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ESI Text
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General procedure for the synthesis of (Z)-5-arylidene-2,3-dimethyl-3,5-dihydro-4H-
imidazol-4-ones (1a-f, see below for details). To the solution of corresponding aldehyde (20
mmol) in chloroform (100 mL), a 40% aqueous methylamine solution (60 mmol) and anhydrous
sodium sulfate (20 g) were added. The mixture was stirred for 48 h at room temperature, then
filtered and dried over the additional Na,SO.. After solvent evaporation, ethyl ((1-
methoxy)amino)acetate' (3.5 g, 22 mmol) and methanol (3 mL) were added. The mixture solution
was stirred for 24 h at room temperature, after solvent removal in vacuum, the resultant product 1

was purified by column chromatography (CHCl;—EtOH at 20:1).?

Synthesis procedures of the mono- and dihalogenated HBDI derivatives.

OH
F
N
\>_
N
S

(£)-5-(3-fluoro-4-hydroxybenzylidene)-2,3-dimethyl-3,5-dihydro-4 H-imidazol-4-one (1a)
(Ri=H, Ry=F) Yellow solid (1.82 g, 39%); '"H NMR (700 MHz, 303 K, DMSO-ds) & ppm 10.52
(br.s., 1H), 8.19 (dd, J=13.1, 1.8 Hz, 1H), 7.76 (dd, J = 8.4, 1.7 Hz, 1H), 6.99 (t, /= 8.8 Hz, 1H),

6.89 (s, 1H), 3.09 (s, 3H), 2.34 (s, 3H).
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(£)-5-(3,5-difluoro-4-hydroxybenzylidene)-2,3-dimethyl-3,5-dihydro-4 H-imidazol-4-one
(1b) (R1=R,=F)

Yellow solid (3.33 g, 66%); 'H NMR (700 MHz, 303 K, DMSO-ds) & ppm 10.88 (s, 1H), 7.96 (d,

J=9.7 Hz, 2H), 6.89 (s, 1H), 3.09 (s, 3H), 2.36 (s, 3H).’

OH
Cl

XN

\>_

o~ N
(£)-5-(3-chloro-4-hydroxybenzylidene)-2,3-dimethyl-3,5-dihydro-4 H-imidazol-4-one (1¢)
(Ri=H, R,=Cl) Yellow solid (1.80 g, 36%); m.p. = 268-270 °C; 'H NMR (700 MHz, 303 K,
DMSO-ds) & ppm 10.82 (s, 1H), 8.36 (d, /= 1.8 Hz, 1H), 7.94 (dd, /= 8.4, 1.8 Hz, 1H), 7.02 (d,
J=28.4 Hz, 1H), 6.88 (s, 1H), 3.09 (s, 3H), 2.35 (s, 3H) (see Appendix S1); °C NMR (176 MHz,
303 K, DMSO-ds) & ppm 169.6, 163.3, 154.8, 137.3, 133.1, 132.4, 126.5, 123.7, 120.1, 116.6,
26.2, 15.3 (see Appendix S2). High-resolution mass spectrum (HRMS) using electrospray
ionization (ESI) m/z: 251.0579 found (calculated for C;,H;,CIN,O,", [M+H]" 251.0582).

OH
Cl Cl
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(£)-5-(3,5-dichloro-4-hydroxybenzylidene)-2,3-dimethyl-3,5-dihydro-4 H-imidazol-4-one
(1d) (R1=R,=C])
Yellow solid (2.74 g, 48%); 'H NMR (700 MHz, 303 K, DMSO-d) & ppm 10.78 (br. s., 1H), 8.28

(s, 2H), 6.89 (s, 1H), 3.09 (s, 3H), 2.36 (s, 3H).*

OH
Br

(£)-5-(3-bromo-4-hydroxybenzylidene)-2,3-dimethyl-3,5-dihydro-4 H-imidazol-4-one (1e)
(R;=H, R,=Br) Yellow solid (3.42 g, 58%); 'H NMR (700 MHz, 303 K, DMSO-ds) 5 ppm 10.89
(s, 1H), 8.50 (d, /= 1.9 Hz, 1H), 7.98 (dd, J = 8.6, 1.9 Hz, 1H), 7.00 (d, J = 8.6 Hz, 1H), 6.87 (s,

1H), 3.09 (s, 3H), 2.35 (s, 3H).°

OH
Br Br

XN

\>_

o~ N
(£)-5-(3,5-dibromo-4-hydroxybenzylidene)-2,3-dimethyl-3,5-dihydro-4 H-imidazol-4-one
(1f) (R;=R,=Br)

Yellow solid (2.02 g, 27%); '"H NMR (700 MHz, 303 K, DMSO-ds) & ppm 10.52 (br. s., 1H), 8.46

(s, 2H), 6.89 (s, 1H), 3.09 (s, 3H), 2.36 (s, 3H).**
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ESI Figures
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Figure S1. Electronic absorption titration curves for the parent and monohalogenated HBDI
derivatives. The neutral-to-anionic form absorption spectra of (a) p-HBDI and (c, e, and g)
monohalogenated HBDI derivatives in aqueous solution with increasing pH values (listed by the
color-coded spectra) at room temperature. The pK, values are determined from the equivalence

points in panels b, d, f, and h for p-HBDI, F-HBDI, CI-HBDI, and Br-HBDI, respectively.z’3
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Figure S2. Electronic absorption titration curves for dihalogenated HBDI derivatives. The neutral-
to-anionic form absorption spectra of (a, ¢, and e) dihalogenated HBDI derivatives in aqueous
solution with increasing pH values (listed by the color-coded spectra) at room temperature. The
pK, values are determined from the equivalence points in panels b, d, and f for 2F-HBDI, 2ClI-

HBDI, and 2Br-HBDI, respectively, and listed in Table 1 with two significant digits.

Notably, in both Figures S1 and S2, the samples were measured up to pH=11 (not shown) to

highlight actual pK, values. All samples are stable and deprotonated in pH=10 aqueous solution.
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Figure S3. Determination of the fluorescence quantum yield (FQY) of HBDI derivatives. The
integrated area for fluorescence signal intensity (from 485—635 nm upon 400 nm excitation)

plotted against the absorption term at the excitation wavelength A, for (a) Coumarin 153 in EtOH,
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and (b) p-HBDI, (c-e) mono-, and (d-h) dihalogenated HBDI derivatives in pH=10 aqueous
solution. Black squares represent data points at various sample concentrations, and red straight
lines represent the least-squares linear fits. The corresponding FQY values, slopes, and R? values

(all close to unity) are listed within each panel.*’

The zero y-intercept data point was included in data analysis while it is not shown in the plots
above. Three independent measurements yielded a +4% range of the FQY values, whether or not
the zero y-intercept data point was included. Due to low emission photon counts, the water
scattering band was manually removed by Gaussian fitting. This could result in the +4% range of
the FQY values as mentioned above; however, in all cases the FQY trend observed is consistent

(Table 1) and thus used to help interpret the ultrafast spectroscopic results discussed in main text.
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Figure S4. Determination of molar extinction coefficients of HBDI derivatives. The electronic
absorbance plotted against the concentration for (a) p-HBDI, (b-d) mono-, and (e-g) dihalogenated
HBDI derivatives in pH=10 aqueous solution using a 1-mm-pathlength quartz cuvette. Black
squares represent data points at various concentrations, and red straight lines represent the least-
squares linear fits. The corresponding molar extinction coefficient (e, calculated from the
absorption value at 400 nm) and R” values are listed within each panel. Due to the experimental

errors associated with such measurements, the rounded values are tabulated in Table 1 (main text).

S11



a R?:0.999 __ 2Br b R%: 0999 _ 2Br
2201 2CI 11 2CI 1
- monohalogenated
D dihalogenated
x 185+ 1 Br{
<>3 cl
o 2F 2F
1.484 1 F 1
R?: 0.992 R?: 0.988
2.99 3.02 3.05 2.78 2.80 2.82
0-0 TEqs (V) 0-0 TEem (V)

Figure SS. Fluorescence properties have an electronic origin. Correlation of FQY vs. the 0-0 TE
(represented by HOMO-LUMO) transition energy gap for the calculated (a) absorption and (b)
emission maximum values for the mono- (red) and dihalogenated (black) anionic HBDI
derivatives. The TE values were determined from TD-DFT calculations (see Experimental
methods section in main text). The R® values are color-coded with respect to mono- and

dihalogenated HBDI derivatives and displayed in each panel to show a strong correlation.

The calculated absorption and emission peak maxima (see Table 1 in main text) were taken
from the output spectra with all the allowed electronic transitions from TD-DFT calculations with
default peak broadening in Gaussian software;® therefore, those values differ from the 0-0
transition energies as represented by the HOMO-LUMO energy gaps (essentially responsible for
the observed intense So—>S,; absorption band that corresponds to a single n—>n* transition)’ '
displayed here. In contrast to a negative correlation between FQY and the experimental absorption
peak energy (Figure 3a), a positive correlation between FQY and the calculated 0-0 TE suggests
a complex excited-state potential energy surface that differs for its halogenation dependence in the
Franck-Condon region (initially populated excited state) versus the fluorescence emission region
(energy relaxed state). Nevertheless, the uncovered strong correlation between FQY and these

experimental and theoretical energy gaps substantiate the underlying electronic origin.'>'*
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H
F
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Figure S6. Ground-state electronic energy change as a function of methine bridge twisting angles.
Energy change from the cis form plotted against the dihedral angle of the anionic p-HBDI and
mono- and dihalogenated HBDI derivatives twisting along the (a) phenolate and (b) imidazolinone
ring coordinates (see chemical structure and twisting angles in the upper left corner) in the ground

state (So) from DFT calculations. The table in the upper right corner shows free rotation at room
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temperature (kgT =~ 0.02543 eV, T = 295 K) along the P- and I-ring twisting coordinates and the
optimized ground-state dihedral angles for the parent p-HBDI and each HBDI derivative. The
spectral lines and abbreviations for each HBDI derivative are color-coded according to the
substituents (hydrogen, H, black; fluorine, F, red; chlorine, CI, green; bromine, Br, blue; 2F, dark
red; 2Cl, dark green; and 2Br, dark blue). Dihedral angles that correspond to peak energy values
are notated in each panel: 6, CCCC dihedral that involves two carbon atoms on the P-ring; T,

CCCC dihedral that involves two carbon atoms (terminating at the carbonyl site) on the I-ring.

Interestingly, upon I-ring twist in Sy, the energy minimum is achieved at T = 180° (not 0° or
360° that shows a notably higher energy). For comparison, upon P-ring twist in Sy, the energy
minimum is achieved at 6 = 0° or 360° for the monohalogenated HBDI derivatives but that is
within thermal energy (25.43 meV) of the 180° case (e.g., F-HBDI, 24.72 meV; CI-HBDI, 10.53
meV; Br-HBDI, 8.25 meV). Moreover, only the bond connecting to the imidazolinone ring (bridge
torsion coordinate - T angle) can act as a cis-trans isomeric switch between distinct populations of
the anionic HBDI chromophores and derivatives; in contrast, torsion around the 6 angle maintains

1913 1 particular,

the phenolate —O™ group at the para site that does not affect the isomeric state.
the twisted intramolecular charge transfer (TICT) states via these bridge torsions are known to
decrease the S;/Sy energy gap and promote efficient energy dissipation pathways (see Figure 6 in

. 13,16,1
main text).' >
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Figure S7. Global analysis of fs-TA spectra of the halogenated GFP chromophore derivatives.
Deconvolved spectra with associated lifetimes are listed for the anionic (a) p-HBDI, (b-d) mono-,
and (e-f) dihalogenated HBDI derivatives in pH=10 aqueous solution following 400 nm excitation.
The evolution-associated difference spectra (EADS) with a sequential kinetic model yield three

%1% The negative and positive

major components (color-coded) in the order of black—red—blue.
values (change of the absorbance in milli-OD unit) denote an SE and ESA (or hot ground-state

absorption/HGSA)'? band, respectively (not shown in main text due to similarity to p-HBDI)."?
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Figure S8. Normalized GS- and ES-FSRS spectra of anionic p-HBDI in pH=10 aqueous solution.
The chromophore chemical structure is shown in the left inset. Data traces are color-coded
according to the GS (black) and ES (100 fs, blue; 900 ps, red). For ES-FSRS, the actinic pump
was tuned to 400 nm; for both GS- and ES-FSRS, the Raman pump was tuned to 550 nm. The
Raman peak highlighted near 1560 cm™ shows the vibrational frequency change from GS to early
(blueshift) and late (redshift) ES. The typically smaller ES-FSRS spectra'*" (blue and red) were
normalized to the GS-FSRS peak at 1559 cm™ for easy comparison. A fast Fourier transform (FFT)

smoothing function with 10 points was used for the ES spectra to reduce noise.
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ESI Tables

Table S1. Steady-state electronic spectroscopy and simplified Strickler-Berg equation data of

properties for the parent, mono-, and di-halogenated HBDI derivatives in pH=10 aqueous solution

Stokes
Sample | (1) e ™ | ™ ot | et | o | g [fomene’
Happ | 2917 | 0418 | 3013 | 2817 | 126 | 0293 | 2325 | 430 | 1.2601
H]Fsi)l 2938 | 0448 | 2999 | 2790 | 138 |0.280 | 2.026 | 494 | 1.2286
Hg]')l 2924 | 0424 | 3.037 | 2815 | 1.69 | 0292 | 1.729 | 578 | 1.2609
H]];;]')I 2917 | 0423 | 3.046 | 2820 | 1.79 | 0295 | 1.646 | 607 | 1.2762
HZBF]')I 2966 | 0466 | 2996 | 2767 | 1.54 | 0279 | 1.811 | 552 | 1.2204
é]g]l)'l 2938 | 0453 | 3.054 | 2807 | 218 |0.276| 1.269 | 788 | 1.2206
ég]r)'l 2931 | 0451 | 3.066 | 2815 | 232 |0277 | 1.195 | 837 | 1.2283

“Measured from the experimental absorption peak maximum (Figure 1, Table 1 in main text).'*

’ The 0-0 transition energy (TE) for absorption (abs.) and emission (em.) is represented by the
HUMO-LUMO energy gap from the corresponding TD-DFT calculations.****

“ Determined from the simplified Strickler-Berg equation™ (Equation 1 in main text) on the basis
of radiative transition probabilities. Since these HBDI derivatives exhibit very dim fluorescence,
time constants retrieved from femtosecond transient absorption (fs-TA) spectra are convoluted
with dominant nonradiative pathways. This column of rate constants (kr=k,) corresponds to
fluorescence lifetimes of ca. 3.4-3.6 ns, typical for this series of organic chromophores.'*****
“Determined from the definition of FQY and the derived expression (Equation 3 in main text).

¢ Obtained from the inverse of &, with the proper unit conversion (1 ps = 1000 f's). Notably, for

dim chromophores (®p « 1), ky, determines the apparent lifetime of fluorescent state (Figure S7).

/ Oscillator strength ( /') taken from the emitting state from TD-DFT calculations.
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Table S2. Experimental ground-state Raman mode frequencies and assignments aided by quantum

calculations for p-HBDI and the monohalogenated HBDI derivatives

Raman mode assignment p-HBDI F-HBDI CI-HBDI Br-HBDI
! exp.” | cal.” | exp.” | cal.® | exp.” | cal. | exp.” | cal.”
l-ring and weak Pring Lp. |1y | 595 | 617 | 607 | 616 | 603 | 613 | 602
deformation

I-ring i.p. i -

Ting i.p. deformation, P~ 1 g 40| g5g 904 867 854
ring breathing with C—X 923 905 286

stretch, and weak bridge 924 920 944 927 925

CCC bending

I-ring i.p. deformation with
CCH and NCH bending, 1034 | 1022 | 1036 | 1022 | 1035 | 1024 | 1033 | 1024
weak P-ring C—H rocking

P-ring i.p. C—H scissoring,
bridge C—H rocking, I-ring | 1170 | 1178 | 1143 | 1142 | 1140 | 1138 | 1137 | 1137
i.p. deformation

P-ring i.p. deformation,

bridee C—C stretch - - 1217 | 1202 | 1217 | 1207 | 1216 | 1206

P-ring i.p. deformation and
C—H scissoring, bridge C— | 1243 | 1246 | 1259 | 1252 | 1252 | 1241 | 1253 | 1241
H rocking

P-ring and bridge C-H

: . . 1305 | 1293 | 1309 | 1291 | 1312 | 1289 | 1308 | 1289
rocking, I-ring deformation

P-ring and bridge C-H
rocking, I-ring C—N stretch | 1373 | 1372 - - - - - -
and i.p. deformation

P-ring asymmetric C=C

and bridge CCC stretch 1442 | 1459° | 1451 | 1452 | 1420 | 1479 | 1418 | 1472

P-ring C=0O stretch and

bridge CCC stretch 1499 | 1500° | 1498 | 1506 | 1488 | 1507 | 1485 | 1506

P-ring C=C and C=0
stretch, bridge CCC
stretch, weak I-ring C=N
and C=O0 stretch

1559 | 1545 | 1566 | 1557 | 1561 | 1550 | 1560 | 1548

P-ring symmetric C=C
stretch, bridge CCC
stretch, I-ring C=0 and
C=N stretch

1633 | 1622 | 1640 | 1629 | 1636 | 1621 | 1633 | 1619

“ Raman mode assignments of major atomic motions of the chromophores (listed in order of most
intense to least intense) are aided by quantum calculations. P- and I-ring denotes the phenolate and

imidazolinone ring, respectively, and i.p. denotes in-plane (see the chemical structures in Fig. 1a).
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”The GS Raman peak frequencies (in cm™ unit) of the anionic p-HBDI and its monohalogenated
derivatives in pH=10 aqueous solution as determined from GS-FSRS experiments using 550 nm
Raman pump and a white-light probe (see Fig. 4a-d in main text).'”

¢ Vibrational normal mode frequencies of the anionic chromophores were calculated from the
geometrically optimized structure in the electronic ground state Sy using Gaussian software (see
Experimental methods section in main text) with a frequency scaling factor of 0.985.'>2%%7

4 C-X stands for the single carbon-halogen bond (X = F, Cl, Br) in monohalogenated HBDI
derivatives. Some adjacent vibrational modes appear for p-HBDI in solution and sfGFP as well.*®
¢ These two largely localized P-ring C=C and C=O0 stretching in conjunction with bridge C=C
stretching modes at ~1459 and 1500 cm™ exhibit a frequency redshift to ~1438 and 1453 cm’
(from TD-DFT calculations, see Table S4 below for more details), respectively, which is in accord
with the prompt ICT from P to I ring of the anionic HBDI chromophore (Fig. 6 inset, main text).
Due to their weak Raman peak intensities in the experimental FSRS data that hinder a strong
assignment of the photoinduced vibrational frequency change (Fig. 4), we instead focus on main

peak frequency blueshift of the ~1560 cm™ mode as observed (Fig. 4) as well as calculated (Tables

S2 and S4) for the more delocalized double-bond stretching motions across the two-ring system.
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Table S3. Experimental ground-state Raman mode frequencies and assignments aided by quantum

calculations for the dihalogenated HBDI derivatives

. a 2F-HBDI 2CI-HBDI 2Br-HBDI
Raman mode assignment 5 z A z 5 z
exp. cal. exp. cal. exp. cal.
I-ring and weak P-ring i.p. 593 | 583 | 599 | 583 | 581 | 570
deformation
I-ring i.p. deformation, P-ring 914 899 880
breathing with symmetric C—X* 922 914 902
stretch, weak bridge CCC bending 959 934 927
I-ring i.p. deformation with CCH
and NCH bending, weak P-ring 1038 1027 1037 1024 1035 1020
C—H rocking
Bridge and P-ring C-Hrrocking, I- | 1131 | 105 | 1141 | 1123 | 1138 | 1120
ring i.p. deformation
P-ring i.p. deformation with C—H
rock, bridge C—C stretch with C-H | 1268 1245 1228 1224 1224 1223
rock
P-ring i.p. deformation and C-H
rocking, bridge CCC bend, I-ring 1305 1293 1305 1290 1304 1290
1.p. deformation
P-ring and bridge C-H rocking, I- | 3,6 | 357 | 1340 | 1352 | 1333 | 1350
ring C—N stretch
P-ring breathing with weak I-ring 1379 1393 1380 1395 i 1394
C—N stretch
P-ring asymmetric C=C and
bridge CCC stretch 1458 1448 1421 1434 1415 1429
P-ring C=0 stretch, bridge i.p.
CCC streteh 1504 1499 1477 1501 1462 1501
P-ring C=C and C=0 stretch,
bridge CCC stretch, I-ring C=N 1566 1564 1562 1556 1559 1552
and weak C=0 stretch
P-ring symmetric C=C stretch,
bridge CCC stretch, and I-ring 1648 1632 1641 1621 1638 1619
C=0 and weak C=N stretch

“ Raman mode assignment of major atomic motions of the chromophores (listed in order of most
intense to least intense) are aided by quantum calculations. P- and I-ring denotes the phenolate and
imidazolinone ring, respectively, and i.p. denotes in-plane (see the chemical structures in Fig. 1b).
’The GS Raman peak frequencies (in cm™ unit) for the anionic dihalogenated derivatives in pH=10

aqueous solution as determined from GS-FSRS experiments (see Fig. 4e-g in main text).
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¢ Vibrational normal mode frequencies of the anionic chromophores were calculated from the
geometrically optimized structure in the electronic ground state Sy using Gaussian software with a
frequency scaling factor of 0.985 (see above).

4C—X stands for both carbon-halogen bonds (X = F, Cl, Br) in dihalogenated HBDI derivatives.
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Table S4. Selected experimental excited-state Raman mode frequencies and assignments aided by

quantum calculations for p-HBDI and the monohalogenated HBDI derivatives

; p-HBDI” F-HBDI CI-HBDI Br-HBDI
Raman mode assignment - p ; p . 7 p P
exp.” | cal exp. cal. exp.” | cal.” | exp.” | cal.
Itring 1.p. Qeformation, P; 917 873 358
ring breathing with C—X 935 956 895
stretch, weak bridge CCC i i
950 939 938

bending

I-ring C=0 and weak C=N
stretch, P-ring symmetric 1568 | 1561 | 1573 | 1565 | 1571 | 1562 | 1575 | 1562
C=C and C=O stretch’

“Major atomic motions of the chromophores (listed in order of most intense to least intense) as
aided by quantum calculations in S;. P- and I-ring, phenolate and imidazolinone ring; i.p., in-plane.
’ The excited-state Raman mode frequencies and assignments largely match our previous report
on anionic p-HBDI in aqueous solution.'* The focus of this paper is the halogenated derivatives.

“ The excited-state peak frequency (in cm™ unit) is subject to baseline drawing and may be affected
by the 10-point FFT smoothing function used to reduce the spectral noise at ~100 fs time delay
(Figure S8).'>"® The corresponding ground-state Raman peak frequencies for the anionic p-HBDI
and its monohalogenated derivatives are listed in Table S2 (also see Figure 4a-d in main text).

4 Vibrational normal mode frequencies as calculated from the geometrically optimized anionic
chromophores using the TD-DFT method (see Experimental method section in main text) with
frequency scaling factors of 0.97 and 1.01 for high- and low-frequency modes,

: 12,22,27,29
respectively.'>***"

Two adjacent modes with similar composition including the C-X stretch
from calculations are listed.”®

¢ C—X stands for the single carbon-halogen bond (X =F, Cl, Br).

/The slight change in mode composition from S (e.g., 1559/1545 cm™ for exp./cal. frequencies of

p-HBDI in Table S2) arises from the prompt electron redistribution within Franck-Condon region

as corroborated by the electron density map change from HOMO to LUMO (Fig. 2 in main text).
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Table SS. Selected experimental excited-state Raman mode frequencies and assignments aided by

quantum calculations for the dihalogenated HBDI derivatives

2F-HBDI 2CI-HBDI 2Br-HBDI
Raman mode assignment b . b . b P

exp. cal. exp. cal. exp. cal.

I-ring 1.p. deformation with C-N stretch, 934 908 885

P-ring breathing with symmetric C—X* 927 927 908
stretch, weak bridge CCC bending 969 941 938
I-ring C=0 and weak C=N stretch, P-ring

symmetric C=C and C=0 stretch 1573 | 1569 | 1571 | 1566 | 1568 | 1566

“Major atomic motions of the chromophores (listed in order of most intense to least intense) as
aided by quantum calculations in S;. P- and I-ring, phenolate and imidazolinone ring; i.p., in-plane.
®The excited-state peak frequency (in cm™ unit) is subject to baseline drawing and may be affected
by the 10-point FFT smoothing function used to reduce the spectral noise at ~100 fs time delay.
The corresponding ground-state Raman peak frequencies for the dihalogenated HBDI derivatives
are listed in Table S3 (also see Figure 4e-g in main text).

¢ Vibrational normal mode frequencies as calculated from the geometrically optimized anionic
chromophores using the TD-DFT method (see Experimental method section in main text) with
frequency scaling factors of 0.97 and 1.01 for high- and low-frequency modes, respectively. Two
adjacent modes with similar composition including C—X stretch from calculations are listed.”®

¢ C-X stands for both carbon-halogen bonds (X =F, Cl, Br).
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Table S6. Calculated natural bond orbital (NBO) charges for the P-ring, methine bridge, and I-

ring to examine the percent change of ICT from the GS/FC to FS state

GS/FC* FS’ GS/FC - FS
Sample Porin methine Lerin Porin methine I-rin P-rin methine I-rin
€ | bridge & & | bridge 8 ® | bridge °

3.10% | —1.19% | —4.94%
(0.023) | (~0.002) | (~0.021)
3.87% | —1.18% | —7.12%
(0.030) | (~0.002) | (~0.028)
3.93% | —0.58% | —8.09%
(0.031) | (~0.001) | (~0.031)
4.06% | —0.58% | —8.12%
(0.032) | (~0.001) | (~0.031)
422% | —4.12% | —7.40%
(0.034) | (~0.007) | (~0.027)

p-HBDI | —0.743 0.168 -0.425 | -0.720 0.166 —-0.446

F-HBDI | -0.776 0.169 —-0.393 | -0.746 0.167 —-0.421

CI-HBDI | -0.788 0.172 —-0.383 | —0.757 0.171 -0.414

Br-HBDI | -0.788 0.172 —-0.382 | —0.756 0.171 -0.413

2F-HBDI | -0.805 0.170 -0.365 | —0.771 0.163 -0.392

0 _ 0, _ 0,

2Cl- -0.823 | 0.174 | -0.351 | —~0.788 | 0.173 | —0.385 4.25% 0-57% 9.69%

HBDI (0.035) | (=0.001) | (~0.034)

2Br- 4.11% ~-9.77%
-0.82 0.1 ~0.348 | ~0.794 | 0.1 ~0.382 -

HBDI 828 75 348 75 (0.034) (-0.034)

“The NBO charges for the optimized GS structures of anionic chromophores were calculated with
DFT; NBO charges for Franck-Condon (FC) region were from the energy calculation with TD-
DFT method using the optimized GS structure. Both calculations used the RB3LYP functional and
6-311G+(d,p) basis set. More negative charges on P ring are seen from mono- to dihalogenation.

’ The NBO charges for the fluorescent state (FS) state were determine from the TD-DFT method
with RB3LYP functional and 6-311G+(d,p) basis set of the geometrically optimized structure in
the first singlet excited state (S;). Green and red colors represent the decreasing and increasing

negative charges on those moieties, respectively.

Notably, the total NBO charges for each moiety (P-ring, methine bridge that only consists of
the center C and H atoms, and I-ring) of the chromophore were determined by summation of the
individual charges on each atom; the grand total charge is —1 for the anionic chromophore. The

GS/FC NBO charges were identical due to the Born-Oppenheimer approximation: there is no
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geometrical rearrangement during vertical excitation of the optimized GS structure and our current
level of theory is inadequate to account for “instantaneous” electron redistribution in this region.’
The numbers in green (red) represent an increase (decrease) in the absolute value from the GS/FC,
i.e., a decrease (increase) in electron density. Therefore, the total changes in parentheses add to
zero (last three columns) due to the P-to-I-ring ICT and the conserved total electric charge of —1.

In all the HBDI derivatives being calculated, there is loss of electron density on the P-ring and
gain of electron density on the methine bridge (small change, ca. 1-4%) and I-ring (more notable
change, ca. 5-10%). This is in accord with an ICT process from the FC to FS, with the extent of
ICT increasing from the parent HBDI to mono- to di-halogenated HBDI in the order of F < Cl <
Br. Interestingly, a previous report proposed that H-bonds between protic solvents (e.g., water as
H-bond donor) and the HBDI imidazolinone group (e.g., N or O site as H-bond acceptor) could
quench fluorescence to some extent,” and the photoinduced ICT from the P ring to I ring enhances
such an effect. This interpretation does not work in the halogenated HBDI derivatives because as
ICT increases with larger halogens, the FQY increases not only in aqueous solution (this work, see
Tables 1 and S1) but also inside a protein pocket (e.g., superfolder-GFP).*® This result could be
specific to the anionic chromophore in polar and protic solvents like water (our focus here) that
exhibits a dominant [-ring-twist-induced access to an S;/Sy CI (Fig. 6 in main text) and the resultant
cis-to-trans isomerization as one of the relaxation pathways, while the negative charge is still
largely present on the P ring in S; (see Table S6, despite the photoinduced ICT).'*!>!2431

NBO charge analysis was chosen over Mulliken charge analysis since NBO is less sensitive to
the basis set choice and is considered more realistic due to a localized Lewis-like molecular
bonding and reactivity pattern for one-center lone pairs and two-center bonds. Therefore, NBO

charge analysis provides a valence bond-type description of the electronic wavefunction.*~>**
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ESI Appendix (NMR spectra of the new compound)
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Appendix S1. 'H NMR spectrum of (Z)-5-(3-chloro-4-hydroxybenzylidene)-2,3-dimethyl-3,5-dihydro-4 H-imidazol-4-one (1¢)
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Appendix S2. °C NMR spectrum of (Z)-5-(3-chloro-4-hydroxybenzylidene)-2,3-dimethyl-3,5-dihydro-4 H-imidazol-4-one (1c)

S30



