 Optical microscopy images 4F-9AC crystals via floating drop method with
ethyl acetate as solvent, scale bars: 50um.

2.3 Other methods to prepare microcrystals

2.3.1 Seed-growth method to prepare microcrystals

The crystal size and shape play a key role in the photomechanical properties. Nano-sized
crystals made by AAO template method allows us to make rod-like nanowires and the
floating-drop method allows us to obtain ribbon like shape crystals. However, such
simple one or two-dimensional shapes are limited in the type of mechanical motions they

can generate, such as bending and twisting.

We continued to explore if we would grow more interesting shapes with interesting
photomechanical properties. By optimizing the growth conditions we successfully made
some highly branched microcrystals with hundreds of arm from the center point. These
highly branched microcrystals showed reversible bending towards the center part under
light irradiation. Therefore, the entire structure can act as a microscopic broom, sweeping

J . 10
silica microspheres across a surface.
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Figure 2.6 (a) Optical microscope image of a cluster of branched microcrystals grown
under the optimal conditions. Scale bar = 400 um. (b) A single symmetrical branched
crystal. Scale bar = 50 um. (c) SEM image of branched microcrystals filtered over an
anodisc. Scale bar = 100 um. Inset: Magnified image of the branches showing their
ribbon like morphology. Scale bar = 2 pm. (Reproduced with the permission of Royal
Society of Chemistry)

Here is how we prepare these highly branched microcrystals. A solution of tert-butyl-
4F9AC in acetonitrile (50 mM) was used to deposit ~ 1.0 mg of the tert-butyl ester in a
20 mL reaction vial. The acetonitrile was evaporated under argon gas, leaving behind a
thin polycrystalline film. A 10 mL aqueous solution of H3PO4 (3.5 M), sodium dodecyl
sulfate (SDS, 10 mM) and 1-dodecanol (1 mM) was added to the vial, resulting in a fert-
butyl-4F9AC concentration of ~0.3 mM. The resulting mixture was sonicated for a
minute to disperse the ester film. The vial was fixed perpendicular to the rotational axis

of a benchtop rotary laboratory mixer set at 8§ rpm inside a large convection oven t at

35°C. Mixing for 3 days resulted in a cloudy suspension of highly branched 4F9AC
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microcrystals. Figure 2.6 shows the optical microscope and SEM images of highly

branched microcrystals.

2.3.2 9MA microplates preparation
9O9MA hexagonal microplates can be prepared by using the seed-growth method as well

and the preparation procedures were described as follows:

Preparation of 9MA seeds: IMA (Sigma Aldrich, 99% +) powder was dissolved in N, N-
DMF (ACS, 99% +) to form a solution (0.2 M). 10 mL of an aqueous solution (0.025
M)of sodium dodecyl sulfate (SDS, Sigma Aldrich, 99% +) was added into a 20 mL glass
vial. Then the glass vial was placed into a water bath with the temperature at 37°C. When
the temperature stabilized, 50 pL of the 9MA solution was rapidly injected into the SDS

solution and a magnetic stir bar (1/2 X 1/8 inch) was used (400 rpm) to stir the solution.

Small 9MA crystals could be observed after about 15 min stirring. These 9IMA seeds

usually are 30~60 pm in length and 20~30 pm in width (Figure 2.7a).

Preparation of large IMA microplates: 10 mL SDS/ 1-dodecanol (Alfa Aesar, 98% +)
aqueous solution (SDS: 0.02 M, 1-dodecanol: 0.0022 M) was added into a 20 mL glass
vial. The glass vial was placed in a water bath set at 37°C. When the temperature
stabilized, S0uL of the 9MA solution was quickly injected and the vial was given a gentle
swirl. When the solution was clear, the vial was put back to the water bath and a 50uL

suspension of the 9IMA seeds was gently pipetted inside the metastable IMA/SDS/1-
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dodecanol solution. The mixture was left at 37°C without stirring and large microplates,
usually in several hundred of micrometers in length, could be seen in the solution after

two hours (Figure 2.7b).
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Figure2.7 (a) Seeds of 9MA hexagon microplates. (b) 9MA hexagon microplates after 2
hours incubation in oven. Scale bar: 50 um

2.4 Solid-state film preparation

2.4.1 9TBA in polymeric film and diamond anvil cell setups

Sometimes people need to probe chemical processes of organic compounds in organic
solvents. However, people have to be careful when they measure samples under some
specific conditions. For example, most organic solvents tend to evaporate when the
ambient temperature increases, and also some of them like chloroform contain O,, which
may lead to side reactions. Some properties like the fluorescence lifetime and molecular

orientation will be quite different between solid-state and liquid phase.

One way to avoid evaporation is to make solid-state polymer films for measurements.
People can choose different polymers according to various experimental requirements.
We have used Zeonex polymer as a matrix to contain 9TBA molecules to measure the

pressure dependence of photochemical reactions. Zeonex is a cyclolefin resin polymer
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which offers excellent optical properties and it used in cameras, laser printers and other
optical measurements. In order to drive the photochemical reaction of 9TBA, which
undergoes photoisomerization to its Dewar isomer under 365 nm UV light irradiation, we
need to monitor its main absorption band near 263 nm, the UV- transparent Zeonex was
chosen as the polymer host. Both 9TBA and Zeonex were dissolved into cyclohexane.
Then, the mixture was ultrasonicated in the dark for about 1 h. The mixture can also be
heated up at 60°C in order to speed up the dissolution process. After all solids dissolved
in the cyclohexane, the solution was then drop cast into a glass cylinder holder which is

sitting on a clean glass side (Figure 2.8) to allow cyclohexane to evaporate in darkness.

polymer film TT TTTsolvent evaporates
\\
\
N
glass slide

Figure 2.8 The setup and process of preparation 9TBA-Zeonex film. Cyclohexane will
evaporate through the channel of the cylinder glass holder.
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It usually takes 2~3 days to evaporate the solvent, leaving a transparent solid-state
polymer film. The thickness of the film can be adjusted by adding more solution during
the evaporation process, and the average thickness of polymer film is around 0.5~1 mm.
The polymer film usually contains O, since the cyclohexane evaporates in the air. It is
necessary to use a cryostat connected to a vacuum pump to get rid of O, since it will

affect the photoreaction.
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For pressure dependent measurements, we used a diamond anvil cell (DAC) to host the
polymer film and applied external high pressure during the experiments (Figure 2.9).
Usually a 2 mm x 2mm of square polymer film will be cut and put into the DAC for

measurements. More details about this can be found in Chapter 3 as well.

Ga\n\sket N
N\
\
Diallnond

9TBA in Zeonex
polymer matrix

Diamond Anvil Cell (DAC)

Figure 2.9 The image of diamond anvil cell that was used in pressure dependent
experiments.

2.4.2 9MA polycrystalline film preparation

Unlike 9TBA undergoing an intramolecular photoisomerization, 9MA reacts via an
intermolecular photodimerization upon UV light irradiation. This requires a monomer
pair to be in a specific orientation. Therefore, the random distribution inside a polymer
film will inhibit the 9MA photodimerization to occur. In addition, it is usually difficult to
obtain large 9MA single crystals, and photodimerization in a large single crystal will
result in disintegration. An alternative way is to prepare a 9MA polycrystalline film by

drop casting.
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Usually, several milligrams of 9MA powder will be dissolved in several milliliters of an
organic solvent like chloroform or methylene chloride to form a homogenous solution. A
calibrated pipet will be used for drop casting the solution onto a clean glass slide and a
light yellow thin polycrystalline film of 9MA will form after all solvent evaporates. The
thickness of the film can be tuned by adjusting the concentration and the numbers of
drops dropped onto the glass slide. The process of preparing of polycrystalline thin film

is shown in Figure 2.10.

drop cast solution . solvent will evaporate
onto a clean glass afterwards
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Figure 2.10 The process of preparing of polycrystalline thin film of 9MA via using drop
casting method.

The thin polycrystalline film can also contain some amount of O,, and O, can interfere
with the photodimerization of 9MA. Therefore, it is necessary to eliminate O, before UV
light irradiation. The cryostat vacuumed was used to remove O; in our experiment, and

more details can be found in Chapter 4.
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2.5 Characterization methods

2.5.1 Optical microscopy

Optical microscopes are commonly used in our lab to monitor the photomechanical
behavior of molecular crystals. Usually both Olympus inverted microscope and upright
microscope will be used for the measurements and video recording. Different objectives
are chosen according to various requirements. Polarizers will be used in monitor the
crystalline samples if it is necessary. Plenty of details can be found in the following

chapters of this thesis as well as in publications of our group.

One thing to be mentioned is the method to prevent water from evaporating during the
microscopy measurements. We usually add some amount of phosphoric acid (20% in wt)
to the aqueous solution, and also we put a cover slide to on top of the sample slide to

slow down the evaporation.

2.5.2 UV-Vis absorption spectroscopy

As most of our compounds are highly conjugated anthracene derivatives, they can absorb
in the UV and visible regions. UV-Vis absorption spectroscopy is a method which we
always use to probe the excited status of our samples. In the Chemistry Department of
University of California, Riverside, we wuse CARY 50 and CARY 500
spectrophotometers for experimental measurements and the standard operations of these

instruments can be found in their manuals.
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One thing to be mentioned is that the UV-Vis absorption spectra of solid-state samples
are different from those in liquid phases. Shown in the Figure 2.11, the UV-Vis
absorption spectra of 9-divinylanthracene malonitrile (9DVAM) in the solid state and in
liquid solution are showing significantly different. The absorption band in solid state is

broader than that in the liquid phase and shows a red shift."’
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Figure 2.11 UV-Vis absorption spectra of 9DVAM as a solid-state crystalline thin film
and in solution with THF as the solvent. 1.5 mg solid of (E)-9DVAM was dissolved in
300uL methylene chloride, then evaporated on a glass slide. During the evaporation
period of solvent, 200uL more methylene chloride was deposited onto the glass slide to
get high quality solid-state thin film for UV-Vis absorption spectrum.

One reason is because the molecules inside solid-state crystalline film are closely packed
together which lowers the energy and extends the absorption to longer wavelength region.
On the other hand, the molecules in solution are separated from each other. People can
measure the intensity of the absorption peaks and use the absorption coefficient to obtain

parameters like kinetic rates and quantum yields from the time-dependent evolution of
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sample UV-Vis spectra. The relationship of quantum yields and kinetic rates is shown
below.

k=ocl®

In this equation, the o is the cross section of sample which usually indicates the area of
absorbed photons and ¢ can be determined by measuring the absorption coefficient. 7 is
the intensity of excitation light at specific wavelength. @ is quantum yield and £ is the

kinetic rate of chemical reaction.

2.5.3 Fluorescence spectroscopy

Fluorescence spectroscopy method is used to complement UV-Vis absorption
spectroscopy as a probe of excited electronic and vibrational states of our compounds.
The spectra tend to be in solid-state samples as compared to the liquid phase. The time-
resolved fluorescence spectroscopy can be used to probe the fluorescence life times of
our samples. A Jablonski diagram'? (Figure 2.12) is necessary to analyze fluorescence
data and the relationship of the rate parameters is shown below.

Kq =K, +k +kg +Ker +...=K

+ knr

rad
k. 1s the radiative rate of fluorescence, k;. is the rate of internal conversion and
vibrational relaxation, k;. is the rate of intersystem crossing, kzr is the rate of
intermolecular energy transfer and £, is the sum of rates non-radiation pathways.

Therefore, the overall fluorescence lifetime will be determined by the following equation:
Th = kﬁl = (krad + knr)_l

The fluorescence quantum yield can be obtained by
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Figure 2.12 The general Jablonski diagram. (Reproduced with the permission of Nature

Publishing Group.)

2.5.4 Powder X-Ray diffraction

Powder X-ray diffraction (PXRD) is a technique that we use for identification of a
crystalline material, and it also can provide information on unit cell dimensions. The
operation of this instrument goes beyond this thesis, and details can be found in the
relative manuals. Usually, the samples for PXRD measurements should be fully ground
and dry. However, as we found some crystals like 9MA microplates prepared by seed-

growth method (Figure 2.13) will become amorphous after grinding.

52



9MA microplates after being

(C) ground
9MA microplates

—— 9MA alculated pattern

(b)

(a)

10 15 25 30

20
20(degree)

Figure 2.13 The powder X-ray diffraction data of (a) calculated pattern of 9IMA
compound, (b) 9MA microplates before light exposure and being ground and (c) 9IMA
microplates after being ground.

2.5.5 SEM

The scanning electron microscope (SEM) is a type of electron microscope that can image
surface morphology of a sample by scanning a focused beam of electrons across it. It is
usually used when we need to obtain information about small sized materials such as
nanocrystals. One issue for organic compounds is that they tend to decompose or sublime
under high vacuum in a SEM chamber. One way to avoid this is to sputter coat a metallic

thin film upon the surface to protect the sample. Many examples can be found in our

previous publications.
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2.6 Conclusion

In this chapter we have introduced three general methods we usually use in our lab to
make different types of molecular crystals. (1) The AAO template method for nanowires
and nanorods. (2) The floating drop method for microcrystal growth. (3) The seed growth
method to grow various shapes of crystals. We also discussed some typical
characterization methods. Both sample preparation methods and characterization methods
are not limited to the descriptions above and can vary according to different experimental
requirements. We hope that our work can benefit people who are going to explore this
research field, and we also hope that more methods will be established for improved

characterization.
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Chapter 3 Pressure dependence of the forward and backward rates of 9-tert-
butylanthracene Dewar isomerization

3.1 Introduction

Mechanochemistry is a rapidly growing area of research in which mechanical force is
used to initiate chemical changes.'” Chemical groups designed to be activated by
mechanical force include four-membered rings generated by both chemical and
photochemical means,™ as well as six-membered rings that are susceptible to
Diels—Alder® and retro-Diels—Alder reactions.” To break chemical bonds, it is generally
accepted that some sort of anisotropic shear force must be generated at the molecular

level.'” Examples of such shear forces include pulling on a molecule using a scanning

11-13 1,3,15-17

probe microscope tip, stretching polymer films,'* mechanical grinding, and
using cavitating bubbles in a sonicated sample.'"'™"” We have recently investigated the
ability of isotropic hydrostatic pressure, as opposed to shear, to generate chemical
changes in highly strained photoisomers with different three-dimensional structures.”® By
tethering two anthracene chromophores together using ethyl linkers, we made a
cyclophane molecule, bi(anthracene-9,10-dimethylene) (BA), that could undergo
intramolecular photodimerization to form a high energy isomer that we denoted PI, as
shown in Figure 3.1a.We found that the dissociation of PI in a polymer matrix could be
greatly accelerated by the application of relatively low pressures on the order of 1.0 GPa.
Pressure-dependent rate measurements indicated that this reaction has a negative

activation volume, and this was recently confirmed by ab initio calculations. *' This

pressure sensitivity was not observed in the untethered analogue An, (Figure 3.1b). The
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dramatic acceleration of the PI photodimer dissociation demonstrated that isotropic

pressure, as opposed to anisotropic shear, could be used to break chemical bonds.
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Figure 3.1 (a) [4 + 4] Cyloaddition of bi(anthracene-9,10-dimethylene) (BA) to its high
energy photoisomer (PI). (b) [4 + 4] Cyloaddition of anthracene to dianthracene. (c)
Photoisomerization of 9-tert-butyylanthracene (9TBA) to its Dewar isomer (D-9TBA).
All three reactions are reversible, but only the reverse reactions of (a) and (c) are
catalyzed by pressure.
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Motivated by our results on BA, we decided to search for other pressure-sensitive
reactions. Since the dissociation of the untethered anthracene dimer An, was not sensitive
to pressure, it seemed clear that the presence of internal six-membered 1,4-
cyclohexadiene rings of the [4 + 4] photodimer was not sufficient to induce pressure
sensitivity. We decided to examine whether the presence of a pair of internal four-
membered rings could lead to increased pressure sensitivity. The Dewar
photoisomerization of aromatic molecules is an example of a reaction that produces a pair
of strained four-membered rings.*> Therefore, we used 9-tert-butylanthracene (9TBA), a
molecule that photoisomerizes to its 9,10 Dewar form (D-9TBA) in liquid solution™ *°
(Figure 3.1c) to test this hypothesis. The Dewar form is somewhat stable in room
temperature solution, with a lifetime of several hours in hexane. By dissolving 9TBA in a
polymer matrix and placing it in a diamond anvil cell (DAC), we could test the effect of

pressure on the rate of the D-9TBA — 9TBA reaction, which is analogous to the PI —
BA conversion. We find that this reaction is also sensitive to pressure, speeding up by
almost a factor of 3 as we go from ambient pressure to 1.43 GPa. As expected, we obtain
a negative activation volume (—2.3 A®) for this reaction. This rate acceleration is about
100> smaller than we observed for the PI— BA reaction. Taken together, our results on
An, and D-9TBA suggest that the presence of strained four-membered rings can lead to
pressure sensitivity, but not to the degree seen in our earlier work on the PI — BA
reaction. Our results suggest that the geometrical arrangement of the molecular elements
is of crucial importance to attaining the high pressure sensitivity seen in the PI — BA

reaction. The results of this work comprise an important step in understanding what
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makes PI so pressure-sensitive. Eventually, these insights will enable the design of

molecules that can act as pressure sensors or as components of self-healing materials.

3.2 Experimental part

3.2.1 Sample preparation

9-tert-Butylanthracene (9TBA) was synthesized in the dark following the procedure
described in ref 26. The tert-butyl group was attached to anthrone using a Grignard
reaction, followed by dehydration with P,Os leading to aromatization and then
purification recrystallization from methanol. The purity was greater than 98% as

confirmed by NMR, GC—MS, and melting point determination.

Spectroscopic investigations of 9TBA and D-9TBA were performed in both liquid
solution and polymer films. A polymer matrix provided a hydrostatic pressure medium
under the pressure range of this study. Intramolecular chemistry and photophysics tend to
be insensitive to different particular polymer systems.”’ The UV-transparent (>237 nm)
polycycloolefin resin (Zeonex Z480, Tg = 138—140 °C, Zeon Chemicals L.P.) was used
as the polymer host. Zeonex was chosen for its UV transparency, which is needed to
resolve the major 9TBA absorption band near 263 nm. 9TBA and colorless pellets of
Zeonex polymer were dissolved in a few milliliters of cyclohexane (EMD ACS grade).
The mixture was ultrasonicated in the dark for about 1 h, after which the solvent was
allowed to evaporate in the air at room temperature and in the dark. Transparent films of

9TBA-doped Zeonex films were obtained (~1 x 10 M) and stored in a vacuum cryostat
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under vacuum (10~ Torr) for 48 h to remove residual O, before exposing the sample to

light.

3.2.2 Photophysical measurements at variable pressure

All experiments were performed at room temperature, 298 + 1.5 K. Pressure-dependent
measurements were performed by placing the 9TBA sample film in a diamond anvil cell
(DAC). The DAC utilized type II diamonds (1.0 mm culet diameter) with an Inconel
gasket, and a typical sample size was ~500 pm in diameter and ~100 pm thick. Ruby
microcrystal emission was used to determine the pressure of the sample with an accuracy
of £0.05 GPa. The 9TBA absorption band near 260 nm showed a red shift of 5 nm/GPa
under pressure, which provided a sensitive internal pressure standard. Pressure
broadening in the 9TBA absorption band was not observed below 2 GPa, indicating that
the underlying pressure inhomogeneity was small relative to the pressure. We sometimes
observed a change in absorbance intensity after we applied pressure to the DAC, which
we attribute to a change in sample cross-sectional area due to changes in the gasket
aperture in the DAC. No pressure broadening was observed in the ruby emission
spectrum. UV—vis absorption spectra were obtained using a Varian CARY 500
spectrometer (0.5 nm/step with 0.2 s integration time). Two 38 mm focal length lenses
(SI-UV grade) were utilized to focus the transmitted light through the ~500 pm diameter
DAC sample aperture. The spectral background due to the absorption of the Zeonex film
was determined by measuring a Zeonex sample loaded in the same DAC at 1 atm

pressure and room temperature. The spectrometer excitation intensity was orders of
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magnitude weaker than the photolysis source, and control experiments confirmed that
negligible photochemistry was induced during the spectrometer scans. The
photoconversion and reversion reactions were quantified by the changes in the area of the
major 9TBA absorption band peaked at 263 nm and integrated over the range 240—280
nm. The absorption red shift associated with increased pressure was taken into account in

the spectral analysis.

To initiate the 9TBA — D-9TBA photochemical reaction, a mercury lamp was used as
the source of 365 nm light. The light intensity at the sample in the cryostat was ~2.7
mW/cm” To measure the kinetics of the D-9TBA — 9TBA reaction, a photoconverted

polymer sample was placed into a DAC, and the three connecting bolts were tightened to
generate a pressure “jump” within 30 s. The ensuing absorption scans of the UV region of
the Dewar absorption spectrum required ~30 s as well. The resulting DAC pressure was

measured after the experiment by the ruby emission shift.

3.3 Results and discussion

The 9TBA — D-9TBA transformation can be monitored using absorption spectroscopy.

As shown in Figure 3.2, the anthracene chromophore in 9TBA has two distinct
absorption features that diminish when D-9TBA is formed: the characteristic anthracene

So — S, absorption in the 350—450 nm range and the Sop — S, feature peaked at 263

nm.”* Since the Sy — S, absorption coefficient is approximately 10x larger than that of
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the visible Sy — S; transition, we integrate the area under this peak to assess the

concentration of 9TBA present in the sample. One complication in these experiments is
that the presence of O, can lead to peroxidation of the anthracene ring, 29 providing a
competing reaction channel. Side reactions with O, are a much bigger concern for 9TBA
than for BA due to its lower isomerization quantum yield (~1% versus >50% for BA).
The O, photoproduct does not revert to 9TBA at room temperature, unlike D-9TBA, and
this lack of reversibility provides a measure of the relative importance of this reaction
channel. We found that exposing the polymer sample to a vacuum of 10~ Torr for
approximately 48 h was required to sufficiently remove O,, consistent with previous
results on 9TBA in polystyrene.”” If a thoroughly degassed 9TBA/Zeonex sample is
photolyzed and then left in the dark for >24 h, we found complete recovery of the

absorption spectrum.
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Figure 3.2 Time-dependent spectral evolution of 9TBA/Zeonex sample under vacuum by

365 nm irradiation at ambient pressure. The black trace is the absorption spectrum of

9TBA without any irradiation. When the light is removed, the spectra evolution is

reversed. High pressure samples exhibit identical changes, except for slight shifts in the
absorption peak positions.
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In cyclohexane solution at room temperature, we measured both forward and reverse
Dewar reaction dynamics. The forward reaction (9TBA — D-9TBA) quantum yield was
found to be 6% for 365 nm irradiation, while the reverse reaction rate was measured to be
4.0 x 107 57", both in good agreement with values previously reported in the literature
for similar solvents.” > We found the forward rate for the 9TBA — D-9TBA reaction to
be 1.5 x 10 s™' under 2.7 mW/cm” 365 nm irradiation in a Zeonex matrix under vacuum.
From this data, we were able to estimate a photochemical reaction yield of 0.6 0.3%,

using 9TBA’s absorption cross section of 5.8 x 10 '®cm? at 365 nm. This quantum yield
value is similar to what has been observed in polystyrene® but about an order of
magnitude smaller than what is seen in solution. The reverse reaction rate was measured
tobe 4.5 x 10 s ' in Zeonex, similar to the values obtained both in liquid solution and in
polystyrene.’® The different forward rates in solid polymers versus liquid solutions are
understandable considering the large geometry changes required for the Dewar
isomerization, which is presumably inhibited by the solid polymer matrix. Since the
reverse reaction occurs in a cavity that is already expanded to accommodate the Dewar
form, steric constraints likely play less of a role, as previously observed for Dewar
benzene.”' We also measured the rate of 9TBA reaction for a Zeonex sample that had not
been placed under vacuum. The rate of the forward reaction was measured to be 3.1 x
10 s™" under the same illumination conditions. If we assume that this rate is the sum of
the Dewar isomerization and peroxidation rates, then the two rates must be almost equal

at ambient pressure and temperature.
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The rate of the 9TBA — D-9TBA photoreaction is very pressure-dependent. Since we

were not able to completely exclude O, from the DAC during the pressure-loading

process, we cannot separate the pressure dependence of the Dewar isomerization and

peroxidation rates.
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Figure 3.3 The rate of the 9TBA photo reaction in air-exposed samples for pressures up

to 1.5 GPa (green squares). At ambient pressure, the rate of the photoreaction without O,
is also shown as a blue circle. At ambient pressure, photoperoxidation and Dewar
isomerization contribute make approximately equal contributions to the disappearance of
9TBA. Both rates slow by at least 100> at higher pressures. The error bars reflect the
uncertainty range obtained by exponential fits to the absorption decays.

As shown in Figure 3.3, the total rate at ambient pressure (3.1 X 10 s7") slowed down
considerably at 1.55 GPa (1.5 x 107 s'). Both the isomerization and the
photoperoxidation rates must be pressure-dependent, since if only one of these rates
decreased with pressure, the total rate would never drop below the ambient value of ~1.5
x 10 s for either reaction. The Dewar isomerization is expected to be pressure-
dependent because it requires a large geometry change that will become more difficult in

a denser medium. It has also been shown that the photoperoxidation reaction is sensitive

to the free volume in the polymer host, ** presumably because it requires O, diffusion.

64



Increased pressure reduces the available volume for O, diffusion, which should slow the

peroxidation reaction as well.

The presence of O, should not affect the back-reaction of D-9TBA to 9TBA, which is of
primary interest in this work. In order to measure the pressure dependence of the D-
9TBA — 9TBA back reaction, we first photolyzed the 9TBA/Zeonex sample under
vacuum. The sample was then transferred and loaded into the DAC within 5 min to
minimize O, exposure. The absorption of the DAC sample was then monitored over the
course of hours as the D-9TBA — 9TBA back-reaction proceeded. Typical recovery
curves are shown in Figure 3.4 for ambient, 0.68 and 1.43 GPa pressures. The recovery
becomes more rapid at higher pressures, roughly by a factor of 3. Also shown for
comparison are the pressure-dependent components of the PI — BA recovery at ambient
and high pressures. This component of the PI — BA reaction is clearly much slower at
ambient pressure but much faster at high pressures, bracketing the D-9TBA — 9TBA
data. To model the recovery, we assume that the D-9TBA — 9TBA back-reaction is a
simple first-order process and the concentration of 9TBA, NOTBA, is given by

Noran = Noreall= fone ) (1)
where N9TBA 0 is the original 9TBA concentration before photolysis, fconv is the
fraction reacted by 365 nm (fiony < 0.4 in all our experiments), and kback is the back-
reaction rate. Fits to the data using eq 1 are overlaid with the data in Figure 3.4. The ky,cx

values obtained from the fits are given in Table 3.1 In Figure 3.5, we plot the natural log

of kpack versus pressure P, using the relation
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#

IN(Kyoo ) = % P + const. (2)

where R is the ideal gas constant, T is the temperature, and AV* is the activation
volume.33 A linear fit to the data yields AV* =-2.3 + 0.2 A’. The activation volume can
be associated with the volume change of the transition state, which in our case must be
smaller than that of the reactant D-9TBA. Higher pressure favors the smaller transition
state and thus accelerates the reaction. While this AV* value is significant, it is almost an

order of magnitude smaller than the AV* =—-16 A® we obtained for the PI — BA reaction.
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Figure 3.4 Pressure-enhanced D-9TBA —>9TBA kinetics at room temperature. The rate
of formation of 9TBA is enhanced by the application of mechanical compression. The
solid curves are exponential fits to equation (1). The pressure-dependence kinetic rate
constants, k. are listed in Table 1. Also shown for comparison are the calculated
recovery curves from reference 14 for the PI->BA reaction, which exhibit a much more
dramatic pressure-dependence.
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Table 3.1 Rate constants Kyacx for D-9TBA->9TBA reaction obtained by fitting the time-
dependent change in absorption (e.g., Figure 3.3) to Equation (1).

Pressure (GPa) Koack (X 107%™
0 4,540.3
0.1 6.440.5
0.42 7.740.9
0.68 7.440.4
1.1 9.540.3
1.43 11.5+.3

The recovery rate of 9TBA increases by almost a factor of 3, from 4.5 x 107 to 11.5 x
107 s' as the pressure is increased. The PI — BA recovery was modeled as a

biexponential process due to the presence of different conformers. One of these rates
appeared to be insensitive to pressure, while the other increased from 5 x 10° s to 1 x
107 s over the same pressure range. We can then ask why are the pressure-dependent
reaction dynamics of D-9TBA and PI so different. Both are metastable, high energy
photoisomers. Our DFT calculations place D-9TBA 184 kJ/mol above 9TBA, close to the
experimental AHy = 172 kJ/mol.** * PI is calculated to be only 87 kJ/mol above BA,
again comparable to experimental values.*® The higher energy of D-9TBA is likely due to
the formation of two adjacent cylcobutene rings with higher strain than the two separate

cyclobutane rings in PI. Despite their enthalpic differences, the PI = BA and D-9TBA —

OTBA reactions have very similar activation energies of 93—96 kJ/mol at room
temperature and pressure.’’*** Thus, from an energetic standpoint, there is no reason to
suspect that PI would become so reactive at high pressure relative to D-9TBA. A second
point of comparison involves the product and reactant molecular volumes obtained from

the crystal structures. Although estimating molecular size from crystal structures is
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inexact due to packing considerations, these numbers provide a well-defined reference
point for comparing similar molecules.*® In many organic isomerization reactions, the

8 . .
3738 .e., the difference between

activation volume is close to the reaction volume,
equilibrium product and reactant molecular volumes. Thus, destabilization of a higher

volume reactant at higher pressures is typically expected to lead to more rapid reaction

kinetics.
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Figure 3.5 Dependence of the natural log of the rate constant versus pressure up to 1.43
GPa. A linear least squares fit to the data yields an estimate of the activation volume
AV?=23+02 A’ for the D-9TBA>9TBA reaction. The error bars reflect the
uncertainty range obtained by exponential fits to the absorption recoveries shown in
Figure3.4.

9TBA has a volume of 325 A*, while D-9TBA occupies a larger volume of 334 A’ The
negative reaction volume (-9 A%) calculated from the crystal structures predicts a
negative activation volume for the D-9TBA — 9TBA reaction, as observed. PI, on the
other hand, occupies a slightly smaller volume than BA, as estimated from their crystal

structures, and thus a positive activation volume would be predicted for the Pl — BA
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reaction, with a concomitant slowing of the reaction at higher pressures. This is the
opposite of what is observed experimentally. To summarize, if we consider energy
differences and volume changes, we would expect the high-energy, high-volume D-

9TBA to be more sensitive to pressure than PI.

Theoretical work by Slepetz and Kertesz suggests that the tethering of the two
anthracenes in PI leads to an asymmetric diradicaloid transition state whose volume is
significantly smaller than that of the reactant or product.”’ The idea is that this
asynchronous transition state avoids transient crowding by nonbonded carbons. If this is
true, then we would expect a large negative AV* only for the cyclophane PI, as observed.
Neither An, nor D-9TBA has the same degree of crowding, and neither shows the same
pressure sensitivity as PI. From these results, we can begin to form some ideas about
what is important for making a pressure-sensitive mechanophore. For example, in PI, we
hypothesized that the symmetric three-dimensional structure could exclude most of the
pressurized medium (i.e., the polymer) from its interior and permit the generation of local
shear forces on the top and bottom anthracene rings. If correct, this idea suggests that
boxlike molecular structures should exhibit greater pressure sensitivity than planar
structures. However, the absence of a pressure effect in An, shows that such a box-like
structure by itself is not sufficient. Now our results on D-9TBA, a twodimensional
molecule, show that the presence of strained fourmembered rings is also not sufficient to
generate very high pressure sensitivity (although it is more pressure-sensitive than Any).

Taken together, our results on the three molecules in Figure 3.1 are consistent with the
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idea that a crowded threedimensional carbon environment provides constraints on the
transition state that lead to a highly negative AV*. Although much work needs to be done,
both experiment and theory imply that there may exist general principles for designing

molecules whose reactivity can be modulated by pressure.

3.4 Conclusion

The pressure dependence of the back-reaction rate of the Dewar isomer of 9TBA has
been measured. This rate increases by a factor of ~3 at high pressure (1.43 GPa). Despite
being a highly strained isomer, this reaction rate is at least 100x less sensitive to pressure

than the PI — BA back-reaction studied previously. These results suggest that the
pressure sensitivity of the PI — BA reaction arises from the unique molecular geometry

of PI, as opposed to the presence of a single structural motif. Further experiments will be
necessary to understand the precise molecular origins of PI’s pressure sensitivity and
eventually guide the development of other strained molecules that are sensitive to

pressure.
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Chapter 4 Analysis of reaction kinetics in the photomechanical molecular crystal 9-
methylanthracene using an extended Finke—Watzky model

4.1 Introduction

Photochemical reactions in molecular crystals are a subject of both fundamental and
practical importance. The ability of crystal packing to modify reactivity and steer reaction
outcomes was recognized early on by Schmidt and coworkers as they developed the
principles of topochemistry.'* Researchers in the field continue to exploit these principles
to control solid-state chemical reactions and synthesize new molecules.” But while we
now have a good understanding of how crystal packing predicts the endpoint of a
photochemical reaction, our understanding of how this final stage is reached is still

lacking.

Empirically, it is often the case that photochemical reaction kinetics in molecular crystals
do not obey simple first-order kinetics, in contrast to reactions that take place in
homogeneous liquid solutions. The presence of different local environments can lead to a

distribution of reaction rates and nonexponential kinetics.

The presence of multiple reaction rates in a single system is sometimes referred to as

“heterogeneous kinetics”, but the experimentally observed nonexponential change in
reactant concentration can have different origins. In one limit, heterogeneity in the form
of structural defects can give rise to a distribution of reaction rates. But researchers have

also shown that the densely ordered environment of a crystal can transmit the effect of
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product formation at one site to other sites in the lattice.*® This causes the environment
seen by a reactant molecule to evolve over time as more and more product is formed,
leading to dynamic changes in the reaction rate. Note that nonexponential kinetics that
arises from structural defects can be eliminated by improved sample preparation (at least
in principle), while the environment changes that allow photoproduct molecules to
catalyze or inhibit their own formation is an unavoidable consequence of the
photochemical reaction itself. The potential role of autocatalysis or auto-inhibition adds a

fundamentally new feature to the study of reaction dynamics in crystalline systems.

The study of solid-state photochemical reaction kinetics has taken on a new urgency with
the realization that reactive molecular crystals can have applications in green

. 1 . 11,12
chemistry”'® and as mechanical actuators.'"

In order to engineer new photomechanical
materials, a quantitative model for the temporal response of a crystalline microneedle
under light exposure is required. Up to now, most workers have assumed first-order
reaction kinetics,'>'* but the discussion in the preceding paragraph suggests that the
situation may be more complicated in molecular crystals. Some hints that this is indeed
the case were found when the photomechanical properties of microneedles and
microribbons composed of crystalline 9-methylanthracene (9MA) were studied in a
previous paper."> In that work, we assumed first-order reaction kinetics were operative,
despite previous work that suggested nucleation may also play a role.'®'” Although the

photoinduced bending could be qualitatively described in the context of the homogeneous

kinetic model, there were indications that it was not completely adequate. For example,
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there was a clear delay between the start of the reaction and the onset of bending,
suggesting that there was some sort of induction time before sufficient photodimer could
be formed to initiate the bending. Such a delay in photoproduct formation signals a
departure from homogeneous kinetics. Figure 4.1 illustrates the difference between
normal first-order versus autocatalytic reaction dynamics in this crystal, in which

monomer pair reactants (A) form photodimer products (B).'®
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Figure 4.1 Two possible paths in the [4 + 4] photodimerization of monomeric 9-
methylanthracene (9MA) pairs (green, A) to form photodimers (purple, B). (a) Simple
first-order kinetics, in which the presence of initially formed photoproduct does not affect
the reaction rate of neighboring molecules, leaving photoproduct evenly distributed
within the crystal, and (b) autocatalytic reaction kinetic in which the initially formed
photoproduct induces the formation of additional photoproduct in surrounding sites.

In order to develop an improved description of the photomechanical response of 9IMA
microcrystals, here we undertake a more complete study of their photochemical reaction

kinetics. Although the Johnson-Mehl-Avrami—Kolmogorov (JMAK) model'’ is often
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used to analyze solid-state photochemical reaction kinetics,*

in this chapter we will
utilize the alternative Finke—Watzky (FW) model that was originally developed to
describe metal nanoparticle growth®**" but has since been applied to a variety of
phenomena involving nucleation and growth, including catalyst formation,® protein

2 and solid-state reactions.”> When applied to solid-state reaction

aggregation,”"
processes, its balanced reactions and associated rate constants enable transparent physical
interpretations and easy connection to experimental observables. In order to apply the
FW model to photochemically reactive systems, it must be extended to take excited state
population dynamics into account. We will denote this extended version as the FW-
Photochemical or FW-P model. We apply this model to the 9MA system and show that it
can be used to analyze both the time-dependent decrease in reactant concentration and the
speed-up in the fluorescence decay. Although some ambiguities remain in the comparison
of theory and experiment, the results of this work demonstrate that the photodimerization
kinetics of crystalline 9MA reflect autocatalytic product formation. The ability to

quantitatively model these kinetics will be necessary to quantitatively model its

photomechanical response, which we plan to do in the future.

4.2 Experimental part

4.2.1 Sample preparation

Tetrahydrofuran (THF, ACS, 99%+) and 9-methylanthracene (9MA, Sigma-Aldrich,
98%+) were used as received. To make polycrystalline thin films, 10 mL of concentrated

THF (1.5 mg mL1) solution were placed on a glass coverslip. After evaporation of the
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THF, a thin polycrystalline film of 9MA was left on the coverslip. The sample film was
placed in a Janis ST100 cryostat under vacuum ( <10™ Torr) for 3 minutes to remove
residual O,. Argon was then flowed into the cryostat to prevent the 9MA from subliming.
After 5 minutes under Argon, the cryostat was again evacuated. This was repeated for 5—

7 cycles to eliminate any residual O, that might react with the IMA.

4.2.2 Absorption and fluorescence spectroscopy
Ultraviolet-visible (UV-Vis) absorption spectra of solution samples (4.5 X 10° M) were

collected using a Varian Cary 50 UV/Vis spectrophotometer with background correction.
UV-Vis absorption spectra of polycrystalline film of 9MA were collected in a Varian
Cary 500 UV/Vis spectrophotometer. Steady-state fluorescence spectra of polycrystalline
film were collected with a Spex Fluorolog Tau-3 fluorescence spectrophotometer. The

sample was excited at 300 nm, and the spectra were collected from 400 to 600 nm.

4.2.3 Time-resolved fluorescence measurements

Time-resolved fluorescence lifetime data were collected using a Hamamatsu C4334
Streakscope using front-face geometry. The solid samples were kept in a Janis ST100
cryostat under Argon. The excitation source was a 200 fs pulse centered at 400 nm,
derived from frequency doubling the 800 nm output of a Spectra Physics MaiTai
Ti:Sapphire oscillator. The laser repetition rate was decreased to 1 MHz using a pulse

picker to avoid thermal artifacts.
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4.2.4 "H nuclear magnetic resonance measurements

The 9MA polycrystalline film was scraped gently from the glass substrate by spatula and
the solid powder was then dissolved in CDCl; (Sigma-Aldrich, 99.9%+) to measure the
1H Nuclear Magnetic Resonance (‘'H NMR) spectra. The NMR experiments were

performed using a Varian Inova 400 spectrometer with a 5 mm p 4-nucleus probe.

4.2.5 Numerical fitting of the data

The differential equations described in the following sections were solved using
Mathematica version 10.4.1.0. The values of the unknown rate constants in the different
models (k;, ko and ke) were varied until the calculated [A](t) curves showed a
reasonable overlap with the experimental plots. Given these starting points, Mathematica
was then used to maximize the R2 values and the optimized values for the rate constants
were determined and used for the displayed comparison of experiment and theory. The
commented Mathematica workbooks are available in the ESI.¥ FAST Advanced Analysis
of Fluorescence Kinetics software (Edinburgh Instruments Limited, 2010, version 3.0)

was used for the global analysis of the fluorescence lifetime decays.

4.3 Derivation of the extended FW model for photochemical reactions
Before undertaking the detailed derivation of the photochemical FW model, we first
briefly describe the more commonly used JMAK model. In this model, it is assumed that

the reaction proceeds through growth of pure product domains via nucleation. For the
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reaction A—>B, the time-dependent growth of the product concentration [B](t) has the
general form

[BI(t)=1-¢™ (1)
where n-1 gives the effective growth dimension of the product nucleus and k is related to
both the nucleus density and geometric growth rate.* The JMAK model is a semi-
empirical approach that is not derived from an underlying chemical mechanism. Given
this, it is impossible to incorporate quantities like the light intensity or the photochemical

quantum yield into the constant k, for example.

Finney and Finke showed that it is possible to replicate the dynamical behavior of the
JMAK model using the FW model, which has the advantage of being derived using
balanced chemical equations with well-defined rate constants.*®* The FW model
postulates two sequential pathways to the photoproduct B, characterized by rates k; and ko,

as given in Equations (2):

A—4 5B (2a)
A+B—2>B+B (2b)

The first unimolecular step can be used to take nucleation into account as a quasi-first
order process®*, while the second step describes autocatalytic growth of the product. As
pointed out by Finke and coworkers, the rate constants k; and k, should be thought of as
composite quantities that average over nucleation and growth steps that occur on the
microscopic scale.*®* This model has been shown to provide an adequate description of

solid-state reaction dynamics in many cases, often giving fits to the data that are the same
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or better than the IMAK model.*®* The FW model has recently been used to analyze the
photodimerization of crystalline 9-cyanoanthracene, but without a detailed derivation that
permits us to dissect the roles of different photophysical parameters.®® In this work, we
derive an extended FW-P model for photochemically reacting systems, and then apply

this model to 9MA.

To extend the FW-P model to photochemical reaction kinetics, the simple reaction
scheme given in Equations (2) must be expanded to take into account the excited state
reactant, A*, as well as the ground state reactant A and product B. We consider 5 possible

reaction pathways and their associated rates:

A2 A% (3a)
A*—fea 5 A (3b)
A*—4 5B (3¢)
A*+B— 2 s A4 B (3d)
A*+B—*% >B1B (3¢)

o is the absorption cross section (cm?), 1 is the light intensity (photons/cm?/s), ke is the

rate of relaxation to the ground state in the absence of reaction (s), and k; describes the
reaction rate of A by itself (s). ko and ke are the nonradiative relaxation and reaction
rates (in units of nm>™) of A in the presence of some concentration of photoproduct B.
Note that here we make the assumption that the photoproduct B does not absorb the
incident light and that the thermal back-reaction rate is negligible, making the

photochemical reaction effectively irreversible. This reasonable for the
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photodimerization of 9MA (vide infra), where photodimerization destroys the
conjugation of the anthracene ring and shifts the absorption below 300 nm. This reaction
scheme leads to a system of three rate equations,

dIAl_

oo = O A+ Kea [ AT+ Koo [AF][B] (4a)
WA o1 TAT - KA - A¥] ko [A¥][B] -k, [A*][B] (40)
% = +k [ A*]+ k,[A*][B] (4c)

Under continuous excitation conditions, at any instant in time we can make the steady-

state assumption and take

d[(ft\ 1_ 0. We then use the relation [B]=[A]o-[A], where [A]o

is the initial concentration of the reactant, to find an expression for [A*]:

ol [A]

A*] =
[A7] kex1+kl+(kexz+k2)[B]

()

This then allows us to eliminate [A*] from Equations (4a-c) and derive a single nonlinear

differential equation that describes the time-dependent change in [A]:

I I B G /I (6)
dt a+1+(y+p)(1-[A])

In Equation 5, a:ﬁ, L= Ko[Al, Y= Kece[ Al and [A]:ﬂ. Note that «, £ and yare
kl k kexl [A]O

ex1
unitless quantities. We denote Equation (6), which takes into account the effect of [B] on

both the photochemical and nonradiative relaxation rates, as the FW-P2 model. If we

kexz[A]O =0

exl

neglect the effect of product formation on the nonradiative relaxation, i.e. y =
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then we obtain a simpler differential equation with only the o and g parameters, which

we call the FW-P1 model:

Mz A d _ 7
dt GI[A][a+1+ﬁ(1—[A]) 1} )

Finally, in order to make contact with the standard FW model, we consider the limiting
case where (a+1)>>(y+p), which is equivalent to (Kex1+ki)>>(Kexotk2)[Alo. In this case,

Equation (6) can be rewritten as

d[A] ol .+ olf - =

=— Al- Al(1-[A

dt a+1[ ] a+1[ ]( [ ]) ®
or
d[A
A o104 10, [AL([AL, - [A)
)
1 k, K, . :
where ¢, = = and ¢, = are effective quantum yields for the two
a+1l k +Kk, K, + K

photochemical reaction pathways. We then define new rate constants k; = olg and
k, = ol¢, and rewrite Equation (9) as

A ra1-karAIAL, ~14) (10

Equation (10) is the standard FW equation for ground state reactions, which we call the
FW-PO model. In this limit, the excited state dynamics are subsumed into the effective

rate constants k; and k;. Note that the standard FW rate constants k; and k; can be

related to o and 3 via the equations
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k! = — 11a

' lta (113)
o p

k. = S 11b

2 [Al, 1+« (11b)

Equation (10) can be solved analytically to give

:g +[A],
[A](t) = R (12)
1+ ké['lA]o exp[(kl’ + kg[A]o)t]

It is straightforward to show that if k; =0 then Equation (12) reduces to the standard

single exponential decay expected for a homogeneous system. Equations (6) and (7)
cannot be solved to generate analytical expressions for [A](t), but they can be solved to
give single-valued functions that give t as a function of [A], which is just as useful for

data fitting. For the FW-P1 model, we find

—B+a + B)log([A]) + log(L+ S(L—[A])) (13)

tAD = ol (L+ f)

For the FW-P2 model, we find

—pLta+ f+7)0g([A]) + (af — ) log+ SL-[A]) (14)

H([AD = o\ SL )

Equations (12)-(14) comprise a hierarchy of successive approximations that can be used
to systematically analyze the experimental data. For the FW-P2 model, we vary «, £ and
yto match the data, while for the FW-P1 model we vary only « and £, and for the FW-PO
model we have k; and k, as the variable parameters. In practice, we only need to

consider the FW-P1 and FW-P2 models in cases where the product-catalyzed
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photoreaction rate becomes competitive with A’s intrinsic excited state lifetime as
determined by kij+kea. This can be tested simply by measuring the photoluminescence
lifetime of the sample during the course of the photoreaction, since in the transient
regime (after excitation by a short laser pulse), Equation (4b) predicts an exponential
decay of the form

PL(t) = exp[—(kexl + K+ (Koo + kz)[B])t] = exp[—(kexl + Ky + (Koo + K)([A] —[A]))t] (15)

If ko and/or ke, are not negligible, then the PL decay rate should change as [B] increases.
Note that this prediction can only be derived using the FW-P model, since the IMAK
model describes the growth of the ground state populations only. In the FW-P approach
it is straightforward to predict how the reaction progress depends on experimental
parameters like intensity I, excitation wavelength (via the absorption cross section ) and
the photochemical quantum yields ¢ and ¢. The FW-P approach allows us to explicitly
predict how changing experimental parameters will affect the reaction while making new

predictions that can be used to test the validity of the model.

4.4. 9MA photodimerization Kkinetics

In order to evaluate the 9MA photodimerization kinetics, we need to have a reliable way
to measure the time-dependent change in reactant and/or product concentration. We tried
using peak intensities in the powder x-ray diffraction (PXRD) pattern to monitor the
reaction progress in a 9MA crystalline powder but had trouble obtaining reproducible
results between different samples. We think the photomechanical response of the

material may influence the PXRD peak intensities in an unpredictable manner. During
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the course of the photoreaction, the crystallites in a powder can be observed to jump and
shatter, which changes the morphology of the powder. Changes in the powder texture
and particle alignment can change individual diffraction peak intensities in ways that do
not necessarily reflect the amount of reactant and product in the sample.*® PXRD can be
used to provide a qualitative picture of the transformation from reactant to product crystal
phases, but it could not provide reproducible quantitative information on the rate of this
transformation. Solid-state nuclear magnetic resonance (SSNMR) is another method that
can in principle be used to follow the reaction progress?>**", but we found that heating
due to high magic angle spinning speeds could dissociate the photodimers®® during the
long measurement times, leading to an underestimation of the amount of product

formation.
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Figure 4.2 (a) Time-dependent evolution of the absorption spectrum of a 9MA
polycrystalline film under 365 nm irradiation at room temperature. The irradiation times
are given in the figure. After 10000 s, the residual absorption spectrum resembles that of
monomeric 9MA that is trapped in the photodimer matrix. (b) Decay of the 9IMA
integrated absorption (green circles) and the *H NMR monomer signal (red squares)

during the photoreaction. The error bars of NMR data points come from the baseline
correction and phase correction of NMR spectrum.

Previous workers have shown that the UV-Vis absorption of thin crystalline films

provides a more reliable estimate of reaction progress than x-ray diffraction.** Typically
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composed of randomly oriented crystal plates with an average thickness of less than 1 um,
the absorption of this sample deposited on glass substrates can be reliably measured
because the scattering background is a relatively minor component. The use of optically
thin films has the added benefit that the light intensity is almost constant across the
sample, allowing us to assume | is a constant in Equations (4). For powders and thicker
single crystals, I will vary depending on the spatial position within the sample. Figure
4.2a shows the absorption spectrum of the crystalline thin film. The 9MA absorption is
shifted to lower energy, relative to the solution spectrum, as expected for the higher
dielectric solid-state environment. It is also significantly broadened, but the characteristic
anthracene vibronic progression can still be discerned. This absorption provides an

unambiguous way to monitor the reactant phase.

Under 365 nm radiation in an oxygen-free atmosphere, the absorbance steadily decreases
until only a small (<5%) residual absorption remains. We attribute this decrease to the
loss of the anthracene monomer to form the less conjugated photodimers. The residual
absorption probably originates from surviving anthracene monomers that are trapped
within the photodimer crystal matrix (see discussion of the fluorescence spectrum below).
In order to confirm that our absorption measurements provide an accurate measure of the
9MA concentration, we checked them by measuring the decrease of the monomer proton
NMR signal at various points during the photoreaction. This was done by making a thin
film using a fixed amount of 9MA, measuring the absorbance before and after a fixed

irradiation time, and then dissolving the film in a fixed volume of CDClI; to take an NMR
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spectrum. Monomeric 9MA has a signature CH3 resonance at 6 = 3.1 ppm (Figure
4.3).°%41 As the reaction progresses, the area of this peak declines. Note that we did not
try to quantify the photodimer NMR signal due to its very low solubility. The decay of
the 9MA NMR peak areas closely tracks the decay of the UV-VIS absorption peak areas,
as shown in Figure 4.2b. Therefore, we conclude that the thin film UV-Vis absorption is

a reliable indicator of the 9MA concentration in the thin film.

L Ml L ] A L

80 75 70 65 6.0 55 50 45 40 35 30 25 20 15 1.0
Chemical Shift / ppm

Figure 4.3 The *HNMR data of pure 9MA monomer (red), a mixture of 9MA monomer
and dimer after irradiation by 365 nm light (green), and pure dimer (blue, made by long
time 365 nm irradiation in THF solution of 9MA monomer). Deuterated chloroform was
used as solvent and the CH3 resonance at 3.1 ppm indicates the amount of monomeric
9MA. This peak will decrease as the irradiation time increases.

After subtracting a small scattering background and integrating the absorbance between

300 and 450 nm, we have a value for the time-dependent concentration of unreacted

anthracene molecules at time t, which should be directly proportional to the concentration
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of reactive pairs [A](t). A plot of [A](t) in Figure 4.2b shows that its decay is
nonexponential, with a Gaussian-like behavior that is clearly evident at early times, as
shown in the inset. This decay shape is not observed when the same reaction is
performed in solution (Figure 4.4). No recovery of the 9MA monomer absorbance was
observed when the irradiated sample was monitored over the course of days, consistent

with a high activation barrier observed for dimer dissociation.*®
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Figure 4.4 Time-dependent spectral evolution of 9MA (in THF, ~4.5X 10 M) by 365
nm irradiation at ambient temperature. The black trace is the absorption spectrum of
9MA without any irradiation.

4.5. 9MA fluorescence lifetime decays

As explained in Section I11, the FW-P models allow us to predict other quantities for the

photochemical reaction, for example that the PL lifetime can decrease as [A](t) decays

(Equation (13)). It turns out that 9MA’s PL signal provides evidence that static
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homogeneity exists even before the reaction commences. The unreacted 9MA crystal
exhibits a broad emission centered at 510 nm, characteristic of an excimer species often
seen in this class of anthracene crystals. This excimer is usually assumed to be the

precursor of the photodimer***

and can be assigned to the excited state of the reactive
monomer pair, A*. The PL spectrum of 9MA evolves as the dimerization proceeds.
After prolonged irradiation, the excimer emission disappears, replaced by a structured
emission, peaked at 420 nm that resembles that of monomeric 9MA in solution. This

transformation in the steady-state PL spectrum is shown in Figure 4.5. The observation

of monomer emission is consistent with the presence of a residual 9MA monomer

population trapped in the photodimer matrix.*>*
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Figure 4.5 Fluorescence emission spectra of an unreacted 9MA polycrystalline film
(green line) and the same sample after 4 hours by 365 nm light (red line). Samples were

excited at 300 nm. The excimer luminescence centered around 515 nm disappears and is
replaced by a monomer luminescence with peaks at 415 nm and 445 nm.
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From the steady state spectra at the beginning and endpoints of the photoreaction, we can
expect that the PL output at intermediate points will be comprised of a mixture of species.
This expectation is confirmed when the fluorescence decays are measured. In general,
the decays at all wavelengths are multiexponential and the PL spectrum changes over the

45,46

course of its decay. We used global lifetime analysis to fit the PL decays over 10

different wavelength intervals to a biexponential decay of the form:

PL(A.t) = A(A)exp| —k gt |+ A, (4)exp| —kyt | (16)
The same rate constants kq; and ks, were used for each wavelength interval, but their
respective amplitudes A; and A, were allowed to vary for different spectral regions. In
this way we could obtain the spectra A;(4) and A(A) associated with each decay rate ks
and kqao. The results for the unreacted samples confirm that there are two different
excimer species in the 9MA crystals, with decay rates of kq; = 1.2x10% s (8.5 ns lifetime)
and kg, = 3.7x107 s (27 ns lifetime). After a 900 s irradiation, most of the emission has
shifted to the blue with a decay rate kg, = 2.12x10% s (4.7 ns lifetime). The remaining
excimer-like emission at longer wavelengths decays with a rate ks, = 5.65x10 s™* (17.7
ns lifetime). The A(A) spectra for these two irradiation times are shown in Figures 4.6a

and 4.6b, respectively.
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Figure 4.6 A(A) amplitudes for the biexponential decays in a polycrystalline 9MA film (a)
before irradiation with kq; =1.2x10% s and kg, = 3.7>10" s*; and (b) after 900s of 365
nm irradiation with kg, =2.12 x10% s and kg, =5.65x10" s™. Each point represents a fit
of the time-dependent decay integrated over a 20 nm wavelength interval using a global
lifetime analysis algorithm.

The quality of the global fits can be assessed from the data in Figure 4.7, which show PL

decays for irradiation times of 0, 600, and 900 s in the wavelength ranges 460-480 nm
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(Figure 4.7a) and 560-580 nm (Figure 4.7b). This data also serves to illustrate the steady
acceleration of the excimer decay, in qualitative agreement with the prediction of the

FW-P2 model via Equation (13).
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Figure 4.7 Fluorescence lifetime delay data and fits using Equation (16) in the text (red
lines) for the 9MA polycrystalline film after exposure to 365 nm UV light exposures for
0 s (black), 600 s (blue) , and 900 s (green) for (a) data integrated over the wavelength
range 460-480 nm and (b) data integrated over the wavelength range 560-580 nm.
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4.6 Analysis

Solid-state samples can have defect sites and disorder, which give rise to a distribution of
ground state structures. This type of structural heterogeneity can also give rise to a
distribution of rates that reflect diverse local microenvironments. However, once a
photochemical reaction starts, even a perfect crystal becomes heterogeneous due to the
creation of photoproduct molecules, which can be thought of as local defects. This leads
to a dynamic evolution of the reaction environment, since the distribution of
photoproduct changes with time. In crystalline 9MA, both types of phenomena appear to
lead to fluorescence decays that are not single exponentials. From the spectra in Figure
4a, even before the reaction starts, there exist two types of excimer sites, one with a
lifetime of 8.5 ns that disappears after the first 60 s of irradiation, and one with an initial
lifetime of 27 ns that reacts more slowly. These two emitting sites indicate that there is
already some structural heterogeneity in the sample, since the pristine crystal structure of
9MA consists only of equivalent pairs of molecules.'”*" The presence of such emissive
defect sites may give rise to different photochemical reaction rates, which would be
consistent with their different PL lifetimes. But if this structural disorder was the only
factor affecting the photochemical reaction kinetics, then we would expect the fastest rate
will dominate at early times, followed by slower dynamics at later times. The overall
reaction would get slower as the irradiation time progressed, the opposite of what is

observed in Figure 4.2b.
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Experimentally, the overall reaction of 9MA as measured by absorption is characterized
by an induction period (0-60 s in Figure 4.2b) during which the reaction is quite slow,
followed by an acceleration period where the effective rate increases by at least a factor
of 10. For completeness, we first analyze the time-dependent monomer pair
concentration in the context of the JMAK model. In this case, we use the fact that the

photodimer concentration [B](t) = [A]o-[A](t) and then use the Sharp-Hancock equation

In(—ln(l—%nznIn(t)+nIn(k) a7

0
where n, the Avrami exponent, and k are given in Equation (1). From the fit to the data in
Figure 4.8, we obtain n = 1.65 or a nucleation dimensionality of n-1 = 0.65. This value of
n is substantially larger than the value of 0.6 obtained in an earlier PXRD study of the
9MA photodimerization in a crystalline powder.” We have no easy explanation for the
discrepancy other than the preceding observation that we could not measure reproducible
kinetics by analyzing the PXRD peak areas. The data in Figure 6 confirm that the IMAK
model can do a reasonable job of reproducing the nonexponential kinetics of this solid-

state reaction.
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Figure 4.8 Johnson-Mehl-Avrami-Kolmogorov (JMAK) fit of the time-dependent SMA
dimer formation during irradiation. The data points are fit using the Sharp-Hancock
equation In(-In(1 - x)) = nIn(t) + n In k . (k is dimerization rate and n (~1.65) is Avrami
exponent which indicates the dimension of the nucleation of crystalline film. x represents
the fraction of dimer formed during the irradiation period.)

The simple FW-PO model can also provide an adequate fit to the [A](t) data, as shown in
Figure 4.9a, using the parameters k; = 2.13x10° s* and k, = 1.14x10° s*nm™ with the
parameters [A]o = 1.925 pairs/nm? (obtained from the crystal structure), o(365 nm) = 1.7
x10™Y" cm? (estimated from the absorption spectrum in solution), keq = 3.7x10" s
(obtained from the PL decay of the long-lived excimer component), and I = 3.1x10%
photons/cm?/s as measured using a power meter. There is some uncertainty in these
values due to the fact that o is estimated from the solution absorption coefficient and that
the solid-state absorption is distorted due to the scattering background. From varying the

fit parameters, we estimate a total uncertainty of #20% in the k; and k, parameters, as

97



judged from the point at which the calculated curves visibly deviate from the

experimental points.
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Figure 4.9 (a) Experimental data for the decay of the 9MA monomer concentration [A](t)
(red circles) overlaid with fits using FW-PO model (black), FW-P1 model (green) and
FW-P2 model (blue). (b) PL decay rates kg, of the excimer peak at 515 nm as the
irradiation time is increased (orange circles) overlaid with the predictions of Equation (13)
for the FW-PO model (black), the FW-P1 model (green) and the FW-P2 model (blue).
There is a maximum uncertainty of ~5% in the experimental kg, points. All three models
do an adequate job of describing [A](t). The FW-P2 model, taking into account the role
of photoproduct in accelerating both the photoreaction and the nonradiative decay,
capture the magnitude of change in kg, but does not reproduce the detailed dependence
on UV exposure time.
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Although our FW-P0O model provides an adequate description of [A](t), it does not predict
any change in the fluorescence decay rate, since it assumes (Kex1+ki)>>(ka+kex)[B] at all
times. Furthermore, we see that this inequality is not fulfilled by the values of k; and k;
obtained from the FW-PO fitting. The next step in the analysis is to relax this condition
by allowing k; to vary while setting kexo = 0. This is our FW-P1 model. We can then fit
the data in Figure 2 using Equation (13) and the same o, | and [A]o parameters to obtain
ki=1.21x10° s and k,=1.05x10° s*nm®. As compared to the FW-PO model, the value of
k;, decreases almost by a factor of 2, but k, changes less than 10%. Additionally, the FW-
P1 model now predicts that the PL decay rate kg, should increase by a factor of 1.2. The
FW-P1 model predicts the qualitative trend in kg, but underestimates its quantitative
magnitude, since the experimental kg, increases by a factor of 1.8 (Figure 7b). To
describe the full change in the observed PL lifetime, we turn to the FW-P2 model and use
Equation (14). In order to reproduce the approximate magnitude of change in kg, we set
(B+»)(a+1)=0.55 and then vary «, £ and ysubject to this constraint. We obtain the best
fit parameters ¢=203.5, #=15.6 and »=96.9, leading to k; = 1.82x10° s, k, = 1.47x10% s
Inm?, and ke = 9.16x10° s'nm>. The calculated change in PL lifetime, as deduced from
Equation (15) and the [A](t) data in Figure 4.2b, is shown in Figure 4.9b along with the
data points. Adding the additional parameter (kexo) allows the model to reproduce the
magnitude of the increase in kg, but its calculated dependence on irradiation time is

clearly very different from the data.
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From the analysis of the data in Figures 4.8 and 4.9, we can make several general
observations.  First, both the JMAK and FW-PO models do an acceptable job of
describing the [A](t) behavior. The JMAK model approximates the induction period by
making the decay more Gaussian-like by setting n=1.65 instead of n=1. The FW-PO
model does this by postulating a new A+B->B+B reaction pathway. It should be
emphasized that both models lead to photochemical reaction rates in the crystal are
changing with time. However, the more transparent nature of the FW-P model allows us
to systematically improve it and make additional predictions about independently
measured quantities like the PL lifetime. The data and fits in Figure 4.9b show that the
FW-P1 and FW-P2 models enable the presence of the photodimer (B) to accelerate both
the photochemical reaction rate and the nonradiative relaxation through the k, and ke,
terms, respectively. It is remarkable that these autocatalytic rate processes can by
accelerated by up to a factor of 10 in the presence of the photoproduct. The acceleration
of the PL decay cannot be predicted by the basic FW-PO model. The interplay between
the reaction progress and the photophysics must be explicitly taken into account in order

to correctly describe this photoreactive crystal system.

Although the FW-P2 model can describe magnitude and direction of the experimental PL
decay change, it cannot reproduce the detailed time dependence. Equation (15) predicts
that the change in the overall fluorescence decay rate should track [B](t)=[A]o-[A](t)
which has a sigmoidal shape similar to the decay shown in Figure4.2b. Experimentally,

ka2 grows very rapidly at the start, then saturates after about 600 s of irradiation. The
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calculated change grows much more slowly and begins to saturate only after 1200 s of
irradiation. Varying the k, and/or ke, rates in the FW-P1 and FW-P2 models cannot
change the overall shape of their predicted kq, curve. The fact that the time-dependent
changes in [B](t)=[A]o-[A](t) and ks are not linearly correlated, as predicted by Equation
(15), suggests that either 1) our analysis of the photophysics is incomplete or 2) the FW-
P2 model does not take all possible pathways into account. We think possibility 1) is
most likely. As discussed earlier, the fluorescence decay involves contributions from
multiple species, and our assumption that the red-shifted component corresponding to k.
accurately reports on [A](t) may not be correct. For example, during the course of the
reaction low energy defect sites with shorter lifetimes may be introduced into the crystal
lattice. Exciton diffusion to these shorter lifetime sites could artificially reduce the
fluorescence lifetime and result in a premature increase in ksp. Considering possibility 2),
we can further extend the reaction scheme in Equations (3) to take additional pathways
into account. For example, we could consider a catalyzed reverse reaction, e.g.
A*+B 2A+A. However, since we have no clear evidence for such a process, we did not
develop a more complex kinetic model at this point. Clearly, additional work is needed
to fully connect the spectroscopy and reaction rate measurements. But we should
emphasize that fundamental advantage of the FW-P approach is that it provides a
systematic way to test assumptions about chemical reaction pathways and photophysical

behavior, as well as a clear route for stepwise improvement of the model.
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Finally, we note that the FW-P model is designed to describe ensemble kinetics, and rate
constants k, and kex; each probably reflect multiple processes that are occurring on the
molecular level.** For example, the presence of defects, both structural and light-induced,
provide both quenching centers (as reflected by kex2) and nucleation sites for the growth
of photoproduct domains (as reflected by k;). Both rates are likely to be mediated by
exciton diffusion through the monomer domains. If we could map out quantities like the
PL lifetime and reactant concentration with high spatial and temporal resolution in a
single reacting crystal, a more sophisticated model that explicitly take spatial variations
and exciton dynamics into account would be required. Given the ensemble
measurements reported here, the FW-P2 model represents a good starting point to
describe both the photophysical and photochemical data. It should be noted that this
model is more sophisticated than any that have previously been applied to solid-state

photochemical systems.

4.7 Conclusion

This project had several goals. First, we presented a rigorous derivation of a generalized
FW-P model for photochemically reactive systems. Second, we have shown that
monitoring the UV-Vis absorption spectrum of an optically thin film provides a reliable
way to follow the reaction progress, which enables us to measure the reaction kinetics in
photomechanically active 9MA crystals. Third, although both the FW and IMAK models
can describe the time-dependent change in reactant/product concentrations, our extended

FW-P2 model furthermore correctly predicts the observed trend in PL lifetime. This
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prediction can only be derived using the FW-P model. Furthermore, using the FW-P
approach it is straightforward to predict how experimental parameters like intensity,
absorption cross section and quantum yields will affect the reaction progress. Because it
can be formulated in terms of chemical reaction steps and well-defined rate constants, the
FW-P approach has a predictive power that makes it a useful tool for the quantitative
analysis of photochemical reaction Kkinetics in solid-state molecular systems.
Understanding the reaction kinetics will in turn provide a framework for quantitatively
analyzing the dynamics of mechanical deformations in molecular crystals. We will
address how non-first-order reaction kinetics will influence the photoinduced bending of

9MA crystalline microneedles in our future work.
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Chapter 5 Surfactant-enhanced photoisomerization and photomechanical response
in molecular crystal nanowires

5.1 Introduction

Light actuated mechanical elements have potential applications in medicine, biology,
engineering or as integral parts in micromachines. Organic photomechanical materials
are the subject of increasing research efforts since they could form the active element in
such actuators." These materials rely on photochemical reactions to transform absorbed
photon energy into mechanical motion at the molecular scale. In order to coordinate
multiple molecular-level reactions so they can generate larger scale motion, the
photoreactive molecules are usually organized in a polymer matrix™™> or as a crystal.®
Photomechanical molecular crystals may have some advantages relative to polymer-
based materials, including faster response time, higher Young’s modulus, and a highly
ordered structure that can be precisely characterized using x-ray diffraction techniques.”™

They have demonstrated a variety of macroscopic motions such as bending”"?, twisting®”"

21 24-25

, expansion®, ratchet-like spinning®, photosalient jumping and surface
restructuring.”?’ Almost all of these motions rely on the formation of a reactant-product
mixed phase crystal where interfacial strain between the two phases causes the crystal to

10, 15, 28
deform.” ™

This bimorph or bimetal model depends on the reaction kinetics and
spatial distribution of reactant and product molecules within the crystal. While the

reactant phase is crystalline, the product phase can be either crystalline or amorphous.
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We recently observed that crystalline nanowires composed of either Z or £ isomers of a
conjugated anthracene derivative, dimethyl-2- (3-anthracen-9-yl)allylidene)malonate
(DMAAM) could undergo a novel photoinduced coiling when exposed to a pulse of
visible (450-550 nm) light.”” These large shape changes that continued even after the
light source was turned off and were qualitatively different from what had been typically
observed in molecular crystals. Nuclear magnetic resonance (NMR) studies confirmed
that the presence of both Z and E isomers are necessary for a nanowire to collapse into its
coiled form, suggesting a mixed phase was formed. X-ray diffraction and electron
microscopy experiments, however, suggested that the crystalline nanowires became
amorphous after illumination, rather than forming two different crystalline phases, as
usually observed for other photomechanical crystals. The underlying mechanism of the

photoinduced coiling remained unclear.

Here, we investigate the mechanism of the photoinduced coiling of DMAAM nanowires
using a variety of experimental techniques, including powder X-ray diffraction, polarized
light microscopy, "H-NMR and UV-Vis spectroscopy. We have used surfactants to help
disperse the nanowires in aqueous media and minimize their agglomeration. Up to now,
we have assumed that this external coating did not affect the solid-state reaction
occurring within the crystalline nanowires. However, the data in this work clearly show
that the presence of a surfactant accelerates the photochemical reaction rate by at least a
factor of 10 within the nanowire and is required to observe the photoinduced coiling. The

accelerated reaction facilitates the transition to an amorphous phase composed of reactant
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and photoproduct and eventually leads to the dissolution of the mixed-phase nanowire
into the aqueous solution. The interplay of photochemistry and surfactant-catalyzed
crystal amorphization results in the rapid, largescale shape changes that we observe. To
the best of our knowledge, the effect of surfactants on solid-state photochemical
reactivity has not been considered before. Our study of DMAAM nanowires suggests
that the reaction dynamics of nanoscale molecular crystals can be extremely sensitive to

surface species, and this in turn can affect the photomechanical motion.

5.2 Experimental part

Both (E)-DMAAM and (2)-DMAAM were synthesized following the procedures
described in our previous paper.”’ All solvents and reagents, including
cetyltrimethylammonium bromide (CTAB), were of reagent grade (Sigma-Aldrich) and
were used as received. Commercial Anodic Aluminum Oxide (AAO) templates
(Whatman Anodisc inorganic filter membrane, diameter 13 mm, pore diameter 0.2 pum)

were purchased from Whatman-Inc. and used as received.

5.2.1 Preparation of DMAAM nanowires

A concentrated solutions of either (F)-DMAAM or (Z)-DMAAM was prepared by
dissolving roughly 4 mg of either isomer in warm N,N-DMF (55 pL). The solution was
deposited on an AAO template. The solution-soaked AAO template was suspended on
top of a hollow Teflon holder (2 cm in height) resting inside a small beaker. The entire

setup was covered with a glass bell jar and placed inside a convection oven set at 65 °C
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for a period of 24 h. This gives the DMF solvent enough time to slowly evaporate from
the jar, leaving behind crystallized DMAAM inside and on the surface of the AAO
template. The loaded AAO template was then carefully polished with 2000 grit sandpaper
to remove surface crystals before dissolving the alumina template in a 20% phosphoric
acid aqueous solution. It requires on average 48 h for the whole template to dissolve at

room temperature, releasing the organic nanowires.

5.2.2 Powder X-Ray diffraction (PXRD)

Two carefully polished AAO templates containing (E)-DMAAM nanowires were
dissolved in a 10 mL aqueous solution (~20 % H3;PO4 by mass). CTAB was dissolved in
the suspension containing the (E£)-DMAAM nanowires to a typical concentration of 2
mM, and the mixture was irradiated by a 462 nm diode laser with an intensity of 44
mW/cm® for various periods. To avoid precipitation of CTAB crystals, the CTAB
concentration was kept below 3 mM (the critical micelle concentration is approximately
0.9 mM>*?") throughout the entire set of experiments. A magnetic stir bar (1/2 x 1/8 inch)
was used to stir the suspension of nanowires at 400 rpm providing uniform illumination
for the entire sample. The irradiated nanowires were filtered through AAO template and
rinsed with copious amounts of Milli-Q purified water in order to remove any residual
H;PO4 and CTAB. The nanowire residue, deposited on top of the AAO template, was air
dried at 50 °C. All PXRD data were collected on a Bruker D8 Advance X-ray powder

diffractometer (CuK radiation, A=1.5418 A, 45 kV/40 mA power) at room temperature.
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5.2.3 '"H Nuclear magnetic resonance (HNMR) measurements

A similar procedure to the one described in the previous PXRD section was used to
prepare photoreacted DMAAM nanowires. The dry nanowires were dissolved in CDCl;
(Sigma-Aldrich, 99.9 % +). '"HNMR data were collected using a Varian Inova 300

spectrometer with a 5 mm p 4-nucleus probe.

5.2.4 Optical spectroscopy measurements

The DMAAM nanowires were prepared and reacted as a suspension as described in the
PXRD section. After each period of illumination, a 0.50 mL of suspension was deposited
in a standard 1 cm path length cuvette and diluted with 2.5 mL Milli-Q purified water to
give a total volume of 3.0 mL. UV-Vis absorption spectra of the suspensions were

obtained using a Varian CARY 50 spectrometer.

5.2.5 Optical microscopy measurements

A drop of the (£)-DMAAM nanowire suspension was deposited on top of a microscope
glass slide and covered with a microscope coverslip. To monitor the photomechanical
motion, an Olympus [X70 microscope was used with a 20x 0.4 numerical aperture
objective: Videos and images were taken using an AMScope MU900 digital camera.
The nanowires were irradiated using 450 nm light from a microscope Hg lamp filtered
through a dichroic mirror with an intensity of 175 mW/cm®. For polarized optical
microscopy measurements, the sample was placed between two square (2 cm X 2 cm)

polarizers aligned at a 90° angle for measurements.
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5.3 Results and discussion

Figure 5.1 shows the photoisomerization of DMAAM between its (£) and (2)
conformations. In solution, irradiation with visible light (462 nm) induces an £ — Z
isomerization that changes the UV-Vis absorption as shown in Figure5.2. If the resulting
mixture is then photolyzed with UV light (365 nm), where the Z isomer absorbs more
strongly, the E isomer is partially recovered. The £ and Z absorption bands overlap in the
visible region, and the presence of multiple isosbestic points (most prominent at 330 nm)
provides evidence that the photochemical reaction is unimolecular in nature. A strong
absorption peak at 253 nm, due to the Sy — S, absorption feature of anthracene
chromophore is also present in both chromophores, and is more prominent for the (Z)
isomer (Figure 5.3, €53mm(E) = 9.5%x10* cm/M, €5533m(Z) = 1.2x10° cm/M in cyclohexane).
This feature of the absorption spectrum provides a convenient measure of the total
amount of DMAAM present, while the lower energy So-S; transition, polarized along the

short axis of the anthracene ring, is a sensitive indicator of the isomerization reaction.

OCH,
0 OCHj OCH;
0 OCH,
4

ey
o O

(Z)-DMAAM (E)-DMAAM

Figure 5.1 Photoisomerization of the DMAAM molecule between £ and Z conformations.
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Figure 5.2 The UV-Vis absorption spectrum of irradiation of (£)-DMAAM in
cyclohexane (~ 2.1 X 10° M). Pure (E)-DMAAM (black) was irradiated at 462 nm for 2
hours to partially convert the sample to (Z)-DMAAM (red). The solution wan then

exposed to 365 nm light for 2 hours. The resulting spectrum (blue) shows partial recovery
of the (£)-DMAAM
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Figure 5.3 UV-Vis absorption spectra of (£)-DMAAM in liquid phase (cyclohexane as
solvent, 2 X 10'5M) illuminated by visible light (mixture wavelength, I average = 20
mW/cm?)
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Both (FE)- and (Z)-DMAAM crystalline nanowires can be prepared using solvent-
annealed crystallization inside the channels of AAO templates, as reported in our

. 29,32
previous papers.*”?

Here we focus on the (F)-DMAAM nanowire behavior. Previously,
we performed our experiments in a 2 mM SDS/20% H;PO4 mixture. We confirmed that
nanowires in this mixture could undergo photoinduced coiling.  After careful
experimentation with various surfactant/acid concentrations, we found that varying the
pH did not affect the coiling, as long as it was kept at 7.0 or below. Basic pH solutions
tend to hydrolyze the ester and dissolve the nanowires. Removal of the surfactant,

however, could prevent the photoinduced coiling entirely. Changing the nature of the

surfactant from anionic (SDS) to cationic (CTAB) did not affect the coiling behavior

Figure 5.4 Optical microscopy images of (E)-DMAAM nanowires in pure water (a)
before light exposure and (b) after 1 min light irradiation. Cross polarized optical
microscope images of (£)-DMAAM nanowires (c) before light exposure and (d) after 1
min light irradiation. No significant changes are observed. Scale bar: 50 um
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The role of the surfactant is illustrated by imaging the dynamics of small bundles of
nanowires using brightfield and polarized light microscopy. Nanowires in pure aqueous
solution barely showed any photomechanical response under 450 nm light irradiation
(Figure 5.4a and b). We occasionally observed some slight bending during a 1 min
exposure that stopped even while the excitation light was still on. Nanowires in aqueous
CTAB, on the other hand, showed a strong photomechanical response after only 5 s of
light exposure (Figure 5.5a and b). This result is consistent with our previous
observations and is also confirmed by SEM images of the nanowires before and after

irradiation (Figure 5.6).

Figure 5.5 Optical microscopy images of (£)-DMAAM nanwires in 2 mM CTAB before
(a) light exposure and (b) after 5s light irradiation. Cross polarized optical microscope
images of (£)-DMAAM nanowires with CTAB before (c) light exposure and after (d) 5s
light irradiation. Bending and loss of birefringence are observed. Scale bar: 50 pm
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In a CTAB solution, nanowire motion continued even after the light was switched off.
Interestingly, the duration of these post-irradiation motions depended on the CTAB
concentration (Figure 5.7). Higher CTAB concentrations led to longer persistence of the
motion, suggesting that slow structural changes were still occurring up to 1 minute after
the photochemistry stopped. The motion of the nanowires could act to separate bundles
or initiate drifting across the microscope slide. With prolonged light exposure (>5 min),
the coiled nanowires gradually dissolved in the CTAB solution. None of these effects was

observed in the absence of CTAB.

Figure 5.6 SEM images of (£)-DMAAM nanowires with CTAB ((a) and (b)) before
irradiation and after irradiation ((c) and (d))

(E)-DMAAM nanowires in both solutions (with and without CTAB) are birefrigent and
appear bright when imaged between crossed polarizers due to their crystalline nature

(Figure 5.4c and 5.5¢). The sample in pure water retained its crystallinity after even 1 min
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of light irradiation (Figure 5.4d). The nanowires suspended in CTAB solution started
losing crystallinity as soon as the excitation light (450 nm) was turned on. All
birefrigence was lost after 5 s of irradiation (Figure 5.5d). The sample without CTAB
eventually lost crystallinity after a long (~ 5 min) period of irradiation, but this rate was

at least 10 times slower than that in CTAB solution.
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Figure 5.7 The CTAB concentration dependence of mechanical motion of (£)-DMAAM
nanowires after light was switched off. The concentrations of CTAB are 0 mM, 0.3 mM,
0.4 mM, 0.8 mM, 2 mM, 2.5 mM, 2.9 mM, respectively. The red dashed line indicates
the critical micelle concentration of CTAB in water (CMC = 0.92 mM)

We confirmed these results by using PXRD to track the intensity of the DMAAM
diffraction peaks. Before irradiation, (£)-nanowires suspended in both pure water and
CTAB solution showed crystal peaks (Figure 5.8b) that correspond well with those
calculated from the single crystal structure (Figure 5.8a), with significant peaks at 20 =

13°,16°, 22° and 23°. The peak intensities of the nanowires in pure water decreased but

still retained recognizable crystal peaks even after 10 hours of irradiation (Figure 5.8c¢).
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In contrast, the sample in the CTAB suspension lost all crystallinity after 2 hours of
irradiation, with no distinct peaks observed (Figure 5.8d). Note that the irradiation times
for this experiment were longer than for the microscopy experiments due to the larger

sample and lower light intensity.
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Figure 5.8 Powder x-ray diffraction patterns (a) calculated from the (£)-DMAAM crystal
structure; (b) (E)-DMAAM nanowires from aqueous CTAB solution without light
illumination; (c) E-DAAM nanowires in pure water after 10 h light irradiation (462 nm
laser, 44 mW/cm?); (d) (E)-DMAAM nanowires in aqueous CTAB solution after 2 h light
irradiation, showing loss of diffraction intensity.

From the results described above, the presence of a surfactant is necessary to observe the
rapid coiling and crystal-to-amorphous transition in the nanowires. One possible
explanation is that the surfactant catalyzes the photochemical reaction, perhaps by
facilitating structural rearrangements at the surface. To test this hypothesis, we followed
the photochemical reaction kinetics using "HNMR measurements. A suspension of (E)-

DMAAM nanowires was irradiated for various periods of time. The nanowires were later

filtered over AAO template, washed with water, air dried and dissolved in CDCl;. We
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tracked the feature peaks of methyl groups of the DMAAM molecule at 3.81 ppm and
3.89 ppm for (E)-isomer and 3.56 ppm and 3.95 ppm for (£)-isomer (Figure 5.9). By
integrating the £ and Z peaks as Ig and I respectively, we could calculate the fractional
conversion to Z by taking the ratio I/ (Ig+Iz). In the CTAB suspension, the (Z)-isomer

peaks grew much faster than in the water suspension.
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Figure 5.9 The 'H NMR spectra of (£)-DMAAM nanowires in CTAB aqueous solution
under light irradiation with various times. Purple: no light exposure, blue: 1 hour, green:
3 hours, orange: 7.5 hours, red: 10 h

Figure 5.10 shows the conversion fraction of Z-isomer formed in nanowires as a function
of irradiation time. In the CTAB sample, one can covert more than 50 % of the (E)-
nanowires into cis-isomers within 3 hours and more than 80 % after 7.5 hours of
irradiation. On the other hand, in pure water less than 20% of the (F)-DMAAM was
converted after more than 10 hours of irradiation. It should be noted that the irradiation

wavelength of 462 nm cannot achieve 100 % conversion due to the overlapping

absorption spectra of the £ and Z-isomers that lead to a photostationary state.
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Figure 5.10 The formation of (2)-DMAAM with [CTAB] = 2 mM (blue squares) and
without CTAB (red circles) under illumination (462 nm light, 44 mW/cm?). The error
bars are due to baseline correction, phase correction, and peak integrations
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Our original motivation to use surfactants was to make a stable suspension of nanowires
in HO. On the timescale of days, the nanowires appear completely stable in 2 mM
CTAB. However, we found that crystalline DMAAM nanowires could partially dissolve
in 2 mM CTAB after 2 months (Figure 5.11). If the composition and crystallinity of the
wires changed during irradiation, it is reasonable to expect that the dissolution rate could
be affected as well. In order to study the dissolution of the DMAAM nanowires, we
measured the UV-Vis absorption of the suspensions, operating under the assumption that
the absorption signal is dominated by dissolved molecules. A stirred suspension of
nanowires was irradiated for a fixed period of time. Then a 0.5 mL aliquot of the

suspension was diluted with 2.5 mL Milli-Q purified water and transferred to a quartz
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cuvette for UV-Vis absorption measurements. Before irradiation, no visible absorbance

could be observed in any of the samples, indicating negligible dissolution of DMAAM.
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Figure 5.11 UV-Vis absorption spectrum of suspension of (£)-DMAAM nanowires
suspended in a 2 mM CTAB solution at ambient environment without UV light exposure
for 60 days.

In order to track the total DMAAM concentration, both £ and Z forms, we measured the
growth of the absorbance at 253 nm (Figure 5.12¢). For both the £ and Z nanowires, a
peak at 253 nm started to appear after about 5 min of light irradiation (Figures 5.12a, c).
The peak at 253 nm increased and the DMAAM absorption spectra also appeared in the
visible region with increasing irradiation time (Figures 5.12b, d). For both the £ and Z
starting crystals, the solution absorption spectra are a mixture of isomers. This confirms
that the photoisomerization is proceeding in parallel with the dissolution. Only small
absorbance changes (<0.06) at 253 nm were observed in the pure water samples (Figure
5.13a) or in samples with surfactant but without light exposure (Figure 5.13b). Finally,

we note that the nanowires do not completely dissolve during irradiation, but afterward
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they continue to slowly dissolve over the course of weeks, until the absorption at 253 nm
reached a maximum of about 2.3 (Figure 5.11). The effect of the photoisomerization
reaction on crystal dissolution is not simply the result of higher solubility of one isomer

versus the other, since the effect is independent of the starting isomer.
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Figure 5.12 (a) Time-dependent evolution of solution absorption after (£)-DMAAM
nanowires are irradiated at 462 nm in CTAB (1.3mM). (b) Absorbance increase at 253
nm: green squares = CTAB with light, red circles = CTAB without light, blue triangles =
light without CTAB. (c¢) Time-dependent evolution of solution absorption after (Z)-
DMAAM nanowires are irradiated at 365 nm in CTAB (1.3mM). (d) Absorbance
increase at 253: green squares = CTAB with light, red circles = CTAB without light, blue
triangles = light without CTAB.
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Figure 5.13 UV-Vis absorption spectra of suspension of (a) (£)-DMAAM nanowires in

pure water with light exposure and (b) (E)-DMAAM nanowires in CTAB solution
without light exposure.

The data in Figure 5.2-13 allow us to conclude that the surfactant gives rise to four
interrelated effects: 1) accelerated E<»Z photoisomerization; 2) amorphization; 3) large
deformations that continue even in the absence of light; and 4) accelerated dissolution. A
possible mechanism that could give rise to these effects is outlined in Figure 5.14.
Acting as a traditional surfactant, CTAB stabilizes the nanowire in solution by adsorbing
to its exterior. But it also provides a surface environment that facilitates molecular
motion on the surface, even if this motion does not immediately lead to molecules
dissolving into the liquid. Because the light intensity is highest at the surface, and the
surface molecules are presumably less constrained by crystal packing on all sides, it is
expected that the photoisomerization will begin preferentially at the surface. In the case
of nanowires with surfactant, the CTAB molecules can help rearrange the crystal packing
structure and facilitate the mechanical motion as the steric barrier of E«<>Z isomerization
has been lowered. This process will also result in the initial formation of amorphous

structure at the surface of the crystals.”> Photochemical reactions can lead to packing
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rearrangements and disrupt the surface, exposing new regions to the surfactant molecules
that further catalyze the photochemical reaction. In this way, the photons and the
surfactant act synergistically to propagate the photoisomerization throughout the crystal,
destroying its crystallinity. Note that the reaction does not have to proceed to completion:

a conversion of 5-10% is sufficient to initiate these morphology changes.”’
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Figure 5.14 The proposed sequence of photoinduced isomerization, deformation, and
dissolution for DMAAM nanowires in the presence of CTAB and light.

Once the nanowire has become amorphous due to the surfactant-enhanced
photoisomerization, two effects are observed. @ The slower one, dissolution, is
straightforward to understand. If the surface of a DMAAM nanowire is highly crystalline,
dissolution of DMAAM molecules inside the CTAB micelle is an energy demanding
process, since the surface molecules are leaving the low-energy state (crystalline) to go
inside a high energy micelle. On the other hand, when the nanowire is irradiated with a

suitable light source, a non-crystalline phase of mixed isomers is generated at the surface
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of the nanowire. When this non-crystalline surface is surrounded by micelle forming
CTAB, it becomes less energy demanding to encapsulate the photoisomer in the CTAB
micelle. The ability of disordered or amorphous solids to dissolve more rapidly is well-

established, especially in the pharmaceutical community.**>’

What is more difficult to understand is why the nanowires undergo such drastic
deformations before they dissolve. We do not think that the CTAB penetrates into the
crystal to form a mixed phase at the molecular level. First, it is hard to see how such a
process would not also lead directly to dissolution. Second, we could find no evidence
for CTAB incorporated into the solid phase in our NMR measurements on the reacted
nanowires. Instead, we think that the coiling is due to the relatively slow loss of
crystallinity within the nanowire. This loss is caused initially by the creation of the
photoisomer by light exposure. But it may be accelerated by the action of the surfactant
as it solubilizes the DMAAM molecules. The process of dissolution can initiate dynamic
changes in crystal structure even before the bulk of the molecules detach and migrate into
the liquid. Crystal-to-amorphous transitions*®, polymorphic transitions’’, and even
amorphous-to-crystal transitions’ have been observed to occur during dissolution, as
well as dislocation propagation within the crystal.” The structural rearrangements
involved in this process may be relatively slow and can continue after the light is
removed. Physical deformations like twisting have been observed for crystals being
grown from solution and ascribed to spatial heterogeneity of impurities or defects during

growth.*  Similarly, in our nanowires the coiling results from heterogeneous
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concentrations of photoisomers and crystal packing, which also gives rise to internal
strain. The ultimate limit of amorphization would be a solid—liquid melting transition,
which would cause a mechanical transformation of the wire into a spherical droplet. We
suspect that the coiling we observe is analogous to a melting type of phase transition,

facilitated by the presence of surfactant.

5.4 Conclusion

We have demonstrated that both the photomechanical response and the
photoisomerization rate of DMAAM nanowires can be accelerated by at least an order of
magnitude by using ionic surfactants such as CTAB. We hypothesize that these changes
are caused by surfactant molecules that adsorb at the surface of the nanowires, lowering
the barrier to isomerization and facilitating the crystal-to-amorphous phase transition.
Disruption of the highly packed crystal structure by photoisomerization in turn enhances
both the mechanical deformation and the dissolution rate by more than one order of
magnitude. The fact that these nanowires have a nominal diameter of 200 nm suggests
that the presence of surface species, like CTAB, can influence the dynamics of much
deeper layers in the crystal. We were not able to find a previous example in which the
transition from crystalline to amorphous solid can be significantly accelerated by the
presence of a surface species. The results in this work suggest that a better understanding
of the interplay between surface chemistry and solid-state photochemistry may be helpful

for understanding the photomechanical motions of crystalline nanostructures in solution.
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Chapter 6 Summary and outlook

6.1 Summary of my research work

This PhD thesis focused on solid-state photomechanical molecular crystals based on
anthracene derivatives. The ultimate goal is to make novel photomechanical materials
that can show more interesting motions. The research can basically be divided into three
parts which have been discussed in previous chapters in this thesis. The project of 9TBA
was initially started with the aim of making photoresponsive 9TBA crystals through a
large molecular structure change leading to a large change of crystal packing and
eventually cause shape and morphology changes. However, none of these results were
observed as the 9TBA crystal itself cannot exhibit any photomechanical response under
light irradiation. Instead, the reverse reaction of D-9TBA to 9TBA showed significant
pressure dependence when 9TBA molecules were put into a polymer film. These results
proved that the photochemical reaction of molecular crystals might not lead to
photomechanical behaviors. Also, although the pressure sensitivity was not as high as in
bis-anthracene (BA) and its photo-isomer (PI) ', our results showed it is possible to

engineer molecular structures to be pressure sensitive.

The investigation of photochemical process in solid-state of 9MA crystal system can give
some idea of how to study the kinetics in molecular crystal systems and predict
photoluminescence changes. The rigorous equations we have derived and the model we
obtained from computational work can fit our experimental results to some degree.

However, since they did not fully match with each other, we cannot claim that our
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extended Finke — Watzky (F-W) model is the perfect model to describe the
photochemical process of molecular crystal. One reason, we may have not considered is
the polycrystalline film of 9MA itself has different crystal faces or packing structures.
These various crystal faces may undergo different photochemical process which can lead
to a premature increase of fluorescence decay rates, such as k, in our case. Therefore,

more experimental and theoretical work needed to be done in the future.

The 9MA experiments showed that the existence of photoproducts can contribute to
speed up both the photochemical reaction rates and fluorescence decay rates, as leading
to an autocatalytic process. In addition to this intrinsic mechanism, we are also quite
interested in extrinsic effects on the molecular crystal reactions. The observation of
DMAAM crystals that only showed big photomechanical motions like curling and coiling
with the existence of ionic surfactants under light irradiation motivated us to study
external environmental effects upon molecular crystal. Even though our previous
research provided some hints, this was the first time we studied systematically. We found
10 fold increase in photochemical reaction rates and 30 fold increase in crystal
dissolution rates. Our results suggest that a better understanding of the interplay between
surface chemistry and solid-state photochemistry may be helpful for understanding the

photomechanical motions of crystalline nanostructures in solution.
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6.2 Current and future research work

6.2.1 Novel photomechanical behavior of 9MA hexagon microplates

My current work is to making various shapes of molecular crystals in order to obtain
more interesting photomechanical motions. One way we can do is to find new methods to
prepare new shapes of materials based on old compounds. Recently, we have successfully
prepared 9MA microplates with hexagonal shapes. These 9MA microplates can show
rolling and unrolling motions under UV light irradiation. Such motion is different from
what we have observed in 9MA crystals with other shapes such as microneedles and
microribbons. However, the molecular orientation inside these microplates was found to

be similar with the rod-like crystals (Figure 6.1).

(a) 1 (b)

\ (0-11)

f Top view Side view

Figure 6.1. (a) Orientation of 9MA molecules in two different types of crystals. Red dash
line: hexagon microplate, and purple dash line: rectangle microribbon. (b) Scheme of
9MA hexagon microplate with proposed crystal indices and optic axis, left: top view and
side view.

The red dashed line in Figure 6.1a illustrates the general outline and shape of 9MA
microplates with measured angles at the corner. The purple dashed line depicts the

outline of 9MA rectangular ribbons. Their photomechanical behaviors are quite different.

As we already know, 9MA rectangular microplates exhibit twisting and untwisting
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motions under light irradiation (Figure 6.2 a ~ ¢). On the other hand, the rolling and
unrolling of 9MA hexagonal microplates demonstrated that it is possible to prepare

crystals with a different function even with the same molecule and crystal packing.

(a) (k) (c)
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(d) (e) T

Figure 6.2 (a) 9MA rectangle microribbon before UV illumination (405 nm light, I =
29.4mW/cm2). (b) 9MA microribbon twists during UV illumination. (c) 9MA
microribbon untwists after UV illumination. (d) 9MA hexagonal microplate before UV
illumination. (¢) 9MA microplate rolls up during UV illumination. (f) 9MA microplate
unrolls after UV illumination. Scale bar: 50 pm.

As shown in Figure 6.2 d ~ f, the rolling motion will lead to a full circle during the light
irradiation period. This full circle can retain its shape for more than 10 min without
external perturbation. The circle will eventually unroll back to a flat plate if the excitation

light kept on. The whole process of rolling and unrolling usually takes no more than 1 s,

and the rate depends on the intensity of light.

Such circle or ring formation by photomechanical rolling of 9MA microplates has guided
us to think about potential applications in drug delivery, in which we may be able to

utilize this structure to hold small particles inside and transport them with external forces.
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As a proof of principle, we added superparamagnetic nanoparticles, and showed that a
OMA microplate can wrap them up under light irradiation. Afterwards, an external

magnetic field was introduced to drive the loaded crystals in a desired direction (Figure

6.3).
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Figure 6.3. (a) ~ (d) 9MA hexagon microplate before UV light irradiation, the dark dots
in the images are corresponding to superparamagnetic nanoparticles alignment due to
applied external magnetic field. The intensive degree of these dots related to gradually
increase of magnetic field. The strength of external magnetic is around 15~20 Gs. The
cyan arrow shows the direction of magnetic field. Scale bar: 50 pm

One should notice that the microplate was not able to move by itself before light
exposure, even with nanoparticle on its surface and external magnetic field applied for

almost for 2 min (Figure 6.3 a ~ d). This is because when the microplate is flat, the

nanoparticles on its surface do not interact strongly with the microplate. However, when
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the microplate rolls up, the nanoparticles are trapped and can push or drag the circle

(Figure 6.4).

Magnetic Field

O magnetic nanoparticle

Figure 6.4 (a) Side view of 9MA microplate when it is flat before light irradiation. The
transportation of superparamagnetic nanoparticles is parallel with the long axis. (b) Side
view of 9MA microplate when it is wrapped up after light irradiation. Nanoparticles can
push or drag microplate to move under magnetic field. The blue arrows indict the
direction of magnetic field.

6.2.2 Preparing diarylethene nanowires

Diarylethene crystals can show varieties of photomechanical behaviors which involve
bending™”, twisting®, expansion’, and fragmentation®. Moreover, the good thermal
stability and excellent reversibility in photochromic reactions make diarylethene crystals
promising candidates for photo-actuators in the future. However, these mechanical
motions are usually shown in bulk crystals or micro-sized crystals, limiting further
applications. Such large crystals are fragile and sometimes tend to disintegrate even with

small deformations. One way to circumvent this issue, as we mentioned in Chapter 2, is

to shrink the dimension of materials, such as by making nanocrystals. We are currently
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trying to use AAO templates to grow diarylethene nanowires that show photomechanical

motions.

Figure 6.5 (a) diarylethene nanowire before UV light irradiation (b) diarylethene
nanowire shows bending motion after UV light irradiation (365 nm, I=lOmW/cm2). (©)
Diarylethene nanowire reverts to straight shape after visible light irradiation (462 nm,
[=44 mW/cm?). (d) The molecular structure of diarylethene we used in our work. Scale
bar: 20 um

We have recently successfully made nanowires of 1,2-bis(2,4-dimethyl-5-phenyl-3-
thienyl)perfluorocyclopentene. These nanowires can show reversible bending with a large
curvature (k =100mm™") under 365 nm light irradiation (Figure 6.5). The whole process
of bending is very rapid, occurring in less than 1s. We have checked that the nanowires
can show at least 10 cycles of such reversible bending motion by alternating UV and
visible light exposure. In 2001, Irie at el firstly reported that the fast reversible

photochromic reaction of this compound could lead to morphology changes on the

surface of bulk crystals (Figure 6.6), but no other photomechanical behaviors were

137



reported after then’. One reason may be due to the difficulty for people in fabricating rod-
like or needle shaped crystals of this compound using normal solvent annealing or

sublimation growth methods.

Figure 6.6 Atomic Force Microscope (AFM) images of (A to C) the (100) crystal surface
and (D to F) the (010) surface: before photoirradiation, (A) and (D); after irradiation with
366 nm light for (B) 10s and (E) 15 s; and after irradiation with visible light ( A > 500
nm), (C) and (F). (Reproduced with the permission of Science.)

In order to investigate the crystal packing inside the nanowires, we measured the powder
x-ray diffraction of these nanowires (Figure 6.7). Before dissolving the template with
acid, the nanowires inside the channels are perpendicular to the AAO surface polishing.
After dissolving the template, we filtered out nanowires onto a blank AAO template to
get x-ray diffraction information of horizontal nanowires. Our results showed that

diarylethene nanowires grow along b-axis inside the AAO template, which is consistent

with what we have expected.

Our work in diarylethene nanowires demonstrated that the photomechanical behavior is

more pronounced for small-scale materials, and that the AAO template method is a
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general method to produce nanosized organic crystal with well-defined sizes and shape.

We hope our work can make some contributions in new materials fabrication.
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Figure 6.7 Powder x-ray diffraction data of diarylethene nanowires. (a) Nanowires lay

upon AAO template. (b) Nanowires inside in AAO template. (c) Calculated pattern. The
right image showed the crystal packing structure before dissolving template.

6.3 Outlook for photomechanical molecular crystals
6.3.1 New materials with new structures and shapes
The field of photomechanical molecular crystals can exploit a variety of photochemical
reactions to drive mechanical motions in the solid state. Nevertheless, there is still room
for people to improve both photomechanical and photochemical properties. One way is to
find chemical reactions with high reaction rates and high quantum yields which translate

photon energy into mechanical energy with higher efficiency.

A second strategy is to make composite materials that can generate significant force.

People can take advantages of hybrid materials, such as combing metallic materials with
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molecular crystals. Tsujioka et al. coated diarylethene crystals with various metals and
demonstrated that they could still retain their photochromism.'® Also people can think of
embedding molecular crystals into polymer matrix to get crystal-polymer composites.
Koshima et al used a magnetic field to align plate-like salicylidene crystals in a silicone
polymer.'' This composite showed slight reversible bending under alternating UV and
visible light irradiation. Sahoo et al. prepared a photoactive composite by putting the
azobenzene adduct phenylazophenylpalladium hexafluoroacetylacetonate into a protein
polymer and showed photosalient behavior.'> Therefore; people may incorporate
molecular crystals with different materials to make such composites in order to improve

properties.

The third way i1s to find or make materials that exhibit self-propagating chemical
reactions. An example of such a reaction in the solid state is the molecular decomposition
of diphenyl-cyclopropane derivatives to yield CO and diphenyl-acetylene, which was
found to have a photochemical quantum yield of decomposition >4." In this case, the
photochemical reaction releases gas, which leads to total collapse of the crystal structure,

but this idea may be also generalizable to other reactions and materials.

Besides the three aspects we mentioned above, people also need to consider the stability

of solid-state molecular crystals as most crystals are fragile and easy to damage. One way

is to design molecules that can exhibit large shape or geometry changes upon
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photoexcitation but are robust enough to survive after many cycles such as diarylethene'*

and fulgides".

Last but not the least, we also need to think about going beyond the molecular level since
the ultimate goal is make photomechanical materials functions as photoactuators. As we
know, the overall photomechanical responses are usually decided by different crystals
shapes. I have been focusing on making nano-/micro-sized crystals for a few of years.
One reason of doing this is that we are trying to avoid the disintegration that often
happens in bulk crystals. The other reason is that we believed that the advantages of
photomechanical molecular crystals can be more pronounced for small-scale materials.
The key 1s how we can approach to these small-scale materials with well-defined sizes
and shapes by using different crystal growth methods. As we discussed above, we have
used solvent annealing method in AAO templates'® to obtain molecular crystal nanorods
and nanowires and controlled growth on flat substrates to prepare microneedles and
microribbons'’. However, the latter method will also result in wide size distributions. We
have also developed pH driven reprecipitation method to make branched structure

18,19

crystals and used surfactants such as SDS and CTAB to generate uniform crystals of

photoactive molecules that could undergo photoinduced rolling, coiling and bending.***'

Another strategy is to develop other methods to control the crystal sizes and shapes such

as micro-printing method using soft templates like Polydimethylsiloxane (PDMS).*
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6.4 Possible potential applications in the future

It is too early to envision solid-state photomechanical molecular crystals in practical
applications, as most of the research in this field currently take place in scientific
laboratories. One should still have some confidence in this field as the excellent
properties of photomechanical molecular crystals have already resulted in some

laboratory demonstrations that provide direction for potential applications.

6.4.1 Wireless photoswitch

One possible application of photomechanical molecular crystals is the wireless
photoswitch. As a proof of principle, Kitagawa et al. demonstrated a smart photoswitch
of composed a diarylethene crystal (Figure 6.8).’A long and rod-like photoresponsive
diarylethene crystal was deposited by a gold thin film via vapor disposition. The
diarylethene can bend toward to UV light irradiation, leading the switch to be off, and the
crystal can turn the current on via straightening under visible light illumination. The

smart photo-switch could perform at least 10 cycles with alternating light illumination.
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Figure 6.8 Photoreversible current switching upon alternating irradiation with UV and
visible light and the molecular structure used in this work. The crystal thickness is 6.2
mm. The gold thickness is 21 nm. (Reproduced with the permission of Royal Society of
Chemistry.)
One advantage of the device is that it does not need hard wires to control the switch. The
thin gold film coated onto the crystal surface has increased electric conductivity and also
prevented the crystal from breaking during the deformation due to the excellent metallic
ductility. Moreover, the gold film is thin enough (< 30 nm) to retain light transparency,
allowing enough photons to be absorbed by crystal and generate photomechanical
deformation. Their work brought about not only a new strategy to design

photomechanical actuators but also illustrated that the ability to combine

photomechanical deformation with metallic conductivity can lead to novel functionalities.

6.4.2 Microtweezer
Another interesting application of photomechanical molecular crystals was demonstrated

by Lee et al.,, who fabricated nanowires made from an azobenzene-containing 1,3,5-
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tricarboxamide derivate using the meniscus-guided solidification method.** These
azobenzene nanowires were observed to exhibit reversible bending and unbending with
large actuating displacements (<1.7um) when they are alternately irradiated with UV and
visible light. In addition, the bending of the photomechanical nanowires displayed high

thermal stability.

Micro-
Azo-1 NW pipette

Figure 6.9 A nanowire composed of an azobenzene derivative (left side) and a
polystyrene nanowire (right side) are both attached to the tip of a glass microcapillary
tube. UV irradiation of the azobenzene nanowire causes it to bend toward the polystyrene
nanowire, clamping a microsphere between them. Scale bar, 20pum. (Reproduced with the
permission of Royal Society of Chemistry)

These nanowires were anchored vertically on a surface of a glass microcapillary tube to
function as a tweezer. A polystyrene strip was attached to the same microcapillary tip,

providing a hard surface which the photomechanical nanowire could press against. By

irradiating the nanowire from one side, it could bend toward the polystyrene strip and
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grip the polymer microspheres (Figure 6.9). These photoresponsive micro-tweezers could
be opened and closed by sequential UV and visible light irradiation. They might serve as
nanorobotic devices for manipulation of nano/micro-objects that have general utility in

engineering and nanotechnology.

6.4.3 Micro/nano wheel gear

Another proposed application of photomechanical molecular crystals is to drive wheel
gears or ratchets which usually need unidirectional rotation. One issue people may
confront is how to improve fatigue resistance as crystal actuators must have enough
durability and substantial mechanical properties for such practical applications. Irie et al.,
used a platelike two-component photomechanical cocrystal composed of 1,2-bis(2-
methyl-5-(1-naphthyl)-3-thienyl) perfluorocyclopentene and perfluoronaphthalene which
could exhibit reversible bending for at least 1000 cycles without any crystal damage over
a broad temperature range (4.6 K to 370 K). They then attached the crystal onto the tip of
a metallic needle to operate a gear. The crystal bended and hit the gear, resulting in

rotation of the gear under sequential UV and visible light irradiation (Figure 6.10)."*

The maximum stress (56 MPa) generated by this crystal was found to be comparable to

that of piezoelectric crystals (PZT, ca. 50 MPa). Such robust light-driven molecular

crystal can be potentially used in various micro- and nanomechanical applications.
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Figure 6.10 Gearwheel rotation operated by a light-driven molecular crystal actouator.
The crystal containing two mixed diarylethene compounds was anchored on the tip a
metal needle. The gear was rotated by the crystal, which showed reversible bending upon
alternate irradiation with UV (365 nm) and visible (> 500 nm) light. (Reproduced with
the permission of John Wiley and Sons.)

There is also encouraging progress in the creation of molecular crystals array in which
people controlled the crystal size and orientation and tried to incorporate these arrays
with small sized electronic devices with the aim of fabricating portable electronics

devices with novel functionalities>> °.

6.5 Conclusion

This thesis reports the main research work during my five-year PhD period. Firstly, the
9TBA pressure dependence work indicated how people might engineer molecular
structures to make pressure sensitive materials. Secondly, the extended F-W model of

OMA dimerization work demonstrated that the intrinsic properties of molecular crystals
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might lead to autocatalytic photochemical reactions. And the surfactant investigation of
CTAB and DMAAM showed how external environmental effects could influence both
the photochemical reaction and photomechanical behavior. Finally, this thesis discussed
how different shapes of molecular crystals would lead to different photomechanical
motions and also proposed some potential application of photomechanical molecular

crystals in the future.

Despite of a slow beginning, the study of photomechanical molecular crystals is
expanding rapidly and attracting increasing interest. This field also relies on the
intersection of materials engineering, physical chemistry, synthetic chemistry and optical
physics. While it is too early to determine its future potential, there is no doubt that this
field of research will generate new scientific advances and technological applications for

solid-state materials.
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