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Abstract: Twisting intramolecular charge transfer (TICT) is a common nonradiative relaxation path-
way for a molecule with a flexible substituent, effectively reducing the fluorescence quantum yield
(FQY) by swift twisting motions. In this work, we investigate coumarin 481 (C481) that contains a
diethylamino group in solution by femtosecond transient absorption (fs-TA), femtosecond stimulated
Raman spectroscopy (FSRS), and theoretical calculations, aided by coumarin 153 with conforma-
tional locking of the alkyl arms as a control sample. In different solvents with decreasing polarity,
the transition energy barrier between the fluorescent state and TICT state increases, leading to an
increase of the FQY. Correlating the fluorescence decay time constant with solvent polarity and
viscosity parameters, the multivariable linear regression analysis indicates that the chromophore’s
nonradiative relaxation pathway is affected by both hydrogen (H)-bond donating and accepting
capabilities as well as dipolarity of the solvent. Results from the ground- and excited-state FSRS shed
important light on structural dynamics of C481 undergoing prompt light-induced intramolecular
charge transfer from the diethylamino group toward -C=0 and —CF3 groups, while the excited-state
C=0 stretch marker band tracks initial solvation and vibrational cooling dynamics in aprotic and
protic solvents (regardless of polarity) as well as H-bonding dynamics in the fluorescent state for C481
in high-polarity protic solvents like methanol. The uncovered mechanistic insights into the molecular
origin for the fluorogenicity of C481 as an environment-polarity sensor substantiate the generality of
ultrafast TICT state formation of flexible molecules in solution, and the site-dependent substituent(s)
as an effective route to modulate the fluorescence properties for such compact, engineerable, and
versatile chemosensors.

Keywords: aminocoumarin; ultrafast laser spectroscopy; molecular structural dynamics; solva-
tochromism; fluorogenicity; polarity sensor; femtosecond stimulated Raman

1. Introduction

Conformational twisting around a chemical bond is an important mechanism in
regulating fluorescence and has profound impacts on the applications of chemical and
biological imaging and sensing, and optoelectronics, among a wide range of fluorescence-
based methodologies and advances. For example, super-resolution microscopy using
photoswitchable fluorescent proteins crucially involves Z-E or cis—trans isomerization of
the protein core chromophore, p-HBDI, around the methine bridge C=C bond [1,2]. The
two different conformations along with the protonation state change jointly lead to the
fluorescence on- and off-responses that are necessary for photoswitching. A more common
consequence of structural twisting motions is that photoexcited molecules can be dynami-
cally deactivated in a nonradiative manner. Twisted intramolecular charge transfer (TICT)
has thus been proposed as the main cause for fluorescence quenching in many flexible
molecules [3-6]. This holistic understanding has facilitated a myriad of practical advances
either by directly harnessing the unique sensitivity of TICT to environmental factors such
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as polarity and viscosity to make pertinent sensors [7,8], or effectively suppressing TICT
to make brighter fluorophores such as aggregation-induced emission dyes or fluorescent
bioprobes [9,10].

At the theoretical front, the TICT process is usually accompanied by the presence of a
corresponding energy state termed TICT state with a twisted structure in addition to the
directly excited electronic state that is the fluorescent state (FS, emissive) with a largely pla-
nar structure [3,11]. In most cases, the TICT state is non-emissive due to the extremely tiny
downward transition oscillator strength. An exception is the 4-(dimethylamino)benzonitrile
(DMABN) which shows dual emission bands resulting from the directly excited and TICT
states as widely accepted [12,13]. Compared to TICT induced by the rotation of large
groups like aromatic rings, it is intriguing that a small group like amine can induce TICT
and drastically quench fluorescence. In recent years, considerable work has been devoted
to the mechanistic understanding of TICT in such systems [3,6,13]. Besides the inquiry
about effects of an amine structure on TICT, the high sensitivity of fluorescence quantum
yield (FQY) to environmental polarity has been discovered but remains underexplored
for these amine-containing molecules [14,15]. In protic polar solvents, these molecules
usually display low FQYs which are attributed to the facile TICT-state formation due to
rotation of the amine group along the covalent C-N (backbone-amine) bond. In contrast,
in low-polarity solvents TICT tends to be suppressed, which gives rise to a high FQY.
Kinetically, these experimental observations suggest that the FS-to-TICT transition state is
more polar than the FS.

However, quantifying solvent polarity and thus correctly connecting to the TICT
efficiency is not a trivial task. Recently, we reported a novel polarity sensor, p-NMey-m-
HBDI:BF;, engineered from the green fluorescent protein (GFP) chromophore that contains
a dimethylamine group at the original phenolic hydroxy site [8]. We developed an ana-
lytical linear regression approach that quantitatively correlates the twisting rate constant
to solvent polarity indicators weighing hydrogen (H)-bonding and dipolar interactions
as well as solvent viscosity [8,16]. It was found that the fluorogenicity is governed by
the “specific” H-bonding interactions instead of “nonspecific” electric dipolar interactions
between the chromophore and solvent. This finding intrigued us to study whether this is a
common mechanism for amine-containing TICT-capable molecules and how significant
the solvent viscosity contribution could be. In this work, we investigate the fluorogenicity
of diethylaminocoumarin (C481) based on the popular and widely used coumarin scaf-
folds [17-19], exhibiting up to 20-fold FQY enhancement from polar to nonpolar organic
solvents. With the FQY results from steady-state fluorescence spectroscopy and transient
electronic dynamics data from femtosecond transient absorption (fs-TA), we quantitatively
demonstrated that both H-bonding and dipolar interactions between the chromophore and
solvent affect TICT state properties in C481. We further implemented wavelength-tunable
femtosecond stimulated Raman spectroscopy (FSRS) [20,21] to provide structural insights
into the excited-state relaxation dynamics and important role of solvent polarity in TICT
systems.

2. Materials and Methods
2.1. Chemicals and Steady-State Electronic Spectroscopy

The 7-diethylamino-4-(trifluoromethyl)coumarin (C481, CAS RN: 41934-47-8) with
>97% purity (NMR) was purchased from Apollo Scientific Ltd. (Bredbury, UK). The
control sample 2,3,6,7-Tetrahydro-9-(trifluoromethyl)-1H,5H,11H-[1]benzopyrano [6,7,8-
ij]quinolizin-11-one (C153, CAS RN: 53518-18-6) with 99% purity (HPLC) was purchased
from MilliporeSigma (Sigma-Aldrich, St Louis, MO, USA) without further purification.
See Scheme 1 for a direct comparison between these two chromophores. The solvent
2,2 2-trifluoroethanol (TFE) was purchased from TCI America, Inc. and used as received.
A Thermo Scientific Evolution 201 UV /Visible spectrophotometer (Waltham, MA, USA)
and a Shimadzu RF-6000 spectrofluorophotometer (Pleasanton, CA, USA) were used to
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collect steady-state electronic absorption and fluorescence spectra, respectively. The sample
solution was housed in a 5-mm-pathlength four-sided quartz cuvette.

CF, CF,
”@Ei -
R S N o~ Yo
)" C481 C153

Scheme 1. Structures of C481 and C153 with their different molecular compositions highlighted in
red. The dihedral angle for the diethylamino group twisting motion is denoted by (4, b, ¢, d) on the
pertinent atoms of C481.

2.2. Fluorescence Quantum Yield (FQY) Measurements

The FQYs of C481 and C153 in various solvents were measured using the relative

approach as described in the literature [22-24]. C153 in ethanol (EtOH) was used as the
standard. Five sample concentrations (optical density or OD of ~0.02, 0.04, 0.06, 0.08, and
0.1 per 5 mm to minimize the inner-filter effect) in each solvent were measured to obtain
the absorption and emission spectra, providing input for the FQY calculation on the basis
of Equation (1):
Fs f X ngt
where F is the integrated fluorescence intensity within an appropriate spectral range, f is
the absorption factor calculated by the quantity of (1-10~4) (i.e., A is the absorbance at the
excitation wavelength), n is the refractive index of the solvent, ¢ is the quantum yield. The
subscripts x and st stand for the sample to be measured and known standard, respectively.
The range of adjusted R? values of five selected sample concentrations in 14 solvents is
from 0.996 to 0.999, substantiating the linear model accuracy for deriving the FQYs for
solvated chromophores like C481 in this work.

Px = Pst- 1)

2.3. Femtosecond Transient Absorption (fs-TA) Spectroscopy with Global Analysis

The detailed description of our home-built fs-TA setup can be found in our previous
publications [25-27]. Briefly, the main laser source was provided by a Legend Elite USP-
1K-HE regenerative amplifier system (Coherent, Inc., Santa Clara, CA, USA) that delivers
~3.5 W average power, 35 fs pulse duration, 800 nm pulses at 1 kHz repetition rate. In
this work, 400 nm pump with 0.3-0.5 mW average power was used to excite all samples.
Given the typical laser focal spot diameter of ~0.2 mm in our setup [28], the average pump
fluence was ~1.3 W/cm? or 2.6 x 10'° photons/cm?/pulse with the 400 nm pump. The
polarizations of pump and probe pulses were set at the magic angle (54.7°) configuration
to eliminate anisotropic effects. Sample solution was housed in a 1-mm-pathlength quartz
cuvette (Spectrosil 1-Q-1, Starna Cells, Inc., Atascadero, CA, USA) with concentration
in the OD range of 0.3-0.5 per mm, being constantly stirred by a minuscule steel bar
made from staples during spectral data collection. The TA spectral data were calibrated
by a HG-1 Mercury Argon calibration light source (Ocean Optics/Ocean Insight, Inc.,
Orlando, FL, USA) and processed in Igor Pro software (WaveMetrics, Inc., Lake Oswego,
OR, USA). The subsequent global analysis was performed using the open-source Glotaran
program [29]. Evolution-associated and decay-associated difference spectra (EADS and
DADS) [30,31] with pertinent lifetimes were retrieved from fs-TA spectra for a quantitative
analysis (multivariable linear regression, see below for details) of the polarity-dependent
fluorogenicity of C481 in solution. In particular for our experiments, the 400 nm pump was
temporally compressed by a Brewster angle dispersing prism pair (06SB10, transmission
range of 185 nm to 2.1 pm, Newport, Inc., Irvine, CA, USA). The spectral dispersion of the
probe was corrected by a chirped mirror pair (DCM-12, 400—700 nm, Laser Quantum, Inc.,
part of Novanta Photonics, Stockport, UK). The cross-correlation time between the pump



Chemosensors 2022, 10, 411

40f22

and probe pulses was measured to be <100 fs [27]. A time window from —2 to 900 ps was
scanned for all samples (Figure S1) except for C481 in two solvents, dichloromethane and
chloroform, where a longer delay of 3.6 ns was scanned in another fs-TA setup (see Figure
S1 caption) with a translational stage setup of quadruple pathlength. The coherent artifact
that appears around time zero does not pose severe fitting problems because of the more
intense sample signals (i.e., the prominent stimulated emission band from C481) and hence
is kept as is (see black traces with some fast wiggles as the fastest component from global
analysis, Figure 52) without further processing or in-depth discussion, also due to the focus
of this work on the origin of C481 fluorogenicity (insensitive to the coherent artifact around
time zero) as a polarity sensor.

2.4. Femtosecond Stimulated Raman Spectroscopy (FSRS)

The detailed description of our home-built wavelength-tunable FSRS setup can be
found in our previous publications [25,31,32]. In this work, 400 nm actinic pump (0.3-0.4
mW) was used for photoexcitation of the chromophores in solution. Excited-state FSRS
(ES-FSRS) spectra were collected for C481 in methanol (MeOH) and dimethyl sulfoxide
(DMSO) with 620 nm Raman pump, and in toluene with 540 nm Raman pump, with
an average power of 3—4 mW. To improve the signal-to-noise ratio by resonance Raman
enhancement with respect to specific electronic states [21,33], the ground-state FSRS (GS-
FSRS, without the actinic pump) spectra were additionally collected with 540 nm Raman
pump in MeOH and DMSO as well as 498 nm Raman pump in toluene. All FSRS spectra
were collected on the anti-Stokes side (Raman probe is on the higher energy side of Raman
pump) [21,34] with parallel polarizations of all the incident laser pulses to increase the signal-
to-noise ratio. The pulse duration (full width at half maximum) of our tunable narrowband
Raman pump was measured to be ~2 ps [32]. Since the FSRS spectral line shapes could
be affected by the relative time delay between the Raman pump and probe pulses [35-37],
we experimentally optimized the GS-FSRS line shape of the solvent standard to be mostly
absorptive (not dispersive) across the detection window before performing the subsequent
sample measurements. The ES-FSRS spectra are presented at all the time delay points after
the one-to-one subtraction of GS-FSRS spectrum (collected periodically throughout the
experiment), so the resultant difference spectrum at each time delay includes ideally the
“pure” excited-state Raman peaks and sometimes ground-state bleaching peaks (depending
upon the resonance enhancement conditions of the pertinent electronic states) [21,33,38].
The sample solution for FSRS was housed and constantly stirred by a minuscule steel bar
in a 1-mm-pathlength quartz cuvette with an OD of ~1.5 per mm. All the spectral data
collection was performed at room temperature (22 °C) and under standard atmosphere
(1 atm).

2.5. Computational Methods

All the ground- and excited-state calculations were performed with density functional
theory (DFT) using Gaussian 16 program [39]. The ground (Sp) and excited (S;) singlet
state geometries, Raman mode frequencies, and dihedral angle scans were calculated using
DFT and time-dependent (TD-)DFT methods, respectively, at the B3LYP level of theory
with 6-311G+(d,p) basis sets. The inclusion of dispersion corrections is more relevant for
the chromophore in polar solvents to better describe the solvation and entropy effects
for the solute-solvent complex, while addressing the over-repulsive nature of the B3LYP
potential [40,41]. The solvent effect was accounted for by the implicit integral equation
formalism variant polarizable continuum model (IEFPCM) to reduce computational costs
and focus on the main electronic effects induced by the solvent on the solute (chromophores).
For corroboration, we also used TD-DFT to calculate the absorption peak energy of C481
plus one explicit solvent molecule [42,43] with implicit solvent (IEFPCM) in MeOH [44]. The
results show that the Sy—5; energy gap does shrink to some extent due to the inclusion of
one explicit MeOH molecule at the C=O end of the chromophore (i.e., 405 to 411 nm), while
the experimental value is 402 nm (i.e., a better match to the implicit model). Moreover, since
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we intended to emphasize the general trend from systematic DFT and TD-DFT calculations
of C481 across various solvents, instead of a quantitative match between the experimental
and calculated values (e.g., absorption and emission peak energies, excited-state twisting
barrier heights), we did not include one or more explicit solvent molecules at various
locations within the first solvation shell of C481 in this work. We expect that future studies
by theoreticians with advanced computational methods could deepen our understanding
of these H-bonding systems with intriguing fluorescence properties.

3. Results and Discussion
3.1. Polarity-Dependent Fluorogenicity of Diethylaminocoumarin in Solvents

Diethylaminocoumarin (C481) in solvents exhibits marked fluorogenicity [18,45]. In
polar protic solvents, C481 has small FQYs as low as 0.043 in methanol (water was not
measured due to the extremely low solubility [14]). In the much less polar solvents, C481
shows high FQYs up to 0.876 in chloroform, representing a ~20-fold increase from the FQY
in methanol (Table 1). This general trend has also been observed previously for amine-
containing fluorogens [8], implying the same origin of their fluorogenicity. However, C481
differs from previous fluorogens in the medium-polarity region (i.e., polar aprotic solvents
such as DMSO). In these solvents, FQYs of C481 remain low and only show a slight increase
with respect to those in polar alcohols (Table 1), in accord with a previous report measuring
FQYs of C481 in more solvents with finely tuned solvent polarity parameters [18]. As
a result, the FQY of C481 displays a plateau-like correlation with the empirical polarity
parameter (E%I ) [46] in the medium to high polarity region (Figure 1). This pattern is in
contrast to our recently reported fluorogen derived from the GFP chromophore whose FQY
shows a largely linear relationship with E¥. These systematic results and comparisons
between two fluorogens across 11+ solvents indicate that the single parameter EY is inade-
quate to accurately describe the solute-solvent interactions, and the fluorogen framework
also plays a non-negligible role in these interactions besides the rotatable amine group. In
addition, energy gap law could be used to explain the fluorescence quenching behavior [47].
The high sensitivity of FQY to solvent polarity for C481 can be preferentially attributed to
TICT for which the diethylamino (-NEt,) group twists toward a dark TICT state. Direct ex-
perimental evidence stems from the rigid analogue coumarin 153 (C153) as a control sample,
which cannot rotate around the C-N bond due to the conformational locking of the alkyl
arms and thus leads to generally larger FQYs than C481 with the additional conformational
flexibility (Figure 1). Moreover, C153 exhibits much less FQY variations when compared
to C481 in different solvents, albeit a negative correlation between FQY and EIT\] remains
discernable. However, this much weaker polarity sensitivity (about 2.5-fold difference from
polar to non-polar solvents) likely arises from very different mechanisms beyond the scope
of this work, which we will report in a separate study in order to remain focused here.
Nevertheless, the pronounced fluorogenicity with up to ~20-fold FQY increase from polar
to nonpolar solvents infers that twisting of the -NEt, group is the dominant nonradiative
pathway for C481 in solution.
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Table 1. Solvatochromism and FQYs of C481 in 14 solvents with different polarities (solvents with
significantly higher FQYs are highlighted by light gray shades) *.

Solvent Polarity (EY) Asbs/Aem (nm) St"(lc‘f;’,sl?‘ft FQY (%)
TFE 0.898 414/515 4740 63
MeOH 0.762 402/512 5340 43
EtOH 0.654 401 /504 5100 8.6
1-PrOH 0.617 402/500 4880 15.0
2-PrOH 0.546 400,496 4840 18.4
ACN 0.460 399/495 4860 82
DMSO 0.444 406/507 4910 71
DMF 0.386 403,498 4730 72
Acetone 0.355 398,490 4720 14.1
DCM 0.309 400/474 3900 853
CHCI, 0.259 399,/464 3510 87.6
FtOAc 0.228 393/474 4350 76.0
Dioxane 0.164 389/465 4200 84.0
Toluene 0.099 390,455 3660 85.0

* The common solvent names of acetone ((CH3),CO), dioxane (C4HgO5), and toluene (C;Hg) are capitalized to be
visually consistent with the other abbreviated solvent names in this work (text, figures, and tables).

Notably, the plots of FQY against solvent polarity (E) exhibit a similar trend for C481
and C153 (both chromophores show lower FQYs in higher polarity solvents), while in
several high polarity solvents, the FQYs of C153 are much larger than C481 (Figure 1). This
result indicates that different amino substituents dictate the fluorogenicity of coumarin
molecules [14], and in particular, the diethylamino group of C481 can significantly suppress
the FQY in polar solvents regardless of their protic or aprotic nature [18,45].

T T T T
1.0
O C153
s
o O C481
L 08+ -
o
_% TFE
£ MeQH
3 06F -
c
g
o ACN
§ 0.4 y
2 DMF
2 DCM
S 02} CHCL i
e Dioxane
Toluene
1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

Solvent polarity (E ¥ )

Figure 1. FQY comparison between C481 (squares) and C153 (circles) in various solvents (color-
coded) being measured for both chromophores. The notable jump of FQY values from DMF to DCM
can be correlated with time-resolved spectral data and insights (see below).
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3.2. Elucidation of Solute-Solvent Interactions Affecting TICT Efficiency by Femtosecond Transient
Absorption (fs-TA) Spectroscopy

To unravel molecular origin for the solvent-polarity-dependent FQY of C481, we
employed fs-TA spectroscopy to track the chromophore’s excited-state electronic dynamics
in various solvents, aided by the probe-dependent fits and global analysis [30,31]. In all
solvents, C481 exhibits a dominant stimulated emission (SE) band that red-shifts on ultrafast
timescales (up to the experimental detection time window of ~1 ns for the majority of TA
measurements, see Figure 2a—c and Figure S1), and the SE peak position is corroborated
by steady-state fluorescence peak positions (Figure 2d). We performed a series of fs-TA
measurements for C481 in 14 solvents with varying polarities to establish the commonly
conserved electronic features as SE peak redshift and intensity decay on the sub-nanosecond
(sub-ns) to ns timescales, while the continuous redshift of SE band maximum from the
first, second, to third EADS is reflective of a typical solvation process (Figure S2, also see
below) [31,33,48,49]. One notable exception is C481 in chloroform, which displays two
EADS with 1.7 and 30 picosecond (ps) lifetimes prior to the fluorescent state (FS) lifetime
of 5.1 ns (Figure S2n), in accord with the previously reported fast component on the ps
timescale for tracking the C481 fluorescence dynamics in chloroform [19].

In particular, we selected three representative solvents with different characteristics
for an in-depth comparison: polar protic (MeOH), polar aprotic (DMSO), and largely
nonpolar aprotic (Toluene) solvents with decreasing polarity. The least-squares fitting
results (Figure 2e) show that four components are necessary to adequately fit the SE peak
dynamics of C481 in solution. The first 80-300 fs component tracks initial molecular
relaxation out of the Franck—-Condon region [25,33,50], while two ps components are
associated with the continuous rise of SE peak intensity magnitude till reaching its maximal
value at a time delay beyond ~10 ps, followed by an intensity decay process. These two ps-
timescale components accompany the apparent SE redshift progress (highlighted by orange
tilted arrows in Figure 2a—c) due to ultrafast solvation of the photoexcited chromophore that
can stabilize the electronic excited state (typically S; for organic dyes) [31,51-53]. Notably,
the SE peak redshift magnitudes (MeOH > DMSO > Toluene) are consistent with the
solvent-dependent change of Stokes shift values (i.e., 5340 > 4910 > 3660 cm !, see Table 1),
indicating that solvation processes on the ps to tens of ps timescales are an integral part of
the excited-state relaxation pathway leading to steady-state fluorescence from a stabilized
FS. On the much longer timescale, the ns time constant reflects the fluorescence decay out of
the energy-stabilized FS [54], especially since the magic-angle TA measurements effectively
eliminated the anisotropy due to molecular reorientations (i.e., rotational motions) [24,27,
55,56]. The increase of FS lifetime clearly correlates with the decrease of solvent polarity
(see Figure 2f-h for FS lifetimes of 0.44, 0.72, and 5.7 ns in MeOH, DMSO, and Toluene,
respectively), in accord with the decay time constants retrieved from the probe-dependent
SE peak dynamics (Figure 2e), all with small uncertainties of <5% based on the retrieved
values from least-squares fits in Igor Pro (e.g., Figure 2e) and Glotaran (e.g., Figure 2f-h).
These consistent results indicate that nonradiative decay pathways (typically more efficient
with smaller time constants than the radiative pathway) [24,50,57,58] become dominant
in high polarity solvents and thus decrease the apparent FS lifetime as well as the FQY
(Table 1).
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Figure 2. Steady-state and excited-state electronic spectroscopy of C481 in various solvents. Semilog-
arithmic contour plots of fs-TA spectra for C481 in (a) MeOH, (b) DMSO, and (c) Toluene after 400 nm
excitation. The color bar is shown in the milli-optical density (mOD) unit. Orange arrows highlight
the stimulated emission (SE) signal intensity magnitude increase and peak redshift. The Raman
pump wavelengths for excited-state FSRS measurements are denoted by vertical dashed gray lines.
(d) Steady-state absorption (Abs., solid) and emission (Em., dashed) spectra of C481 in three solvents:
MeOH (black), DMSO (blue), and Toluene (red). The Raman pump wavelengths for ground-state
FSRS measurements are denoted by vertical gray arrows at 498 nm for C481 in Toluene and 540 nm
for C481 in MeOH and DMSO. (e) Probe-dependent TA signal at the SE peak region (data points)
with multi-exponential least-squares fits (solid lines) that are color-coded with three solvents. The
retrieved time constants are listed by their associated dynamic components. The evolution-associated
difference spectra (EADS) of fs-TA spectra of C481 in (f) MeOH, (g) DMSO, and (h) Toluene with
the retrieved lifetimes color-coded and listed below each panel. FS: fluorescent state. The base 10
logarithmic plots of (i) nonradiative rate constants kj, and (j) ratios of k,,, over k; (i.e., % — 1) against
the solvent polarity parameter (color-coded for 14 solvents). The adjusted R? values are listed in the
insets to reflect the quality of linear correlation.

For a robust comparison between the solvent-dependent excited-state decay pathways,
the FS lifetime of C481 in each solvent was systematically obtained by global analysis of the
fs-TA spectra across 14 solvents (Figure 52), which shows a general trend of larger values
with smaller solvent polarity. The FS lifetime is intrinsically governed by both radiative
and nonradiative pathways, and the following equations can be readily used to quantify
the contribution of each pathway on the basis of experimental observables:

kFS = kr + knr - ;S (2)
kr - kFS'(P (3)

knr = kFS'(l - ‘P) (4)
ko _(1—¢) 1 5
X, p p ©)

where ¢ is the FQY of chromophore, 1rs and kg are the FS decay time constant (apparent
fluorescence lifetime, in typical unit of ns) and rate constant, respectively, while k, and k;,
are rate constants of the radiative and nonradiative decay pathways, respectively, all with
the unit of s~ 1.



Chemosensors 2022, 10, 411

9o0f22

Since C481 demonstrates ~20-fold FQY variation across the solvents used whereas the
sidechain-twist-inhibited C153 (see Scheme 1) only shows ~2.5-fold variation (Figure 1),
we consider that the aforementioned TICT state (see Section 1) likely plays a key role in the
substituent-induced fluorescence modulation (i.e., the diethylamino group in C481 dictates
its significant fluorogenicity). We note that the specific TICT features are not apparent
in fs-TA spectra due to the associated transition oscillator strength being minuscule (see
theoretical calculations below and Figure 3), but the related rate constants can be deduced
from the experimental FS lifetime, typically when the FS—TICT transition dominates the
nonradiative energy relaxation pathway. Through the comparisons of log(ky,) vs. EN and

log (% - 1) vs. E¥, a similar linear trend (Figure 2ij) reveals that k, is largely invariant
with respect to solvent polarity, corroborated by numerical values in Table 51, so the change
of k,, dominates the change of kk’—f (see Equation (5)). In other words, Zog( % — 1) is an

alternative way to represent the trend in log(k,,), which becomes more quantitatively
reliable when FQY is low and k;, > k;. The weak yet noticeable linear trend (R? =~ 0.6)
between ky,, and E¥ is reminiscent of the Arrhenius equation, suggesting that the FS—TICT
activation energy barrier is dependent on solvent polarity (i.e., a lower polarity corresponds
to a higher barrier and a smaller k;;,, hence higher FQY from the FS).
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Figure 3. Schematic of potential energy surfaces of C481 in solution as a function of the diethylamino
group twisting angle. The calculated frontier molecular orbitals in Sy (HOMO, H) and S; (LUMO, L)
for C481 with electronic density maps are shown in FS and TICT states, through a transition state
(TS). Radiative (k;) and nonradiative (kyr = ky;;1 + kyr 2) rate constants are denoted by their associated
processes. Ex., excitation (blue solid arrow upward); FL, fluorescence (green wavy line downward);
IC, internal conversion (black dashed line downward, a nonradiative transition).

To substantiate the presence and characteristics of the TICT state, we performed DFT
calculations on C481 in various solvents with a main focus on the twisting of the -NEt,
group in the excited state by scanning the twisting coordinate, which was defined as the
dihedral angle (8) between the coumarin backbone and one arm of the -NEt, group (see
Scheme 1 left panel). Two local energy minima were found in all solvents: one can be
identified as a bright FS (largely flat -NEt, geometry, 0 ~ 5-7°) with a notable oscillator
strength (e.g., 0.51, 0.47, and 0.36 in MeOH, DMSO, and Toluene, respectively, see Figure
53), while the other lower-energy state shows a perpendicular -NEt, geometry (6 ~ 90°
with respect to the benzopyrone moiety) with zero oscillator strength, confirming its dark
state nature as a TICT state (Figure 3) [8,42,50]. For both FS and TICT states, the HOMO-
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LUMO transition mainly constitutes the transition between Sy and S;. In the FS state,
such a transition exhibits 7i7t* character with minor intramolecular charger transfer (ICT)
from the electron donor (-NEt; group) to acceptor (-C=0 and -CF3 groups) sites [11,45,50].
In the TICT state, the vertical transition becomes n7* character with a significant ICT
from the donor (-NEt, group) to acceptor sites (both the benzene ring and the second
six-membered heterocycle). Such a pattern of transition character change is conserved
in three representative solvents (Figure S3), suggesting a common FS—TICT transition
pathway in all the solvents studied. Meantime, the calculated dipole moment for the TICT
state of C481 in MeOH is ~6.78 Debye, larger than that in Toluene (~5.62 Debye), which
signifies more charge-stabilizing effects in high-polarity solvents. In combination with
the solvent polarity and FQY, this result suggests that a large dipole moment of the TICT
state may be correlated with the solvatochromism and fluorogenicity of C481 by modifying
the energetics between higher-lying FS and lower-lying TICT states [8], with the reduced
energy gap between TICT and ground state playing an additional role for efficient energy
dissipation (see “IC” in Figure 3) [19], which can be further investigated by our recently
developed Kamlet-Taft-like analysis of time-resolved spectral data (see below).

Although the FS and TICT energy calculations with a typical -NEt, dihedral angle
twist provide useful insights for the photoexcited C481 in solution, there are some de-
viations from experimental observations. For instance, the calculations predict slightly
decreased energy barriers along the twisting coordinate as the solvent polarity decreases
(e.g., from MeOH, DMSO, to Toluene in Figure S3), which contradicts the experimental
trend (i.e., barrier height increases from MeOH, DMSO, to Toluene) as indicated by the
increasing FQYs (Table 1 and Figure 1). Such deviations likely arise from a less than quanti-
tative description of CT process in the excited state using the TD-DFT/B3LYP/6-311G+(d,p)
level of theory and basis sets [59,60] and the lack of consideration of specific solute-solvent
H-bonding and/or halogen-bonding interactions in an implicit solvent model (see Sec-
tion 2.5 above, only an implicit polarizable continuum model was used to treat solvation,
since the inclusion of one explicit solvent molecule such as MeOH does not yield noticeable
better results for the calculated absorption peak energy of C481 in MeOH) [8,13,42,50].
Nevertheless, the intrinsic nature of the light-induced ICT state in C481 with a rotatable
—NEt; group has been well demonstrated in the literature [14,18,19], including a recent
report studying the molecular rotation of -NEt, group of C481 in methanol-in-oil reverse
micelles with several spectroscopic techniques [61]. We deem other reaction coordinates
very unlikely because C153 (the control sample, see Figure 1) exhibits consistently higher
FQYs than C481 (especially in medium to high polarity solvents) when twisting of the
-NEt, group is effectively inhibited by cycloalkyl-locking in C153. Our experimental results
thus provide unambiguous evidence for differences between the transition state and FS in
their H-bonding capabilities and dipole moment. The computational aspect of insights into
the exact transition state with deeper knowledge is not our focus in this article which covers
the comprehensive characterization of a polarity sensor using a wide range of experimental
techniques and analytical methods. We hope that such an insightful experimental work
could inspire and intrigue more theoreticians to perform pertinent calculations with their
expertise in the future.

To disentangle the contributing interactions by solvent molecules to the observed
fluorogenicity of solute molecules, we have developed a quantitative method in our recent
works [8,16] that effectively correlates the chromophore-twisting rate (like a molecular rotor
that undergoes efficient nonradiative relaxation [50,58]) with solvent properties including
both electronic (specific and nonspecific) and steric effects. In essence, a linear relationship
can be established between the logarithmic twist rate constant, log(k;), and multiple
solvent parameters (v, H-bond donating capability; g, H-bond accepting capability; 7*,
dipolarity) [46,62]:

log(k;) = log(ko) +a-a +b-p+ p-7t* — 5-log(n) (6)
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where log(kp) is the intercept of linear regression (i.e., original rate constant without
chromophore-solvent interactions), 4, b, p are the coefficients for electrostatic parameters
«, B, ¥, respectively, while ¢ is a reaction rate dependence factor (0 < J < 1) on viscosity
() [8,63,64]. By sampling a sufficient number of solvents (14 in this work) with various
characteristics, while we note that k;,, ~ k; as the dominant nonradiative pathway (see
Figure 3) [8], the individual contribution from each solvent parameter can be statistically
extracted through the multivariable linear regression (Table S2). We thereby obtained
log(kuy) = 5.1+ 120+ 1.7+ 3.1 — 0.98l0g(#), and all the parameters are statistically
significant because the associated p-values are smaller than 0.05 at the 95% confidence
level. The positive signs for electrostatic coefficients (4, b, p) indicate that the H-bonding
and dipolar interactions between the chromophore and solvent promote twisting of the
-NEt; group and TICT state formation, consistent with our general observation that the
FQY of C481 drops with increased solvent polarity (see Table 1 and Figure 1). In accord
with transition state theory, these experimentally retrieved positive coefficients suggest
that the transition state (likely with a twisted conformation, see “TS” in Figure 3) has
stronger H-bond donating and accepting capabilities and a larger dipole moment than the
FS, resulting in a reduced excited-state activation energy barrier toward TICT state in high-
polarity solvents. The notable dependence on dipole moment of the solvent (77* parameter)
differentiates C481 from our recently reported dimethylamino-containing fluorogen with a
GFP-chromophore-like two-ring-locked backbone, p-NMe,-m-HBDI:BF; [8], wherein the
dimethylamino group twisting rate lacks the 77* dependence and is predominantly dictated
by H-bonding interactions with the solvent. In fact, the larger coefficient of 7* (p ~ 3.1)
than of « and B (@ = 1.2, b =1.7) indicates the dominance of dipolar interaction over H-
bonding interactions in generating the fluorogenicity of C481 (Table S2). These quantitative-
analysis-based mechanistic insights highlight the important role of the fluorophore scaffolds
in determining the magnitudes of H-bonding strength and dipole moment for FS and
transition state in the electronic excited state for such amine-containing molecules.

We note that the analysis for C481 also reveals the correlation of k, to viscosity (see
Table 2 for a summary of Tables S2 and S3), which differs from p-NMe,-m-HBDI:BF,
as well [8]. For the latter fluorogen, we reason that the -NMe; group is too small to
induce significant intermolecular frictions with the solvent molecules and therefore is
much less sensitive to viscosity than to electronic effects in the low-viscosity regime. This
factor might account for the non-negligible correlation to viscosity for C481 due to the
larger size of -NEt, group, which is a symmetric free rotor with characteristic electrostatic
interactions with solvent [19]. However, we could not exclude that the apparent correlation
is biased due to the limited solvent sampling (i.e., more solvents with much higher viscosity
can be included in future comparative studies, or in other confined environments with
controllable viscosity [61]) and the larger p-value (0.03, despite being less than 0.05) than
those in association with the other parameters (<0.001, see Table S2) [19,46].

Table 2. Multivariable analysis of the solvatochromism and fluorogenicity of C481.

Coefficients
a b P é
absorption * —0.72 — -1.91 —
emission * —1.26 —1.28 —3.24 —
log (k) t 1.24 1.71 3.09 0.98
10g(% _ 1) t 1.36 1.87 3.40 0.99

* The units of coefficients and pertinent energy values (see Table S3) are 10> cm~!. Note that the viscosity factor is
not included in the conventional Kamlet-Taft analysis for the solvatochromism (color) of C481. The intercept for
the linear regression analysis can be found in Table S3. * The pertinent coefficients for polarity (electrostatics) and
viscosity (sterics) as well as FQY (¢) are unitless, while the nonradiative decay rate constant k;,, has the unit of s~1.
The associated Equations (6) and (8) involve the solvent viscosity term while the retrieved near-unity coefficient &
indicates a strong twisting component of C481 (i.e., diethylamino moiety) that becomes hindered in solvents with
increasing viscosity (see Figure 2i, Tables S1 and S2). The intercept for the linear regression analysis can be found
in Table S2.
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An alternative analysis is to replace k;, from time-resolved TA data with (l —1) from
steady-state FQY data (see Equation (5)), provided that k; does not vary much across differ-
ent solvents, which can be estimated by the Strickler-Berg equation [65] (mostly accurate
for a strongly allowed transition, see Equation (7) below for a simplified version [66,67])
in calculating the radiative decay rate [11,65] and experimentally validated by Table S1.
In particular, Er and E 4 represent the observed vertical emission and absorption peak
energies (in eV units, which can be converted from peak wavelengths in Table 1) and f is
the transition oscillator strength of the emitting state that can be taken from the TD-DFT
calculation results (see Section 2.5 above, and some representative values in Figure S3):

E3
ke gp ~ 4.34 x 107 (s‘l-eV_z) ZF g @)
7 EA

For example, using the observed vertical transition peak energies from Table 1 and the
calculated emission oscillator strengths from Figure S3 for C481 in MeOH (f = 0.510), in
DMSO (f = 0.471), and in Toluene (f = 0.364), the k, = kr sp values can be estimated as
~1.02, 0.98, and 1.01 x 108 s~1, respectively, largely matching the experimentally derived
values in Table S1. This way k;, can be treated as a constant and Equation (6) can thus be
rewritten as:

1°g<;> N 1) = log(kur) — log(kr) = log(ko/ks) +a-a +b-p+ p-nc* — -log(i) ~ (®)

The multivariate linear regression analysis yields log ( % - 1) ~—34+14a0+198+
3.4 —0.99l0g(n), supporting the same conclusion as analysis of log(k,,) as shown in
Table S2. The similarity of coefficients for log(k,,) and log (% - 1) validates that k, does not

1
5
(readily obtainable from steady-state electronic spectroscopy) for the nonradiative decay

rate when performing the pertinent systematic analysis of an organic chromophore in
solution. Moreover, we conducted the aforementioned multivariable analysis without an
explicit solvent viscosity parameter, and obtained log(k,;) =~ 5.5+ 0.9a 4+ 1.3 + 3.17%;

log(% - 1) ~ —29+1.0a +1.58 4 3.47t*. All the electrostatic polarity parameters still

contribute significantly to k,, (p-value < 0.05) but with smaller coefficients, likely owing to
the absence of a “counterbalancing” viscosity factor that would hinder the chromophore
molecular twisting motions (hence k; and k;,) and TICT state formation in solution.

For comparison, we also performed linear regression using the original Kamlet-Taft
equation to focus on solvent polarity (without the viscosity component, see Table 2) and
listed the results for steady-state absorption and emission peaks in Table S3. All the
retrieved coefficients for solvent polarity parameters are negative, indicating increased
H-bond accepting and donating capabilities as well as dipole moment in the excited state
(except for the absorption peak from the electronic ground state of C481 that lacks the
H-bond donating capability, which is expected). This finding is consistent with the light-
induced prompt arrival at the planar emissive ICT state near the Franck-Condon region for
such 7-aminocoumarins [14]. As mentioned above, the numerical values for the retrieved
electrostatic parameter coefficients (a, b, p) show a notable decrease in magnitude without
considering solvent viscosity (see Tables S2 and S3), which substantiates the necessity of
a more inclusive analysis (e.g., Equations (6) and (8)) to delineate the intrinsic impact of
electrostatic and steric effects of solvent molecules exerted on solute molecules, for a deeper
understanding of the C481 fluorogenicity in solution.

vary much across the 14 solvents used and also indicates that ( 1) is a good indicator
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Notably, our results demonstrate that the solvent H-bond accepting parameter (p)
makes an appreciable contribution to the —-NEt, group twisting rate (and hence k)
while C481 does not have any explicit H-bond donating moieties for such interactions
(Scheme 1) [19]. We surmise that this correlation may arise from the halogen bonding
interactions between the solvent and —CF3 group (as an electron-withdrawing group at
the strategic position 4 of 7-aminocoumarins [14]) of C481. The halogen bond can be
strengthened by increasing the electron donating capability or Lewis basicity of the halo-
gen bond acceptor, e.g., the solvent molecule(s). Therefore, the halogen bond accepting
capability of the solvent may be numerically in line with the  parameter although it is
originally used to describe the H-bond accepting capability [11,68,69]. We note that the
—CF3 group at 4-position of 7-aminocoumarins has been considered indispensable for the
most dramatic response to solvent polarity change [14]; owing to the promotion of ICT and
stabilization of TICT state (see below), the halogen-bonding interaction of the -CF; group
(with an increasing electron density in the excited state, see Figure 3) to solvent can thus be
considered synergistic for the fluorogenicity of C481.

3.3. FSRS Reveals Structural Dynamics of C481 in the Excited State

The aforementioned systematic fs-TA measurements of C481 in 14 solvents, in combi-
nation with several multivariable linear regression approaches, statistical analysis, and DFT
calculations, have enabled a quantitative understanding of how the chromophore-solvent
interactions energetically affect the FS—TICT transition with a dynamic interplay of k, and
kyr leading to solvent-dependent FQYs. However, it remains unclear how the chromophore
structurally interacts with the solvent during these ultrafast ICT and TICT processes. We
employed the powerful tunable FSRS technique in our lab [21,25,34,70,71] to capture the
signature vibrational modes to shed light on the structural changes during these charge
transfer processes, starting from time zero of photoexcitation [5,33,72]. Such a structural
dynamics inquiry uniquely positions our study in the molecular “movie” realm of an
environment-polarity sensor, with a main focus on the electronic and structural origin
of fluorogenicity on the intrinsic fluorescence timescale (typically ns): the limitation of
temporal resolution in FSRS for studying extremely short-lived species or impulsively
excited wavepackets [73,74] due to the use of a ps Raman pump, fs Raman probe, and a
preceding actinic pump with data collection directly in the mixed time-spectral domain
(i.e., the system continues to evolve during the vibrational free induction decay while
the FSRS signal continues to be accumulated [20,21,75]) thus does not affect data analysis
and conclusions in this work. In the broader fields, ultrafast Raman or FSRS technique
with wavelength-tunable laser pulses has been implemented to probe and track the C-C
stretching modes in photoexcited conjugated materials [76], the C=C stretches in a light-
driven molecular motor [77], the C=C stretches during formation of a charge-transfer state
en route to singlet fission in crystalline pentacene [78], a ring-breathing mode at ~992
cm~! (during the vibrational energy transfer from solute chromophore to solvent MeOH)
following the intermolecular H-bonding-controlled intersystem crossing of benzophenone
in solution [79], both ground and excited state peaks in a model system (cresyl violet) by
controlling the time delay between Raman pump and probe pulses [37], the lowest triplet
state of 2-phenylthiophene with Raman-pump-wavelength-dependent measurements and
aided by excited-state resonance Raman calculations [80], the torsion-angle-dependent
vibrational modes in conjugated phenyl and thiophene oligomers aided by higher-level
coupled cluster calculations [81], the rhodamine vibrational modes (also including impul-
sive vibrational spectra) in a thiophene-containing donor-m-acceptor system for effective
photosensitizers [82], and a ~1350 cm~! marker band during the internal ligand photolysis
and amino acid binding in heme proteins like cytochrome ¢ and neuroglobin [83]. Such a
rich and diverse research landscape portrays an exciting and bright future of ultrafast Ra-
man spectroscopy in delineating more currently hidden yet highly functional excited-state
processes in biomolecular systems and novel materials.
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We performed both ground- and excited-state FSRS measurements on the anti-Stokes
side (bluer Raman probe than Raman pump) with pre-resonance conditions for C481 in
three representative solvents (Figure 4a—d): MeOH (Figure 4b), DMSO (Figure 4c), and
Toluene (Figure 4d) with different H-bonding and dipolar properties to elucidate their
effects on vibrational signatures of the photosensitive chromophore in the ground state
and during excited-state relaxation in solution. For ground-state FSRS (see experimental
methods in Section 2.4), the 540 nm (for MeOH and DMSO) and 498 nm (for Toluene) Raman
pump wavelengths and the bluer Raman probe are pre-resonant with the respective ground-
state absorption bands (Figure 2d) and thus generate enhanced Raman peak intensities with
non-dispersive line shapes [84,85]. In comparison, the redder Raman pump wavelengths in
excited-state FSRS (620 nm for MeOH and DMSO; 540 nm for Toluene) are in pre-resonance
with the respective stimulated emission bands (Figure 2a—c), hence enhancing excited-state
FSRS peak intensities without notable dispersive line shapes, and meanwhile are largely
free from ground-state bleaching due to the very weak, off-resonance ground-state peaks
(see upper panels in Figure 4b-d, and more discussions below). In the electronic ground
state (Sp), most modes of C481 are similar in frequency in all three solvents (Figure 4a),
reflecting their weak sensitivity to the chromophore-solvent interactions, corroborated
by ground-state DFT calculations (Figure S4). Interestingly, the mode at 1714-1737 cm ™!
that is assigned to the C=0O stretch coupled with a nearby C=C stretch (see Scheme 1 for
C481 chemical structure and Table S4 for Raman mode assignments) exhibits pronounced
frequency sensitivity to solvent, corroborated by a linear relationship between the mode
frequency and solvent polarity using the EY scale (Figure 4a inset). This observation
infers strong interactions between the C=0 site (singular in C481) and solvent molecules.
The observed frequency shift is likely caused by both H-bonding and dipolar interactions
because the frequency does not linearly correlate with the solvent parameter « or 7t* alone.
Notably, the aforementioned solvatochromic (Kamlet-Taft) analysis shows the « and 7r*
dependence for the absorption of C481 (Table S3), indicating their influence primarily on
the electronic ground state (i.e., where the absorption transition originates from). These
correlating results reveal a ground-state configuration where the C481 carbonyl interacts
with nearby solvent molecules via dipolar and H-bonding (H-bond accepting for the
carbonyl group, hence H-bond donating for the solvent) interactions [86] and dominates
the chromophore energetics in solution.
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Figure 4. Vibrational signatures delineate the non-equilibrium structural dynamics of photoexcited
chromophore C481 in various solvents. (a) Ground-state FSRS of C481 in MeOH (black), DMSO (blue),
and Toluene (red) with a linear correlation between the C=0 stretching mode frequency and solvent
polarity displayed in the inset. Pronounced vibrational mode frequencies are listed by the respective
peaks (color-coded with three solvents, see Table S4 for mode assignments). Semilogarithmic contour
plots for the excited state (ES, top; after 400 nm excitation) and the separately collected ground state
(GS, bottom) FSRS spectra on the anti-Stokes side for C481 in (b) MeOH, (c¢) DMSO, and (d) Toluene.
The C=0 stretch marker band frequencies and shift trend from GS to ES are highlighted by solid
and dashed arrows. Excited-state Raman (e) intensity dynamics and (f) peak frequency shift of C481
in MeOH (black triangles), DMSO (blue squares), and Toluene (red circles) are overlaid with the
least-squares multiexponential fits (color-coded solid lines). The retrieved time constants are denoted
by the respective arrows. In panel e, the initial time constant has a (+) or (—) sign to denote an
intensity rise or decay component, and the negative intensity data points are scaled to normalize
the associated least-squares fits (color-coded solid traces) at the peak magnitude region for a better
comparison of the fit quality and trend of C481 in three solvents.
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Upon photoexcitation, this localized C=0/C=C stretch mode drastically red-shifts by
over 55 cm ™! in three representative solvents (see Figure 4b—d and Table S5), indicative of
a pronounced ICT from the electron donor —-NEt, group to the -C=0 group across the C481
molecular framework. The apparent discrepancy between the observed Raman frequency
redshift (through FSRS experiments) and electron density increase at the -C=0O moiety
(through TD-DFT calculations) might be due to the anti-bonding character of the C=0O
bond as seen from the calculated electron density distributions of HOMO and LUMO
with a node (Figure 3) [72]. The broad and largely featureless spectral baselines drawn
for the excited-state FSRS spectra at representative time delay points across the detection
window for C481 in MeOH, DMSO, and Toluene (upper panels, Figure S5) enable the
“pure” transient Raman peaks to be retrieved (lower panels, Figure S5) with characteristic
peak frequency shift patterns probing the ICT process on ultrafast timescales (see below).
Moreover, an alternative way to automatize baselines and avoid fixed-pattern-noise used
the “spectral watermarking” (with a special chopper blade) of a broadband source [87]
instead of a narrowband Raman pump (see Section 2.4 above).

In the excited state, the C=O peak intensity dynamics exhibit a biexponential or
triexponential decay: ~30 ps (66%) and 400 ps (34% amplitude weight) in MeOH, 500 fs
(26%), 10 ps (6%), and 420 ps (68%) in DMSO, and 25 ps (36%) and 4.7 ns (64%) in Toluene
(Figure 4e). Interestingly, the intermediate time constant on the tens of ps timescale (ca.
10-30 ps) corresponds to the SE peak rise in fs-TA spectra (Figure 2e) albeit a C=0 stretch
mode intensity decay in FSRS spectra (Figure 4e), which indicates a similar electronic
transition process in relation to ultrafast solvation and the different factors contributing
to the observed signal intensity (e.g., the electric polarizability decrease dominates the
betterment of dynamic resonance conditions due to the SE peak redshift, resulting in the
apparent FSRS peak decay) [33,85]. Meanwhile, the similar last decay time constants to
those in fs-TA (e.g., 0.4 and 5.1 ns in MeOH and Toluene, respectively) indicates that
this C=0 stretch marker band is associated with a largely planar chromophore structure,
benefits from pre-resonance enhancement due to the relative position of the Raman pump
at the red edge of SE band (see Figure 2a—c), and thus tracks the FS dynamics [5,27]. The
vibrational intensity dynamics (Figure 4e) corroborate the fs-TA results (Figure 2e) that high-
polarity solvents promote nonradiative decay pathways of C481, leading to the shortened
fluorescence lifetimes.

Notably, unlike the intensity dynamics, the FSRS peak frequency dynamics are not
affected by resonance conditions [21,33], which can shed some important light on the
electric dipole moment of solute in correlation with the TICT state formation. Due to
different peak evolution patterns in the three solvents studied, a clear trend of frequency
variation with solvent polarity in the excited state is not as obvious as the ground state.
However, a different frequency ordering (e.g., the mode frequency is bluer in DMSO
than that in toluene, Figure 4f) can still be discerned. In comparison to the ground state,
this result suggests that -C=0O may not be the only site that strongly interacts with the
solvent. In fact, the aforementioned calculations show that the -CF3 group on the pyran
ring of C481 gains significant electron density in the excited state (LUMO) due to ICT, in
sharp contrast to the ground state (HOMO) where —CF5 group has no electron density (see
Figure 3 and Figure S3). This mechanistic insight also explains the correlation results from
Kamlet-Taft analysis of emission (Table S3) and multivariable analysis of fluorogenicity
(Table S2), both involving the C481 excited state, which exhibit an unexpected dependence
on f (solvent H-bond accepting capability) even though the solute has no traditional H-
bond donating capability (i.e., the sole -C=0O group of C481 can only accept an H-bond).
Therefore, as elaborated on the potential halogen bond in Section 3.2 above, we tentatively
attribute this additional B dependence to halogen bonding between —CF3; and solvent,
which becomes more plausible due to the light-induced increase of electron density at the
—-CF3 moiety. Nevertheless, after the prompt frequency redshift upon electronic excitation
(i.e., So—5S1) and ICT from the -NEt; group toward -C=0 and —CF3; moieties, the similar
excited-state frequency blueshift for the C=0O stretch marker band of C481 in DMSO (ca.
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1667 to 1673 cm™!) and Toluene (ca. 1657 to 1666 cm !, see Figure 4f) commonly tracks the
chromophore solvation and vibrational cooling events in these aprotic solvents [33,36,88].
The larger blueshift magnitude of C481 in toluene implies more vibrational cooling in the
FS due to a higher FS-to-TICT transition energy barrier (Figure 3) than that in DMSO, in
accord with the higher FQY of C481 in toluene (Table 1).

In contrast, the excited-state C=O stretching mode in MeOH displays an initial
blueshift (ca. 1658 to 1663 cm~!) and a subsequent redshift (ca. 1663 to 1652 cm™1).
Besides the reddest C=0 frequencies among three solvents (Figure 4f), the pronounced fre-
quency redshift after ~2 ps substantiates the specific H-bonding interactions between C481
and the protic solvent (MeOH) molecules, likely re-establishing an extended H-bonding
network involving the -C=0 group on the 21 and 735 ps timescales [89,90], which can
be categorized as the establishment of a dynamic equilibrium between the free ICT state
and H-bonded ICT state [13]. The longer time constant from the mode frequency dynam-
ics (735 ps) than that from the mode intensity dynamics (400 ps) indicates that the FSRS
peak intensity is more intimately related to the electronic dynamics due to the dynamic
resonance conditions [21,33,85], whereas the FSRS peak frequency can track more subtle
molecular evolution like the H-bonding dynamics within the FS that may contribute to
further fluorescence quenching via H-bonds and/or a reduced energy gap between S; and
So [11,13,47,91].

4. Conclusions

In summary, the photosensitive 7-diethylaminocoumarin C481 exhibits a significant
dependence of FQY (denoted as ¢) on solvent polarity (~20-fold FQY increase from high-
to low-polarity solvents) and the diethylamino group was proven to play a significant
role for the C481 fluorogenicity in direct comparison with the cycloalkyl-locked C153 in
the same solvents. Based on the fs-TA spectral analysis of C481 across 14 solvents, the
fluorescent state (FS) lifetimes due to an interplay between radiative and nonradiative
decay pathways were dissected via a series of multivariable linear regression analyses
(Table 2), demonstrating a strong correlation with solvent polarity and to a lesser extent,
solvent viscosity in the solvents used herein at room temperature. Importantly, systematic

analysis of the ratio of kk—”rr both from steady-state FQY measurements (using (% — 1))

and time-resolved TA results (using krs = k; + kyr = %) reveals that the radiative
pathway is largely insensitive to solvent polarity, whereas the nonradiative pathway is
highly sensitive to solvent polarity due to both specific and non-specific solute-solvent
interactions. Quantum calculations for C481 in three representative solvents (MeOH,
DMSO, and Toluene) corroborate the existence of a -NEt,-flat FS and -NEt,-twisted TICT
state in the electronic excited state (S1), and the variation of FS—TICT transition state
energy barriers in solvents with different polarities. Moreover, we performed Kamlet—
Taft solvatochromic analysis of steady-state absorption and emission peaks of C481 in
various solvents, further supporting that the H-bonding (both donating and accepting)
capabilities and dipolarity of the solvent all contribute to the nonradiative decay pathway
of the photoexcited C481. Deeper structural dynamics insights into the FS—TICT transition
and the “receiving” end(s) of ICT processes were obtained from the C=0O stretch marker
band, particularly with distinct frequency shift patterns in protic and aprotic solvents, from
the excited-state FSRS data of C481 following actinic 400 nm excitation. These correlated
experimental and theoretical investigations of a diethylamino-substituted coumarin unveil
the fundamental working mechanism of the chromophore fluorogenicity “in action”, which
can enable future rational design with molecular precision of environment-polarity sensors
for broader sensing, switching, and imaging applications across energy, materials, and
biological disciplines.
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