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Abstract

The microviscosity of intracellular environments plays an important role in monitoring cellular 

function. Thus, the capability of detecting changes in viscosity can be utilized for the detection 

of different disease states. Viscosity-sensitive fluorescent molecular rotors are potentially 

excellent probes for these applications; however, the predictable relationships between chemical 

structural features and viscosity sensitivity are poorly understood. Here, we investigate a set of 

arylcyanoamide-based fluorescent probes and the effect of small aliphatic substituents on their 

viscosity sensitivity. We found that the location of the substituents and the type of π-network of the 

fluorophore can significantly affect the viscosity sensitivity of these fluorophores. Computational 

analysis supported the notion that the excited state rotational energy barrier plays a dominant role 

in the relative viscosity sensitivity of these fluorophores. These findings provide valuable insight 

into the design of molecular rotor-based fluorophores for viscosity measurement.

Graphical Abstract

INTRODUCTION

Variations in the microviscosity of cellular organelles and biomolecules are an important 

metric for measuring cellular function.1 For instance, changes in membrane viscosity 

are associated with a number of diseases such as diabetes, cardiovascular disease, and 
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Alzheimer’s Disease.2–5 To better measure and monitor such changes, researchers often 

utilize molecular rotor-based fluorophores to study these systems.6,7 Fluorescent molecular 

rotors (FMRs) are a class of fluorescent probes with an electron-rich donor (D) in 

conjugation through a π-scaffold to an electron-poor acceptor (A), separated by rotatable 

single bonds.8–10 When achieving a locally excited (LE) state after photoexcitation, 

molecular rotors release energy either through fluorescence emission or by entering a 

twisted intramolecular charge transfer (TICT) state that can relax to the ground state through 

nonradiative decay mechanisms.10 The microviscosity of the surrounding environment can 

affect the rate of internal molecular rotation as the frequency of rotation decreases with 

increasing local viscosity of the surrounding milieu.11,12 Here, the internal rotation of the 

FMR is less hindered in low viscosity environments, and molecules can more easily adopt 

a TICT state, leading to nonradiative relaxation and lower fluorescence intensity.13 As the 

viscosity of the environment increases, the resistance to rotation also increases, leading to a 

higher energy barrier to form the TICT state.14 This effect of high viscosity environments 

results in a lower rate of nonradiative relaxation and a higher probability of radiative 

relaxation, leading to increased fluorescence intensity.

There have been several examples of fluorophores used as viscosity sensors, including 

classical probes such as DCVJ and CCVJ, BODIPYs, and Thioflavin T (ThT) analogues.2,15 

Many groups have reported attempts to tailor microenvironment sensitivity of these viscosity 

sensors through structure– activity relationship studies of synthetic analogue libraries.2,6,13 

For instance, a recent report on a family of BODIPY-based dyes showed that the 

introduction of methyl groups to the phenyl ring of BODIPY could inhibit the free rotation 

of the phenyl ring, leading to a decrease in the viscosity sensitivity and an increase in 

quantum yield compared to the unsubstituted BODIPY core.16

Previously, we reported a fluorescent molecular rotor aryl cyano amide (ARCAM 1; Figure 

1) that binds with high specificity to misfolded protein aggregates known as amyloids, 

which are the pathological hallmark of many neurodegenerative diseases.17–19 This probe 

shares a common feature of molecular rotor amyloid-binding probes, where it exhibits a 

large fluorescence enhancement upon binding to the hydrophobic pocket of an amyloid. 

This fluorescence increase is putatively due to the difference in free rotation about its single 

bonds when in solution compared to when bound to the sterically restricting binding pocket 

of an amyloid.

We also developed a series of ARCAM analogues with small, aliphatic substituents near 

the two rotatable single bonds that we thought most affected the planarity of the molecule 

(Figure 1, probes 2–5) and investigated how these substituents affected their fluorescence 

enhancement and binding affinity to aggregated forms of amyloid-β Aβ  peptides, the 

major component of senile plaques in Alzheimer’s Disease.20 We observed that introducing 

substituents in the vinylic position of 1 (as in 2 and 3) lowered the overall fluorescence 

intensity of the free probes in solution but increased their fluorescence enhancement upon 

binding to Aβ compared to probe 1. On the other hand, substituents in the 2-piperidinyl 

position of 1 (as in 4 and 5) did not greatly affect the fluorescence intensity of the free probe 

and only lowered the amyloid-bound fluorescence intensity compared to probe 1. These 
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changes in fluorescence intensity were unrelated to differences in their binding affinity for 

aggregated Aβ and appeared to be attributed to the intrinsic properties of the probes.

Here, we now examined these compounds, as well as two new ARCAM analogues (probes 

6 and 7), for their sensitivity to changes in microviscosity, to gain additional insight on the 

effect of small aliphatic substitutions on the ARCAM scaffold on their emissive properties. 

We observed that only the vinylic substituents and not the 2-piperidinyl substituents affect 

the viscosity sensitivity of these probes and that an increase or decrease in viscosity 

sensitivity depended on the type of π-scaffold within the probe. This investigation showed 

that introducing small aliphatic substituents at the periphery of the π-network can be used 

to modify the viscosity sensitivity of fluorescent probes. Computational studies suggest 

that it is the excited state rotational energy barrier that most strongly affects the viscosity 

sensitivity of these FMRs.

EXPERIMENTAL METHODS

Chemicals and Methods.

All reagents were purchased from commercial sources and used without further purification, 

except where noted. Air- and moisture-sensitive liquids and solutions were transferred 

via syringe. Organic solutions were concentrated by rotary evaporation below 45 °C at 

approximately 20 mmHg. All nonaqueous reactions were carried out under anhydrous 

conditions. Reactions were monitored by thin-layer chromatography (TLC) carried out 

on 0.25 mm Dynamic Adsorbents, Inc. silica gel plates (60F-254) and visualized under 

UV light and/or developed by dipping in solutions of 0.75% potassium permanganate 

(KMnO4) and applying heat. Dynamic Adsorbents, Inc. silica gel (60, particle size of 

0.040–0.063 mm) was used for flash chromatography. Deuterated solvents were purchased 

from Cambridge Isotope Laboratories, Inc. 1H and 13C NMR spectra were obtained on 

either a Varian 400/500 MHz or Bruker 300 MHz spectrometer and calibrated using the 

residual nondeuterated solvent as an internal reference. The following abbreviations were 

used to explain the multiplicities: s = singlet, d = doublet, t = triplet, q = quartet, m 

= multiplet, br = broad. Low-resolution MS analysis was performed on a Micromass 

Quattro Ultima triple quadrupole mass spectrometer with an electrospray ionization (ESI) 

source. High-resolution MS analysis was performed using Agilent 6230 Accurate-Mass 

TOFMS with an electrospray ionization (ESI) source by the Molecular Mass Spectrometry 

Facility (MMSF) in the Department of Chemistry and Biochemistry at the University of 

California, San Diego. Fluorescence characterization was performed using a Molecular 

Devices SpectraMax i3x Multi-Mode Microplate Reader. HPLC characterization of all final 

probes was conducted using an Agilent 1260 Infinity II Quaternary Pump System, where 

10 μL of the probe at a final concentration of 200 μM (in 2.5% DMSO/H2O) was injected 

into a 150 mm × 3 mm, 2.7 μm particle size C18 column (Agilent InfinityLab Poroshell 

120-693975-302T). Elution conditions (Solvent A: H2O (0.1% trifluoroacetic acid, TFA), 

Solvent B: acetonitrile): 0–2 min 5% B, 2–20 min 5–95% B, 20–22 min 95% B, 22–24 min 

95–0% B, 24–30 min 0% B at 1 mL/min.
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Quantum Yield Measurements.

Quantum yields for probes 1–5 were reported previously.20 The following method was used 

for determining the quantum yields for probes 6 and 7. Briefly, the absorbance spectrum of 

each probe (in 5% DMSO/H2O) was measured, in addition to the absorbance spectrum for 

the reference standard (coumarin 30, Φ = 0.67 in acetonitrile for probe 6, quinine sulfate, 

Φ = 0.54 in 0.1 M H2SO4 for probe 7).21,22 The wavelength at which the two normalized 

absorbance curves intersected was used as the excitation wavelength. A dilution of each 

probe and the standard was made with absorbance values at the excitation wavelength in the 

range of 0–0.1 absorbance units. At each concentration, the emission spectra for each probe 

and the standard were measured. Technical triplicates of these experiments were performed 

for all probes, and the averages were recorded. From these emission spectra, the area under 

the curve was calculated and plotted against the absorbance at each concentration (see 

Figures S1 and S2). The data were fitted to eq 1 to obtain estimates for Φ:

Φp = Φr
Ar
Ap

Ep
Er

ηp
ηr

2

(1)

where Φ represents the quantum yield, A represents the absorbance, E represents the 

integrated fluorescence emission, η represents the refractive index of the solvent,23–25 and 

the “p” and “r” subscripts signify the probe or the reference compound, respectively.

Viscosity Sensitivity Measurements.

All samples used were prepared from a DMSO stock solution and hence contained 5 

v/v% DMSO, which was assumed to have a negligible effect on the viscosity of the total 

solution.26 The viscosity of each solution mixture was calculated using eq 2:

lnηmix = ∑i = 1

2
wi ⋅ lnηi

(2)

where ηmix and ηi are the viscosities of the mixture and individual components, respectively, 

and wi is the weight fraction of each component i. The weight fraction was calculated by 

using eq 3:

wi = ϕiρi
ϕρ total

3

where ϕ is the volume fraction and ρ is the density.

Each probe was dissolved in one of the mixtures of solutions found in Table S1. These ratios 

of methanol-ethylene glycol were chosen to give an even distribution of data points over the 

entire viscosity window used.26
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Probes 1–6 were dissolved in each solution at a concentration of 4 μM, while probe 7 was 

dissolved at a concentration of 50 μM to account for the difference in brightness. For each 

sample, the fluorescence emission at the maximum wavelength was measured and plotted in 

a log–log plot against the viscosity. The data were fit to a power trendline (see eq 5), and the 

viscosity sensitivity x  was obtained from the exponent of the trendline equation.

Computational Analysis.

DFT calculations were performed using Q-Chem 5.6.27 Geometry optimizations in the 

ground state S0  and excited state S1  were performed in the gas phase. All the geometry 

optimizations and energy calculations employ the ωB97X-D functional,28 in combination 

with the def2-TZVPP basis set and SG-3 integration grid29 for both ground and excited 

states. Data from θ = − 180 to 180° and from ϕ = 0 to −180° were calculated for all probes.

RESULTS AND DISCUSSION

Design and Synthesis of Probes to Study the Effect of Restricted Rotation on Viscosity 
Sensitivity in ARCAM-Based Fluorophores.

A previous report with BODIPY dyes16 showed that the introduction of methyl groups near 

the rotatable single bonds of a molecular rotor was sufficient to affect rotational freedom 

and viscosity sensitivity. We, therefore, hypothesized that the small aliphatic substituents 

near the rotatable single bonds in ARCAM (1) could also affect rotational freedom and 

viscosity sensitivity in ARCAM analogues (2–5) compared to 1. To determine whether the 

π-scaffold could also play a role in the viscosity sensitivity of these probes, we designed and 

synthesized two additional fluorescent compounds in which the naphthyl π-scaffold in 1 was 

replaced with a benzyl group and evaluated the relative viscosity sensitivity of probes that 

did (7) or did not (6) carry a methyl group on the vinylic position. The synthesis of probes 6 
and 7 is described in the Supporting Information.

Viscosity Sensitivity Measurements.

To determine the effect of environmental viscosity on the observed fluorescence intensity of 

each probe, the fluorescence intensity was measured in mixtures of methanol and ethylene 

glycol (Table S1 and Figure S3). Solvents of similar polarity were used so that any 

solvatochromic properties of the fluorophores would be negligible.15 Typically, in highly 

viscous environments, excited state relaxation occurs through fluorescence emission in a 

larger proportion than in low viscosity environments. This trend leads to a relationship 

where the fluorescence intensity is proportional to the solvent viscosity. Förster and 

Hoffmann found a nonlinear relationship between fluorescent quantum yield Φ  and 

viscosity η  shown in eq 430:

log Φ = xlogη + C

(4)

where x is defined as the viscosity sensitivity and C is an empirical proportionality constant. 

Rather than calculating the quantum yield at each individual viscosity, it is often more 
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practical to calculate x in terms of the directly measurable parameter of fluorescence 

intensity I  as it is linearly proportional to quantum yield.31 In this case, eq 4 can be 

rewritten as eq 510:

I = αηx

(5)

where α is a new constant defined as 10C. The viscosity sensitivity, x, gives information 

about how strongly changes in environmental viscosity affect the fluorescence intensity of a 

specific fluorophore.

We first used Thioflavin T (ThT) as a positive control in this assay and obtained a viscosity 

sensitivity value for ThT that was consistent with literature values.13 For the ARCAM 

analogues, we expected the four rotationally restricted analogues (2–5) to exhibit a lower 

viscosity sensitivity compared to ARCAM (1) since substitution in proximity to the rotatable 

single bonds should lead to a higher barrier to rotation. Interestingly, this prediction was not 

what we observed (Figure 2A,C). Probes 2 and 3 exhibited a significantly higher viscosity 

sensitivity than ARCAM, while probes 4 and 5 had no significant difference in viscosity 

sensitivity compared to ARCAM. With regard to probes 4 and 5, the similarities they 

exhibited in viscosity sensitivity compared to ARCAM (1) suggest that the rotatability of the 

naphthalene-piperidine bond is not greatly affected by the introduction of a methyl or ethyl 

group on the 2-position of the piperidine ring.

The most surprising result compared to our original hypothesis was the significant increase 

in viscosity sensitivity exhibited by probes 2 and 3 compared to ARCAM (1). To determine 

if the increase in viscosity sensitivity by introducing substituents on this vinylic position 

was specific to this scaffold, we compared the relative viscosity sensitivity of probes 6 and 

7, which are direct analogues of probes 1 and 2, respectively, with a benzyl π-network 

instead of a naphthyl π-network. Compared to ARCAM (1), probe 6 had a higher viscosity 

sensitivity; however, introducing the vinylic methyl substituent in probe 7 decreased the 

viscosity sensitivity compared to that of 6 (Figure 2B,C). Contrary to the probes with 

the naphthyl scaffold, this observation appears to be more consistent with our initial 

hypothesis that the vinylic methyl substituent would restrict the rotational freedom of probe 

7 compared to probe 6. Quantum yields were also calculated for all probes, and we found 

that introducing small aliphatic groups on the vinylic position in 2, 3, and 7 lowered the 

quantum yields (Figure 2D and Figure S2) compared to the parent compounds 1 and 6 
(Figure 2D and Figure S1). On the other hand, probes 4 and 5 had similar quantum yields 

with parent probe 1, supporting the notion that substitution distant from the conjugating 

motif does not substantially affect the emissive properties of the probe.

Computational Analysis.

The viscosity sensitivity measurements showed that the effect of the addition of small 

aliphatic substituents added to the vinylic position of probes 1 and 6 was not consistent 

with simple predictions based on literature precedence16 and also depended on the nature 

of the π-network separating the electron donor and acceptor in the molecular rotor. We, 
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therefore, turned to computational analysis to gain additional insight on the effect of these 

vinylic substitutions on rotational freedom as rotational freedom is an essential parameter 

that governs viscosity sensitivity of molecular rotors.13 We focused these computational 

studies on comparing the rotational energy barriers of probes 1 versus 2 as well as probes 

6 versus 7 as these pairs of compounds showed significant substitution effects on viscosity 

sensitivity among the two different π-scaffolds included in this study.

Since molecular rotation around the single bonds of the probes is expected to occur for both 

the ground and excited states under ambient conditions, DFT calculations were performed 

for both the ground S0  and excited S1  state energies as a function of torsional angles (θ and 

ϕ) around the single bonds between the aromatic ring and the vinyl group or the piperidine 

ring, respectively (Figure 3).

The calculated relative torsional energies at different θ angles in the ground S0  and excited 

state S1  for the four probes are shown in Figure 4 (for an alternative plot of the data from 

Figure 4 that displays the S0 and S1 rotational energy curves aligned at a starting point of 

0 kcal/mol on the same y axis, please see Figure S4). Interestingly, in the ground state, 

ARCAM (1), probe 6, and probe 7 all exhibited minimal energies when in planar or near-

planar conformations θ ≈ 0∘, while probe 2 preferred to be rotated out of planarity (where 

θ ≈ − 50∘). Probe 2 also exhibited a larger barrier to rotation (∼7 kcal/mol) than 1 (∼5 

kcal/mol) in the ground state (from points 1 to 2), while probe 6 had a larger ground state 

rotational barrier (∼7 kcal/mol) than 7 (∼5 kcal/mol). However, the opposite trend was found 

when comparing the energies versus torsional angles θ of these probes in their excited states. 

It is important to note that for the excited state, we focused on the energetic barrier to rotate 

out of planarity (from points 3 to 4) since fluorescence emission is predominantly observed 

when the probe is in its planar state.13,32 In this case, probe 1 had a rotational barrier (∼9 

kcal/mol) larger than that of 2 (∼6 kcal/mol), while 7 had a much larger energetic barrier 

to rotation (∼33 kcal/mol) than that of 6 (∼1 kcal/mol). For the naphthyl probes, these 

calculations imply that it is easier for probe 2 to rotate and overcome the rotational energy 

barrier than for 1 in the excited state, which is consistent with the experimental observation 

that probe 2 has a higher viscosity sensitivity compared to 1 (Figure 2). Comparison of 

benzyl probes 6 and 7 reveals that probe 6 has a lower rotational barrier than 7 in the 

excited state, which is consistent with its observed larger viscosity sensitivity than 7. These 

calculations suggest that it is the excited state rotational energy barrier that dominates the 

viscosity sensitivity of these probes.

Interestingly, probe 7 exhibited completely different behavior than the other three probes in 

the excited state. Specifically, the large excited state energetic barrier to rotation (∼33 kcal/

mol) suggests that this probe strongly prefers to stay planar while in the excited state. This 

property is attributed to the presence of a conical intersection33 located between the ground 

state S0  and the first excited state S1 . This type of conical intersection is observed when 

the conjugated bonds in polyenes undergo a torsional shift.34 At the point of intersection, 

the potential energy surfaces of the two states converge, resulting in a notably small energy 

gap between the states. The large magnitude of derivative coupling between the ground and 

excited state in the planar structure further supports the presence of a conical intersection 
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(Figures S5 and S6). Due to this conical intersection, probe 7 in a planar conformation 

exhibits a pronounced decrease in vertical excitation energy compared to probes 1, 2, and 

6 (Figure S7). Conversely, as the twisting of the conjugated bond increases, the vertical 

excitation energy of probe 7 elevates. Probe 2 does not exhibit this same phenomenon due 

to the reduced double-bond character between the aromatic ring and the vinylic carbon (as 

shown in Figure S5).

When performing these DFT calculations, we considered that while the only structural 

changes between these probes in their respective systems were the presence of the methyl 

group on the vinylic position, the rotation between the aryl ring and the piperidine 

group (Figure 3B) is also essential for fluorescence and may be affected by the vinylic 

substitutions (although distal from the piperidine group). The relationship between the 

dihedral angles of θ and ϕ is shown in Figure 5. For all four probes, when θ is at 0°, 

ϕ is calculated to be between −160 and −170°, so there are no major differences in the 

piperidinyl torsional angle between the probes. Additionally, all four probes have ϕ values 

that only range between −180 and −135° across all θ values, implying that the piperidine 

ring exhibits only minor variations in its torsional angle, rather than adopting the full range 

of rotational angles available. Thus, we concluded that ϕ does not appear to play a large 

role in affecting the relative viscosity sensitivity of these probes. This conclusion is also 

supported by the observation that probes 4 and 5 showed no major changes in viscosity 

sensitivity compared to ARCAM (1) (Figure 2).

CONCLUSIONS

In conclusion, the viscosity sensitivity of molecular rotor probes based on the ARCAM 

scaffold can be affected by small aliphatic substituents at the periphery of the π-network, in 

the case of probes with both a naphthyl and a benzyl π-network. In the case of the naphthyl 

core, introducing substituents on the vinylic position caused an enhancement in viscosity 

sensitivity, while substituents on the 2-piperidinyl position did not cause any significant 

changes. In the case of the benzyl core, introducing a substituent on the vinylic position 

caused the viscosity sensitivity to decrease compared with the parent probe. Computational 

analysis of a selection of the probes indicated that the probes exhibited a higher viscosity 

sensitivity when they had a lower rotational energy barrier in the excited state, which is in 

agreement with the solution data. This information forms the basis for a predictive model 

for the future probe design of viscosity sensors, which may have applications in the study of 

microviscosity environments associated with different diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) Generalized structure for fluorescent molecular rotor probes. (B) Probes examined for 

viscosity sensitivity with different structural features highlighted.
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Figure 2. 
Viscosity sensitivity data. (A) Log–log plot of fluorescence intensity vs viscosity for 

ARCAM (1) and probes 2–5. (B) Log–log plot of fluorescence intensity vs viscosity for 

probes 6 and 7. (C) Viscosity sensitivity data for ThT and probes 1–7. Asterisks indicate 

statistically significant differences by one-way ANOVA between probes (****p < 0.0001 

***p < 0.001, **p < 0.01, *p < 0.05, ns = not significant). (D) Measured quantum yields of 

probes 1–7 in water (with 5% DMSO to aid with solubility).
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Figure 3. 
DFT calculations were employed to estimate the ground state and excited state energies 

as a function of rotation around bonds θ and ϕ. (A) The red arrow indicates the angle of 

rotation θ in DFT calculations, R1 indicates the rest of the aromatic system, and R2 indicates 

the water-solubilizing group. (B) The red arrow indicates the angle of rotation ϕ in DFT 

calculations, and R3 indicates the rest of the compound.
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Figure 4. 
Torsional energy changes across the angle of the aromatic-vinyl single bond θ  for both 

ground S0  and excited S1  states for probes 1, 2, 6, and 7. Ground state rotational energy 

barriers are calculated between points 1 and 2. Excited state rotational energy barriers are 

calculated between points 3 and 4.
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Figure 5. 
(A, B) Computed relationship between dihedral angles θ between the aromatic ring and the 

vinyl group and ϕ between the aromatic ring and the piperidine.
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