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Microscopic electric fields are increasingly found to play a pivotal role in catalysis of enzymatic and chemical
reactions. Currently, the vibrational Stark effect is the main experimental method used to measure them.
Here, we demonstrate how excited-state symmetry breaking can serve as a much more sensitive tool to
assess these fields. Using transient infrared spectroscopy on a quadrupolar probe equipped with nitrile
groups we demonstrate both its superior sensitivity and that it does not suffer from the notorious
hydrogen-bond induced upshift of the C=N stretch frequency. In combination with conventional
ground-state infrared absorption, excited-state symmetry breaking can be used to disentangle even
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time symmetry breaking driven not by solvent but by the entropy of the pendant side chains of the
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Introduction

Excited-state symmetry breaking (ESSB) in multipolar mole-
cules is a photophysical phenomenon in liquids that has
received considerable attention over the last several years.'”
First, a symmetric ground-state molecule of A-(D), or D-(A),
type comprising several charge-transfer branches made of
electron-donating (D) and accepting (A) moieties is promoted
into an electronic excited state with a delocalized, symmetric
distribution of the electron density across its branches. Then
the electronic density undergoes redistribution on the ultrafast
time scales resulting in, at least partially, localized asymmetric
excited state. In some cases, asymmetrization can be driven
until completion where the excitation localizes on a single
branch.*%” The extent of symmetry breaking depends on the
environment and properties of the probe,*'*** such as the
electronic coupling between the branches of a chromophore
and the charge transfer strength that determines solvation
energy. ESSB is initiated by the fluctuations of the surrounding
solvent environment, and the driving force comes from the gain
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phenomena but pave the way toward using them in electric field sensing modality.

of the solvation energy of the final asymmetric dipolar state that
compensates the loss of the excitonic interbranch coupling in
the delocalized multipolar excited state.”'**® An early theoret-
ical model of ESSB hypothesized that it is triggered by the
antisymmetric vibrations and structural fluctuations of the
molecule itself, along with the surrounding solvent fluctua-
tions.”” However, experimentally no evidence of the role of
structural fluctuations has been found to date.® Several studies
focused on the intramolecular structural effects of the side
chains™ and torsional disorder® but found no influence of these
structural parameters on the extent of ESSB. Instead, ESSB was
observed only in media where significant reaction field can be
generated: in quadrupolar,® dipolar," hydrogen-bonding® and
halogen-bonding solvents,®> thus providing evidence that
persistent irreversible symmetry breaking is entirely driven by
the solvent field. Recently, it has been observed in solvent
mixtures of non-polar cyclohexane and polar acetone, where
a diffusion-limited arrival of the polar component into the
vicinity of the excited quadrupolar probe initiates ESSB.*
Elaborate theoretical models of ESSB have been developed in
recent years.”® They treat the quadrupolar*®>° or octupolar®”**
molecules as a geometrically well-defined arrangement of exci-
tonically coupled charge-transfer states in individual branches
and a locally excited state of the core®**® and take into account
solute-solvent interactions,?®3033:3% electron-vibration
coupling,” dynamic solvation*** and hydrogen bonding®*
effects. These theoretical models successfully reproduce
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experimentally observed dependencies and allow for quantifi-
cation of asymmetry.

Here, for the first time, we demonstrate that symmetry
breaking can be driven by the pendant side chains of the
quadrupolar molecule itself. We show that the outstanding
sensitivity of the ESSB process to minute details in the imme-
diate vicinity of the chromophore originates from the depen-
dence of the asymmetry extent on the fluctuating microscopic
electric fields. We further demonstrate that ESSB can serve as
a useful tool to quantify these fields in various complex envi-
ronments and outperforms the vibrational Stark effect (VSE) by
its responsiveness. Further, our molecular probe is not
susceptible to the interfering upshift of the C=N stretch
frequency induced by hydrogen bonding that commonly pla-
gues the interpretation of nitrile VSE experiments. Our results
showcase an important new application of symmetry-breaking
charge transfer phenomena in strongly coupled excitonic
systems where excitation does not fully collapse on a single
branch. These systems can act in electric field sensing capacity
with the extent of asymmetry serving as a primary metric which
is directly connected to experimental observables. Given the
increasing awareness of the catalytic importance of the micro-
scopic electric fields at reaction sites,* and the prospects of
utilizing these fields as “smart reagents” in chemistry,*’ our new
tool to probe them will prove extremely useful in the future.

Results

We employed two quadrupolar ADA type probes with a 1,4-
dihydropyrrolo[3,2-b]pyrrole powerful electron donating core
flanked by 4-cyanophenyl acceptors. This results in a strong
charge transfer character along each individual branch, but
zero dipole moment to the molecule overall (Fig. 1). Molecule 1
has been extensively investigated>>**** as a prototypical
system for ESSB, while 2 is a modified version of 1 featuring the
same chromophore but decorated with pendant hexaethylene
glycol chains attached to the side phenyls at positions 1 and 4
(synthetic details are presented in ESIT). Substituents at these
positions are used for modifying solubility of the chromophore
without affecting its photophysical properties.**** Pegylation is
a common strategy to solubilize organic molecules in aqueous
environment,*® and we were aiming to improve the solubility of
1 in polar solvents in general and to impart water solubility in
particular. We use time-resolved visible pump-IR probe (TRIR)
spectroscopy as a sensitive technique to probe the extent of
symmetry breaking in these molecules™** by monitoring the
C=N stretching frequencies in the ground and S, electronic
excited state.

In the ground-state IR spectrum, there is a single C=N
stretch band that was ascribed to the antisymmetric vibration of
the two nitriles (Fig. S11). When symmetry is preserved in non-
polar media, one excited-state absorption band (ESA1) is
observed in the TRIR spectrum corresponding to the same
antisymmetric stretching (Fig. 2, top). Upon ESSB, ESA1 band
redshifts in frequency and the second band emerges at higher
frequencies (ESA2) that corresponds to the symmetric stretch-
ing vibration of the two nitriles. The splitting between these two
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Fig. 1 Molecular structures of quadrupolar ADA probes used in this
study. The pyrrolopyrrole electron-donating core is shown in red,

cyanophenyl electron acceptors are highlighted in blue. Dipole
moments of individual branches (u4, u,) are depicted as arrows.

bands (Avgsa) reports on the amount of asymmetry in the
excited state and thus on the progress of symmetry breaking:
the larger Avgs,, the more symmetry-broken is the state (Fig. 2,
bottom).

Previously, we conducted a comprehensive investigation of
ESSB in 1 in 55 solvents of different nature.* In 19 dipolar
solvents that could not participate in specific interactions with
1, the amount of asymmetry was found to increase with the
solvent reaction field that can be quantified with a simple
Onsager dipolar polarizability function, Af = fle) — f[n*), where
flx) =2(x — 1)/(2x + 1) (Fig. 3a, red markers). Each point in Fig. 3
is a result of the TRIR experiment and corresponds to the fully
relaxed S; state in respective solvent environment. The band
splitting was accurately extracted from a lineshape analysis of
the solvent-equilibrated excited state (details in Section $2.2,
ESI, Fig. S71). We note that this dependence for molecule 1 is
the same as reported previously,® except that we corrected the
value of the Onsager function for several low polar solvents (e.g.,
vinyl acetate and di-n-pentyl ether) that were erroneous due to
errors in dielectric constant values reported in literature
(Fig. S51). The theoretical prediction of the Ivanov ESSB model*®

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Schematic principle of the experiment. In the symmetry-
preserved excited state (top) there is a single C=N band (ESA1). Upon
symmetry breaking a second band (ESA2) emerges. The splitting
between the bands (Avgsa) increases with asymmetry as schematically
illustrated by the green and blue spectra.

is shown as a green line. As a new result, we show the depen-
dence of band splitting in 2 obtained in 22 dipolar solvents.
What stands out in Fig. 3a is that while the dependencies and
the degree of symmetry breaking are identical in highly polar
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solvents (Af> ~0.4), there are differences in medium polar (0.32
<Af < 0.4) and strong deviations in low polar (Af < ~0.32)
environments despite 1 and 2 featuring the same chromophore.
In these media, dye 2 systematically displays more asymmetric
electronic distribution in the excited state than 1. Fig. 3b shows
the relaxed spectra of 1 and 2 obtained in solvents of identical
polarity (Af = 0.195), where the amount of asymmetry is
significantly larger in 2 (Fig. S61 showcases a more dipolar tert-
butyl methyl ether with Af = 0.332). While experimental data for
both molecules deviate from the Ivanov model in low dipolar
solvents, the deviation is stronger for dye 2. We attribute this
behavior to the influence of the pendant glycol side chains in 2.
These chains are long polar tails located on the side phenyls
(Fig. 1) and they can adopt many conformations, the vast
majority of which will not be symmetric. This creates an
asymmetric field in the vicinity of the chromophore that influ-
ences symmetry breaking together with the solvent reaction
field. Originating from hexaethylene glycol, these chains are
expected to provide similar field as other glymes (glycol ethers),
such as diglyme (G2) or monoglyme (dimethoxyethane)
solvents. Indeed, we observe that the G2 (Fig. 3a, vertical dashed
line) data point is close to the position where the symmetry-
breaking behavior of 1 and 2 begins to diverge. The difference
increases notably upon decrease of the polarity of the
surrounding environment: in less polar solvents the influence
of the polar side chains is greater. One can view the effect of
these pendant side chains in low polar environment as a type of
preferential polar solvation forced upon a chromophore by
covalent attachment of the glyme solvent molecules. As a result,
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Fig.3 Symmetry breaking TRIR dependenciesin 1 (red) and 2 (blue): (a) band splitting vs. the Onsager dipolar reorientation polarizability function.
(b) Relaxed S; state IR spectra in low polar solvents with Af = 0.195 (di-n-butyl ether for 1 and ethyl methyl carbonate for 2). (c) Band splitting vs.
ESA1 peak position for 1 measured in solvents of different nature that do not participate in strong specific interactions with ADA. Solvents are
colored according to their nature as strictly non-polar (black), quadrupolar (orange), dipolar (purple), as well as cyclohexene (green) and CCly

(cyan). (d) Same as (c) for molecules 1 and 2 compared.
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it is a conflation of the solvent and side chain fluctuating fields
that drives asymmetry in this case.

It is worth noting that the details of the chain conforma-
tional distribution that vary among different low polar envi-
ronments determine the exact field and, in turn, the amount of
asymmetry in the relaxed S, state. For example, fine structure in
the 0.12 < Af<0.30 region with a pronounced peak at Af = ~0.22
likely originates from a shift toward higher content of gauche
conformations that have a higher dipolar moment and thus
confer stronger field.*”**

While the C=N band splitting Avgs, parameter is a direct
and quantitative structural measure of symmetry breaking in
the chromophore, it can be challenging to determine it accu-
rately for weak ESSB cases due to the difficulty of fitting the low-
intensity ESA2 band on top of the wing of the intense ESA1
band. Thus, in Fig. 3c we plot Avgga versus the position of the
ESA1 band maximum, vgga;, and observe an almost perfectly
linear relationship between these two parameters (R> = 0.97).
This is not an intuitive result because Avgs, is determined by
the behavior of both ESA1 and ESA2 bands. Nonetheless, this
relationship holds across all the environments free of strong
specific interactions with the chromophore: not only dipolar
but also quadrupolar solvents fall on the same line (orange
markers, Fig. 3c). Moreover, even the solvents that belong to
neither of the two classes: CCl, (cyan) that is highly symmetric
and formally hexadecapolar or cyclohexene (green) that does
not contain any polar bonds, both obey the underlying depen-
dence. The excited-state band position in truly non-polar media,
like aliphatic hydrocarbons, deserves special attention.

In the electronic ground state, both IR absorption and
Raman scattering show a single peak at the same frequency®
signifying that symmetric and antisymmetric C=N stretches,
that follow mutually exclusive selection rules in these two
spectroscopies, occur at the same frequency. This implies that
the language of symmetric/antisymmetric stretch is not correct,
because each C=N group can be treated as an independent
local vibrator, and the nitrile vibrations do not couple to
produce symmetric and antisymmetric combinations. In the
electronic excited state in non-polar environment, only ESA1 is
seen, and no symmetry breaking was detected.’ Based on these
two observations it was concluded that in the absence of
symmetry breaking in the S; state, the two transitions occur at
the same frequency too, and thus the band splitting is zero.
However, given the linear trend in Fig. 3c, it is highly unlikely
that non-polar solvents that exhibit no specific interactions with
1 and feature very low reaction fields will exhibit a drastically
different Avgga vs. vgsa; dependence, producing data more than
20 cm ™" off the trendline. Instead, according to the observed
linear relationship, the predicted splitting of symmetric and
antisymmetric C=N stretches in the excited state would be
~20.5 cm ™. This non-zero band splitting would be very difficult
to observe experimentally, and it has a purely intramolecular
origin. Upon photoexcitation, the two local C=N stretches
couple and yield the antisymmetric and symmetric C=N modes
whose frequencies are no longer identical. The emergent
coupling in the S; state originates from electrical anharmo-
nicity. It is negligible in the S, state, where each C=N stretch is
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rather weak, because each molecular branch has a small dipole
moment (Fig. 1, u, ,). However, the situation is quite different in
the S; state, where strong charge transfer creates a large dipole
moment in each arm, even though the molecule as a whole has
no dipole moment in the absence of symmetry breaking and
retains its quadrupolar character. As a result, the variation of
the molecular dipole moment upon (antisymmetric) vibration
of two C=N's, du/0Q, becomes substantial, which is why the
antisymmetric C=N stretch intensity in the excited state is
much stronger (compare intensities of the bleach vs. ESA1 in
Fig. 3b). This strong modulation of the dipole moment upon
vibrational displacement is more likely to be nonlinear, that is
the electrical anharmonicity 6’u/dQ> is much larger, for an
almost charge-separated excited state than in a weakly dipolar
ground state. This is why we expect that molecules that undergo
a strong increase in their dipole moment upon photoexcitation
should generally exhibit this emergent coupling between the
initially local vibrations. We note in passing that the original
Ivanov model*® (Fig. 3a, green line) needs to be augmented to
account for the inferred non-zero band splitting in non-polar
environments.

In principle, one could measure an excited-state Raman
C=N stretch spectrum in non-polar environment and compare
it to the TRIR experiment to obtain this intramolecular splitting
in the absence of ESSB. In practice, however, it will be very
challenging to observe due to the strong broadening of the
Raman band when electronic excited-state absorption band is
used for resonance enhancement as reported recently,' and
solubility limited if opting for the stimulated emission band
resonance enhancement.

Fig. 3d combines the Avgss vs. ESA1 peak dependence for
both 1 and 2. The large amount of experimental data (33
solvents for 1 and 22 solvents for 2) unambiguously show the
identical behavior of both molecules following the same linear
trend (R*> = 0.97 — 0.98, average slope ~1.04), independent of
the presence of the decorating side chains. The ESA1 band
maximum can thus serve as a more accurate and robust metric
of ESSB than Avgga due to the ease of its determination. Another
advantage is that it allows for comparison of the data from
different solvent classes using the same scale: Fig. 3d includes
data for 1 in non-dipolar solvents that cannot be placed in
Fig. 3a. The extreme sensitivity of this parameter is striking. For
example, the difference between cyclohexane and cyclohexene
is a single m-bond, but it is enough to cause a difference of
5 cm ! for vggy, in these two solvents. Experimental data points
for 2 never reach the low symmetry breaking regime observed
for 1 (minimum Avggy ~32 cm™" in 2 vs. ~24 cm™ " in 1). It
clearly indicates that deviating behavior of 2 in medium and
especially low polar solvents (Fig. 3a) is not a unique charac-
teristic of the modified chromophore but originates from the
larger surrounding field due to the entropy of the pendant side
chains. Thus, these observations provide first direct spectro-
scopic evidence of the symmetry breaking induced not by the
solvent but by the intramolecular structural factor such as
pendant side chains.

Our results call for revision a previous study of Kim and

coworkers™ that wused ultrafast broadband fluorescence

© 2024 The Author(s). Published by the Royal Society of Chemistry
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upconversion spectroscopy to study the effect of the side chain
length on charge transfer in a symmetry-breaking quadrupolar
probe using two solvents. They compared methoxyethyl vs. n-
octyl chains that have not only different lengths but also
different polarity. Our results demonstrate that swapping non-
polar aliphatic tails to methoxyethyl groups is equivalent to
attaching a medium polar dimethoxyethane molecule to
a chromophore that exposes it to a larger effective field, which
has a profound effect on the extent of symmetry breaking. Based
on the time-dependent fluorescence Stokes shift, Kim and
coworkers' concluded that the side chains have a greater effect
on the excited-state dynamics in polar dichloromethane than in
less polar toluene, and that the chains control only the extent
and dynamics of torsional relaxation without affecting ESSB of
the quadrupolar probe. This is the opposite of what we observe
with time-resolved infrared spectroscopy, which directly moni-
tors ESSB via structural dynamics of the quadrupolar probe by
the Avggyn metric. The occurrence and extent of symmetry
breaking cannot be inferred from the fluorescence Stokes shift
measurements alone, it is a too unspecific metric.>*?*334°

To further substantiate our hypothesis that vgss; acts as
a proxy for the electric field, we conduct classical atomistic
molecular dynamics (MD) simulations and quantify the field
magnitude projected on the C=N bond in the S, state (Fig. 4a).
Electric fields calculated separately on carbon and nitrogen
atoms are shown in Fig. 9.} A quantitative (R> = 0.96) linear
dependence of the ESA1 band maximum on the electric field is
very clear with the slope of ~1.6 cm™' (MV ecm™ "),

Comparison to the vibrational Stark effect

A ground-state C=N stretch vibration gained wide recognition
as an electrostatic probe®** due to its sensitivity to the
surrounding field that is explained via the vibrational Stark
effect championed by Boxer and coworkers.”® The VSE has
become a standard method to assess microscopic electric fields
at sites of local vibrational markers, e.g. at enzyme active
sites.’”**> According to the VSE, the vibrational band
maximum redshifts linearly with the field. Typically, one
measures vibrational solvatochromism of the C=N stretch in
a range of solvents of increasing polarity (Fig. S11) to calibrate
the observed peak shift with the electric fields assessed from the
MD simulations or a model (e.g., the Onsager function).”**>*”
However, the VSE of nitriles is plagued by hydrogen bonding
that additionally induces a blueshift of the C=N frequency that
cannot be described by the Stark effect.’®*® Separation of
hydrogen bonding and field effects is thus required.

Using vgsa; as a metric for the electric field we plot in Fig. 4b
the dependence of the ground-state C=N stretch band (vcy) of
the core chromophore 1 on rggy; in 29 solvents (19 of which are
aprotic and 10 are protic). The data in all media separate into 2
groups. In non-hydrogen bonding ones, that engage only in
non-specific interactions with the nitriles via electric field
(Fig. 4b, red), vcy is linearly correlated with vggaq. Protic solvents
additionally make hydrogen bonds with ADA that cause excess
blueshift identified as a vertical offset from the underlying
trendline (Fig. 4b, green). The magnitude of this excess shift is

© 2024 The Author(s). Published by the Royal Society of Chemistry
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determined by the strength of the underlying hydrogen bond(s)
as evidenced by a linear correlation with Kamlet-Taft o param-
eter® that quantifies the H-bond donating strength of solvents
(Fig. 4c). The piecewise linear form of this relationship stems
from the distinctly different character of conventional protic vs.
superprotic  (polyfluorinated alcohols) solvents whose
hydrogen-bond donating ability is stronger than that of water.
They make strongly bound hydrogen-bonded complexes with
peculiar characteristics and strongly perturb the electronic
structure of ADA as described earlier.>** These results demon-
strate that (i) ESSB monitored via the C=N stretch mode does
not suffer from the non-monotonous blueshifting effect of
hydrogen bonding, (ii) combination of ESSB and ground-state
IR absorption spectroscopy is capable of separating hydrogen
bonding from general field effects.

Fig. 4d shows the variation of vy with the Onsager function
in aprotic dipolar solvents (and protic MeOH for comparison)
for 2. Evidently, the relationship is complex and non-
monotonous. The frequency variation reaches ~4 cm™'
decreasing non-linearly from 2226 cm™" in the least dipolar
solvents to 2222 em™" in DMSO. After DMSO, it increases again
in several highly polar solvents. Given the hydrogen-bond
donating ability of methanol, the high 2228 ecm ™" frequency
in MeOH is expected, but it is not clear why strongly polar
aprotic acetonitrile (ACN), propylene carbonate (PC) and DMF
follow similar behavior.

Electronic S; « S, absorption transition behaves analo-
gously (Fig. S10at). Therefore, we use the correlation of the two
methods to identify a clear linear trend (Fig. S10bt) with two
notable outliers (CHCl; and MeOH) where the vibrational
transition occurs at frequency higher than predicted by the
trendline. The deviation points to hydrogen-bonding interac-
tions between these solvents and the nitrile groups of ADA. We
note that chloroform cannot be identified as an outlying point
in Fig. 4d alone.

Given the complex dependence of vcy on Af this factor
cannot solely explain its variation. Instead, we use a combina-
tion of Af and f{n*) with the latter describing electronic polar-
izability to elucidate the observed variation in vcy. Multilinear
regression on these two predictors accounts for most of the
variance in the data (Fig. S10ct). Regression coefficients point to
10 times larger importance of the electronic polarizability f{n*)
compared to that of the dipolar reorientation Af. The mean
absolute value of the residuals for electronic transition amounts
to 48 cm™ " with most of the values being in 10-30 cm ™" range. It
highlights an often forsaken property of the Onsager model that
the dipolar field works well only in media with similar elec-
tronic polarizability, that is, where the refractive index does not
vary appreciably. In the current case, it is the dispersion inter-
actions not the dipole-dipole ones that play a dominant role in
ground-state vibrational solvatochromism of vqy.

MeOH, ACN and PC in Fig. S10cf are still the most deviating
solvents. Is it possible that aprotic solvents, such as acetonitrile
and propylene carbonate, engage in hydrogen bonding inter-
action with ADA? To answer this question, we turn to another
method that has been shown to be sensitive to electric fields
and correct for possible hydrogen bonding effects - *C NMR

Chem. Sci., 2024, 15, 15565-15576 | 15569
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Fig. 4 Electric field vs. hydrogen bonding effects: (a) dependence of the experimental ESA1 band maximum, vgsa1, On the electric field projected
onto the C=N bond vector calculated in MD simulations. The electric field on the bond is taken as the average of the fields on the nitrile carbon
and nitrogen atoms. Several hydrogen-bonding solvents evidenced by panels (e and f) are shown in green. Regression model and R? value for the
fitted line are shown. (b) Dependence of the ground-state IR absorption maximum, vcy, vs. ESAL maximum, vgsas, for compound 1 in aprotic (red)
and protic (green) polar solvents. The red solid line is a linear fit to the aprotic data, and the green line is an illustration of the excess shift induced
by H-bonding. (c) Excess shift caused by H-bonding in 1 vs. the Kamlet—Taft a parameter quantifying H-bond donating ability of the solvent. (d) IR
absorption maximum vs. the Onsager dipolar reorientation polarizability function for 2. (e) Correlation between vy and *C NMR chemical shift
of the nitrile carbon atom in non-H-bonding (blue, linear fit is also shown) and H-bonding (green) media. (f) Same dependence as in (b) for
compound 2. Regression equation and R? value for the fitted line are shown.

spectroscopy. °C Chemical shift (6"°C) of the nitrile carbon
atom shifts upfield to lower ¢ in more polar solvents and
hydrogen bonding does not disrupt this trend,*® thus we could
use the correlation between 6"°C and ground-state IR band
maximum to identify possible hydrogen bonding interactions
(Fig. 4e, Section S2.4 in ESIf). Indeed, we observe a distinct
linear correlation between these two parameters with most of
the solvents falling onto the trendline and a few outliers above
it, where vy is higher as expected due to hydrogen bonding. We
have already identified MeOH and CHCI; as hydrogen-bonding
partners (Fig. S10bt), and they are showing the strongest devi-
ation here as well (4.5 and 4.0 cm ™). Additionally, we observe
that PC and ACN display smaller deviations (2.4 and 1.5 cm ™"
respectively) attributable to H-bond interaction. Therefore, we
could identify very weak C-H hydrogen bonds between ADA and
propylene carbonate, acetonitrile and chloroform that are
present at room temperature in liquid solution and lead to only
a minor shift of a few wavenumbers in vcn. A few recent reports
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have shown some evidence of C-H hydrogen bond formation in
chloroform® and propylene carbonate.®

Since the core chromophore 1 displays good sensitivity and
clear separation of hydrogen-bonding vs. electric field effects,
Fig. 4f plots vcn Vs, vgsa; dependence for compound 2. In
agreement with the results for 1, most aprotic solvents follow
the identical trend as in Fig. 4b featuring the same slope
(Fig. S8t1). Moreover, in full agreement with the IR-NMR corre-
lation (Fig. 4e), we can separate the hydrogen bonding effect in
protic MeOH, as well as in aprotic but C-H hydrogen-bonding
PC, ACN and CHCI; in much the same way. This demon-
strates that the NMR experiment can be substituted with TRIR
to separate the impact of H-bonding.

Thus, we can rationalize complex behavior of vcx shown in
Fig. 4d. Onsager dipolar reaction field and electronic polariz-
ability both lead to the redshift of the peak frequency of the
ground-state C=N stretch transition with the latter being the
dominant contributor. Even weak nonorthodox hydrogen

© 2024 The Author(s). Published by the Royal Society of Chemistry
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bonding interactions lead to the noticeable blueshift of the
C=N stretch whose magnitude is comparable to the nonspe-
cific effects. Importantly, all these effects are rather weak
causing shifts up to a few em™" at most. According to the
Onsager model, a molecule like ADA with zero dipole moment
does not polarize solvent around itself and thus does not
generate reaction field. Individual dipolar branches or nitrile
groups themselves can weakly polarize solvent locally, which, in
turn, inflicts the reaction field back onto them, but no long-
range effects are expected in this case. Molecules 1 and 2 do
not manifest meaningful differences in their ground-state IR
spectra (Fig. S37).

Discussion

Our results comprehensively showcase that ESSB can serve as
an excellent sensor of microscopic electric fields in the imme-
diate vicinity of the local vibrational mode in the probe mole-
cule. Peak frequency of ESA1 band is the most accurate and
robust proxy for the extent of ESSB, as it is directly proportional
to Awgsa. It sensitively assesses the fields regardless of whether
they originate from the solvent or decorating side chains of the
molecule. Combining the slope of ESA1 field dependence
(1.6 em™* (MV em™')™") in Fig. 4a with that in Fig. 4f for vcy
(0.2 em™ (em™")™") we can deduce the C=N Stark tuning rate
(0.32 cm™" (MV em™")™"). This value is in line with that reported
for benzonitrile (0.36 cm™" (MV em™")™")® and is generally on
the lower side of the previously reported values for aromatic
nitriles of 0.4-0.7 cm™ ' (MV cm ™')™ '.5%¢4%5 Thus, using ESA1 as
a marker leads to 5 times better sensitivity compared to the
conventional VSE approach. Not only the sensitivity is greater
than for the VSE, but in contrast to the nitrile vibrational
response in the ground state, symmetry breaking does not
suffer from non-monotonous nitrile frequency shift upon
hydrogen bonding.

To rationalize both sensitivity enhancement and the lack of
notorious hydrogen bonding blueshift, we need to make
a distinction between the mechanisms behind the field sensi-
tivity of these two effects. The sensitivity of the VSE is deter-
mined by the change of the bond dipole moment upon
vibrational excitation due to mechanical anharmonicity.*® This
change of the dipole moment is the major factor that underlies
vibrational response to the surrounding field. The electronic
structure of the vibrating fragment, namely its charge distri-
bution, remains constant. In contrast, ESSB operates in the
excited electronic state and during this process the electronic
structure of the excited molecule varies in response to the
stronger field. The total amount of charge on both nitriles is
conserved but it rebalances between the two of them during the
symmetry breaking process. It is a result of this uneven distri-
bution of the charge that ESA1 downshifts and ESA2 upshifts,
because the C=N frequency sensitively redshifts upon charge
accumulation (reduction) and blueshifts (but much less) upon
oxidation.®*®” Thus, stronger surrounding field creates more
lopsided charge distribution on the nitriles. Hydrogen bonding
acts similarly: its primary effect is not so much the blueshift of
the C=N frequency, but enhancement of the charge
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redistribution as this specific interaction helps to drive it
further.® As such, the blueshifting influence of the hydrogen
bonding is dwarfed by the impact it produces on the electronic
structure of the probe. This is a great advantage of symmetry-
breaking charge transfer phenomena in such a strongly
coupled system, where interbranch electronic coupling is
~1800 cm ™ ':*? it prevents a complete localization but puts the
system into the regime where the electronic structure of the
molecule sensitively responds to the tiniest perturbations of the
field. This electronic structure variation amplifies the vibra-
tional response. This is why we can easily differentiate a very
small structural change of 2 m-electrons between cyclohexane
and cyclohexene via a 5 cm™ " ESA1 shift, which is comparable to
the entire solvatochromism range of dicyanobenzene VSE
probes.’® It is also the reason that we are able to assess the
equilibrium fields present around the non-excited chromo-
phore: their magnitude determines the extent of ESSB that the
molecule undergoes upon photoexcitation.

In contrast, the linear dipolar Stark effect alone could not
explain the vibrational solvatochromism of our probes (Fig. 4d).
We demonstrated an outsized role that electronic polarizability
plays in determining the response of these probes due to their
low Stark rate dictated by both non-dipolar nature of the entire
molecule and by the small dipole moment in each arm in the
ground state. Essentially, as the molecular arms are low polar in
the ground state, the dipole-dipole interactions are outweighed
by the dispersion interactions that are typically much smaller.
These observations highlight the importance of electronic
polarizability in determining the peak shift of the C=N mode
that is typically not accounted by the VSE models.

Additionally, even weak hydrogen-bonding interaction with
solvents that are usually considered aprotic and non-hydrogen-
bonding (such as acetonitrile and propylene carbonate) in
combination with the other two factors contributes to the
complex nonlinear and non-monotonous behavior depicted in
Fig. 4d. In agreement with the previous studies, combination of
IR solvatochromism with other experimental methods, such as
UV-vis and especially NMR spectroscopy proves useful in dis-
entangling hydrogen-bonding from non-specific electric field
effects. We note that in NMR only the chemical shift of the
nitrile carbon yields a meaningful metric. Even the ipso carbon
shows a more diffuse dependence, and chemical shifts of other
carbons are not correlated with the field (Fig. S151). Therefore,
it is important to correctly identify the nitrile peak in >*C NMR
spectrum if this field dependence is to be followed. Combina-
tion of vibrational solvatochromism measurements with ESSB
disentangles field and hydrogen bond contributions in the
same way as IR-NMR combination (Fig. 4e and f).

Boxer and coworkers have recently reported that the
magnitude of the C=N vibrational transition dipole moment
can also be used to disentangle hydrogen bonding from general
field effects.®® Thus, we quantified this observable, and it is
plotted vs. vgsa; — our preferred field metric - in Fig. S4a.7 The
correlation between these two parameters is weak (R* = 0.51),
and, surprisingly, we found no relationship between vcy and the
magnitude of the transition moment (Fig. S4bt). Thus, more
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systematic investigations are needed to confirm the generality
of such an approach.

Additionally, we convincingly demonstrate the non-innocent
nature of the pendant side chains introduced to solubilize the
molecule. Entropy of these side chains drives ESSB in low polar
media to a significant extent. Given the range of the extra band
splitting provided by the side chains between 2 and 14 cm™*
depending on the solvent (Fig. 3a), the average slope of ~1.04
for the Avgssa — vpsa: dependence (Fig. 3d), and ~1.6 cm™*
(MV em™")™" tuning rate of vgss; with the field, we can estimate
that they provide anywhere from 1 to 9 MV cm ' field
enhancement with the larger influence in low polar environ-
ments, where their effect can be dominant (e.g., in organic
carbonates, Af ~ 0.2). This is the first study that identifies ESSB
driven by the structural dynamics of the probe-carrying mole-
cule itself. Our results can be compared with a recent investi-
gation of ESSB in cyclohexane-acetone solvent mixtures, where
the diffusion-limited arrival of polar component was observed
to initiate ESSB process.® That kind of diffusion-limited
symmetry breaking was made possible by the lack of preferen-
tial solvation of the probe molecule by a polar solvent compo-
nent. Instead, here, we have essentially tethered a polar chain to
our quadrupolar probe and observed how it augments ESSB
process.

Finally, we notice that using electric fields to describe
symmetry breaking provides a compelling and physically
meaningful language that unifies all sorts of interactions that
were previously observed to affect ESSB process. We replace
a chemical picture of particular chemical interactions, each of
which requires its own description and metrics (e.g., quadru-
pole moment for quadrupolar solvents, Kamlet-Taft « for H-
bonding ones etc.) by the unified electrostatic one, where all
possible non-specific and specific interactions are accounted
for on the same footing and contribute toward a total symmetry
breaking extent.

Electric fields are being increasingly invoked to explain
a variety of catalytic processes: from the catalytic proficiency of
enzymatic active sites®*** to the underlying principle behind
directed evolution® to catalysis of (non-redox) chemical reac-
tions*® or directing known chemistry to the unknown routes.”
As a result of intense research efforts in this direction, there is
an increasing need for expanding our toolbox of instruments
capable of sensitively probing microscopic fields at various
molecular sites. Our work paves a new way in this direction, and
we hope to stir further interest from both experimentalists and
theorists alike.

Conclusions

Our work comprehensively investigates excited-state symmetry
breaking phenomenon in a prototypical quadrupolar chromo-
phore and conceptually demonstrates its applicability for
microscopic electric field sensing. Looking at the excited-state
behavior of compounds 1 and 2 with ultrafast time-resolved
IR spectroscopy in tens of solvents we unambiguously identi-
fied that ESSB provides an excellent sensitivity to the equilib-
rium fields near the molecule in the ground state that greatly
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exceeds that of typical Stark effect probes. The great advantage
of symmetry-breaking charge transfer in a strongly excitonically
coupled chromophore is that the electronic structure of the
molecule sensitively responds to the tiniest perturbations in its
environment. Increasing the surrounding microscopic field
leads to the rebalancing of the charge between the two sides of
the molecule, enhancing one at the expense of the other, which
greatly amplifies the vibrational response of the C=N markers.

We identified a structurally unequivocal and quantitative
metric of symmetry breaking - the peak position of the excited-
state antisymmetric C=N stretch band, vgsa;, that is both
sensitive and robust. In conjunction with atomistic MD simu-
lations, we quantified electric fields projected onto the C=N
bond vector and showed that they are linearly correlated with
vgsar Metric featuring outstanding sensitivity of ~1.6 cm™"
(MV ecm ™')™, Using a combination of IR, NMR, and electronic
spectroscopies, we reveal that unlike frequency shifts in
stationary IR spectra, vgsa; does not suffer from non-
monotonous behavior of the C=N stretch peak upon
hydrogen bonding. Instead, combining vgss; measurements
with ground-state vibrational response allows for separation
and quantification of a general electric field from, even very
weak, hydrogen-bonding effects. We identified such weak C-H
hydrogen bonds that the probe forms with aprotic polar
solvents: chloroform, acetonitrile, and propylene carbonate in
liquid solution at room temperature.

Additionally, we demonstrated that ESSB can be driven by
the entropy of the pendant side chains attached to the probe.
This is one of the unique examples where symmetry breaking is
driven by an intramolecular structural factor and not by the
microscopic solvent environment. Thus, we demonstrate that
remote functionalization of the chromophore with solubilizing
or charged groups may affect its electronic structure and can
even dominate the response in some environments. This
understanding will help fine-tuning the engineered internal
microscopic electric fields that are considered as means of
regulating chemical and catalytic activity.®*”*

Experimental

All experimental and computational details, as well as the
additional spectroscopic data are in the ESIL.t
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zenodo.13372200.

Author contributions

B. D. conceived the idea and performed all spectroscopic
experiments. N. M. performed and analyzed MD simulations
under the supervision of A. A. K. Y. P. synthesized compound 2
under the supervision of D. T. G. B. D. wrote the manuscript. All
authors discussed and approved the manuscript. B. D. super-
vised the project.

© 2024 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.5281/zenodo.13372200
https://doi.org/10.5281/zenodo.13372200
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc04797d

Open Access Article. Published on 07 1403. Downloaded on 17/10/1404 10:44:44 ..

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This work was supported by the Swiss National Science Foun-
dation (grant PZ00P2_201996) and by the National Science
Center, Poland (grant OPUS 2020/37/B/ST4/00017). B. D. warmly
thanks Prof. Peter Hamm for generously hosting and support-
ing his research group. We thank Dr Jan Helbing for insightful
discussions and Simon Jurt for assistance with the NMR
experiments (all from the University of Zurich). A. A. K.
acknowledges the start-up funds provided by the College of Arts
and Sciences and Department of Physics and Astronomy of the
University of Delaware. Calculations were performed using
high-performance computing resources provided by the
University of Delaware.

References

1 B. Dereka, A. Rosspeintner, Z. Li, R. Liska and E. Vauthey,
Direct Visualization of Excited-State Symmetry Breaking
Using Ultrafast Time-Resolved Infrared Spectroscopy, J. Am.
Chem. Soc., 2016, 138(13), 4643-4649, DOI: 10.1021/
jacs.6b01362.

2 B. Dereka, Excited-State Symmetry Breaking: From
Fundamental Photophysics to Asymmetrical
Photochemistry, in Photochemistry, ed. Protti, S. and
Crespi, S., 2022, vol. 49, pp. 308-353, DOI: 10.1039/
9781839165269-00308.

3 B. Dereka and E. Vauthey, Solute-Solvent Interactions and
Excited-State Symmetry Breaking: Beyond the Dipole-
Dipole and the Hydrogen-Bond Interactions, J. Phys. Chem.
Lett., 2017, 8(16), 3927-3932, DOL  10.1021/
acs.jpclett.7b01821.

4 M. Soderberg, B. Dereka, A. Marrocchi, B. Carlotti and
E. Vauthey, Ground-State Structural Disorder and Excited-
State Symmetry Breaking in a Quadrupolar Molecule, J.
Phys. Chem. Lett., 2019, 10(11), 2944-2948, DOI: 10.1021/
acs.jpclett.9b01024.

5 B. Dereka, A. Rosspeintner, M. Krzeszewski, D. T. Gryko and
E. Vauthey, Symmetry-Breaking Charge Transfer and
Hydrogen Bonding: Toward Asymmetrical Photochemistry,
Angew. Chem., Int. Ed., 2016, 55(50), 15624-15628, DOI:
10.1002/anie.201608567.

6 B. Dereka, A. Rosspeintner, R. Stezycki, C. Ruckebusch,
D. T. Gryko and E. Vauthey, Excited-State Symmetry
Breaking in a Quadrupolar Molecule Visualized in Time
and Space, J. Phys. Chem. Lett., 2017, 8, 6029-6034, DOI:
10.1021/acs.jpclett.7b02944.

7 B. Dereka, D. Svechkarev, A. Rosspeintner, A. Aster,
M. Lunzer, R. Liska, A. M. Mohs and E. Vauthey, Solvent
Tuning of Photochemistry upon Excited-State Symmetry
Breaking, Nat. Commun., 2020, 11(1), 1925, DOI: 10.1038/
$41467-020-15681-3.

© 2024 The Author(s). Published by the Royal Society of Chemistry

8

9

10

11

12

13

14

15

16

17

View Article Online

Chemical Science

E. Balanikas, M. Reymond-Joubin and E. Vauthey, Excited-
State Symmetry Breaking in Solvent Mixtures, J. Phys.
Chem. Lett., 2024, 15(9), 2447-2452, DOIL 10.1021/
acs.jpclett.4c00213.

J. S. Beckwith, A. Rosspeintner, G. Licari, M. Lunzer,
B. Holzer, ]J. Frohlich and E. Vauthey, Specific Monitoring
of Excited-State Symmetry Breaking by Femtosecond
Broadband Fluorescence Upconversion Spectroscopy, J.
Phys. Chem. Lett., 2017, 8(23), 5878-5883, DOIL 10.1021/
acs.jpclett.7b02754.

P. Verma, M. Tasior, P. Roy, S. R. Meech, D. T. Gryko and
E. Vauthey, Excited-State Symmetry Breaking in
Quadrupolar Pull-Push-Pull Molecules: Dicyanovinyl vs.
Cyanophenyl Acceptors, Phys. Chem. Chem. Phys., 2023,
25(34), 22689-22699, DOI: 10.1039/D3CP02810K.

Z. Szakacs and E. Vauthey, Excited-State Symmetry Breaking
and the Laporte Rule, J. Phys. Chem. Lett., 2021, 12(16), 4067-
4071, DOI: 10.1021/acs.jpclett.1c00893.

A. Cesaretti, A. Spalletti, F. Elisei, P. Foggi, R. Germani,
C. G. Fortuna and B. Carlotti, The Role of Twisting in
Driving Excited-State Symmetry Breaking and Enhanced
Two-Photon  Absorption in Quadrupolar Cationic
Pyridinium Derivatives, Phys. Chem. Chem. Phys., 2021,
23(31), 16739-16753, DOI: 10.1039/D1CP01888D.

M. Fakis, V. Petropoulos, P. Hrobarik, ]J. Nociarova,
P. Osusky, M. Maiuri and G. Cerullo, Exploring Solvent
and Substituent Effects on the Excited State Dynamics and
Symmetry Breaking of Quadrupolar Triarylamine End-
Capped Benzothiazole Chromophores by Femtosecond
Spectroscopy, J. Phys. Chem. B, 2022, 126(42), 8532-8543,
DOI: 10.1021/acs.jpcb.2¢03103.

X. Niu, Z. Kuang, M. Planells, Y. Guo, N. Robertson and
A. Xia, Electron-Donating Strength Dependent Symmetry
Breaking Charge Transfer Dynamics of Quadrupolar
Molecules, Phys. Chem. Chem. Phys., 2020, 22(27), 15743~
15750, DOI: 10.1039/DOCP02527E.

B. Carlotti, E. Benassi, C. G. Fortuna, V. Barone, A. Spalletti
and F. Elisei, Efficient Excited-State Symmetry Breaking in
a Cationic Quadrupolar System Bearing Diphenylamino
Donors, ChemPhysChem, 2016, 17(1), 136-146, DOL:
10.1002/cphc.201500784.

K. Dhbaibi, L. Favereau, M. Srebro-Hooper, C. Quinton,
N. Vanthuyne, L. Arrico, T. Roisnel, B. Jamoussi, C. Poriel,
C. Cabanetos, J. Autschbach and ]J. Crassous, Modulation
of Circularly Polarized Luminescence through Excited-State
Symmetry Breaking and Interbranched Exciton Coupling in
Helical Push-Pull Organic Systems, Chem. Sci., 2020, 11(2),
567-576, DOI: 10.1039/C9SC05231C.

J. A. Clark, D. Kusy, O. Vakuliuk, M. Krzeszewski,
K. J. Kochanowski, B. Koszarna, O. O'Mari, D. Jacquemin,
D. T. Gryko and V. I. Vullev, The Magic of Biaryl Linkers:
The Electronic Coupling through Them Defines the
Propensity for Excited-State Symmetry Breaking in
Quadrupolar  Acceptor-Donor-Acceptor  Fluorophores,
Chem. Sci., 2023, 14(46), 13537-13550, DOI: 10.1039/
D3SC03812B.

Chem. Sci., 2024, 15, 15565-15576 | 15573


https://doi.org/10.1021/jacs.6b01362
https://doi.org/10.1021/jacs.6b01362
https://doi.org/10.1039/9781839165269-00308
https://doi.org/10.1039/9781839165269-00308
https://doi.org/10.1021/acs.jpclett.7b01821
https://doi.org/10.1021/acs.jpclett.7b01821
https://doi.org/10.1021/acs.jpclett.9b01024
https://doi.org/10.1021/acs.jpclett.9b01024
https://doi.org/10.1002/anie.201608567
https://doi.org/10.1021/acs.jpclett.7b02944
https://doi.org/10.1038/s41467-020-15681-3
https://doi.org/10.1038/s41467-020-15681-3
https://doi.org/10.1021/acs.jpclett.4c00213
https://doi.org/10.1021/acs.jpclett.4c00213
https://doi.org/10.1021/acs.jpclett.7b02754
https://doi.org/10.1021/acs.jpclett.7b02754
https://doi.org/10.1039/D3CP02810K
https://doi.org/10.1021/acs.jpclett.1c00893
https://doi.org/10.1039/D1CP01888D
https://doi.org/10.1021/acs.jpcb.2c03103
https://doi.org/10.1039/D0CP02527E
https://doi.org/10.1002/cphc.201500784
https://doi.org/10.1039/C9SC05231C
https://doi.org/10.1039/D3SC03812B
https://doi.org/10.1039/D3SC03812B
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc04797d

Open Access Article. Published on 07 1403. Downloaded on 17/10/1404 10:44:44 ..

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

18 Z. Szakacs, M. Tasior, D. T. Gryko and E. Vauthey, Change of
Quadrupole Moment upon Excitation and Symmetry
Breaking in Multibranched Donor-Acceptor Dyes,
ChemPhysChem, 2020, 21(15), 1718-1730, DOIL 10.1002/
cphc.202000253.

19 W. Kim, J. Sung, M. Grzybowski, D. T. Gryko and D. Kim,
Modulation of Symmetry-Breaking Intramolecular Charge-
Transfer Dynamics Assisted by Pendant Side Chains in -
Linkers in Quadrupolar Diketopyrrolopyrrole Derivatives, J.
Phys. Chem. Lett., 2016, 7(15), 3060-3066, DOI: 10.1021/
acs.jpclett.6b01248.

20 J. Zhou, C. P. Folster, S. K. Surampudi, D. Jimenez,
R. S. Klausen and A. E. Bragg, Asymmetric Charge
Separation and Recombination in  Symmetrically
Functionalized o-m Hybrid Oligosilanes, Dalton Trans.,
2017, 46(27), 8716-8726, DOI: 10.1039/C7DT00384F.

21 A. Mikhaylov, M. Uudsemaa, A. Trummal, E. Arias,
I. Moggio, R. Ziolo, T. M. Cooper and A. Rebane,

Spontaneous Symmetry Breaking Facilitates Metal-to-
Ligand Charge Transfer: A Quantitative Two-Photon
Absorption  Study of Ferrocene-Phenyleneethynylene

Oligomers, J. Phys. Chem. Lett., 2018, 9(8), 1893-1899, DOI:
10.1021/acs.jpclett.8b00525.

22 N. Kaul and R. Lomoth, The
Photoinduced Symmetry-Breaking Charge Separation in an
Fe(ur) N-Heterocyclic Carbene, J. Am. Chem. Soc., 2021,
143(29), 10816-10821, DOI: 10.1021/jacs.1c03770.

23 Z. Kuang, H. Song, Y. Guo, Q. Guo and A. Xia, Solvent-
Induced Symmetry-Breaking Charge Transfer in an
Octupolar Triphenylamine Derivative Resolved with
Transient Fluorescence Spectroscopy, Chin. J. Chem. Phys.,
2019, 32(1), 59-66, DOI: 10.1063/1674-0068/cjcp1811248.

24 A. Rebane, M. Drobizhev, N. S. Makarov, G. Wicks, P. Wnuk,
Y. Stepanenko, J. E. Haley, D. M. Krein, J. L. Fore, A. R. Burke,
J. E. Slagle, D. G. McLean and T. M. Cooper, Symmetry
Breaking in Platinum Acetylide Chromophores Studied by
Femtosecond Two-Photon Absorption Spectroscopy, J.
Phys. Chem. A, 2014, 118(21), 3749-3759, DOI: 10.1021/
jp5009658.

25 E. Sebastian and M. Hariharan, Symmetry-Breaking Charge
Separation in Molecular Constructs for Efficient Light
Energy Conversion, ACS Energy Lett., 2022, 7(2), 696-711,
DOI: 10.1021/acsenergylett.1c02412.

26 A. 1. Ivanov, Symmetry Breaking Charge Transfer in Excited
Multibranched Molecules and Dimers: A Unified
Standpoint, J. Photochem. Photobiol., C, 2024, 58, 100651,
DOI: 10.1016/j.jphotochemrev.2024.100651.

27 F. Terenziani, A. Painelli, C. Katan, M. Charlot and
M. Blanchard-Desce, Charge Instability in Quadrupolar
Chromophores: Symmetry Breaking and Solvatochromism,
J. Am. Chem. Soc., 2006, 128(49), 15742-15755, DOI:
10.1021/ja064521j.

28 A. L. Ivanov, B. Dereka and E. Vauthey, A Simple Model of
Solvent-Induced Symmetry-Breaking Charge Transfer in
Excited Quadrupolar Molecules, J. Chem. Phys., 2017,
146(16), 164306, DOL: 10.1063/1.4982067.

Carbene Cannibal:

15574 | Chem. Sci., 2024, 15, 15565-15576

View Article Online

Edge Article

29 A. 1. Ivanov, Theory of Vibrational Spectra of Excited
Quadrupolar Molecules with Broken Symmetry, J. Phys.
Chem. C, 2018, 122(51), 29165-29172, DOIL 10.1021/
acs.jpcc.8b10985.

30 A. L. Ivanov and V. G. Tkachev, Exact Solution of Three-Level
Model of Excited State Electron Transfer Symmetry Breaking
in Quadrupolar Molecules, J. Chem. Phys., 2019, 151(12),
124309, DOI: 10.1063/1.5116015.

31 A. E. Nazarov, A. I. Ivanov and E. Vauthey, Modeling Infrared
Spectral Dynamics upon Symmetry Breaking of a Photo-
Excited Quadrupolar Dye, J. Phys. Chem. C, 2020, 124(4),
2357-2369, DOI: 10.1021/acs.jpcc.9b10565.

32 A. E. Nazarov and A. I. Ivanov, Nonstationary Theory of
Excited State Charge Transfer Symmetry Breaking Driven
by Polar Solvent, J. Phys. Chem. B, 2020, 124(47), 10787~
10801, DOI: 10.1021/acs.jpcb.0c07612.

33 I F. Antipov and A. I. Ivanov, Effect of Symmetry Breaking in
Excited Quadrupole Molecules on Transition Dipole
Moment, J. Phys. Chem. B, 2021, 125(50), 13778-13788,
DOI: 10.1021/acs.jpcb.1c08666.

34 A. L. Ivanov, Modeling the Effect of H-Bonding of Excited
Quadrupolar Molecules with a Solvent on Charge Transfer
Symmetry Breaking, J. Phys. Chem. B, 2022, 126(44), 9038-
9046, DOL: 10.1021/acs.jpcb.2¢05984.

35 A. I Ivanov, Electric Dipole Flip in a Quadrupolar Molecule
with Broken Symmetry upon Excited State Absorption, J.
Chem. Phys., 2023, 159(5), 054302, DOI: 10.1063/5.0161041.

36 T. V. Mikhailova and A. L. Ivanov, Controlling the Symmetry
Breaking Charge Transfer Extent in Excited Quadrupolar
Molecules by Tuning the Locally Excited State, J. Chem.
Phys., 2024, 160(5), 054302, DOI: 10.1063/5.0193532.

37 N. B. Siplivy and A. I. Ivanov, The Effect of Energy Level
Degeneracy on Symmetry-Breaking Charge Transfer:
Excited Octupolar Dyes, J. Chem. Phys., 2023, 158, 164301,
DOI: 10.1063/5.0147328.

38 N. B. Siplivy and A. I. Ivanov, Symmetry Breaking Charge
Transfer and Control of the Transition Dipole Moment in
Excited Octupolar Molecules, J. Chem. Phys., 2024, 160,
194302, DOI: 10.1063/5.0211030.

39 S. D. Fried and S. G. Boxer, Electric Fields and Enzyme
Catalysis, Annu. Rev. Biochem., 2017, 86(1), 387-415, DOL:
10.1146/annurev-biochem-061516-044432.

40 S. Shaik, D. Mandal and R. Ramanan, Oriented Electric
Fields as Future Smart Reagents in Chemistry, Nat. Chem.,
2016, 8(12), 1091-1098, DOI: 10.1038/nchem.2651.

41 Y. Qin, C. Schnedermann, M. Tasior, D. T. Gryko and
D. G. Nocera, Direct Observation of Different One- and
Two-Photon Fluorescent States in a Pyrrolo[3,2- b |Pyrrole
Fluorophore, J. Phys. Chem. Lett., 2020, 11(12), 4866-4872,
DOI: 10.1021/acs.jpclett.0c00669.

42 B. Dereka and E. Vauthey, Direct Local Solvent Probing by
Transient Infrared Spectroscopy Reveals the Mechanism of
Hydrogen-Bond Induced Nonradiative Deactivation, Chem.
Sci., 2017, 8(7), 5057-5066, DOI: 10.1039/C7SC00437K.

43 B. Dereka, J. Helbing and E. Vauthey, Transient Glass
Formation around a Quadrupolar Photoexcited Dye in
a Strongly H-Bonding Liquid Observed by Transient 2D-IR

© 2024 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.1002/cphc.202000253
https://doi.org/10.1002/cphc.202000253
https://doi.org/10.1021/acs.jpclett.6b01248
https://doi.org/10.1021/acs.jpclett.6b01248
https://doi.org/10.1039/C7DT00384F
https://doi.org/10.1021/acs.jpclett.8b00525
https://doi.org/10.1021/jacs.1c03770
https://doi.org/10.1063/1674-0068/cjcp1811248
https://doi.org/10.1021/jp5009658
https://doi.org/10.1021/jp5009658
https://doi.org/10.1021/acsenergylett.1c02412
https://doi.org/10.1016/j.jphotochemrev.2024.100651
https://doi.org/10.1021/ja064521j
https://doi.org/10.1063/1.4982067
https://doi.org/10.1021/acs.jpcc.8b10985
https://doi.org/10.1021/acs.jpcc.8b10985
https://doi.org/10.1063/1.5116015
https://doi.org/10.1021/acs.jpcc.9b10565
https://doi.org/10.1021/acs.jpcb.0c07612
https://doi.org/10.1021/acs.jpcb.1c08666
https://doi.org/10.1021/acs.jpcb.2c05984
https://doi.org/10.1063/5.0161041
https://doi.org/10.1063/5.0193532
https://doi.org/10.1063/5.0147328
https://doi.org/10.1063/5.0211030
https://doi.org/10.1146/annurev-biochem-061516-044432
https://doi.org/10.1038/nchem.2651
https://doi.org/10.1021/acs.jpclett.0c00669
https://doi.org/10.1039/C7SC00437K
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc04797d

Open Access Article. Published on 07 1403. Downloaded on 17/10/1404 10:44:44 ..

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

Spectroscopy, Angew. Chem., Int. Ed., 2018, 57(52), 17014-
17018, DOIL: 10.1002/anie.201808324.

44 M. Tasior, O. Vakuliuk, A. Wrzosek, V. I. Vullev, A. Szewczyk,
D. Jacquemin and D. T. Gryko, Quadrupolar, Highly
Polarized Dyes: Emission Dependence on Viscosity and
Selective Mitochondria Staining, ACS Org. Inorg. Au, 2023,
4, 248-257, DOI: 10.1021/acsorginorgau.3c00035.

45 M. Tasior, O. Vakuliuk, D. Koga, B. Koszarna, K. Gorski,
M. Grzybowski, E. Kielesinski, M. Krzeszewski and
D. T. Gryko, Method for the Large-Scale Synthesis of
Multifunctional 1,4-Dihydro-Pyrrolo[3,2- b ]Pyrroles, J. Org.
Chem., 2020, 85(21), 13529-13543, DOL 10.1021/
acs.joc.0c01665.

46 J. Volari¢, W. Szymanski, N. A. Simeth and B. L. Feringa,
Molecular Photoswitches in Aqueous Environments, Chem.
Soc. Rev., 2021, 50(22), 12377-12449, DOIL: 10.1039/
DOCS00547A.

47 S. Hezaveh, S. Samanta, G. Milano and D. Roccatano,
Molecular Dynamics Simulation Study of Solvent Effects on
Conformation and Dynamics of Polyethylene Oxide and
Polypropylene Oxide Chains in Water and in Common
Organic Solvents, J. Chem. Phys., 2012, 136, 124901, DOI:
10.1063/1.3694736.

48 Y. Sasanuma, H. Ohta, I. Touma, H. Matoba, Y. Hayashi and
A. Kaito, Conformational Characteristics of Poly(Ethylene
Sulfide) and Poly(Ethylene Oxide): Solvent Dependence of
Attractive and Repulsive Gauche Effects, Macromolecules,
2002, 35(9), 3748-3761, DOI: 10.1021/ma0120270.

49 E. Vauthey, Watching Excited-State Symmetry Breaking in
Multibranched Push-Pull Molecules, J. Phys. Chem. Lett.,
2022, 13(9), 2064-2071, DOI: 10.1021/acs.jpclett.2c00259.

50 J. D. Slocum and L. J. Webb, Measuring Electric Fields in
Biological Matter Using the Vibrational Stark Effect of
Nitrile Probes, Annu. Rev. Phys. Chem., 2018, 69(1), 253-
271, DOI: 10.1146/annurev-physchem-052516-045011.

51 B. A. Lindquist, K. E. Furse and S. A. Corcelli, Nitrile Groups
as Vibrational Probes of Biomolecular Structure and
Dynamics: An Overview, Phys. Chem. Chem. Phys., 2009,
11(37), 8119, DOI: 10.1039/b908588b.

52 S. Sarkar, A. Maitra, S. Banerjee, V. S. Thoi and J. M. Dawlaty,
Electric Fields at Metal-Surfactant Interfaces: A Combined
Vibrational Spectroscopy and Capacitance Study, J. Phys.
Chem. B, 2020, 124(7), 1311-1321, DOI: 10.1021/
acs.jpcb.0c00560.

53 S. D. Fried and S. G. Boxer, Measuring Electric Fields and
Noncovalent Interactions Using the Vibrational Stark
Effect, Acc. Chem. Res., 2015, 48(4), 998-1006, DOI:
10.1021/ar500464j.

54 S.D. Fried, S. Bagchi and S. G. Boxer, Extreme Electric Fields
Power Catalysis in the Active Site of Ketosteroid Isomerase,
Science, 2014, 346(6216), 1510-1514, DOI 10.1126/
science.1259802.

55 C. Zheng, Z. Ji, I. I. Mathews and S. G. Boxer, Enhanced
Active-Site Electric Field Accelerates Enzyme Catalysis, Nat.
Chem., 2023, 15(12), 1715-1721, DOIL: 10.1038/s41557-023-
01287-x.

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

56 N. M. Levinson, S. D. Fried and S. G. Boxer, Solvent-Induced
Infrared Frequency Shifts in Aromatic Nitriles Are
Quantitatively Described by the Vibrational Stark Effect, J.
Phys. Chem. B, 2012, 116(35), 10470-10476, DOI: 10.1021/
jp301054e.

57 S. A. Sorenson, J. G. Patrow and J. M. Dawlaty, Solvation
Reaction Field at the Interface Measured by Vibrational
Sum Frequency Generation Spectroscopy, J. Am. Chem.
Soc., 2017, 139(6), 2369-2378, DOI: 10.1021/jacs.6b11940.

58 A. T. Fafarman, P. A. Sigala, D. Herschlag and S. G. Boxer,
Decomposition of Vibrational Shifts of Nitriles into
Electrostatic and Hydrogen-Bonding Effects, J. Am. Chem.
Soc., 2010, 132(37), 12811-12813, DOI: 10.1021/ja104573b.

59 B. Blasiak, A. W. Ritchie, L. J. Webb and M. Cho, Vibrational
Solvatochromism of Nitrile Infrared Probes: Beyond the
Vibrational Stark Dipole Approach, Phys. Chem. Chem.
Phys., 2016, 18(27), 18094-18111, DOI: 10.1039/C6CP01578F.

60 R. W. Taft and M. ]J. Kamlet, The Solvatochromic
Comparison Method. 2. The a-Scale of Solvent Hydrogen-
Bond Donor (HBD) Acidities, J. Am. Chem. Soc., 1976,
98(10), 2886-2894, DOI: 10.1021/ja00426a036.

61 S. R. Galle Kankanamge, J. Ma, R. T. Mackin, F. M. Leonik,
C. M. Taylor, 1. V. Rubtsov and D. G. Kuroda, Proving and
Probing the Presence of the Elusive C—H---O Hydrogen
Bond in Liquid Solutions at Room Temperature, Angew.
Chem., 2020, 132(39), 17160-17165, DOIL  10.1002/
ange.202006210.

62 S. Kore, R. R. Sahoo, B. Santra, A. Sarkar, T. Chowdhury,
S. H. Deshmukh, S. Hazarika, S. Chatterjee and S. Bagchi,
Solvation Structure and Dynamics of a Small Ion in an
Organic Electrolyte, J. Photochem. Photobiol., A, 2023, 440,
114666, DOI: 10.1016/j.jphotochem.2023.114666.

63 A. Maitra, W. R. Lake, A. Mohamed, S. C. Edington, P. Das,
B. C. Thompson, S. Hammes-Schiffer, M. Johnson and
J. M. Dawlaty, Measuring the Electric Fields of Ions
Captured in Crown Ethers, J. Phys. Chem. Lett., 2024, 7458-
7465, DOL: 10.1021/acs.jpclett.4c01303.

64 I. T. Suydam and S. G. Boxer, Vibrational Stark Effects
Calibrate the Sensitivity of Vibrational Probes for Electric
Fields in Proteins, Biochemistry, 2003, 42(41), 12050-12055,
DOLI: 10.1021/bi0352926.

65 S. S. Andrews and S. G. Boxer, Vibrational Stark Effects of
Nitriles I. Methods and Experimental Results, J. Phys.
Chem. A, 2000, 104(51), 11853-11863, DOIL 10.1021/
jp002242r.

66 Y. Yang, J. Liu, R. Feng, W. Zhang and F. Gai, C=N
Stretching Frequency as a Convenient Reporter of Charge
Separation in Molecular Systems, J. Phys. Chem. B, 2023,
127(31), 6999-7003, DOIL: 10.1021/acs.jpcb.3¢02707.

67 M. Koch, G. Licari and E. Vauthey, Bimodal Exciplex
Formation in Bimolecular Photoinduced Electron Transfer
Revealed by Ultrafast Time-Resolved Infrared Absorption, J.
Phys. Chem. B, 2015, 119(35), 11846-11857, DOI: 10.1021/
acs.jpcb.5b07663.

68 J. B. Weaver, J. Kozuch, J. M. Kirsh and S. G. Boxer, Nitrile
Infrared Intensities Characterize Electric Fields and

Hydrogen Bonding in Protic, Aprotic, and Protein

Chem. Sci., 2024, 15, 15565-15576 | 15575


https://doi.org/10.1002/anie.201808324
https://doi.org/10.1021/acsorginorgau.3c00035
https://doi.org/10.1021/acs.joc.0c01665
https://doi.org/10.1021/acs.joc.0c01665
https://doi.org/10.1039/D0CS00547A
https://doi.org/10.1039/D0CS00547A
https://doi.org/10.1063/1.3694736
https://doi.org/10.1021/ma012027o
https://doi.org/10.1021/acs.jpclett.2c00259
https://doi.org/10.1146/annurev-physchem-052516-045011
https://doi.org/10.1039/b908588b
https://doi.org/10.1021/acs.jpcb.0c00560
https://doi.org/10.1021/acs.jpcb.0c00560
https://doi.org/10.1021/ar500464j
https://doi.org/10.1126/science.1259802
https://doi.org/10.1126/science.1259802
https://doi.org/10.1038/s41557-023-01287-x
https://doi.org/10.1038/s41557-023-01287-x
https://doi.org/10.1021/jp301054e
https://doi.org/10.1021/jp301054e
https://doi.org/10.1021/jacs.6b11940
https://doi.org/10.1021/ja104573b
https://doi.org/10.1039/C6CP01578F
https://doi.org/10.1021/ja00426a036
https://doi.org/10.1002/ange.202006210
https://doi.org/10.1002/ange.202006210
https://doi.org/10.1016/j.jphotochem.2023.114666
https://doi.org/10.1021/acs.jpclett.4c01303
https://doi.org/10.1021/bi0352926
https://doi.org/10.1021/jp002242r
https://doi.org/10.1021/jp002242r
https://doi.org/10.1021/acs.jpcb.3c02707
https://doi.org/10.1021/acs.jpcb.5b07663
https://doi.org/10.1021/acs.jpcb.5b07663
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc04797d

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 07 1403. Downloaded on 17/10/1404 10:44:44 ..

(cc)

Chemical Science

Environments, J. Am. Chem. Soc., 2022, 144(17), 7562-7567,
DOI: 10.1021/jacs.2(:00675.

69 S. S. Chaturvedi, S. Vargas, P. Ajmera and A. N. Alexandrova,
Directed Evolution of Protoglobin Optimizes the Enzyme
Electric Field, J. Am. Chem. Soc., 2024, 146, 16670-16680,
DOI: 10.1021/jacs.4c03914.

70 R. Meir, H. Chen, W. Lai and S. Shaik, Oriented Electric
Fields Accelerate Diels-Alder Reactions and Control the

15576 | Chem. Sci,, 2024, 15, 15565-15576

View Article Online

Edge Article

Endo/Exo Selectivity, ChemPhysChem, 2010, 11(1), 301-310,
DOI: 10.1002/cphc.200900848.

71 N. S. Hill and M. L. Coote, Internal Oriented Electric Fields
as a Strategy for Selectively Modifying Photochemical
Reactivity, J. Am. Chem. Soc., 2018, 140(50), 17800-17804,
DOI: 10.1021/jacs.8b12009.

© 2024 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.1021/jacs.2c00675
https://doi.org/10.1021/jacs.4c03914
https://doi.org/10.1002/cphc.200900848
https://doi.org/10.1021/jacs.8b12009
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc04797d

	Excited-state symmetry breaking is an ultrasensitive tool for probing microscopic electric fieldsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc04797d
	Excited-state symmetry breaking is an ultrasensitive tool for probing microscopic electric fieldsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc04797d
	Excited-state symmetry breaking is an ultrasensitive tool for probing microscopic electric fieldsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc04797d
	Excited-state symmetry breaking is an ultrasensitive tool for probing microscopic electric fieldsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc04797d

	Excited-state symmetry breaking is an ultrasensitive tool for probing microscopic electric fieldsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc04797d
	Excited-state symmetry breaking is an ultrasensitive tool for probing microscopic electric fieldsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc04797d
	Excited-state symmetry breaking is an ultrasensitive tool for probing microscopic electric fieldsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc04797d
	Excited-state symmetry breaking is an ultrasensitive tool for probing microscopic electric fieldsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc04797d
	Excited-state symmetry breaking is an ultrasensitive tool for probing microscopic electric fieldsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc04797d
	Excited-state symmetry breaking is an ultrasensitive tool for probing microscopic electric fieldsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc04797d
	Excited-state symmetry breaking is an ultrasensitive tool for probing microscopic electric fieldsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc04797d




