* Unknown * | ACSJCA | JCA11.2.5208/W Library-x64 | manuscript.3f (RS.2.i3:5013 | 2.1) 2022/08/03 13:05:00 | PROD-WS-116 | rq_9434377 |

f1

—_

o

w

o o NI N »n B

1
1

=]

13
14
15
1

(=)

19
20

2

—_

22
23
2
25
26
27
28
29
30
3
32
33
34
35
36
37
38
39
40
4
4
43
44
45
46

b

—

—

JJOURNAL OF THE AMERICAN CHEMICAL SOCIETY

6/02/2023 08:03:58 | 8 | JCA-DEFAULT

pubs.acs.org/JACS

Solvent Polarity under Vibrational Strong Coupling
Maciej Piejko, Bianca Patrahau, Kripa Joseph, Cyprien Muller, Eloise Devaux, Thomas W. Ebbesen,*

and Joseph Moran*

Cite This: https://doi.org/10.1021/jacs.3c02260

I: I Read Online

ACCESS |

[l Metrics & More ’

Article Recommendations |

Q Supporting Information

ABSTRACT: Vibrational strong coupling (VSC) occurs when
molecular vibrations hybridize with the modes of an optical cavity,
an interaction mediated by vacuum fluctuations. VSC has been
shown to influence the rates and selectivity of chemical reactions.
However, a clear understanding of the mechanism at play remains
elusive. Here, we show that VSC affects the polarity of solvents,
which is a parameter well-known to influence reactivity. The strong
solvatochromic response of Reichardt’s dye (RD) was used to
quantify the polarity of a series of alcohol solvents at visible
wavelengths. We observed that, by simultaneously coupling the
OH and CH vibrational bands of the alcohols, the absorption
maximum of Reichardt’s dye redshifted by up to ~15.1 nm,
corresponding to an energy change of 5.1 kJ-mol™". With aliphatic

alcohols, the magnitude of the absorption change of RD was observed to be related to the length of the alkyl chain and molecular
surface area, indicating that dispersion forces are impacted by strong coupling. Therefore, we propose that dispersion interactions,
which themselves originate from vacuum fluctuations, are impacted under strong coupling and are therefore critical to understanding

how VSC influences chemistry.

Bl INTRODUCTION

Quantum fluctuations have measurable consequences. They
belong to the domain of physics but can also impact chemical
properties. Phenomena such as spontaneous emission,”” the
Casimir—Polder force,”* Lamb shift,”> or even London
dispersion forces"* all originate from the transient and
omnipresent variations of the electromagnetic (EM) field in
space. EM fluctuations are also key to understanding
fundamental processes such as water autoprotolysis’ or the
surface-enhanced Raman effect.” Furthermore, they can be
harnessed to directly modify chemical properties.>”

Upon placing a molecule inside an optical cavity that is
resonant with a selected vibrational mode, hybrid light-matter
states are formed if energy is exchanged between the two faster
than it dissipates. Under these conditions, a system is said to
enter the vibrational strong coupling (VSC) regime,” "'
which leads to the formation of two vibro-polaritonic bands (P
+ and P—) and dark states (DSs) as shown in Figure 1A. This
exotic interaction is mediated by EM fluctuations and therefore
occurs even in the dark.”'” Over the past decade, it has been
shown that VSC modifies a variety of chemical properties, such
- and stereoselectivity,'®
ionic conductivity,”’ the rate of vibrational energy trans-
fer,”' ¢ selective crystallization,”” or self-assembly.”**’ The
detailed mechanism at work is, however, still elusive, and more
experimental results and theoretical analysis are needed.

. .. 13 14
as reaction kinetics, chemo-
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Coupling-induced effects observed so far have been reported 47
for (i) direct coupling of the reactant’s vibrations, *~">"*'? (ii) 4s
cooperative coupling where a solvent vibration co-resonant 49
with a vibrational band of the reactant is coupled,'”***" or (iii) so
coupling of the solvent alone.'> To understand case ii, it should s1
be recalled that the rate of energy exchange between the cavity sz
and the molecules needs to be faster than its dissipation. To s3
achieve VSC, the energy splitting between the P+ and P— s4
states, known as the Rabi splitting, must therefore be larger ss
than the full width at half maximum (FWHM) of the s¢
vibrational band and the cavity mode. Since the Rabi splitting s7
depends on the square root of the concentration (v/C) of ss
molecules coupled to the cavity mode,””** VSC can be so
reached (i) by increasing the concentration of the solute or (ii) 60
indirectly by coupling the solute via the solvent. 61

So far, the mechanism of VSC was mostly discussed in the 2
context of the properties of the solute(s). Cases ii and iii raise ¢3
the question of the importance and role of the solvent in the ¢4
observed effects of VSC. Nevertheless, there has been no 6s
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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.***”

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
o (Figure 1B). In this view, macrosolvation would be impacted
71 if strong coupling affects the solvent’s relative permittivity and/
72 or polarizability.””** It has been shown recently that this is the
73 case when coupling the OH stretching vibrations of water.”’ 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,”®*’ enzyme-catalyzed reactions,'®'” and proton
79 transfers,””*> have been shown or predicted to be impacted
8o by VSC.

81 Inspired by recent reports on the effect of solvent
82 coupling,">*”*®* we set out to study solvent properties
83 under VSC by usin§ Reichardt’s dye (RD), which is a solvent
84 polarity probe.’®’” RD exhibits an exceptionally strong
85 negative solvatochromism, which allows one to detect subtle
86 differences in polarity and solvent properties.”* ** To measure
87 the change in polarity, we used the E1(30) polarity parameter,
88 whiscéh is defined as the molar electronic transition energy of
89 RD

N

where h, ¢, and N, are Planck’s constant, the speed of light, and 90
Avogadro’s constant, respectively. A, is the absorption 91
maximum of the polarity-sensitive intramolecular charge 92
transfer (CT) band. 4,,,, is known to shift across the whole 93
visible spectrum from the near-IR region for nonpolar solvents 94
to the UV region for polar solvents such as water (Figure 2). 952

> 4
>
2
O i LUMO
I charge
| N — transfer
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¢ o
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© ) 3 3
! = I |
Reichardt's dye »

(RD) polarity

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 - 1l-octanol, HxOH - 1-hexanol, PrOH - 1-propanol,
EtOH - ethanol, MeOH - methanol, EtDiol - 1,2-ethanediol, TFE -
trifluoroethanol, and HFIP - hexafluoroisopropanol.

As thoroughly studied by Sander et al,, the position of this 96
CT band is mostly affected by bulk properties, whereas local 97
molecular interactions only mildly affect its spectral response.”® 9s
Nonetheless, they show that, when the dye interacts with 99
hydrogen-bond donors, it is much more sensitive to bulk 100
polarity changes. These features of RD, along with its good 101
solubility in a variety of organic solvents and its high 102
absorption coefficient, make it a suitable choice for studying 103
polarity under VSC. 104

B RESULTS AND DISCUSSION 105

To elucidate the effects of VSC on polarity, we compared the 106
absorption spectra of 30 mM solutions of RD in a variety of 107
alcohols, which are vibrationally coupled to one or more cavity 108
modes in the IR region. We used Fabry-Perot cavities, which 109
consist of two parallel mirrors confining the EM field. The dye 110
itself is not concentrated enough to achieve strong coupling 111
with the cavity field. We performed three distinct types of 112
experiments: on-resonance cavity experiments, off-resonance 113
cavity experiments, and cell measurements. In an on-resonance 114
cavity experiment, one or more optical modes are resonant 115
with a vibrational band of the solvent at normal incidence to 116
the cavity. It has been shown in numerous experiments that 117
ground-state properties are only modified by VSC under these 118
conditions.”” In an off-resonance experiment, the cavity is 119
detuned to avoid any coupling, serving as the first type of 120
control experiment. Figure S2 shows a typical microfluidic 121
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122 setup used for such cavity measurements. A cell experiment is A FTIR (cavity OFF) B UV-vis (cavity OFF)
. . . . . 10 1.2
123 performed in a similar setup lacking the reflective gold layer. e 8 el o
c
124 Since it is not an optical cavity, VSC cannot occur, and T 5 % o0 g’
125 therefore it serves as the second type of control experiment. €. % i 0 2
. = ©
126 The results of these three types of experiments were then 2, ° ° W3 s
> -~
127 compared to assess the effect of VSC. Unless stated otherwise, g - 'TE“
128 25 pm-thick Mylar spacers were used in both cavity and cell - e * 5 %
. . . . 2
129 experiments. For more details about cavity preparation and 9= s < e 0
130 measurements, see the corresponding section in the Support- Wavenumber [cm”] Wavelength [nm]
131 ing Information. The core experimental workflow is as follows c FTIR tcavity ON) D UNevis (cavity ON)
. . . .. . ) -VIS
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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 E;(30) polarity parameter and the cavity-induced shift

(AEysc).

Wavenumber [cm™] Wavelength [nm]

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).

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 Adygc is given by the spectral shift at the absorption maxima

__ 7 cavity—on cell
Aj‘VSC - /lmax - /lmax

(=)}

st

152 from which the difference AEyg between the transition energy
153 of the on-resonance cavities (E ) and cell experiments
154 (E.y) is obtained:

AEysc = E

cavity—on

cavity-on

— Ea

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™" and were larger
159 than the FWHM of the cavity mode and the vibrational bands
160 (19 and 300 cm™'), confirming that the solvent was under
161 VSC. Interestingly, we observed a 12.9 + 1.0 nm redshift of the
162 CT band in the visible region (Figure 4). Off-resonance cavity
163 experiments were performed to confirm that the effect is due to

strong coupling. The result was identical to that of cell
experiments (A2 = °f = 584.0 + 0.6 nm and A& = 584.4 +
0.2 nm), confirming that the effect depends on cavity tuning
and resonance.

Encouraged by this result, we then studied a series of linear
alcohols from methanol to decanol under VSC. As can be seen
in Figure 5 (blue points), a remarkable trend is observed. The
RD solvatochromic change induced by VSC increases with the
length of the hydrocarbon moiety of the alcohol. The sign of
Alysc was always negative (redshift), which indicates that the
alcohols become less polar.

What is the reason for this behavior? Besides its known
solvatochromism, RD was reported to show thermochromism,
piezochromism, and halochromism.”® We measured the
temperature dependence of A, and concluded that the
thermochromic shift is only relevant above 25 °C (Figure
S11), which is in agreement with other studies of RD and its
derivatives.*""** For this reason, the working temperature was
always kept at 22 + 1 °C. Since all measurements were
performed under atmospheric pressure and without the
addition of salts, piezochromism and halochromism are
irrelevant in our experiments. RD is also known to form
aggregates,”” which potentially could affect the absorption
spectrum. However, the CT band does not shift in a wide
concentration range between 4-10™° and 107! M, which
includes solutions containing the dye in both its monomeric
and aggregated state (Figure S11). The spectrum of RD is
therefore unaffected by aggregation. We also considered the
possibility that cooperative VSC between solvent and RD
might produce the observed shifts. However, we found no
correlation between the observed spectral shift and the degree
of overlap of the solvent and RD bands, which are not visible in
solution due to the low intensity (see Figure S15).

To obtain further insight into the observed trend with the
alcohol chain length, we first explored whether the coupling
strength (Rabi splitting) influences the magnitude of the
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Figure S. Dependence of the VSC-induced shift on the E$(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.

change. As can be seen in Figure 6, upon increasing the

hexanol concentration in a binary mixture of hexanol and
deuterated dichloromethane, an abrupt solvatochromic change

is observed at the onset of strong coupling. Otherwise, the
0.0 o o T |
o
<
2 |
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e o
S £
S -10 =
vy Q.
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& Ole
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Figure 6. Dependence of AEyc on the coupling strength, which is

proportional to </C. Upon reaching the strong coupling threshold, the
CT band of RD abruptly redshifts.

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

207

It is also interesting to evaluate the effect and contribution of 208

coupling of the hydrogen-bond donating moiety. However, as
mentioned before, in our conditions, it was impossible to
selectively study the effect of OH coupling due to the
proximity of the CH band. Nevertheless, it is possible to
couple the CH vibrations alone, but no effect was observed
(see the Supporting Information), pointing to the importance
of coupling the OH band. This was confirmed by studying
pyrrole as its NH stretching band is thinner and well-isolated
and it can be coupled selectively. Upon coupling this band, the
RD signal shifts by 4.3 + 0.7 nm (AEygc = —1.6 + kJ-mol™").
This effect vanishes after detuning the cavity (off-resonance).
It suggests that coupling the band of the hydrogen-bonded
functional group is essential to induce a significant shift. This is
consistent with the fact that the response of RD is enhanced by
hydrogen bonding.**

Interestingly, in contrast to the clear trend observed for

209
210
211

222
223
224

linear alcohols, none were observed for related classes of 225

compounds. For instance, a series of terminal diols were
compared by changing the length of the aliphatic chain. No
shift was observed for 1,2-ethanediol, yet 1,3-propanediol gave

https://doi.org/10.1021/jacs.3c02260
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Alysc = 4.7 + 0.3 nm. However, the shift decreased and nearly
vanished with further increases in the chain length (green
points in Figure S). A rationale for this observation is not clear.
Perhaps it stems from the interplay of the two opposing
terminal dipoles and the length and therefore the rigidity of the
molecule. Next, we tested a series of alcohols of different
structures and chemical properties and found no correlation
except that the polarity was always reduced under VSC (gray
triangles in Figure S).

We also compared the effect of OH and CH deuteration on
the observed shift under strong coupling (red squares on
Figure 5). Deuteration not only lowers the vibrational energy
but also introduces subtle modifications to the molecular
geometry and polarity.”>~*

Due to the lower polarizability of the deuterated
compounds, dispersion forces between deuterated molecules
are weaker. This can be understood by considering the well-
known formula for the dispersion energy between two atoms
(A and B) derived by London and Eisenschitz.>® This shows
that this interaction rapidly decreases with interatomic
separation R and depends also on static polarizabilities of the
interacting partners (aj and af)

dis C
Ely = =
3 L]
_ 3 kg
21, + I

where I, and Ij are the atomic ionization potentials. In the case
of ethanol, the gradual substitution of protons for deuterium
atoms (EtOH — EtOD-d; — EtOD-d;) indeed decreases the
RD shift under VSC. Similarly, for perprotiated butanol
(BuOH), a significant shift of —2.5 + 0.1 kJ-mol™" is observed
but almost vanishes in perdeuterated BuOD-d,, and BuOH-d,
(0.2 + 0.1 and — 0.5 =+ 0.2 kJ-mol™’, respectively).

Dispersion forces are also known to depend on the
molecular shape. This can be seen when comparing boiling
points of molecules in which the only interaction present is
dispersion—hydrocarbons. At atmospheric pressure, linear n-
pentane boils at 36.1 °C, branched isopentane boils at 27.8 °C,
and the near-spherical neopentane boils at

9.5 °C. Branching decreases the surface area of the molecule
and, with it, the magnitude of dispersion forces. For this
reason, we compared AEysc in CS alcohols with different
connectivities (Figure 7). We compared the effect with the
solvent accessible surface area (SASA) as this is the area that is
accessible for intermolecular interactions.’”*> Linear 1-
pentanol has the highest surface area. The area decreases
with branching (2-pentanol and isopentanol) and is the lowest
for the cyclopentanol. AEygc is clearly proportional to the
surface area, showing that dispersion interactions are modified
under VSC.

Thus, the influence of deuteration, alkyl chain length, and
molecular surface area on AEygc indicate that the impact of
VSC on solvent polarity arises from the modification of
London dispersion forces between the solvent and the dye
and/or the solvent molecules. Indeed, dispersion forces
originate from quantum fluctuations™* and therefore are
most likely altered by strong coupling since it enhances
interactions with the vacuum field at resonant frequencies.
This agrees with several theoretical reports, which suggest that
dispersion is modified under strong coupling.3’53 However, it is

A EVSC [kJ/mOl]

|
w
L

240 250 260 270 280

Solvent Accessible Surface Area (SASA) [A2]

Figure 7. Dependence of the VSC-induced shift on the solvent
accessible surface area (SASA) for CS alcohols. AEygc increases
proportionally to the surface area in the following order: cyclo-
pentanol, isopentanol, 2-pentanol, and 1-pentanol.

still not understood why this leads to a decrease in the polarity
of nearly all alcohols studied (Figure $).

While the shift in the response of RD under VSC mostly
reflects changes in bulk properties, it is possible that specific
solvent—solvent and/or solvent—dye interactions are per-
turbed. The dynamics and structure of the solvent could also
be modified by VSC without being detected by RD. For this
reason, we also plotted the shift against other parameters,
which indirectly reflect intermolecular interactions, such as the
surface tension and viscosity. As can be seen in Figure S81, a
linear correlation is observed between the changes induced in
the series of aliphatic alcohols and the surface tension of these
compounds. This supports the role of dispersion interactions
under strong coupling since it is known that surface tension is a
good measure of dispersion forces in hydrocarbons.” It should
be recalled that these experiments involve coupling of many
solvent molecules, resulting in collective delocalized states.
This likely explains the phase transition-like behavior observed
in Figure 6. In turn, this suggests that the collective delocalized
states and possibly their coherence might play a role in
modifying the properties of the solvent such as polarity.

Notably, the described results can be compared with other
studies in which dispersion forces might play an important
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289

300
301
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303
304

role. For instance, the effect of deuteration recalls the case of 308

VSC-induced acceleration of enzymatic ester hydrolysis upon
coupling the OH stretching band of water.'” In that study, the
gradual introduction of D,O instead of H,O decreased the
extent of acceleration. Another comparison can be made with
the case of urethane formation studied under VSC."> When
coupling the C—H stretching bands of the solvent (tetrahy-
drofuran), the reaction rate decreased, which also could be
caused by changes in the solvation of the reactants. Self-
assembly” > is also affected by the VSC of the solvent as well
as the ionic conductivity and permittivity of water.”’

In this work, we have shown that VSC changes solvent
polarity, which has clear implications for chemical reactivity
under VSC. One might ask whether this effect is responsible
for the altered reactivity observed in previously reported VSC
studies and especially in reported cases of reactions run in
alcohols as solvents. For example, the seminal study on
changing the rate of silyl deprotection under VSC was
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326 conducted in methanol."> 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,'* 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™) and C—O (~1050 cm™) stretches in a
334 solution of RD, a decrease in polarity was observed (AEygc =
335 —2.6 + 0.1 kJ-mol™"). A decrease in polarity would be expected
336 to increase the reactivity (nucleophilicity) of the fluoride
337 anion,”® 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 ener§y redistribution,
343 govern the reactivity under strong coupling.” 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.

—

3so I 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,
3ss 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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