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Abstract

Photophysical and photochemical properties of the green fluorescent protein (GFP) chromophore
and derivatives are the foundation for their broad and diverse bioimaging applications. To date,
ultrafast spectroscopic tools represent the key for unravelling the fluorescence mechanisms toward
rational design of this powerful biomimetic framework. To correlate a fundamental reaction,
excited-state intramolecular proton transfer (ESIPT), with the chromophore emission properties,
we implement experimental and computational toolsets to elucidate the real-time electronic and
structural dynamics of two archetypal ortho-GFP chromophores (o-HBDI and o-LHBDI) both
possessing an intramolecular hydrogen bond to undergo efficient ESIPT, only differing in a bridge-
bond constraint. Using excited-state femtosecond stimulated Raman spectroscopy (FSRS), a low-
frequency phenolic (P)-ring-deformation mode (~562 cm™') was uncovered to accompany ESIPT.
The tautomerized chromophore undergoes either rapid isomerization about P ring to reach the
ground state with essentially no fluorescence for o-HBDI, or enhanced (up to an impressive 180-
fold in acetonitrile) and solvent-polarity-dependent fluorescence by conformationally locking the
P ring in o-LHBDI. The uncovered significant dependence of fluorescence enhancement ratio on
solvent viscosity confirms P-ring isomerization as the dominant nonradiative decay pathway for
o-HBDI. This work provides crucial insights into the dynamic solute-solvent electrostatic and
steric interactions, thereby enabling the application-specific improvement of ESIPT-capable
molecules as versatile fluorescence-based sensors and imaging agents from large Stokes shift

emission to brighter probes in physiological environments.



1. Introduction
Proton transfer is among the most abundant and fundamental processes in organic, inorganic,

and biological systems,

which can occur between molecules and solvents (intermolecular)
leading to a change of the protonation state, or within the molecule itself (intramolecular) resulting
in the formation of a constitutional (structural) isomer. Excited-state proton transfer (ESPT) and
excited-state intramolecular proton transfer (ESIPT) represent functional processes with distinct
underlying mechanisms that have powered broad applications from research labs to industrial
settings and from biological to energy fields, which include bioimaging and materials advances.”''
Recently, there have been extensive studies into the potential of ESIPT reactions from
optoelectronic devices, fluorescence sensors, organic light-emitting diodes, lasers, optical data

storages to displays, amongst others.”'*"

Many of the molecules possessing ESPT or ESIPT
capabilities are naturally occurring, such as the green fluorescent protein (GFP) from Aequorea
victoria,'™"" a blue-green pigment xylindein from fungi Chlorociboria aeruginosa,' and a red
pigment Draconin red from fungi Scytalidium cuboideum.” The fundamental knowledge and
insights obtained that delineate the proton transfer mechanisms in various natural systems have
since inspired rational design inquiries and targeted molecular engineering endeavors.
Fluorescent proteins, for example, may be too large for certain applications from transmitting
through the blood-brain barrier to the accurate measurement of inter-chromophore distance,
whereas synthetic chromophore analogues can be much better suited due to their smaller sizes;
however, these “bare” chromophores pose an intrinsic issue. The fluorescence quantum yield
(FQY) is often diminished outside the protein matrix due to an altered electrostatic environment,

thus promoting additional nonradiative decay pathways and possibly leading to a twisted

intramolecular charge transfer (TICT) state as seen in the synthetic GFP chromophore, (£)-5-(4-



hydroxybenzylidene)-2,3-dimethyl-3,5-dihydro-4H-imidazol-4-one (p-HBDI), in solution.””* In
addition to a high FQY value, a large Stokes shift and red emission are also desirable for
bioimaging in living systems. The recently termed “double-donor-one-acceptor” model based on
p-HBDI derivatives has been demonstrated to red-shift the emission, enhance the Stokes shift
through ESPT, and increase the FQY through conformational locking of the chromophore in
solution, all without drastically increasing the molecular size by extending the n-conjugation.”
Notably, ESIPT occurs through an intramolecular hydrogen (H)-bond between the donor (e.g.,
—OH, -SH, —-NH;, -NHR) and acceptor (e.g., —-C=0, —C=S, —N=) moieties in a conjugated

9,11,12,14
molecule.” =

This process could result in dual fluorescence from the excited states of normal
(N*) and tautomer (T*) forms or single fluorescence from the T* form, a large Stokes shift
(~10,000 cm "), and an ultrafast ESIPT rate (kgsipr > 10" s7'). ESIPT thus provides an alternative
approach to traditional intermolecular ESPT methodologies for designing molecules with suitable
bioimaging properties. For example, a prototypical ESIPT system can be strategically tuned to
alter kgsipr and to either promote or inhibit N*-form emission, as was the case in altering the acidity
of an amine group in the N-H-type ESIPT systems and the phenolic-ring hydroxy group in GFP

11,24,25
chromophore analogues.” "

The typically ultrafast ESIPT rate can be reduced in systems with
an N-H---N hydrogen bond, as shown in a synthesized blue fluorescent protein analogue due to
its weakened intramolecular H-bond compared to O and S’s stronger H-bond donating and
accepting capabilities.'*® kggipr can also be tuned by a substituent to either raise or lower the

ESIPT energy barri er,l 1,24,25

or enhance intramolecular charge transfer (ICT) to perturb ESIPT by
reducing the acidity of proton donor and give rise to a charge-transfer emission band”*’ that has

been shown to be tunable.®*®* Since ESIPT emission is highly sensitive to the environment, a
goly

comprehensive solvent-dependent study is warranted.
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Scheme 1. Schematic of a typical ESIPT photocycle that undergoes Z-E (cis-trans)
photoisomerization. See main text for an enriched photocycle with intermediate electronic states
for 0-HBDI and o-LHBDI. The representative chemical structures of o-HBDI are shown in the

upper panel along the excited-state reaction coordinate. RPT, reverse proton transfer.

Scheme 1 summarizes typical processes in an ESIPT-capable system that also undergoes Z-£
or cis-trans photoisomerization like in GFP chromophore structural isomers, (Z£)-5-(2-
hydroxybenzylidene)-2,3-dimethyl-3,5-dihydro-4 H-imidazol-4-one (0o-HBDI) and its phenolic-
ring-locked  derivative  (Z)-5-(7-hydroxy-2,3-dihydro-1H-inden-1-ylidene)-2,3-dimethyl-3,5-
dihydro-4H-imidazol-4-one (o-LHBDI) (Scheme 2), which are the focus of this work. ESIPT
reactions have been characterized by steady-state electronic spectroscopy, quantum calculations,
and ultrafast electronic techniques including femtosecond (fs) fluorescence upconversion,
picosecond-nanosecond (ps-ns) time-correlated single photon counting, time-resolved

fluorescence, and fs transient absorption (fs-TA).'>***°

However, a plethora of information
regarding the ESIPT photocycle remains forfeited by neglecting structural effects in both the

ground and excited states, or certain local environments.
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Scheme 2. Chemical structures of the neutral normal (N; red) and zwitterionic tautomer (T; blue)

forms of 0-HBDI and o-LHBDI. Solid lines represent covalent bonds while dashed lines represent
intramolecular hydrogen bonds. Three rings (P, I, and extra) of the chromophore framework are
denoted. Two resonance structures of the T form are shown, along with representative P- and I-

ring twists in the double-headed cyan and blue arrows, respectively, for o-HBDI and o-LHBDI.

Herein, we employ steady-state electronic spectroscopy, fs-TA, ground- and excited-state
femtosecond stimulated Raman spectroscopy (FSRS), and quantum calculations to elucidate the
ESIPT reaction mechanism of two GFP-derived chromophores that possess a seven-membered-
ring with an intramolecular hydrogen bond (o-HBDI and o-LHBDI, see Scheme 2). By studying
the correlated electronic and vibrational features, we can obtain deeper insights into these key
contrasting functional molecules. We strategically chose solvents with various electrostatic and
steric properties ranging from polar protic (methanol: MeOH) and aprotic (acetonitrile and
dichloromethane: ACN and DCM) to largely nonpolar aprotic (toluene: Tol) to examine effects of
solvent properties on the competing excited-state radiative and nonradiative relaxation pathways.
We observed ultrafast (<100 fs) ESIPT reaction in all solvents, accompanied by a ~562 cm™' P-
ring-deformation motion that can modulate the O—H:--N distance. The excited-state potential
energy surface (PES) manifests ICT characters, while the isomerization energy barriers and FQY

values are both solvent-polarity dependent, which increase as the solvent polarity decreases.”’ The



fundamental knowledge obtained in both the electronic and vibrational domains for ortho-GFP
chromophores provides rational design principles of ESIPT-capable molecules with suitable and

tunable properties for broad applications in bioimaging, optoelectronics, life and photosciences.

2. Results and Discussion

2.1. Steady-State Electronic Spectroscopy Establishes the Foundation for Photoinduced
Properties. It is well-known that the GFP chromophore fluorescence is quenched in solution due
to ultrafast nonradiative cis-trans isomerization.”>**** Successful restoration of the fluorescence
in p-HBDI involved conformational locking of the methine bridge between the phenolic (P) and
imidazolinone (I) rings using a Zn*" ion or —BF, group.’*** Although the electronic and vibrational
properties of p-HBDI change upon moving the hydroxy group to ortho position in o-HBDI, further
locking of P ring in o-LHBDI can provide a contrasting system to shed important light on the
dominant isomerization pathway, and subsequent FQY, of this ESIPT-capable molecule. Herein,

the ground-state (excited-state) normal and tautomer forms are denoted as N (N*) and T (T*).
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Figure 1. Steady-state electronic characterization of the neutral (a) o-HBDI and (b) o-LHBDI in

solution. The normal-form absorption (solid lines) and tautomer-form emission spectra (dotted



lines) are color-coded according to solvents (MeOH, black; ACN, red; DCM, green; and Tol, blue).
The actinic pump for fs-TA and excited-state FSRS experiments was tuned to be near the normal-

form absorption peak at 400 nm (vertical gray line; Ex., excitation).

The absorption and emission spectra of the neutral o-HBDI and o-LHBDI in MeOH, ACN,
DCM, and Tol (Figure 1, see data summary in Table 1) display interesting patterns that allow for
intriguing comparisons between the two chromophores in various solvents. Although there are
ESIPT-capable molecules with N and T configurations in the ground state, the energetically
favored structure for both ortho-GFP chromophore analogues is the normal cis-form (Scheme 2,
Figure S1). The N-form absorption of 0o-HBDI and o-LHBDI is largely conserved in solution, with
the much less polar Tol leading to a red-shifted peak versus that in polar MeOH, ACN, and DCM
solvents. The single-band emission from the tautomer form (T", see below) is conserved for o-
HBDI,"***%3 likely due to a planar fluorescent state (FS) that is reached prior to solvation or
isomerization events (Scheme 1), reminiscent of the unlocked p-HBDI derivatives.*'** The red-
shifted absorption (by ~465 cm™') and conserved emission (within 55 cm™') peaks of 0o-HBDI from
MeOH to Tol (Figure S2a,b) suggest a more polar ground state; however, the nature of fluorescent
state requires time-resolved spectroscopy. Meanwhile, the red-shifted absorption (by ~675 cm™)
and blue-shifted emission (by ~580 cm™") peaks of o-LHBDI from MeOH to Tol (Figure S2d,e)
exhibit similar magnitudes of energy variation. This finding convolutes the interpretation whether
the ground or excited state has higher polarity since the electron density distribution is swiftly
altered upon photoexcitation and chromophore tautomerization in solution (Figure S3).

Interestingly, the redshift of ground-state absorption (GSA) energies of the o-HBDI partially
twisted T-form in MeOH to Tol (Figure S2¢) from time-resolved fs-TA measurements (see below)

manifests a staggering energy difference of ~2580 cm™' and allows for experimental validation



that the zwitterionic T-form is more polar than the neutral N-form, particularly in the electronic

ground state. The overall large Stokes shift (~8400-9600 cm ') of 0-HBDI and o-LHBDI is

9,12,14

reminiscent of typical ESIPT systems, while the smallest Stokes shift was observed in Tol

solvent. Previous studies of a methylated o-HBDI (o-MBDI) compound, without a donatable

proton, yielded no ESIPT and a typical modest Stokes shift supporting only N* emission.’’>°

Table 1. Steady-state electronic spectral properties of o-HBDI and o-LHBDI in solution

0-HBDI 0o-LHBDI Solvent parameters *
Stokes | FQY Stokes
Solvent | Abs./ egn. shift | (x107) Abs./ egn. shift FQY* . . EY

MeOH | 384/605 | 9513 0.24 | 380/599 | 9621 0.014 | 0.55 | 32.7 | 0.762
ACN | 383/604 | 9553 0.51 383/582 | 8928 | 0.093 | 0.34 | 37.5 | 0.460
DCM | 389/606 | 9205 1.0 387/585 | 8746 | 0.113 | 0.44 | 8.93 | 0.309

Toluene | 391/603 | 8992 4.4 390/579 | 8370 | 0.214 | 0.59 | 2.38 | 0.099

“The selected solvent properties listed are viscosity (1) with centipoise (cP) unit, dielectric constant
(¢), and normalized empirical polarity parameter (EY).*’

"Experimentally determined from steady-state electronic spectroscopy measurements. The neutral
forms of o-HBDI and o-LHBDI were prepared in various solvents as listed.

“Determined upon 400 nm excitation of the neutral form. The relative method with coumarin 153

(Aabs/Aem = 422/533 nm) as the standard was performed.

To confirm ESIPT with a single-band T* emission, we collected steady-state electronic spectra
of neutral (in MeOH) and anionic (in MeOH + 1,8-diazabicyclo[5.4.0Jundec-7-ene/DBU) o-HBDI
(Figure S4). Anionic species are known to have a redder emission than neutral species due to the
stabilization of S; state. The post-ESIPT zwitterionic o-HBDI has a more stabilized S, state than

30,36
k™™

the anionic form, leading to a further red-shifted emission pea Moreover, the absorption and



emission of N and T* o-HBDI in MeOH from quantum calculations (see the SI Experimental
Materials and Methods, and details after Figure S3 caption) support this assignment. The increased
photoacidity of the P-ring hydroxy group of N* form promotes subsequent tautomerization and

electron density redistribution to T* (Figure S3), thus leading to a large Stokes shift.”'""'?

Together
with the calculated natural bond orbital (NBO) charges on the P-ring O, I-ring N, and donatable H
that support ESIPT (Table S1), the proton-transfer-coupled ICT is plausible for N*—T* and T—>N
tautomerization. It is likely that minimal ICT occurs from the N—N* transition as the hydroxy
group has weak electron-donating property unless it becomes deprotonated, although the exact

order of ultrafast processes has been debated.””~®

In essence, quantum calculations confirm the
experimental results where the zwitterionic T* form is electronically more favorable than the

singly charged anionic form in the excited state (Figures 1 and S4).
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Figure 2. Correlations between the chromophore fluorescence properties and solvent parameters.

Plots of 0-HBDI and o-LHBDI FQY (a/b and c/d) and the FQY ratio of o-LHBDI over o-HBDI
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(e/f) against solvent polarity/viscosity, respectively, are shown with linear regression fits (lines).
Spectral data points (squares) are color-coded with respect to the solvents used (MeOH, red; ACN,
green; DCM, blue; Tol, purple). R? values are listed, which can be negative when the selected

model does not follow the data trend so the fit is worse than a horizontal line (see panels d and e).

Notably, the FQY increases in both o-HBDI and 0o-LHBDI as the solvent polarity and H-bond
donating and accepting abilities decrease (Figure 2a,c), suggesting that solvent properties play a
pivotal role in the excited-state PES (see below).''** The FQY of the P-ring-H-bonded o-HBDI
(~107) in aqueous solution is an order of magnitude greater than that of the deprotonated p-HBDI
(~107),***? owing to the seven-membered-ring intramolecular H-bond (Scheme 2) that partially
inhibits isomerization.”® The O—H---N bond strength is expected to further increase the FQY
difference between o- and p-HBDI isomers as a decrease in solvent H-bond donating and accepting
capabilities results in less competition between inter- and intramolecular H-bonding.'%*
Nonetheless, the overall FQY of 0-HBDI remains miniscule, whereas the P-ring locking exerts a
drastic effect on the FQY of o-LHBDI in MeOH, ACN, DCM, and Tol displaying an increase of
~60, 180, 115, and 50-fold (Table 1). The FQY values and enhancement ratios were plotted against
both solvent polarity and viscosity parameters (Figure 2), since only the solvent-viscosity
dependence was reported on the FQY in 0-HBDI using aprotic polar and nonpolar solvents.”” In
this work, we observed a clear solvent-polarity dependence on the FQY in both 0-HBDI and o-
LHBDI (Figure 2a and c), more significant for the latter. Interestingly, there is no solvent-polarity
dependence on the FQY enhancement (Figure 2¢); however, removal of the MeOH data points
would provide a linear correlation. Our findings thus substantiate the necessary inclusion of a
protic polar solvent to gain a more complete understanding for such chromophores; we caution

that the spectral data plots in this work are not exhaustive with respect to all solvent parameters.

11



We also found a clear solvent-viscosity dependence of the FQY enhancement ratios (Figure
21), but not on the FQY values of o-HBDI and o-LHBDI individually (Figure 2b and d). The
removal of MeOH data points to produce a largely linear correlation (Figure 2b, d, and e) implies
that the enhanced solvent H-bond donating and accepting capabilities play a competitive role
between inter- and intramolecular H-bonding to control ESIPT and isomerization rate.'"'>*’ The
substantial difference between o-HBDI and o-LHBDI stems from the removal of one of the
isomerization coordinates (P ring) and isolation of the other (I ring), which alters the excited-state
PES and nonradiative decay pathways (see Section 2.2). The newly identified linear correlation
between the FQY enhancement ratio and solvent viscosity (including the MeOH data) confirms
theoretical calculations that isomerization along the P-ring twisting coordinate (a one-bond flip
with a large volume change) is the dominant, energetically favorable nonradiative pathway that

leads to a conical intersection.*"*?

If it were otherwise (i.e., [-ring twist dominates the excited-state
relaxation pathway), the P-ring locking in o-LHBDI would not cause a dramatic variation for the
FQY enhancement ratios from o-HBDI in solvents with different viscosities (Table 1). Moreover,
the notable FQY drop of both chromophores in MeOH versus other solvents (Figure 2b,d, red
points) is effectively “canceled” in the FQY enhancement ratio of o-LHBDI over o-HBDI (Figure
21), indicating that the extra effect caused by the H-bond donating and accepting abilities of MeOH
on FQY is comparable between these two chromophores in terms of a linear plot against solvent
viscosity. This photoinduced P-ring twisting coordinate of o-HBDI is different from the widely
accepted model for p-HBDI wherein the I-ring isomerization is the dominant nonradiative pathway

21,22,42
that quenches fluorescence,”

inferring that position of the hydroxy group on the P ring
intrinsically governs the electronic and vibrational properties in both the ground and excited states

of GFP chromophore analogues.

12



2.2. Femtosecond Transient Absorption Maps the Photoexcited Electronic Potential Energy
Landscape. Steady-state electronic spectroscopy only provides a sliver of information about the
ESIPT mechanism. Therefore, fs-TA spectroscopy was implemented to delineate ESIPT and
subsequent energy dissipation pathways responsible for FQY enhancement upon P-ring locking in
o-LHBDI and map the altered electronic excited-state PES in solvents with varying polarity and
viscosity. These new TA results in four solvents with various properties complement the reported
fluorescence upconversion data on o-LHBDI (no MeOH solvent was used),” allowing deeper
mechanistic insights into the excited-state processes. The 400 nm actinic pump was strategically
selected to efficiently populate the N* excited state (S;) while the magic-angle polarization with
respect to the probe minimizes anisotropy effects (see Figure 1 and SI Experimental Materials and
Methods section). The 2D-contour plots of o-HBDI (Figure 3a, c, e, g) and o-LHBDI (Figure 4a,
c, €, g) in four representative solvents visually accentuate spectral differences in their excited-state
PESs and lifetimes governing the change of fluorescence properties upon conformational locking
of the P ring, correlating the targeted chemical modification with major functionality change. The
target analysis results, in the context of existing knowledge in the field about these ortho-GFP
chromophores, allowed us to obtain additional information about the effects of molecular
engineering (e.g., P-ring locking) on the electronic PES and nonradiative excited-state energy
relaxation pathways in competition with the radiative (e.g., fluorescence) events.

Glotaran software™ was employed to deconvolute transient electronic features of overlapping
N*, T* and T bands observed using global and target analysis. Global analysis yields evolution-
associated difference spectra (EADS) with a sequential model (Figure S5), but the resultant spectra
are challenging to interpret due to the concurrent pathways, such as ESIPT, isomerization, and

fluorescence. Target analysis yields the species-associated difference spectra (SADS) with a

13



branched kinetic scheme that accounts for multiple competing energy dissipation pathways.>> Four
major states (1-4, bolded) and their lifetimes were retrieved for both chromophores in four solvents
(Figures 3, 4, and S5) which allow for a systematic assignment of excited-state processes, aided

by the solvent-polarity-dependent plots of key time constants and interpretations (Figure S6).
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Figure 3. Ultrafast electronic dynamics of o-HBDI in solution. Chemical structure of the excited-
state tautomer form (T*) is shown as the photoproduct after ultrafast ESIPT (<100 fs).
Semilogarithmic contour plots of fs-TA spectra of o-HBDI in (a) MeOH, (c) ACN, (¢) DCM, and
(g) Tol after 400 nm excitation display clear excited-state absorption (positive) and stimulated
emission (negative) bands denoted by the color bars. The fluorescent state (FS) and ground-state
absorption (GSA) peak positions are labeled. From target analysis, the species-associated
difference spectra (SADS, in milli-optical density/mOD unit) in each solvent are displayed in right
panels (b), (d), (f), and (h) following the kinetic model displayed in the upper right corner. Straight
and wavy arrows depict the electronic state transition and self-decay process, respectively. The
retrieved lifetimes of four major states are color-coded (1, black; 2, red; 3, blue; and 4, green) with

a chosen equal branching ratio (50/50%) for 2 self-decay (fluor.) and 2—3 processes.

From the SADS of o-HBDI (Figure 3b, d, f, h), its N form is initially excited to N* (1) where
ultrafast ESIPT (<100 fs) occurs to form a planar T* state (2) near the Franck-Condon region.'**"
T* branches to either fluoresce (meaning state 2 is weakly emissive) or rapidly form a charge-
separated (CS) state en route to a twisted intermediate tautomer state (TT*, 3),”*® with an average
fluorescent state lifetime with TT* formation on the ~250-780 fs timescale. The TT* undergoes
further twisting over an energy barrier to internal conversion (or via a conical intersection) along
the TICT(P) (see Section 2.1 above) isomerization coordinate on the ~7—49 ps timescale to form
a ground state (4) twisted T-population. Such a notable change of time constants with respect to
solvent properties, in conjunction with an uncovered effect on the FQY enhancement (Figure 2f),
substantiates the assignment of this temporal component (3—4 in kinetic scheme) along the cis-
trans isomerization coordinate, likely via a dominant one-bond flip of P ring (see representative

o-HBDI structures from T, to T states with an excited-state partial twist in Scheme 1).***
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Importantly, we identified a linear relationship between the pertinent rate constants and solvent
polarity (see Figure S6), but not viscosity, showing that the smaller solvent polarity lengthens the
excited-state lifetimes of both states 2 and 3 (i.e., smallest/largest time constant in MeOH/Tol in
Figure 3). In particular, the more prominent dependence of the sub-ps component (state 2 lifetime,
see the correlation plot for o-HBDI in Figure S6a) on solvent polarity indicates that ICT plays a
more important role en route to the chromophore ring-twisting events, tracked by state 3 lifetime
(see the correlation plot for o-HBDI in Figure S6b). The miniscule FQY's of o-HBDI in various
solvents (Table 1) support a dominant excited-state nonradiative decay pathway, reflected by the
associated fs-TA dynamic features along the 2—3—>4 route (see Figure 3 right panels,
red—blue—green traces). In correlation with the reported ~5% cis-to-trans photoisomerization
quantum yield,*® most of the hot ground state species is an intermediate twisted cis-T through a

38,41

conical intersection close to the cis-region:*>*' the smaller-scale ring twists (~50°)*' than those in

p-HBDI (~90°)*"** are consistent with the aforementioned lack of dependence of excited-state rate

constants on solvent viscosity. Post internal conversion/conical intersection,”®"'

the partially
twisted cis-T form (e.g., state T(Sy’’) in Scheme 1) relaxes back to the original cis-N form via
reverse proton transfer (RPT, see Scheme 1) on the ns timescale in our fs-TA experiments (see
Section 2.4 below), whereas the fully isomerized frans-T form was proposed to undergo
deprotonation in ACN and return to the original cis-N form on the ps-to-ms timescale.>
Although the stimulated emission (SE) band of N* (see black traces in Figures 3 and S5) is
near the calculated S; emission peak of ~490 nm," the branched kinetic scheme provides deeper
insights into reaction coordinates. Post ESIPT (12 in kinetic scheme), the rapidly formed T*

state exhibits an SE band position that is close to its steady-state emission peak (Figure 1a). Though

the fluorescent state lifetimes increase with FQY values (Table 1) in both models, the intensity
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(red traces, Figure 3) is lower than the TI* state (blue traces, Figure 3) in SADS. This is anticipated
as the short-lived planar fluorescent state leads to the miniscule FQY of o-HBDI, whereas the
nonradiative energy dissipation pathways (e.g., formation of CS and TI* states) are much more
dominant. The expected redshift (blueshift) in the SE (ESA) band from the T* fluorescent state (2)
to TT* state (3), clearly observed in SADS, denotes a more energetically stable CS state as ultrafast
ICT occurs (Table S1) on the sub-ps timescale to accompany further P- and I-ring twisting motions,

2% Tt is notable that the use of target models does not change

analogous to p-HBDI in solution.
the kinetics of the fit versus lifetime analysis or a sequential model/EADS (Figure S5). Meanwhile,
the intensity of the SADS component cannot be taken literally due to the chosen 50%/50%
branching ratio that is representative not quantitative in nature, while the transition oscillator
strength for each intermediate state (hence the peak amplitude and related population) is mostly
unknown. Therefore, we primarily focused on the spectral shift (not the absolute peak amplitude
change) between the retrieved components, such as state 2—3 for o-HBDI, with the pertinent ring-
twisting motions affected by surrounding solvent molecules on ultrafast timescales.

The ground-state relaxation of a twisted T state (green traces, Figure 3) shows similar spectral
features in both SADS and EADS since it is the last major process. The significant redshift of GSA
band from polar to largely nonpolar solvents is in accord with the zwitterionic T-form having
higher polarity than the neutral N-form, particularly in the ground state (Figure S2c). Also, the
red-shifted T-form absorption peak (Figure 3) versus that of the N-form (Figure 1) is consistent
with the P-ring twisted, energetically higher-lying T-form ground state configuration (e.g., see the
T(So’’) state in Scheme 1).*! The ns time constants retrieved (Figure 3) are much shorter than

previously reported,” so our fs-to-ns TA measurements likely track the electronic dynamics of the

partially twisted cis-T form past the S,/Sy conical intersection (>95% population) and indicate that
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different ground-state energy barriers for reverse proton transfer in various solvents play a role.
For example, a larger barrier for o-HBDI in MeOH than Tol (Figure S1a) agrees with the trend for
pertinent time constants (5.8 > 3.3 ns in Figure 3b,h). For the remaining <5% population that could
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reach the fully isomerized state (e.g., see the Tz(Sy’’’) state in Scheme 1), time-resolved ns-to-ps
experiments showed the ground state recovery of o-HBDI’s cis-N form in ACN to be ~50 ps,
attributed to the much slower proton recombination and £-Z isomerization after deprotonation of
the minor trans-T species.”

For comparison, the locked o-LHBDI branched kinetic model and SADS (Figure 4b, d, f, and
h) still show that N is initially excited to N* (1) with ultrafast ESIPT (<100 fs) to form T* (2),
which branches to the isomerization route to form a TICT(I) dark state (3, in difference from the
planar and emissive FS) or solvation route to reach a T* FS (4) on an average timescale of ~340—
750 fs. Reminiscent of the aforementioned o-HBDI case, the retrieved two intermediate time
constants do not match the typical solvation time (e.g., longitudinal relaxation time of ~5 ps for
MeOH and ~0.2 ps for ACN, and Debye relaxation/principal dielectric relaxation time of ~50 ps
for MeOH and ~1 ps for ACN), which indicates an ultrafast interplay between the chromophore
electronic/structural dynamics and solvent motions. In particular, the dark state lifetime of ~15—
70 ps for 0-LHBDI is consistent with a more restrictive chromophore than o-HBDI (~7-49 ps,
Figure 3) or p-HBDI (~2-3 ps),”**" substantiating a common assignment to ring-twisting motions
in these GFP-chromophore isomers. As for the longest time constant, the planar T* FS (state 4)
lifetimes are ~270 ps (in MeOH) and 1.2 ns (in other solvents, Figure 4), which largely matches
the reported population decay time constants of ~1.5-2.3 ns in ACN, DCM, and Tol from time-
correlated single photon counting.” After the excited-state bifurcation from a planar T*, both the

TICT(I) and T* FS relax back to the original N form through reverse proton transfer. The branched
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pathways for the photoexcited GFP chromophore derivatives in condensed phases.
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kinetic scheme again demonstrates more meaningful insights into the electronic reaction

coordinates (Figures 4 and S5), lending firm support to the multidimensional deactivation

10,13,22,42

Figure 4. Ultrafast electronic dynamics of the locked o-HBDI derivative (o-LHBDI) in solution.

Chemical structure of the excited-state tautomer form (T*) is shown as the photoproduct after
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ultrafast ESIPT (<100 fs). Semilogarithmic contour plots of fs-TA spectra of 0o-LHBDI in (a)
MeOH, (c) ACN, (e) DCM, and (g) Tol after 400 nm excitation show clear ESA (positive) and SE
(negative) bands denoted by color bars. The fluorescent state (FS) peak positions are labeled. From
target analysis, the species-associated difference spectra (SADS, in milli-optical density/mOD
unit) in each solvent are displayed in right panels (b), (d), (f), and (h) with kinetic model displayed
in the upper right corner. Straight and wavy arrows depict the electronic excited state transition
and self-decay process, respectively. The retrieved lifetimes of four major states are color-coded
(1, black; 2, red; 3, blue; and 4, green) with a chosen equal branching ratio (50/50%) for 2—3 and

2—4 processes to highlight the spectral shift pattern.

As further proof for the ultrafast ESIPT reaction of o-LHBDI, the rapidly formed T* SE band
position (red traces, Figure 4) largely matches its steady-state emission peak in each solvent
(Figure 1b). Our model substantiates the rapid decay of this planar T* state (2), which could be a
weakly emissive FS, along two competing pathways into a twisted dark state (3) and a further
stabilized FS (4). The emissive step is accompanied by an SE peak redshift and a concomitant ESA
peak blueshift to reach the solvated T* FS (green traces, Figure 4). Interestingly, a larger spectral
shift occurs in polar solvents (see Figure 4 right panels, MeOH > ACN > DCM > Tol) as they
effectively reorient to stabilize the highly polar, zwitterionic chromophore. We note that SADS
account for the solvated T* FS feature with an intensity increase from T* state, while EADS yield
similar intensities due to spectral convolution and a poor kinetic model (Figure S5 right panels).

Meanwhile, along the other relaxation pathway (2—3 in kinetic scheme, Figure 4), the SE band
for TICT(I) dark state peaks near 575 nm in MeOH (blue trace, Figure 4b), but cannot be observed
in the other solvents (blue traces, Figure 4d, f, and h). This SE band may shift out of the spectral

window as the solvent H-bond donating and accepting properties change, populating the trapped
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species in a less relaxed dark state that becomes more inaccessible for the lower-polarity solvents
exhibiting higher FQYs.''”! This dark state may also have an extremely weak SE transition
oscillator strength, so the spectral overlap with an adjacent stronger ESA band yields an overall
positive band. The retrieval of state 3 for o-LHBDI (blue traces in Figure 4) with different spectral
profiles but lengthened (1.4-2.1 fold) lifetimes versus state 3 for o-HBDI (blue traces in Figure 3)
indicates a similar excited-state relaxation pathway that differs from simple solvation but depends
on solvent polarity, also responsible for the FQY enhancement from o-HBDI to o-LHBDI (Table
1, FQY is still well below 1). We thus surmise that the dominant P-ring-twisting events in o-HBDI
(Figure S6b) correspond to the ultrafast “counterpart” of I-ring-twisting events in o-LHBDI
(Figure S6d), while both isomerization pathways are sensitive to solvent polarity due to the
accompanying ICT process. Notably, only target analysis yields a reasonable trace for the TICT(I)
state since all states past ESIPT are spectrally similar in global analysis.”® The slightly mismatched
peak maxima between the SE band of T* FS (i.e., S;-keto form) and steady-state fluorescence band
likely arise from an overlapping ESA band on blue side of the SE band, along with the additional
A* dependence of the SE cross-section, thus leading to an apparent redshift of the SE peak.'® In
contrast to the proposed twisting population without undergoing ESIPT (i.e., Si-enol form) toward
a peaked S/Sy conical intersection,* our systematic TA spectra of o-LHBDI in various solvents
substantiate the S;-keto form (T*) as the dominant excited-state population that relaxes toward a
sloped conical intersection,”' while generating enhanced fluorescence due to kinetic trapping of
the FS.'""* A long-lived ground state recovery of o-LHBDI’s N-form on the ps timescale is

expected on the basis of the aforementioned recovery dynamics of o-HBDI in ACN.*

2.3. Ground and Excited-State Femtosecond Stimulated Raman Spectroscopy (FSRS)

Affords Structural Dynamics Insights. To correlate the electron motions with molecular
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vibrations in real time, we implemented ground- and excited-state FSRS in tandem to gain
structural dynamics insights of the comparative o-HBDI and o-LHBDI, including their respective
normal and tautomer forms. The ground-state FSRS data were obtained using a 506 nm Raman
pump with a bluer Raman probe to achieve pre-resonance condition at the red edge of the N-form
absorption (Figure 1) and highlight its vibrational features. In contrast, the excited-state FSRS
employed a 545 nm Raman pump with a redder Raman probe (plus a 400 nm actinic pump) to
achieve pre-resonance on the blue (red) edge of the N (T)-form’s ESA band (Figures 3 and 4)."
This Raman pump wavelength was strategically tuned to a “central” region between the positive
ESA and negative SE peaks,” which can enhance the signal-to-noise ratios of transient N* and T*
forms of both chromophores to allow for the dynamic tracking and rigorous comparison of
vibrational signatures throughout ESIPT (see SI Experimental Materials and Methods for details).
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Figure 5. Ground-state FSRS reveals key structural features of o-HBDI (black) and o-LHBDI
(red) in ACN. Raman pump was tuned to 506 nm with Raman probe on the anti-Stokes side. The
stimulated Raman intensity is normalized to the ~1570 cm ' peak. Major Raman peak frequency
shifts upon P-ring locking (gray shades) are color-coded according to the chromophore (see Table

S2 for vibrational normal mode assignments). R,,, Raman pump.
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The ground-state FSRS spectra of the N-forms of o-HBDI and o-LHBDI in ACN show largely
conserved vibrational bands ranging from ~1000-1700 cm™' (Figure 5) with mode assignments
aided by quantum calculations (Table S2). Overall, lower-frequency modes are more delocalized
vibrations like ring deformation, while higher-frequency modes involve more localized CO, CN,
and CC stretching motions.'” The Raman mode assignments are largely consistent with previous

reports on p-HBDI,zz’46

particularly on the I ring, due to the structurally similar backbone of the
constitutional isomer. The P-ring locking modifies the conjugation and alters the overall electronic
and atomic structure of o-LHBDI, which becomes apparent in frequency shifts (see Table S2 for
summary) and intensity variation of multiple Raman peaks, the latter probing the mode-dependent
polarizability change of the chromophore (Figure 5). For instance, the significant drop of ~1460
and 1640 cm ™' peak intensities in o-LHBDI stems from the P-ring locking (with extra ring, Scheme
2) that increases electron density and decreases electron deformability for the P-ring-dominant
motions, whereas the ~1610 cm ' peak intensity remains nearly constant due to its primary P- and
I-ring contribution in 0o-HBDI and o-LHBDI, respectively (see Table S2 for mode assignments).
The excited-state FSRS for o-HBDI and o-LHBDI following 400 nm photoexcitation of N-
forms yields spectrally similar trends (Figure 6a and d). The different signs of Raman marker bands
arise from the specific resonance condition (“+/=" for initial N* modes above/below 1500 cm™)
or transient species (“+” for a nascent T* mode around 560 cm™').'**> The N* vibrational modes
with P-ring-dominant motions red-shift while I-ring-dominant motions blue-shift versus the

ground state (Tables S3 and S4), indicative of an ICT process'

that underlies the solvent-polarity
dependence revealed by systematic TA experiments (see Section 2.2). All the excited-state modes

display a blueshift over time, denoting vibrational relaxation of transient species,'** with the 1579

cm ' mode having the most significant shift (see black arrow in Figure 6a). Both high-frequency
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modes at 1579 and 1669 cm ™' reflect rather delocalized vibrational motions in So (~1610 and 1646
cm ', Table S2) that become more localized to P-ring (N*) or I-ring (T*) motions in S; (Table S3),
likely due to a photoinduced swift electronic charge redistribution, ESIPT, and ICT***"" that
enable the chromophore to undergo an ultrafast twist dominantly along one bridge bond, P ring in

0-HBDI and I ring in o-HBDI, but not both simultaneously to break the two-ring coplanarity.
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Figure 6. Excited-state FSRS tracks structural dynamics in real time. The semilogarithmic 2D-
contour plots of the excited-state FSRS data after 400 nm excitation of (a) o-HBDI and (d) o-
LHBDI in ACN. Raman pump was tuned to 545 nm with a probe window of ~500—1800 cm ' on
the Stokes side. The stimulated Raman gain (RG) color bar is displayed. The integrated intensity
dynamics (data in hollow circles) of the positive (b) 562, 1579, and 1669 cm™' and negative (c)
1309 and 1141 cm™' Raman bands of 0-HBDI and positive (¢) 1511, 1573, and 1662 cm™' Raman
bands of 0o-LHBDI in ACN are overlaid with least-squares fits (color-coded solid lines). The
retrieved time constants and amplitude weight percentages are listed in the insets. Ay, actinic

pump; Ry, Raman pump.
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The intensity dynamics of five (three) pronounced excited-state vibrational modes in o-HBDI
(o-LHBDI) largely match the fs-TA results (Figure 6b, c, e, and Figures 3, 4); therefore, they track
similar excited-state processes. Importantly, the <100 fs time constant representing ESIPT from
N*—T* manifests a decay for all the vibrational modes except the ~562 cm™' mode in 0-HBDI,
wherein a rise component was observed. Clear dynamics were not obtained for the ~556 cm™"
mode in o-LHBDI, possibly due to the weaker mode intensity (supported by calculations in Figure
S7). This mode tracks P-ring deformation motions that can modulate the O—H---N distance and is

1015 Therefore, while most of the excited-state modes follow

likely a spectator mode for ESIPT.
the decay of N* species in 0-HBDI, the 562 cm ' mode tracks the rise of T* species and subsequent
decay. Though this mode was absent in ground-state FSRS (Figure 5), the calculated ground-state
Raman spectra of o-HBDI and o-LHBDI in ACN show enhanced Raman intensity for this mode
in the tautomer form (Figure S7), supporting its direct involvement with ESIPT. The close match
between the initial decay (40—70 fs) and rise (90 fs) time constants (Figure 6b,c) from multiple
vibrational modes establishes the real-time tracking of ESIPT in action, which represents the first-
time experimental observation for ortho-GFP-chromophore analogues in solution.

Notably, a conserved ~1 ps rise component was retrieved for the high-frequency modes in o-
LHBDI (Figure 6e), which was not observed for o-HBDI (Figure 6b). This intermediate rise time
constant largely matches the solvation time of ACN and could result from the increased electric
polarizability as the P-ring-locked chromophore becomes solvated upon N*—T* electron density
redistribution en route to the FS (Figure 4, kinetic scheme),"” which is more significant with larger
time constants than the more conformationally flexible o-HBDI (Figure 3, kinetic scheme). It

should be noted that the ground-state T-form relaxation (>ns) in o-HBDI retrieved from fs-TA was

not observed in the excited-state FSRS peak dynamics due to a change in the polarizability and
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resonance conditions, since the dynamic resonance enhancement was achieved for excited-state
species (N* and T*) in accord with their transient electronic features (Figure 3).'° In contrast, for
o-LHBDI with an altered excited-state relaxation pathway that leads to a twisted dark state and
more emissive FS (than o-HBDI), the T*-form electronic relaxation time constants of ~15 ps and
1.2 ns (Figure 4d) in ACN are well corroborated by the T* vibrational mode intensity decay time

constants of ~24 ps and 1.2 ns (Figure 6e), inferring the correlated electronic and atomic motions.

2.4. ESIPT and Isomerization Coordinates Elucidated for Constraining the ortho-GFP-
Chromophore in Solution. The ground and excited state measurements in the electronic and
vibrational domains, validated by quantum calculations, support the occurrence of ESIPT from the
neutral P-ring unlocked and locked ortho-GFP chromophore derivatives in solvents with various
properties (e.g., polarity, viscosity). The formation of a seven-membered-ring intramolecular H-
bond in the ortho-isomer facilitates the otherwise-inhibited proton transfer as observed in the para-

isomer that is outcompeted by ultrafast cis-trans isomerization.>"**>**

The change in the excited-
state PES upon P-ring locking initially becomes apparent from the solvent-polarity dependent
emission energies (Figures 1 and S2, Table 1). The emission energies are largely conserved for o-
HBDI, suggesting that the planar T* FS occurs before the solvation and isomerization events that
would be more sensitive to solvent polarity. In contrast, a frequency blueshift is apparent for o-
LHBDI as the solvent varies from polar protic to nonpolar aprotic (MeOH to Tol, see Figure S2e¢),
insinuating that solvation events play a more significant role in the excited state of the locked
chromophore. As corroboration, the FQY of o-LHBDI also displays a stronger correlation with
solvent polarity than the unlocked o-HBDI (Figure 2a,c). We note that the observation of only the

zwitterionic form (T*, see Schemes 1 and 2) emission in steady-state fluorescence spectrum

(Figure 1, corroborated by the o-HBDI anionic form emission spectrum in Figure S4) as well as
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ultrafast formation of the zwitterionic form (T*, Figures 3 and 4) in fs-TA spectra indicates that
the ESIPT efficiency is not dramatically decreased for these ortho-GFP chromophores (both o-
HBDI and o-LHBDI) in protic solvents like MeOH.

Furthermore, the evidence denoting an altered excited-state PES upon P-ring locking arises
from the solvent-viscosity dependent FQY enhancement from o-HBDI to o-LHBDI as one of the
two key isomerization coordinates is isolated (Figure 2f). The much greater FQY enhancement in
the lower viscosity solvents (ACN > DCM > MeOH > Tol, see their # values in Table 1) provides
strong experimental support for P-ring isomerization as the dominant pathway for nonradiative
relaxation (likely via a CI)***'*** because the two ortho-GFP chromophores only differ in the
extra ring (i.e., five-membered ring cyclization, Scheme 2) that inhibits the one-bond-flip of P ring
while I-ring isomerization remains accessible.

By implementing fs-TA spectroscopy and analyzing time-resolved electronic features, the
ESIPT from N*—T* was confirmed to be ultrafast (<100 fs) for both chromophores in all solvents,
including MeOH. The barrierless ESIPT reaction was experimentally supported by fs fluorescence
upconversion results: deuteration of the P-ring hydroxy group does not alter the rise and decay
dynamics of the tautomer emission band.'**° Theoretical studies of 0-HBDI and o-LHBDI also
concluded that ultrafast (<35 fs), barrierless ESIPT precedes the competing isomerization events

and is unaffected by the P-ring locking.***"**

This finding suggests that the increased photoacidity
of the phenolic hydroxy group from N—N* is not drastically affected by changes in the electronic
structure upon P-ring locking (Figure S3 and Table S1), while post ultrafast ESIPT, the phenolate
oxygen site with an enhanced electron-donating capability leads to ICT toward I ring (Table S1)

and the structural reorganization plays a more prominent role in that phase of energy relaxation

(Figure 6)."
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Notably, intermolecular H-bonding between the solute and solvent can compete with ESIPT

and decrease the tautomerization efficiency.'"'>*

For polar solvents with H-bond donating and/or
accepting capabilities (e.g., MeOH and ACN), ESIPT can be hindered such that N* rapidly relaxes
back to the ground state through internal conversion or conical intersection without detectable N*
emission and in turns lowers the FQY of T*. The effect of solvent polarity on transient electronic
dynamics of both o-HBDI and o-LHBDI (Figures 3 and 4) can be unveiled by the excited-state
relaxation rate constant versus solvent polarity plots (Figure S6). Since we have experimentally
established that P-ring isomerization is dominant and responsible for majority of the nonradiative
energy dissipation, we can dissect solvent effects on the I-ring isomerization pathway. Although
the FQY increases by a factor of ~18 (15) in 0-HBDI (o-LHBDI) from MeOH to Tol (Table 1),
we select o-LHBDI with an isolated bridge-twisting coordinate to examine solvent-induced effects
on I-ring isomerization of T* species with an increased polarity versus N*. Therefore, the more
polar solvents can lower the T* energy and reduce the energy barrier for TICT(I),>" effectively
red-shifting the emission and lowering the FQY. On the contrary, Tol is unable to stabilize T* as
efficiently and raises the energy barrier for TICT(I), resulting in a bluer emission energy and a
higher FQY. Notably, such insights augment the original proposal' that I-ring twist is originally
restricted by the intramolecular hydrogen bond, and after ultrafast ESIPT, the I-ring isomerization
pathway is opened in the excited state of o-LHBDI and contributes to its overall FQY (Table 1).
Due to our <I ns time window in fs-TA, the long-lived (us) ground-state trans-T relaxation®®
for 0-HBDI in ACN was not observed. The estimated <5% population of trans-T form> would
yield an extremely low and essentially negligible amplitude if added to our global and target
analysis models. Rather, we focused on ESIPT and the subsequent excited- and ground-state decay

dynamics of cis-T* and the partially twisted cis-T that prominently emerges on the tens of ps
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timescale in solution (Figure 3). Theoretical studies of the T—N reverse proton transfer was also
determined to be largely downbhill, as corroborated by our quantum calculations in the ground state
with a small barrier around P-ring O—H bond distance of 1.4 A (Figure Sla), thus supporting the
few-ns relaxation phase of the twisted cis-T species to be a meaningful assignment in 0-HBDI.***!

Moreover, the ground- and excited-state FSRS results complement the findings from steady-
state and time-resolved electronic spectroscopy experiments to create a holistic understanding of
the reaction coordinates of both ortho-GFP chromophore analogues. Upon photoexcitation, the P-
ring-dominant vibrational mode frequency redshift from N—N* is consistent with electron density
redistribution and increased photoacidity of the phenolic hydroxy group to promote ESIPT (Tables
S3 and S4).”'"!* The concomitant blueshift for the I-ring-dominant vibrational modes suggests the
P-to-I-ring ICT, which can be further categorized as the ESIPT-coupled ICT since the phenolic
hydroxy group is a weak electron donor unless it is deprotonated.”* This assignment is
augmented by the predicted blueshift (redshift) of the I-ring (P-ring)-dominant vibrational modes
for N*—T* transition from quantum calculations (Tables S3 and S4), while a direct experimental
observation is hindered due to the ultrafast emergence of T* species after ESIPT reaction (<100
fs). In particular, the ~1669 (1662) cm™' excited-state vibrational mode in o-HBDI (o-LHBDI)
mainly consists of the characteristic I-ring C=0 stretch, along with CNH rocking, which could
thus act as a direct P-to-I-ring ICT probe since it is clearly blue-shifted from the ground state
(Figures 5 and 6). Like p-HBDI, P-to-I-ring ICT could contribute to the enhanced P-ring

isomerization to rapidly dissipate the excited state energy.>'*>2%>%4448

The higher polarity solvents
stabilize T*, lower the excited-state isomerization barriers, and enhance P-to-I-ring ICT and the

subsequent P-ring isomerization (mainly for o-HBDI), ultimately leading to the lower FQYSs as

observed for both chromophores in MeOH and ACN than those in DCM and Tol (see Table 1).

29



Notably for the first time, the ultrafast (<100 fs) ESIPT process was captured in o-HBDI using
FSRS, aided by dynamic resonance enhancement.”'”> The rise of ~562 cm ' mode, tracking the
characteristic P-ring deformation motions that modulate the O—H:--N (intramolecular H-bond)
distance, appears later in time than all the other modes that rise within the cross-correlation time
(Figure 6a-c). We attribute the sub-100 fs decay and rise components in the other excited-state
vibrational modes and ~562 cm ™' mode to photoreactant N* and photoproduct T*, respectively.
Further support arose from previous fluorescence upconversion measurements of T* showing two
coherently excited skeletal deformation motions (~115 and 236 cm™') in association with the
intramolecular hydrogen bond.*® These results infer a moderate energy barrier for ESIPT that can
be overcome by in-plane skeletal bending motions to modify the “interlocked” H-bond distance
(Scheme 2),'" which also correlate well with previous findings of certain low-frequency vibrational
motions that effectively gate the ESPT reaction in GFP and GFP-derived biosensors,””’ as well
as inhibition of the chromophore isomerization coordinate to enhance FQY.'****

3. Conclusion

In summary, the conformational P-ring locking of an ortho-GFP derived chromophore yields a
dramatic FQY enhancement that is solvent-viscosity dependent. Deeper insights into the
photophysical behavior of two archetypal ortho-GFP-chromophore analogues in the electronic and
vibrational domains were obtained using an integral characterization platform of fs-TA, excited-
state FSRS, and quantum calculations. The use of contrasting solvents that cover a wide range of
polarity, viscosity, and protic properties allows for a systematic investigation of excited-state
energy relaxation pathways. Upon photoexcitation, ultrafast electron density redistribution leads
to increased photoacidic and photobasic behavior for the P-ring hydroxy group and I-ring N site,

respectively. The resultant ESIPT-induced directional ICT steers the energy dissipation pathways
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along the P- and I-ring isomerization coordinates via the exocyclic methine bridge, with the former
route being inhibited upon P-ring locking via cyclization. The rise of a ~562 cm™' Raman mode,
probing the P-ring-deformation motions that can readily modulate the O—H:--N distance along the
intramolecular H-bond, was captured during ESIPT reaction on the ~90 fs timescale, providing
crucial structural dynamics knowledge. The ultrafast P-to-I-ring ICT facilitates P-ring twist (partial
isomerization), rapidly returning the o-HBDI population to the ground state with essentially no
fluorescence. In sharp contrast, the fluorescent state of 0o-LHBDI becomes much more sensitive to
solvent polarity with the dominant P-ring isomerization coordinate inhibited, allowing us to
directly observe that the I-ring twist energy barrier increases as solvent polarity decreases,
resulting in a higher FQY. The higher-polarity solvents exhibit red-shifted emission as they are
better suited to further stabilize the highly polar zwitterionic T* population, and a lower energy
barrier leading to a dark TICT(I) population with a twisted geometry that relaxes nonradiatively
to the ground state. In both chromophores, the cis-to-trans photoisomerization quantum yield
remains very low due to the intramolecular hydrogen bond and additional P-ring locking in o-
LHBDI, so the vast population of partially twisted cis-T species undergoes reverse proton transfer
on ultrafast timescales to the thermally equilibrated cis-N form and complete the photocycle.
Strategic incorporation of electron-donating and -withdrawing groups at various positions on
the P and I rings can provide further insights into the effect of ESIPT-induced ICT that leads to
ultrafast excited state deactivation for ESIPT-capable “floppy” molecules, so long as they do not
interfere with the ESIPT process that alleviates the need for extended conjugation to achieve red
emission. Future endeavors of such compact-sized derivatives with rational molecular engineering
(e.g., conformational locking, charge transfer direction and magnitude, site-specific synergistic

9,23

tuning)*~ and suitable spectroscopic characterization would provide an enhanced understanding
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of the substituent-position relationships behind electron density redistribution and light-induced
properties with functional importance (e.g., brightness, stability, color tuning). We envision the
deepened mechanistic insights into ultrafast fluorescence modulation as the root cause for emission
properties to enable rational molecular design and benefit broad applications from chemical-/bio-

probe development, ratiometric sensing, to super-resolution imaging and microscopy.
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