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4 ABSTRACT: Vibrational strong coupling (VSC) occurs when
5 molecular vibrations hybridize with the modes of an optical cavity,
6 an interaction mediated by vacuum fluctuations. VSC has been
7 shown to influence the rates and selectivity of chemical reactions.
8 However, a clear understanding of the mechanism at play remains
9 elusive. Here, we show that VSC affects the polarity of solvents,

10 which is a parameter well-known to influence reactivity. The strong
11 solvatochromic response of Reichardt’s dye (RD) was used to
12 quantify the polarity of a series of alcohol solvents at visible
13 wavelengths. We observed that, by simultaneously coupling the
14 OH and CH vibrational bands of the alcohols, the absorption
15 maximum of Reichardt’s dye redshifted by up to ∼15.1 nm,
16 corresponding to an energy change of 5.1 kJ·mol−1. With aliphatic
17 alcohols, the magnitude of the absorption change of RD was observed to be related to the length of the alkyl chain and molecular
18 surface area, indicating that dispersion forces are impacted by strong coupling. Therefore, we propose that dispersion interactions,
19 which themselves originate from vacuum fluctuations, are impacted under strong coupling and are therefore critical to understanding
20 how VSC influences chemistry.

21 ■ INTRODUCTION

22 Quantum fluctuations have measurable consequences. They
23 belong to the domain of physics but can also impact chemical
24 properties. Phenomena such as spontaneous emission,1,2 the
25 Casimir−Polder force,3,4 Lamb shift,3,5 or even London
26 dispersion forces1,4 all originate from the transient and
27 omnipresent variations of the electromagnetic (EM) field in
28 space. EM fluctuations are also key to understanding
29 fundamental processes such as water autoprotolysis6 or the
30 surface-enhanced Raman effect.7 Furthermore, they can be
31 harnessed to directly modify chemical properties.8,9

32 Upon placing a molecule inside an optical cavity that is
33 resonant with a selected vibrational mode, hybrid light-matter
34 states are formed if energy is exchanged between the two faster
35 than it dissipates. Under these conditions, a system is said to
36 enter the vibrational strong coupling (VSC) regime,8,10,11

37 which leads to the formation of two vibro-polaritonic bands (P
f1 38 + and P−) and dark states (DSs) as shown in Figure 1A. This

39 exotic interaction is mediated by EM fluctuations and therefore
40 occurs even in the dark.9,12 Over the past decade, it has been
41 shown that VSC modifies a variety of chemical properties, such
42 as reaction kinetics,13−19 chemo-14 and stereoselectivity,18

43 ionic conductivity,20 the rate of vibrational energy trans-
44 fer,21−26 selective crystallization,27 or self-assembly.28,29 The
45 detailed mechanism at work is, however, still elusive, and more
46 experimental results and theoretical analysis are needed.

47Coupling-induced effects observed so far have been reported
48for (i) direct coupling of the reactant’s vibrations,13−15,18,19 (ii)
49cooperative coupling where a solvent vibration co-resonant
50with a vibrational band of the reactant is coupled,17,30,31 or (iii)
51coupling of the solvent alone.15 To understand case ii, it should
52be recalled that the rate of energy exchange between the cavity
53and the molecules needs to be faster than its dissipation. To
54achieve VSC, the energy splitting between the P+ and P−
55states, known as the Rabi splitting, must therefore be larger
56than the full width at half maximum (FWHM) of the
57vibrational band and the cavity mode. Since the Rabi splitting
58depends on the square root of the concentration ( C ) of
59molecules coupled to the cavity mode,8,9,32 VSC can be
60reached (i) by increasing the concentration of the solute or (ii)
61indirectly by coupling the solute via the solvent.
62So far, the mechanism of VSC was mostly discussed in the
63context of the properties of the solute(s). Cases ii and iii raise
64the question of the importance and role of the solvent in the
65observed effects of VSC. Nevertheless, there has been no
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66 systematic study of the consequences of VSC on solvent
67 properties such as its polarity.
68 Both the solvent’s macroscopic bulk properties and its
69 microscopic intermolecular interactions affect solvation
70 (Figure 1B). In this view, macrosolvation would be impacted
71 if strong coupling affects the solvent’s relative permittivity and/
72 or polarizability.33,34 It has been shown recently that this is the
73 case when coupling the OH stretching vibrations of water.20 In
74 a microscopic perspective of solvation (microsolvation), local
75 interactions such as hydrogen bonding or dispersion
76 interactions can also potentially be modified under strong
77 coupling. Accordingly, solvation-sensitive systems, such as self-
78 assembly,28,29 enzyme-catalyzed reactions,16,17 and proton
79 transfers,20,35 have been shown or predicted to be impacted
80 by VSC.
81 Inspired by recent reports on the effect of solvent
82 coupling,15,20,28,29 we set out to study solvent properties
83 under VSC by using Reichardt’s dye (RD), which is a solvent
84 polarity probe.36,37 RD exhibits an exceptionally strong
85 negative solvatochromism, which allows one to detect subtle
86 differences in polarity and solvent properties.38−40 To measure
87 the change in polarity, we used the ET(30) polarity parameter,
88 which is defined as the molar electronic transition energy of
89 RD36

=E
hcN

(30)T
A

max

90where h, c, and NA are Planck’s constant, the speed of light, and
91Avogadro’s constant, respectively. λmax is the absorption
92maximum of the polarity-sensitive intramolecular charge
93transfer (CT) band. λmax is known to shift across the whole
94visible spectrum from the near-IR region for nonpolar solvents
95 f2to the UV region for polar solvents such as water (Figure 2).

96As thoroughly studied by Sander et al., the position of this
97CT band is mostly affected by bulk properties, whereas local
98molecular interactions only mildly affect its spectral response.38

99Nonetheless, they show that, when the dye interacts with
100hydrogen-bond donors, it is much more sensitive to bulk
101polarity changes. These features of RD, along with its good
102solubility in a variety of organic solvents and its high
103absorption coefficient, make it a suitable choice for studying
104polarity under VSC.

105■ RESULTS AND DISCUSSION
106To elucidate the effects of VSC on polarity, we compared the
107absorption spectra of 30 mM solutions of RD in a variety of
108alcohols, which are vibrationally coupled to one or more cavity
109modes in the IR region. We used Fabry-Perot cavities, which
110consist of two parallel mirrors confining the EM field. The dye
111itself is not concentrated enough to achieve strong coupling
112with the cavity field. We performed three distinct types of
113experiments: on-resonance cavity experiments, off-resonance
114cavity experiments, and cell measurements. In an on-resonance
115cavity experiment, one or more optical modes are resonant
116with a vibrational band of the solvent at normal incidence to
117the cavity. It has been shown in numerous experiments that
118ground-state properties are only modified by VSC under these
119conditions.8,9 In an off-resonance experiment, the cavity is
120detuned to avoid any coupling, serving as the first type of
121control experiment. Figure S2 shows a typical microfluidic

Figure 1. Solvent polarity under vibrational strong coupling. (A)
Schematic diagram of the formation of the upper (P+) and lower
(P−) vibro-polariton and degenerate dark states (DSs) from resonant
vibrational and optical transitions. (B) Solvation can be seen in terms
of a macroscopic effective medium and/or as a consequence of
microscopic interactions between the solute and the solvent
molecules.36,37

Figure 2. Chemical structure of Reichardt’s dye (left panel). The
degree of ground-state stabilization in various solvents due to the high
dipole moment of the molecule changes the HOMO−LUMO gap
significantly (right panel). The gap increases with increasing solvent
polarity (negative solvatochromism). The CT band spans the whole
visible spectrum due to its sensitivity. Pictures of RD solutions in
solvents of increasing polarity from left to right are shown.
Abbreviations used: THF - tetrahydrofuran, DMA - dimethylaceta-
mide, OctOH - 1-octanol, HxOH - 1-hexanol, PrOH - 1-propanol,
EtOH - ethanol, MeOH - methanol, EtDiol - 1,2-ethanediol, TFE -
trifluoroethanol, and HFIP - hexafluoroisopropanol.
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122 setup used for such cavity measurements. A cell experiment is
123 performed in a similar setup lacking the reflective gold layer.
124 Since it is not an optical cavity, VSC cannot occur, and
125 therefore it serves as the second type of control experiment.
126 The results of these three types of experiments were then
127 compared to assess the effect of VSC. Unless stated otherwise,
128 25 μm-thick Mylar spacers were used in both cavity and cell
129 experiments. For more details about cavity preparation and
130 measurements, see the corresponding section in the Support-
131 ing Information. The core experimental workflow is as follows

f3 132 (Figure 3). First, a neat solvent is injected into an on-

133 resonance cavity. The coupling is monitored by recording an
134 infrared spectrum. Subsequently, the visible absorption
135 spectrum of the same cavity is acquired. Then, the cavity is
136 emptied by flushing with nitrogen and a solution of RD in the
137 same solvent is injected. An IR spectrum is recorded again to
138 confirm that the coupling remains unchanged, and lastly, an
139 absorption spectrum is recorded. The spectrum of neat solvent
140 is subtracted from the spectrum of the dye, and the absorption
141 maximum of the CT band is determined. In some cases,
142 additional smoothing of the absorption spectrum using the
143 moving average method is required due to Fabry−Perot
144 interference inherent to the cavity (see Figure S6). The same
145 procedure is repeated in a microfluidic cell with an identical
146 path length but without the reflective gold layer. All
147 experiments were performed at least three times, and the
148 standard error calculation is explained in the Supporting
149 Information.
150 The observed changes in the transition wavelength of RD
151 ΔλVSC is given by the spectral shift at the absorption maxima

=VSC max
cavity on

max
cell

152 from which the difference ΔEVSC between the transition energy
153 of the on-resonance cavities (Ecavity‑on) and cell experiments
154 (Ecell) is obtained:

=E E EVSC cavity on cell

155 First, we studied solutions of RD in 1-nonanol by coupling
156 the OH and CH stretching bands simultaneously, which was
157 unavoidable due to their proximity and width. The Rabi
158 splitting of the bands were 355 and 195 cm−1 and were larger
159 than the FWHM of the cavity mode and the vibrational bands
160 (19 and 300 cm−1), confirming that the solvent was under
161 VSC. Interestingly, we observed a 12.9 ± 1.0 nm redshift of the

f4 162 CT band in the visible region (Figure 4). Off-resonance cavity
163 experiments were performed to confirm that the effect is due to

164strong coupling. The result was identical to that of cell
165experiments (λmax

cavity − off = 584.0 ± 0.6 nm and λmax
cell = 584.4 ±

1660.2 nm), confirming that the effect depends on cavity tuning
167and resonance.
168Encouraged by this result, we then studied a series of linear
169alcohols from methanol to decanol under VSC. As can be seen
170 f5in Figure 5 (blue points), a remarkable trend is observed. The
171RD solvatochromic change induced by VSC increases with the
172length of the hydrocarbon moiety of the alcohol. The sign of
173ΔλVSC was always negative (redshift), which indicates that the
174alcohols become less polar.
175What is the reason for this behavior? Besides its known
176solvatochromism, RD was reported to show thermochromism,
177piezochromism, and halochromism.40 We measured the
178temperature dependence of λmax and concluded that the
179thermochromic shift is only relevant above 25 °C (Figure
180S11), which is in agreement with other studies of RD and its
181derivatives.41,42 For this reason, the working temperature was
182always kept at 22 ± 1 °C. Since all measurements were
183performed under atmospheric pressure and without the
184addition of salts, piezochromism and halochromism are
185irrelevant in our experiments. RD is also known to form
186aggregates,43 which potentially could affect the absorption
187spectrum. However, the CT band does not shift in a wide
188concentration range between 4·10−5 and 10−1 M, which
189includes solutions containing the dye in both its monomeric
190and aggregated state (Figure S11). The spectrum of RD is
191therefore unaffected by aggregation. We also considered the
192possibility that cooperative VSC between solvent and RD
193might produce the observed shifts. However, we found no
194correlation between the observed spectral shift and the degree
195of overlap of the solvent and RD bands, which are not visible in
196solution due to the low intensity (see Figure S15).
197To obtain further insight into the observed trend with the
198alcohol chain length, we first explored whether the coupling
199 f6strength (Rabi splitting) influences the magnitude of the

Figure 3. Experimental workflow. The coupling is monitored by FTIR
spectroscopy. After achieving the desired coupling state (on/off-
resonance), an absorption spectrum in the visible region is recorded
and the position of the maximum of the CT band is determined to
calculate the ET(30) polarity parameter and the cavity-induced shift
(ΔEVSC).

Figure 4. VSC-induced shift. (A, B) Off-resonance FTIR and UV−vis
spectra, respectively, of 1-nonanol in a cell (orange) and cavity
(violet). (C, D) On-resonance FTIR and UV−vis spectra,
respectively, of 1-nonanol in a cell (orange) and cavity (blue). The
appearance of inhomogeneous shifting is due to the smoothing
applied to the cavity spectrum to reduce the Fabry−Perot interference
inherent to optical cavities (for details, see the Supporting
Information).
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f6 200 change. As can be seen in Figure 6, upon increasing the
201 hexanol concentration in a binary mixture of hexanol and
202 deuterated dichloromethane, an abrupt solvatochromic change
203 is observed at the onset of strong coupling. Otherwise, the

204spectral shift is independent of the Rabi splitting within
205experimental error. This sudden change in polarity is
206reminiscent of a phase transition, which has also been reported
207for CT complexes under VSC.44

208It is also interesting to evaluate the effect and contribution of
209coupling of the hydrogen-bond donating moiety. However, as
210mentioned before, in our conditions, it was impossible to
211selectively study the effect of OH coupling due to the
212proximity of the CH band. Nevertheless, it is possible to
213couple the CH vibrations alone, but no effect was observed
214(see the Supporting Information), pointing to the importance
215of coupling the OH band. This was confirmed by studying
216pyrrole as its NH stretching band is thinner and well-isolated
217and it can be coupled selectively. Upon coupling this band, the
218RD signal shifts by 4.3 ± 0.7 nm (ΔEVSC = −1.6 ± kJ·mol−1).
219This effect vanishes after detuning the cavity (off-resonance).
220It suggests that coupling the band of the hydrogen-bonded
221functional group is essential to induce a significant shift. This is
222consistent with the fact that the response of RD is enhanced by
223hydrogen bonding.38

224Interestingly, in contrast to the clear trend observed for
225linear alcohols, none were observed for related classes of
226compounds. For instance, a series of terminal diols were
227compared by changing the length of the aliphatic chain. No
228shift was observed for 1,2-ethanediol, yet 1,3-propanediol gave

Figure 5. Dependence of the VSC-induced shift on the ET(30) polarity parameter. In most studied cases, by vibrationally coupling the solvent, the
CT band of RD redshifts, which corresponds to a decrease of effective polarity. Color and shape code: linear alcohols - blue circles, terminal diols -
green circles, deuterated alcohols - red squares, and other alcohols - gray triangles. The depicted relative energy difference of HOMO and LUMO
levels in on- and off-resonance cavity experiments is purely indicative. Abbreviations used: TCE - 2,2,2-trichloroethanol, TFE - 2,2,2-trifloroethanol,
BzOH - benzyl alcohol, Pyrr - pyrrole, CyPentOH - cyclopentanol, and CyOctOH - cyclooctanol.

Figure 6. Dependence of ΔEVSC on the coupling strength, which is
proportional to C . Upon reaching the strong coupling threshold, the
CT band of RD abruptly redshifts.
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229 ΔλVSC = 4.7 ± 0.3 nm. However, the shift decreased and nearly
230 vanished with further increases in the chain length (green
231 points in Figure 5). A rationale for this observation is not clear.
232 Perhaps it stems from the interplay of the two opposing
233 terminal dipoles and the length and therefore the rigidity of the
234 molecule. Next, we tested a series of alcohols of different
235 structures and chemical properties and found no correlation
236 except that the polarity was always reduced under VSC (gray
237 triangles in Figure 5).
238 We also compared the effect of OH and CH deuteration on
239 the observed shift under strong coupling (red squares on
240 Figure 5). Deuteration not only lowers the vibrational energy
241 but also introduces subtle modifications to the molecular
242 geometry and polarity.45−49

243 Due to the lower polarizability of the deuterated
244 compounds, dispersion forces between deuterated molecules
245 are weaker. This can be understood by considering the well-
246 known formula for the dispersion energy between two atoms
247 (A and B) derived by London and Eisenschitz.50 This shows
248 that this interaction rapidly decreases with interatomic
249 separation R and depends also on static polarizabilities of the
250 interacting partners (αA

0 and αB
0)

=E C
RAB

disp
6

=
+

C
I I

I I
3
2

A B

A B
A
0

B
0

251 where IA and IB are the atomic ionization potentials. In the case
252 of ethanol, the gradual substitution of protons for deuterium
253 atoms (EtOH → EtOD-d1 → EtOD-d6) indeed decreases the
254 RD shift under VSC. Similarly, for perprotiated butanol
255 (BuOH), a significant shift of −2.5 ± 0.1 kJ·mol−1 is observed
256 but almost vanishes in perdeuterated BuOD-d10 and BuOH-d9
257 (−0.2 ± 0.1 and − 0.5 ± 0.2 kJ·mol−1, respectively).
258 Dispersion forces are also known to depend on the
259 molecular shape. This can be seen when comparing boiling
260 points of molecules in which the only interaction present is
261 dispersion�hydrocarbons. At atmospheric pressure, linear n-
262 pentane boils at 36.1 °C, branched isopentane boils at 27.8 °C,
263 and the near-spherical neopentane boils at
264 9.5 °C. Branching decreases the surface area of the molecule
265 and, with it, the magnitude of dispersion forces. For this
266 reason, we compared ΔEVSC in C5 alcohols with different

f7 267 connectivities (Figure 7). We compared the effect with the
268 solvent accessible surface area (SASA) as this is the area that is
269 accessible for intermolecular interactions.51,52 Linear 1-
270 pentanol has the highest surface area. The area decreases
271 with branching (2-pentanol and isopentanol) and is the lowest
272 for the cyclopentanol. ΔEVSC is clearly proportional to the
273 surface area, showing that dispersion interactions are modified
274 under VSC.
275 Thus, the influence of deuteration, alkyl chain length, and
276 molecular surface area on ΔEVSC indicate that the impact of
277 VSC on solvent polarity arises from the modification of
278 London dispersion forces between the solvent and the dye
279 and/or the solvent molecules. Indeed, dispersion forces
280 originate from quantum fluctuations3,4 and therefore are
281 most likely altered by strong coupling since it enhances
282 interactions with the vacuum field at resonant frequencies.
283 This agrees with several theoretical reports, which suggest that
284 dispersion is modified under strong coupling.3,53 However, it is

285still not understood why this leads to a decrease in the polarity
286of nearly all alcohols studied (Figure 5).
287While the shift in the response of RD under VSC mostly
288reflects changes in bulk properties, it is possible that specific
289solvent−solvent and/or solvent−dye interactions are per-
290turbed. The dynamics and structure of the solvent could also
291be modified by VSC without being detected by RD. For this
292reason, we also plotted the shift against other parameters,
293which indirectly reflect intermolecular interactions, such as the
294surface tension and viscosity. As can be seen in Figure S81, a
295linear correlation is observed between the changes induced in
296the series of aliphatic alcohols and the surface tension of these
297compounds. This supports the role of dispersion interactions
298under strong coupling since it is known that surface tension is a
299good measure of dispersion forces in hydrocarbons.54 It should
300be recalled that these experiments involve coupling of many
301solvent molecules, resulting in collective delocalized states.
302This likely explains the phase transition-like behavior observed
303in Figure 6. In turn, this suggests that the collective delocalized
304states and possibly their coherence might play a role in
305modifying the properties of the solvent such as polarity.
306Notably, the described results can be compared with other
307studies in which dispersion forces might play an important
308role. For instance, the effect of deuteration recalls the case of
309VSC-induced acceleration of enzymatic ester hydrolysis upon
310coupling the OH stretching band of water.17 In that study, the
311gradual introduction of D2O instead of H2O decreased the
312extent of acceleration. Another comparison can be made with
313the case of urethane formation studied under VSC.15 When
314coupling the C−H stretching bands of the solvent (tetrahy-
315drofuran), the reaction rate decreased, which also could be
316caused by changes in the solvation of the reactants. Self-
317assembly28,29 is also affected by the VSC of the solvent as well
318as the ionic conductivity and permittivity of water.20

319In this work, we have shown that VSC changes solvent
320polarity, which has clear implications for chemical reactivity
321under VSC. One might ask whether this effect is responsible
322for the altered reactivity observed in previously reported VSC
323studies and especially in reported cases of reactions run in
324alcohols as solvents. For example, the seminal study on
325changing the rate of silyl deprotection under VSC was

Figure 7. Dependence of the VSC-induced shift on the solvent
accessible surface area (SASA) for C5 alcohols. ΔEVSC increases
proportionally to the surface area in the following order: cyclo-
pentanol, isopentanol, 2-pentanol, and 1-pentanol.
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326 conducted in methanol.13 However, in the present study, no
327 polarity change was observed in this solvent. In another study
328 in which the selectivity of silyl deprotection of two different
329 functional groups was modified under VSC,14 a 1:1 binary
330 mixture of MeOH/THF was used. To relate this to our study,
331 we checked whether the polarity of such a solvent system could
332 be impacted by VSC. Interestingly, upon coupling both the
333 O−H (∼3500 cm−1) and C−O (∼1050 cm−1) stretches in a
334 solution of RD, a decrease in polarity was observed (ΔEVSC =
335 −2.6 ± 0.1 kJ·mol−1). A decrease in polarity would be expected
336 to increase the reactivity (nucleophilicity) of the fluoride
337 anion,55 which in turn should increase the rate of deprotection.
338 Instead, the authors reported a rate decrease, which suggests
339 that a solvent polarity change was not the main factor
340 influencing reactivity in that specific case. This is consistent
341 with a previous theoretical study, which indicated that other
342 factors, such as a modified vibrational energy redistribution,
343 govern the reactivity under strong coupling.25 Therefore, our
344 work highlights that a better understanding of the
345 consequences of VSC on intra- and intermolecular interactions
346 is necessary and evidences the key role of dispersion forces.
347 Further studies regarding the role of dispersion forces in
348 substrate molecules under VSC should bring important insight
349 to the field of polaritonic chemistry.

350 ■ CONCLUSIONS
351 We studied how VSC impacts the polarity upon coupling
352 alcoholic solvents as measured by the solvatochromic response
353 of Reichardt’s dye. In most studied alcohols, the absorption
354 spectrum of the dye exhibits a redshift in the visible range,
355 which corresponds to an effective decrease in polarity.
356 Although no shift was observed for short-chained systems,
357 such as methanol or ethylene glycol, a large shift of up to
358 ∼15.1 nm is observed for longer aliphatic alcohols, indicating a
359 significant change in solvent polarity. The observed trend in
360 the spectral shift indicates that dispersion interactions are the
361 key factor guiding the behavior of the system. Nevertheless,
362 other VSC-induced microscopic modifications might also be
363 occurring that are not detected by RD. Changes in solvent
364 properties need to be considered in studies of modified
365 reactivity and other physical chemistry studies under VSC.
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