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Abstract. The effects of 5’-(para-R-phenylene)vinylene (PV) substituents on the emission properties of 2-
(2’-hydroxyphenyl)benzoxazole (HBO) are analyzed using steady state and time-resolved absorption and
emission spectroscopies, in addition to quantum chemical calculations. All members in the series of
PVHBOs are capable of excited state intramolecular proton transfer (ESIPT) with a solvent sensitivity
that is typical of HBO derivatives to produce a normal (aka enol) emission and an excited state tautomer
(aka keto) emission, which are the focus of the discussion in the current paper. The intermolecular
proton transfer, i.e., the deprotonation of a PVHBO, results in the third band of the triple emission,
which is described in the succeeding paper. The placement of an electron-withdrawing substituent R on
the PVHBO scaffold increases the intensity of the tautomer emission relative to the normal emission of
the neutral species in hydrogen bonding solvents. The R-substituents, however, do not significantly alter
the wavelengths of the enol and keto emission bands, which locate in the blue and green regions,
respectively, of the visible spectrum. The ultrafast time-resolved spectroscopies and quantum chemical
calculations offer explanations on how the R group and the solvent affect the enol and keto emission
properties (i.e., wavelength, lifetime, fluorescence quantum yield, and relative ratio of their emissions).
The key findings include (1) the emission energies of both enol and keto forms are not sensitively

dependent on the R substituent; and (2) the solvent-engaged enol excited state is quenched more



efficiently as the R substituent becomes more electron-withdrawing. A PVHBO acts as a fusion of HBO
and stilbenoid that intersect at the hydroxyphenyl moiety. Depending on solvent and other
environmental conditions, PVHBOs may exhibit the ESIPT property of HBO or the substituent-dependent
emission of stilbenoid. This paper and the succeeding article provide a photophysical model of PVHBOs
to explain the wavelengths and relative abundances of the three emission bands (enol, keto, and anion)
that these compounds are able to produce. Judicial selection of the environmental factors may drive the

emission of a PVHBO into the spectral regions of blue, green, and in a couple of cases, orange or red.

Introduction

2-(2’-hydroxyphenyl)benzoxazole (HBO, Figure 1) is capable of undergoing excited-state intramolecular
proton transfer (ESIPT) and producing dual emission from normal (enol) and proton-transferred (keto)
species.>?(and references therein) HBO can also be deprotonated to produce the third emissive species,
the conjugate base, which has an emission band between those of the enol and keto forms (Figure 1).23
Along with other ESIPT-capable benzoxazole molecules, HBO occupies a special place in organic
photochemistry because it is a simple structure of which excited state proton transfer reactions and the
resulting multiple emission have been thoroughly characterized, both experimentally and
theoretically.>**! HBO has also been decorated in a myriad of manners while maintaining its core
capacity of ESIPT to produce fundamentally interesting but also prospectively functional molecules as
fluorescent probes or emitters in optoelectronic devices.}?*® The three emission bands of the
unsubstituted HBO are clustered in the UV/blue region of the electromagnetic spectrum (Figure 1). The
guestion that we wish to answer in this work is how a systematic alteration of the HBO structure in
conjunction with the effect of solvation could produce three primary colors in the visible spectrum,
while maintaining or exceeding the emission yields and brightness of HBO. Although the resulting

),*¢18 the present

molecules might be useful as the emitters in organic light-emitting devices (OLEDs
focus is entirely on the interpretations of the spectroscopic observations from the topical compounds,
from which their emission behaviors can be understood and predictions may be made on the effects of

other functionalizations on HBO or on similar compounds.
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Figure 1. Three emission bands of HBO: enol (i.e., normal, E), keto (i.e., tautomer, K), and anion (A). G

and Ex are ground and excited states, respectively.

The normal emission (the enol form, E, in Figure 1) of HBO centers at ~ 370 nm in a hydrogen bonding
solvent, while the tautomer emission (the keto form, K) peaking at 475 nm is dominant if not exclusive
in a solvent that preserves the intramolecular hydrogen bond (HB), such as dichloromethane (DCM).?
The excitation spectrum of the keto form is slightly red-shifted from that of the enol (in a solvent that
would produce a significant amount of enol emission), which suggests that certain ground state species
are more prone to ESIPT than others.'® Upon deprotonation in DMSO, the center of the lowest energy
absorption band of HBO shifts from 320-330 nm to near 400 nm,? while the maximum of the emission is
450 nm (A).2 It is noteworthy that the emission of the anion falls between those of enol and keto forms
(Figure 1), which will be discussed in the succeeding paper.?° These three emission bands are found in
the near-UV and blue regions. In the current work, structural modification was made to move these
three bands, enol, keto, and anion, for attempting to achieve a larger collective coverage of the visible
spectrum. This paper describes the properties of the HBO derivatives in their neutral forms, while the

succeeding paper? covers the conjugated bases (anions) of these compounds.

Results

Molecular Design. Placing a phenylenevinylene (PV) substituent on the 5’-position of HBO creates
what we refer as PVHBO (Figure 2), in which two fluorophores, HBO and the hydroxy-substituted

stilbene (stilbenoid), meet at a phenyl ring. A neutral PVHBO molecule is expected to exhibit the ESIPT



behavior inherited from the HBO component, while the photophysical profile of the stilbenoid moiety

would be amplified in the deprotonated form.

R = MeO, 1
hvs R R = Me, 2
R = tBu, 3
R=F, 4
R=H,5
R=Cl,6
R = CO,Me, 7
R=CFs, 8
R=CN,9
R = CHO, 10

5'-PVHBO (or PVHBO)

Figure 2. Postulated effect of substitution at 5’-position of HBO with a phenylenevinylene (PV) group.
The HBO and deprotonated stilbenoid fluorophores are confined in blue and red boxes, respectively.
The colors included in the structures on the excited state level represent the emission colors of the

respective species when the R group is e-withdrawing.
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Figure 3. Three examples of 5’-substituted HBO.



There are numerous reports on the chemistry of substituted HBOs,?%??(and references therein) a few
of which contain substituents at the 5’-positions. Three examples are shown in Figure 3. 5’-DCVHBO was
described as the reporter of a Pd(ll)-sensitive probe.” The photophysical properties of this molecule and
its conjugated base have not been characterized thoroughly. HBBO was reported to have balanced enol
and keto emissions, which lead to an overall white emission.?* Our group studied the excitation- and
solvent-dependent multiple emission of 5’-BIPYVHBO,® which bears the design of two orthogonal
electronic transitions merging at the hydroxyphenyl component. Depending on the protonation status of
the ground state, one excited state consequence would manifest itself over the other (i.e., ESIPT of
neutral vs. CT (charge transfer) of the anion). The effectiveness of leveraging orthogonal electronic
transitions in materializing multiple fluorescence was tested in the single case of 5’-BIPYVHBO.® In the
current work, we present a systematic analysis on how the electronic nature of the substituent on the
phenyl of PVHBO affects the wavelengths and relative proportions of the three emission bands — enol
(E), keto (K), and anion (A). The properties of PVHBOs in neutral forms are reported in this paper, while

the chemistry of the anions is described in the succeeding article.?®

Scheme 1. Synthesis of PVHBOs.*?

|
CHO (a) | CHO (p) OH
OH N
HO

salicylaldehyde 5-iodosalicylaldehyde imine intermediate (R =MeO, 1)
R =Me, 2
R=1tBu, 3
(R=F,4)
| (R=H,5)
@ @ R=cl,6
O: ©: R =CO,Me, 7
R=CF;, 8
R=CN,9
5'-iodoHBO 5'-PVHBO (or PVHBO), 1-10 R =CHO, 10

a. Reagents and conditions: (a) NIS, TFA, rt, 3 h, 67%; (b) 2-aminophenol, ethanol (200 proof), 0 °C —rt, 3
h, 67%,; (c) methanol, Phl(OAc),, rt, 3 h, 70%; (d) 4-R-styrene, Pd(OAc),, (p-tolyl)sP, EtsN, DMF, 100 °C,
overnight, depending on R, 20-30%, b. The compounds that were prepared with a different approach

(see the Scheme S1 in the Sl) are indicated by parentheses.



Synthesis. The synthesis of most of PVHBOs (Scheme 1) starts from the condensation of 5-
iodosalicylaldehyde with 2-aminophenol, which is followed by oxidation to afford 5’-iodoHBO. 5-
lodosalicylaldehyde, while commercially available, is prepared conveniently via iodination of
salicylaldehyde using N-iodosuccinimide (NIS) in trifluoroacetic acid (TFA).? The subsequent oxidative
cyclization with 2-aminophenol affords 5’-iodoHBO. Heck reactions between 5’-iodoHBO and various
substituted styrenes produce the target compounds. Compounds 1, 4, and 5 were prepared using a
different approach, which is described in the SI (Scheme S1). The compounds are numbered in the
ascending order of Hammett (JI;“) values?® of the R substituents. The PVHBOSs are emissive in the solid
state. Most of them emit green light (Figure S1). The X-ray single crystal structure of one of the
compounds (5, Figure S2) reveals the intact intramolecular HB in the HBO component, suggesting that

the solid state emission come from the keto form after ESIPT.

The chemical shifts of the OH of PVHBOSs are over 11.5 ppm in CDCls (Table 1), consistent with the
presence of intramolecular HBs. The chemical shift values are close to one another in this series of
compounds, although those of 7, 9, and 10 are slightly and consistently larger than the rest. Based on
the works by Chou and others that relate the ground state intramolecular HB strengths, as inferred from
the OH chemical shift values, to the efficiency of ESIPT of intramolecularly hydrogen bonded dyes,?”3°
hypothesis could be advanced in the current case that compounds 7, 9, and 10 are more inclined to

produce the emission from the proton transferred tautomers in the excited state.

Absorption. The steady-state absorption spectra of PVHBOs were obtained in 5 solvents
(dichloromethane, acetonitrile, ethanol, DMF, and DMSO). For each compound, small differences
between solvents were observed, where the spectra in DMF and DMSO were (only slightly)
bathochromically shifted from the rest. The maxima of absorption are listed in Table 1, although the
major spectral difference across the PVHBO series lies in the profiles of the spectra, based on which the
PVHBO compounds were divided into two groups. Group |l includes 1 to 6, and 8 (R = OMe, Me, t-Bu, F,
H, Cl, and CFs, respectively). The absorption spectra in this group have maxima between 300-310 nm
with several resolvable vibrational features in this region, in addition to a shoulder from 350 to 400 nm
of up to ~20% intensity of the maximum (see spectra of 1 as examples in Figure 4a). The absorption

spectra of other Group | PVHBOs 2-6, and 8 are included in the Sl (Figures S3-7, S9).



Table 1. Absorption maxima (in nm) of compounds 1 to 10 in 5 solvents (DCM, ACN, EtOH, DMF, DMSO).
Rows of Group Il (see text) compounds are shaded. The Hammett constants (0;;) and chemical shifts ()

of the hydroxy in CDCls are also listed as ground state properties.

Comp. # R-Group 01,',+ S(OH)/ppm DCM ACN EtOH DMF DMSO
1 OMe -0.78 11.50 307 307 307 307 310
2 Me -0.31 11.55 308 305 305 313 315
3 t-Bu -0.26 11.55 308 309 307 316 316
4 F -0.07 11.56 307 304 305 308 309
5 H 0 11.56 309 308 307 312 312
6 Cl 0.11 11.52 307 306 305 308 308
7 CO,CH3 0.49 11.63 334 329 331 336 338
8 CF; 0.61 11.55 307 306 306 309 311
9 CN 0.66 11.68 336 330 332 335 338
10 CHO 0.73 11.66 349 343 345 345 351
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Figure 4. Normalized absorption spectra of 1 (R = MeO, a) and 9 (R =CN, b) in DCM (orange), ACN
(yellow), EtOH (green), DMF (cyan), DMSO (navy); [dye] = 15 uM. The UV cutoff of DMF and DMSO are

at 270 and 268 nm, respectively.

The absorption spectra of 7,9, and 10 (R = CO,Me, CN, and CHO respectively) were different
from the compounds in Group |. The maximum absorption occurs around 350 nm, and the band
overlaps with two other peaks at ~¥300 nm. Examples of absorption spectra of a compound from Group |l

are shown in Figure 4b (9, R = CN). The spectra of 7 and 10 are included in the SI (Figures S8, S10).

The electronic transitions of PVHBOs in Groups | and Il therefore differ from one another. The
lowest energy band in the spectrum of a Group | compound (i.e., the shoulder at 360-370 nm) is not the
strongest band and therefore not the most allowed transition, which instead is the band centering at ~
300 nm (see Figure 4a). The apparent lowest energy transition of a Group Il compound (~ 350 nm, see

Figure 4b) is also the most intense band and therefore the most allowed transition.

Emission. Reported in Tables 2 and 3 are the fluorescence maxima of PVHBOs of the enol and
keto bands, respectively. Groups | and Il show contrasting emission properties. Included in Figure 5a are
the fluorescence spectra of 1 in five solvents with varying degrees of polarity and HB basicity. In solvents
with weak HB basicity (DCM and ACN) the emission contains only or primarily the band from the keto
tautomer. In solvents with higher HB basicity (DMSO, DMF, EtOH) the enol band contributes to a sizable
portion of the total emission of 1. The enol band of 1 was found at 443 nm (in DMSO) and was only
observed in solvents with the capability of disrupting intramolecular HB and therefore hindering the

ESIPT process. In DCM where the hydrogen bonding capacity is absent, the enol peak was not observed,
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and in ACN the size of the enol band was miniscule. Similar observations were made for all compounds

in Group | (Figures $11-S15, S17).
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Figure 5. Normalized fluorescence spectra of 1 (a, R = MeO, Aex =330 nm) and 9 (b, Aex = 345 nm) in DCM
(orange), ACN (yellow), EtOH (green), DMF (cyan), and DMSO (navy); [dye] = 15 uM.

On the other hand, compounds in Group Il (7, 9, and 10) exhibit different enol vs. keto emission
ratios (E*/K*, Table 4) than those in Group I. Shown in Figure 5b are the fluorescence spectra of 9 in the
five solvents that were used in the acquisition of fluorescence spectra of compounds in Group |. Spectra
of 7 and 10 are in the Sl (Figures S16, S18). Unlike the unsubstituted HBO of which the enol emission is
major in HB-basic solvents such as DMSO and DMF,? the keto emission of Group Il compounds was

consistently dominant (Figure 5b), while the enol band remains minor even in DMSO.

Shown in Table 4 are the enol/keto integrated emission intensity ratios (E*/K*) determined for
PVHBOs by fitting the normalized emission spectra with two normal distribution (Gaussian) functions.
The compounds in Group Il (7, 9, and 10) show low E*/K* values (up to 0.2) in all solvents. The members
in Group | have a more typical solvent-dependent E*/K* trend as expected for HBO across the tested
solvents from 0 in DCM up to 3.2 (5) in DMSO. Group |l compounds, which bear e-withdrawing
substituents, produce strong intramolecular HBs in the ground states (see the OH chemical shifts in
CDCls in Table 1) and principally keto emission (in any solvent) in the excited states. The correlation

between the electronic property of the substituent and the relative abundances of enol (normal) vs.



keto (tautomer) emission bands is similar to that of the 1-(acylamino)anthroquinones reported by

Barbara and coworkers.3»*2 The explanation of the E*/K* dependence on the R substituent and solvent

will be offered after the sections of the ultrafast spectroscopic and computational studies.

Table 2. Fluorescence emission wavelength maxima (in nm) of the enol band of PVHBOs in DCM, ACN,

EtOH, DMF, DMSO. The rows of Group Il compounds are shaded.

Comp. # R-Group DCM ACN EtOH DMF DMSO
1 OMe N/A® sb 437 435 443
2 Me N/A 423 430 428 427
3 t-Bu N/A S 425 422 426
4 F N/A 419 423 418 422
5 H N/A 421 422 419 421
6 Cl N/A 418 420 419 422
7 CO,CHs N/A N/A S 440 454
8 CF3 N/A S 412 412 416
9 CN N/A S S 432 437
10 CHO N/A N/A S S S

a. N/A = not observed; b. S = shoulder

10



Table 3. Fluorescence emission wavelength maxima (in nm) of the keto band of PVHBOs in DCM, ACN,

EtOH, DMF, DMSO. The rows of Group Il compounds are shaded.

Comp. # R-Group DCM ACN EtOH DMF DMSO
1 OMe 549 548 548 552 s?
2 Me 548 545 544 547 S
3 t-Bu 547 545 544 547 S
4 F 545 540 539 541 S
5 H 542 543 542 543 S
6 Cl 542 542 540 541 S
7 CO,CHs 540 540 540 547 548
8 CF3 535 536 535 540 543
9 CN 539 538 539 546 549

10 CHO 542 544 549 548 553

a. S =shoulder



Table 4. Enol/keto emission ratios (E*/K*) of PVHBOs in DCM, ACN, EtOH, DMF, and DMSO. The rows of

Group Il compounds are shaded.

Comp. # R-Group DCM ACN EtOH DMF DMSO
1 OMe 0 0.04 0.4 11 2.0
2 Me 0 0.04 0.4 1.0 2.1
3 t-Bu 0 0.05 0.4 1.0 2.0
4 F 0 0.04 0.4 0.9 2.2
5 H 0 0.04 0.5 13 3.2
6 cl 0 0.04 0.5 0.8 1.9
7 CO,CHs 0 0 0.04 0.07 0.2
8 CFs 0 0.02 0.3 0.3 0.9
9 CN 0 0 0.05 0.08 0.2
10 CHO 0 0 ~0 0.03 0.03

Emission colors and CIE diagrams. The composite emission color profiles of dual-emitting

PVHBO:s in different solvents were mapped on the CIE 1931 XYZ color space. The CIE diagram of 1 is

shown in Figure 6a with coordinates assigned for DCM (orange), ACN (yellow), EtOH (green), DMF

(cyan), and DMSO (navy). The data points from DCM to DMSO track a linear line (R? > 0.99) that cuts

across the region appearing white. The CIE 1931 coordinates of 1 was (0.31, 032) in DMF, which is close

to the “ideal white” value of (0.33, 0.33). Compounds in Group | have produced similarly linear CIE color

profiles that traverse the region of white color (Figures $19-S23, S25). That is, in DMF (and in DMSO for

8), the (x,y) coordinates of Group | members are all within 0.04 to 0.01 of the ideal white color (0.33,
0.33). The Group |l representative 9, on the other hand, produces a profile that clusters in the

green/yellow region (Figure 6b) due to the lack of the contribution from the normal emission to the

color profile. Compounds 7 and 10 behave similarly (Figures S24, $26). The visual comparison of

12



emission colors in different solvents above the CIE 1931 XYZ color spaces in Figure 6, which were

acquired using a handheld UV lamp for excitation (Aex = 365 nm), directly illustrates this point.
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Figure 6. CIE 1931 color space diagrams of 1 (a) and 9 (b) in DCM (orange), ACN (yellow), EtOH (green),
DMF (cyan), and DMSO (navy). [dye] = 0.5 uM. Aex = 310 nm. The photographs of the compounds in
these solvents in the above order from left to right when irradiated by a handheld UV lamp (Aex = 365

nm) are placed on top of the CIE diagrams.

Fluorescence quantum yields. The fluorescence quantum yields (¢) of PVHBOs were collected in
the five solvents (Table 5). The highest values (shaded in Table 5) of compounds in Group | were
observed in DMSO. The primarily normal emission contributed to the quantum yields of up to 0.10. In
DCM, the highest quantum yields (up to 0.14) were seen in compounds with e-withdrawing R-groups
(e.g., CHO, CO:Me, CF3, CN, shaded in Table 5) that entirely come from the keto tautomer emission.

Compounds in Group Il stand out from all others by possessing the three highest quantum yields of 0.14,

13



0.14, and 0.13 in DCM for 7, 9, and 10 respectively. These values are also higher than that of

unsubstituted HBO (~ 0.02) measured under the same conditions.?

Table 5. Average absolute fluorescence quantum yields of PVHBOs in DCM, ACN, EtOH, DMF, and
DMSO; the high values are shaded (also see text), [dye] = 0.5 UM, Aex = 300-390 nm, AAex =5 nm.

Comp. # R-Group DCM ACN EtOH DMF DMSO
1 OMe 0.07 0.04 0.04 0.04 0.10
2 Me 0.07 0.03 0.04 0.06 0.09
3 t-Bu 0.07 0.03 0.04 0.04 0.10
4 F 0.11 0.03 0.04 0.04 0.08
5 H 0.06 0.03 0.04 0.05 0.11
6 cl 0.10 0.04 0.05 0.05 0.09
7 CO,CHs 0.14 0.05 0.06 0.05 0.06
8 CFs 0.11 0.05 0.05 0.06 0.05
9 CN 0.14 0.06 0.07 0.05 0.06
10 CHO 0.13 0.06 0.08 0.06 0.11

Ultrafast time-resolved emission and absorption spectroscopies. The time-resolved emission and
absorption data of 1-9 were acquired to characterize the solvent- and substituent (R)-dependent excited
state dynamics in dichloromethane (DCM), ethanol (EtOH), and dimethyl sulfoxide (DMSO). These three
solvents represent those that are (1) not considered capable of hydrogen bonding (DCM), (2) both
donating and accepting HB (EtOH), and (3) only accepting HB (DMSO). The transient emission
experiments were done using a Hamamatsu C5680 streak camera that collects both kinetic and spectral

data within different time windows. Streak camera-based time-resolved emission spectroscopy has been
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used to characterize emissive species involved in ESIPT processes in the picosecond time regime.?*3° The
shorter (“Track 1”) of the two time-windows that were applied has a 2-ps temporal resolution and
covers up to 120 ps, while the longer one (“Track 4”) extends to over 2 ns. The transient absorption data
were acquired on an amplified Ti:sapphire laser system operating at 5 kHz with an Ultrafast Systems
transient absorption spectrometer (Helios), and is described in more detail in the Supporting
Information. The system has a ~ 100-fs temporal resolution, which detects, spectrokinetically, both
emissive and dark transient species. Emissive species can be observed in pump-probe experiments
through observation of stimulated emission (SE), e.g., an increase in probe light transmitted through the
sample. Transient absorption appears as a decrease in probe light transmitted through the sample.
Time-correlated single photon counting (TCSPC) experiments were also carried out to complement the
streak camera results, in particular, to provide higher accuracy of time constants that lay outside the
Track 4 window (i.e., > 2 ns). The ultrafast spectroscopic data provide (1) the emission lifetimes of the
bands observed in the steady state spectra (hundreds of ps or longer); (2) the dynamics of the short-
lived emissive and dark species (tens of ps or shorter); and (3) how solvent and substituent affect the
lifetimes of short- and long-lived excited state species. Time-resolved spectroscopies in the ultrafast
regime have been indispensable tools in characterizing ESIPT processes, which was recently summarized

in a review article by Vauthey and coworkers.*

Transient emission (TE) in DCM. Only the emission from the post-ESIPT keto form was observed in
DCM for all PVHBOs, which suggests that the ESIPT in DCM is too fast to be captured by this technique
(the streak camera has a time resolution of ~ 2 ps). Representative transient emission (TE) spectra
(those of 7) collected from both the short (Track 1) and the long (Track 4) time-windows, and the
normalized Track 4 decay curves at three wavelength slices are shown in Figure S27. For all compounds,
two rises (t; = 2-3 ps, major; t> = 10-40 ps, minor) and two decays (t3 = 0.4-0.7 ns; ts = 1-5 ns) were
extracted from fitting the kinetic traces collected from two separate time-windows (see fitting examples
in Figure S28). All the time constant data and their amplitudes fitted from the decay data in DCM are
listed in Table S1. The precisions of the two longer time constants (> 100 ps) are higher than the two
shorter time constants (< 20 ps) in DCM and all other solvents. Group Il compounds 7 and 9 decay
slightly slower than Group | compounds (e.g., 3 and 6) as observed in the longer (Track 4) time window
(Figure 7a). There was no remarkable difference in DCM between Groups | and Il compounds in the early
decays of less than 120 ps (Figure S29a). As seen from the amplitude values that were measured at

different wavelength slices (Tables S2 and S3), the emissions shift to longer wavelengths during Track 4
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(long time window) measurements (e.g., Figure S27b), which suggests that the spectrum of the longest

ts component is on the red side of the t; component. The emission dependence on excitation

wavelength is minimal in DCM (e.g., see data of compound 7 in Table S3).
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Figure 7. The decays of keto emission bands (570-560 nm) of 3 (blue), 6 (green), 7 (orange), and 9 (red)

in (a) DCM, (b) EtOH, and (c) DMSO, measure in Track 4 window.
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Figure 8. Emission spectra (a, b) and decay traces (c, d) in EtOH of 2 (R = Me, Group |, a, ¢c) and 9 (R = CN,
Group Il, b, d) collected from Track 4 measurements. The decay traces (c and d) are plotted on the
logarithmic time scale. The major difference between 2 and 9 is seen in the 400-500 nm range. The

steady state emission spectra of 2 and 9 are shown in Figures S11 and 5b, respectively.

Transient emission in EtOH. The emission spectra in EtOH of 2 and 9, which represent Groups | and |l
compounds, respectively, at different time slices are shown in Figure 8a,b. Similar to the observations in
DCM, the evolution of the keto emission contains 2 rise components and 2 decay components (Table
S4). The longer decay components (t4) of the keto forms of Group Il compounds 7 and 9 (and 8 with an

e-withdrawing R group of CFs) are larger than those of the rest (also see Figure 7b).

Unlike in DCM, the enol emission was observed in EtOH. The normal emission arose within 2 ps, the
temporal resolution of Track 1 measurements. The decay started with a steep drop (t1 in Table S5, also

see the decay traces in Figure S30a), followed by two longer decays (t; and t3 in Table S5). The steep
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drop immediately following the production of the enol emission could be assigned to solvent-involved
processes including solvent-mediated proton transfer®* or hydrogen bonding-assisted quenching.*44
The t; decays of all compounds were found to be 0.1-0.5 ns. The longest decay (t3) shows a clear
distinction between Groups | and Il. The t3 decays of all the compounds in Group | are major and are too
long to be fitted within the duration of these experiments (see Figure S31a, blue and green). Thus, the
time constants are assigned “inf” in Table S5. Note that the t; components of a few compounds were
later determined in the TCSPC experiments, which is capable of longer timescale measurements than

the streak camera. On the contrary, the t3 components of the Group Il members 7 and 9 are either

insignificant in abundance (“inf” at 2% of the former) or finite (1.4 ns, 18% of the latter).

Consistent with the trends of decay time constants and amplitude values (Table S5), a visual
examination of the TE spectra and decay traces in Figure 8 is in agreement with the conclusions that (1)
enol decays much slower than keto among the Group | compounds (e.g., 2 in Figure 8a,c), (2) the
opposite is true for compounds in Group Il (e.g., 9 in Figure 8b,d), and (3) a conversion from enol to keto
was not observed. Therefore, it could be understood that the steady state enol emission of Group |
compounds in EtOH is originated from the long-lived species, while the absence of which from Group Il

compounds in EtOH results in the dominance of the keto band in their steady state spectra.

Transient emission in DMSO. Both normal and tautomer emission bands of the PVHBO series were
observed in DMSO (see examples in Figure 9a,b). The kinetic behaviors of the keto tautomer emission
are similar for all PVHBOs (Table S6) with two rise time constants and two decays. The shorter, major
rise occurred mostly at 1-3 ps, while the minor rise appeared within 20-30 ps. The first keto decay (ts)
time constants were measured at 0.2-0.3 ns, while the second keto decay (t4) was found between 1 and
2 ns and was minor. The t; components of 7 and 9 (Group Il) had slightly larger abundances than the rest

(also see Figure 7c).

Echoing the behaviors in EtOH, the Groups | and Il compounds were distinguished by their enol
emission kinetics in DMSO. For example, the enol band of the Group | member 3 persisted throughout
the Track 4 window while that of the Group Il member 7 rapidly declined (Figure 9). The most striking
difference was seen at the end of the decays when enol emission remained with 3 (Figure 9a) and keto
emission stayed with 7 (Figure 9b). During the early decays, the sharp drop of enol emission observed in
EtOH was absent in DMSO (Figure S30b), suggesting that a hydrogen bonded complex where EtOH is the

HB donor should be responsible for the steep early drop of the enol emission (Figure S30a). The time
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constants of the evolutions of both bands are listed separately in Tables S6 (keto) and S7 (enol). The rise
of the enol emission (t;) in DMSO has time constants of 2-5 ps (Table S7), while the first decays (t>) are
mostly within 0.2-0.3 ns. The abundances of t, decays of two Group Il compounds (7 and 9) are much
larger (~ 90%) than the Group | compounds. Group | compounds contain a long decay (ts as “infinity”)
that persists beyond the experimental time window, which materialized into the enol bands of the
Group | compounds in the steady state emission spectra. On the contrary, ~ 90% of the decays of excited
enol forms of 7 and 9 can be described by t, of 0.1-0.2 ns, while the longer t; values are finite with small
amplitude values. The differences in the enol decays between Groups | and Il compounds measured in

DMSO mirror the observations in EtOH.
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Figure 9. Emission spectra (a, b) and decay traces (c, d) in DMSO of 3 (R = tBu, Group |, a,c)and 7 (R =
CO,Me, Group Il, b, d) collected from Track 4 measurements. The major difference between 3 and 7 is
seen in the 400-500 nm range. The steady state emission spectra of 3 and 7 are shown in Figures S12

and S16, respectively.
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Lifetime values from the TCSPC experiments of selective compounds. The emission decay time
constants of several PVHBOs were measured using the time-correlated single photon counting (TCSPC)
method. The device that we have access to provides a lower time resolution than the previously
described setup using a streak camera. The time constants longer than 150 ps are considered to be
reliable as described in the manufacturer’s brochure. The benefit of the TCSPC over the earlier streak
camera experiments is that the observations over a longer time frame were allowed so that the fate of
the long enol decays of Group | compounds in EtOH and DMSO could be captured. The excitation source
was a 296-nm LED source. The enol and keto emissions were monitored at wavelengths near the band

maxima, e.g., 430 nm and 550 nm for enol and keto emission, respectively, of compound 2 (R = Me).

The time constants and amplitude values measured using the TCSPC method are listed in Table S8.
The cells of the major components of each decay are shaded in the Table. In DCM (top section of Table
S8) where only the keto emission could be recorded, the decay traces were fitted with two exponential
terms. The shorter ones were major for the Group | compounds 1 and 2, while the opposite was true for
the Group Il compounds 7 and 10. The striking feature of the decays in EtOH (the middle section of Table
S8) is the long components from the enol emissions of Group | compounds. For both 1 and 2, the longer
components, which were major (> 50% in amplitude), were almost 7 ns. This value was far beyond the
observational window of 2 ns of the streak camera experiments. The decays of keto emissions in EtOH
are similar to that in DCM, namely, Group | members decay faster than Group Il compounds (a minor
long component of keto emission was observed for each of the Group | compound, which could be
attributed to the crossover from the long decay of the enol emission). The bottom section of Table S8
contains the time constants and amplitudes of decays in DMSO. The difference between Groups | and Il
compounds in EtOH was replicated in DMSO. Specifically, the major long components of enol emission
of compounds 1 and 2 are ~ 8-9 ns. The lifetime of the keto emission in DCM was not altered when air
(0,) was purged via bubbling N, gas through the sample (Figure $32). The long components observed in
EtOH showed modest sensitivity toward oxygen (Figure S33), while in DMSO the effect of oxygen was
much less obvious (Figure S34). No sign of triplet emission was detected. Further investigation on the

modest emission quenching by O, was not pursued in this work.
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The major observations from the TE experiments are summarized as the following:

a. The time evolution of the keto emission contains two short rises and two long decays, which span
from ps to ns and are one order of magnitude apart successively from one another (e.g., Table S1).

Group Il compounds have slightly longer overall decays than Group | compounds (Figure 7).

b. The enol emission was observable in EtOH and DMSO (Figures 8 and 9). It was a minor contributor
to the overall emission at the early decay times of all compounds. The behaviors of Groups | and Il
compounds bifurcate from that point, where the enol emission of Group | members persisted beyond
the duration of the streak camera measurements (2 ns), while that of Group Il compounds decayed

quicker than the keto emission within a fraction of a ns.

c. The difference in enol kinetics in EtOH and DMSO was observed in the very early phases of the
decays — a rapid drop of intensity following the rise within the IRF in almost all compounds was seen in

the former, but not in the latter (Figure S30).

Transient absorption (TA) in DCM. The data collected from the femtosecond time-resolved transient
absorption (TA) experiments were displayed in the Surface Xplorer (SX) program (see an example in
Figure 10). The pump wavelength was set at 310 nm, while the TA spectra were plotted between 450
nm and 750 nm. Because none of the PVHBOs absorbs beyond 400 nm, the ground state bleaching does
not contribute to the TA spectra. Two major common features of the TA spectra of all 9 compounds are
labeled in Figure 10 as the blue band of a positive amplitude at ~ 460 nm, and the middle (of the plotted
spectral region) band of a negative amplitude centering at ~ 590 nm. There are other more subtle
features that will be touched upon in this and the later Discussion sections. The decay traces of the blue
and middle bands were fitted using the multiexponential functions provided by the SX. The details of
and other comments on the fitting procedure are included in the SI. The time constants and their
amplitude values, fitted from the data collected in DCM, EtOH, and DMSO are listed in Tables $9-S14.
The observations of compounds 3 (R =tBu) and 7 (R = CO,Me) are discussed in this section as respective

examples of Groups | and Il members.
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Figure 10. 3D view of the TA spectrokinetic data of 1 (R = MeO, 100 fs to 1 ns; 450-720 nm) in DCM.
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Figure 11. Selected transient absorption (TA) spectra (a, b) and kinetic traces (c, d) of 3 (R =tBu, a, c) and
7 (R=C0O,Me, b, d) in DCM. Most of the TA spectra are selected from the early stage of the decays (50 fs
— gray; 100 fs — violet; 200 fs — blue; 500 fs — cyan; 1 ps — green; 2 ps — yellow; 5 ps — orange; 10 ps — red;
and 20 ps — magenta). The spectra taken at 0.1 ns (gray squares) and 1 ns (black triangles) are included
as examples of those of the later stages of the decays. The kinetic traces (470 nm — blue; 540 nm —
green; 590/585 nm — orange; and 730 nm — magenta) cover up to 2.8 ns. They are plotted on a

logarithmic time scale so that the features from fs to ns are discernable.

The TA spectra and kinetic traces measured in DCM of compounds 3 (R = tBu) and 7 (R = CO,Me) are
shown in Figure 11. The blue bands of 3 and 7 centered at 467 nm and 460 nm, respectively. The middle
band of both, which appeared after 500 fs, was found to maximize at a longer wavelength position — 590
nm and 585 nm, respectively. A notable feature is the appearance of a TA signal (a shoulder) between

the blue and middle bands of compound 7, which is absent or hidden in the TA spectra of 3.
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The kinetic response of the blue band of 3 (blue trace in Figure 11c) started with a rise of 0.37 ps (t3,
see Table S9), which was followed by two decays. The fitted curve is shown in Figure S35. The time
constant of the minor component is ~ 70 ps (t2), while the longer, major component decays at 0.9 ns (t3).
The kinetics of the middle band of 3 (orange trace in Figure 11c) has more features during the early
stage (< 20 ps) than the blue band, and therefore needed more components (4) to complete a
satisfactory fitting (Figure S36). The time evolution of the middle band started with a sub-ps rise
followed by an equally rapid decay. Both were fitted to the same absolute values in time (200-300 fs)
and amplitude (marked as “X” of opposite signs in Tables S10). The pair of sub-ps features were followed
by a minor decay of 10 ps. The longest component clocked at 0.8 ns. The sequential sub-ps rise and
decay could be attributed to the production of the enol excited state (the rise, that is to say, the excited
state absorption (ESA) band of the enol form) followed by an ultrafast ESIPT to produce the keto species,
which results in the stimulated emission (SE) - the decay. While the SE is shifted to 590 nm, to the red of
the emission peak at ~ 560 nm, the red shift could be explained by the neighboring strong absorption
band, which if it overlaps the SE band it will appear to shift the maximum of the SE to the red, e.g., away
from the absorption band feature. The logical extension of this analysis is the assignment of the blue
band centering at 467 nm as the excited state absorption (ESA) of the keto form after ESIPT. The feature
between the blue and middle bands in the TA spectra of 7 can be assigned as a second ESA band of the
keto form, which remains in the later stage of the decay (see the TA spectrum at 1 ns that are marked by

black triangles in Figure 11b).

Fitting the blue band of Group Il compound 7 required 2 time constants. The rise of 0.26 ps and a
decay of 1.0 ns, in addition to an “infinity” value (persisting within the experimental time window) with
a small amplitude. Therefore, the rise of the blue band of 7 appears to be faster than Group |
compounds, while the decay is slower. Similar to 3, the decay of the middle band of 7 was described by
4 time constants, of which a pair of sub-ps rise and decay (0.2-0.3 ps) was followed by a low amplitude
decay of 17 ps. The last time constant is 1.2 ns, which matches well with the long decay constant of the

blue band (also 1.2 ns).

The kinetic traces of other compounds in Groups | and Il can be fitted similarly to those of 3 and 7,
respectively. The blue band (Table S9) of a Group |l compound appears to rise faster and decay slower

than that of a Group | compound. Similar observations were made for the middle band (Table S10).
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Transient absorption in EtOH. The two major bands (blue at ~ 460 nm and middle at ~ 590 nm) seen in
DCM reappeared in the TA spectra of samples in EtOH. The time constants (t) and amplitude values (A)
obtained from multiexponential fitting are listed in Tables S11 (the blue band) and S12 (the middle
band). The TA data of 3 (R = tBu) and 7 (R = CO,Me) are described as examples of members of Groups |

and Il, respectively. Selected TA spectra and kinetic traces of 3 and 7 are shown in Figure 12.
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Figure 12. Selected transient absorption (TA) spectra (a, b) and kinetic traces (c, d) of 3 (R =tBu, a, c) and
7 (R=CO0;Me, b, d) in EtOH. Most of the TA spectra were selected from the early stage of the decays (50
fs — gray; 100 fs — violet; 200 fs — blue; 500 fs — cyan; 1 ps — green; 2 ps — yellow; 5 ps — orange; 10 ps —
red; and 20 ps — magenta). The spectra taken at 0.1 ns (gray squares) and 1 ns (black triangles) are
included as examples of those of later stages of the decays. The kinetic traces (from short to long
wavelengths: blue, green, orange, and magenta) covered up to 2.8 ns. They are plotted on a logarithmic

time scale so that the features from fs to ns are displayed.
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The decay of the blue band of 3 (blue trace in Figure 12c) in EtOH was fitted to 4 time constants. In
addition to a rapid rise of 220 fs and longer decays of 0.3 ns (major) and 0.8 ns (minor), which were
similarly found in the decays of 3 in DCM, an extra minor rise of ~ 10 ps was extracted. This component
could be attributed to a solvation process which is conceivably more significant in EtOH than DCM. The
kinetics of the middle band of 3 (orange trace in Figure 12c) required 5 time constants to account for all
the visually discernable features. The components of ps and tens of ps have small amplitudes and large
errors. Therefore, the discussion focuses on the sub-ps features as well as the longest time constant that
was fitted with the highest precision. The sequential sub-ps rise (tentatively the ESA of the enol form)
and decay (the SE of the keto form) have indistinguishable time constants of 220 fs, while the longest
decay component was recorded at 0.4 ns, which matched well with the t; from the blue, which
presumably is the keto ESA band. The switch of the solvent from DCM to EtOH shortened the overall
decay — the major component was close to 1 ns in DCM, which became the minor component (or

altogether absent from the middle SE band) in EtOH.

The blue band (keto ESA) of Group Il compound 7 requires 4 time constants for fitting. The rise was
found at 210 fs followed by a small amplitude rise of 4.5 ps, while the two long decays are 0.3 ns (major)
and 1.2 ns (minor). Similar to 3, the decay of the middle (keto SE) band of 7 were modeled by 5 time
constants, of which the first 2 are rapid sub-ps rise and decay (200 fs) in succession. The last 2 time
constant were both in hundreds of ps. The shoulder feature between the blue and middle bands that
persisted through the data collection, which was previously observed in DCM, again appeared in the TA

spectra of 7, which we assign as the second ESA band of the keto form.

The TA data in EtOH of other compounds were fitted similarly as done for either 3 (Group | example)
or 7 (Group Il). Comparing with DCM, in addition to the shortening of the overall decays as mentioned
earlier, the initial sub-ps rises of the blue bands, assigned to the ESA of the keto form, in EtOH are faster
than those observed in DCM, suggesting that increasing solvent polarity facilitate the ESIPT. Between
the two groups of compounds, the sub-ps processes of Group Il compounds (7 and 9) are subtly, but
consistently faster than those of the Group | compounds, while the later stages of the decays of Group Il
compounds are longer than those of the Group Il members (e.g., see Figure S37). A minor, but persistent
residual amplitude (Airs in Table S12) was found, suggesting the presence of a species with a lifetime too

long to be quantified during the experimental time window.
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Transient absorption in DMSO. The two major bands (blue and middle as labeled in Figure 10) seen in

DCM and EtOH also appeared in the TA spectra of the samples in DMSO (see Figure 13a,b). The time

constants (t) and their amplitudes (A) are listed in Tables S13 (the blue band) and S14 (the middle band).

Four time constants were needed to model the decay of the blue band in DMSO — sub-ps rise and decay

followed by two longer decays. For Group | compounds, a positive amplitude residue has to be included

for the fitting. The fittings of the sub-ps features were complicated, in addition to their indistinguishable

values, by the abrupt drop of intensity at ~ 1 ps observed most prominently at traces collected between

460-470 nm, which were not fittable using the current model (see Figure 13c, blue trace). This drop may

be interpreted, however with a low confidence, as the onset of the SE of the DMSO-solvated enol

species that overlaps with the ESA band of the keto form (the blue band).
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Figure 13. Selected transient absorption (TA) spectra (a, b) and kinetic traces (c, d) of 3 (R =tBu, a, c) and

7 (R=C0O;Me, b, d) in DMSO. Most of the TA spectra were selected from the early stage of the decays

(50 fs — gray; 100 fs — violet; 200 fs — blue; 500 fs — cyan; 1 ps — green; 2 ps — yellow; 5 ps — orange; 10 ps
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—red; and 20 ps — magenta). The spectra taken at 0.1 ns (gray squares) and 1 ns (black triangles) are
included as examples of those of later stages of the decays. The kinetic traces (470 nm — blue; 540 nm —
green; 590 nm — orange; and 730 nm — magenta) covered up to 2.8 ns. They are plotted on a logarithmic

time scale so that the features from fs to ns are displayed.

As in DCM and EtOH, the TA spectra and kinetic traces of 3 and 7 are used as examples of Groups |
and Il members, respectively. The decay of the blue band of 3 (blue trace in Figure 13c) was fitted to 4
time constants — a succession of rapid rise and decay that were fitted (albeit poorly) to the same value
(330 fs), followed by two sub-ns (0.3 ns — major; 0.6 ns - minor) decays. It is conceivable that the sub-ps
rise and decay could be attributed to the overlap of the ESA of the keto form (rise) and the SE of the
DMSO-solvated enol form (decay). A long-time residual amplitude was necessary in fitting, suggesting

the formation of a species that persisted beyond the window of observation of the TA setup (2.8 ns).

The kinetics of the middle band of 3 (orange trace in Figure 13c, also see Table S14) started with the
sub-ps rise and decay that were fitted to the same value (490 fs). As in the previous two solvents, the
pair of rapid rise and decay is assigned to the ESA of the enol and the SE of the keto species. Therefore,
the fitted time constants provide the approximated values of the sub-ps ESIPT process.* Slower decay
(18 ps) and rise (0.3 ns) followed, in addition to a long-time residual positive amplitude. The rise of 0.3
ns matches well with the t; value fitted from the blue band. Yet the longer, minor component of 0.6 ns

captured in the blue band as a decay was not detected from fitting the middle band.

The blue band of Group Il member 7 required 4 time constants for fitting: sub-ps (200 fs) and ps (6.5
ps) rises, and two longer decays (0.3 ns — major; 1.1 ns — minor). Therefore, the kinetic behaviors of
Groups | and Il compounds in DMSO are different in the early stages: the blue band of 7, as representing
Group Il compounds, continues to rise prior to the two longer decays, while rapid rise and decay, the
latter is likely the onset of the SE of the solvated enol, during the same time window were extracted

from Group | representative 3.

Similar to 3, the decay of the middle band of 7 was modeled by 4 time constants, of which the first 2
are the pair of sub-ps rise and decay (400 fs). A 10-20 ps minor rise was extracted from the middle bands
of all compounds. The longest decay constant is 0.7 ns, which is longer than the 0.3 ns registered for 3.

On the other hand, the positive residual amplitude of 7 is much smaller than that of 3.
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Two time-constants are needed to fit the decays of the blue bands of all compounds in DMSO in the
later stage (> 100 ps, Table S13); the shorter (low hundreds of ps) of the two is more abundant than the
longer (~ 1 ns) one, which is the reverse order found in DCM. Comparing to EtOH, the sub-ps rises are
slower in DMSO. Residual positive amplitudes appear in the traces of both blue and middle bands of
almost all Group | compounds (the signal-to-noise of the middle band of 1 is too low for drawing this
conclusion). The values of the positive residuals of Group Il compounds are significantly lower than
those of the Group | compounds, indicating that the Group Il counterparts of the persisting transient
species formed from Group | compounds vanish much more rapidly. Between Groups | and |l
compounds, the overall decays of Group Il compounds are slower than Group | compounds in DMSO
(see Figure S38). To reiterate other differences between the kinetics of Groups | and Il compounds in
DMSO: (a) the residual amplitudes were significant only for Group | compounds; (b) for the blue bands
of the Group Il compounds, a ps rise following the sub-ps features was required however not for Group |
compounds (a sub-ps decay was instead used to account for the sharp drop at ~ 1 ps that was more
pronounced in Group | decay traces); and (c) a shoulder band, assigned to the second ESA of the keto
form, between the blue and middle band was seen in the TA spectra of Group Il compounds but was

absent or hidden in those of Group | compounds.

Computation. The purpose of computation is to provide a theoretical model to explain the
spectroscopic observations of PVHBOs, which include (1) the absorption and emission wavelengths and
spectral profiles, (2) the solvent-dependent ratio of normal and tautomer emission bands, (3) emission
guantum vyields, and (4) the structural factors, both geometrical and electronic, that determine the

differences between Groups | and Il compounds.

The geometries are optimized on Kohn-Sham density functional theory (KS-DFT)**’ or time-
dependent (TD)DFT*3*° |evel of theory with the B3LYP functional.>®>! The B3LYP functional is relatively
fast, and is arguably the most popular functional that is applied in the (TD)DFT calculations of small
organic molecules®? including those capable of ESIPT.>**” The B3LYP functional also carries its limitations
in that (1) it may underestimate the excitation energies of the transitions with charge transfer
characters, and (2) it lacks accuracy in the geometrical and energetic calculations of molecules with
either large dipoles or charges. In the latter cases, range-separated hybrid functionals would be
preferred,®®>® which are not available in the tools that the authors have access to during the course of
this study. Therefore, one is advised not to dwell on the numerical accuracies of the calculated vs

experimental values. Rather, the relative changes that are revealed from computation as a function of a
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specific parameter (e.g., the functional group R) are much more valuable in contributing to a meaningful
excited state model of PVHBOs. All optimized structures have their secondary derivatives computed
either analytically or numerically to confirm the assignments of stationary points — either a minimum or
a saddle point. For all calculations except the ground state energies in DMSO (Table 6), no solvent effect
was considered. The def2-TZVP basis sets were used except for the calculations of the minimal energy
paths, where the def2-SV(P) basis sets were used to keep the computational cost under control. Others
have approached the ESIPT processes theoretically with different methods or from different

57,60-65

perspectives, which we may apply to selected cases in our collection of compounds in the future to

understand their excited state properties more comprehensively in the context of related works.

Ground State Geometries. Selected ground state geometrical data of PVHBOs are listed in Table 6,
which is sorted in the ascending order of the 05’ value of R. The intramolecular O-H---N HB distance
decreases as the R substituent becomes more e-withdrawing. This is an indication that the HB becomes
stronger, which is supported by the decrease of the calculated OH stretching frequency (Table S15).

These calculations were done without the consideration of solvation.

When the COSMO model® was applied at the dielectric constant of DMSO (¢ = 47), the same trend of
the strength of both the intramolecular HB and the intermolecular version with a DMSO molecule with
respect to the 01;“ value was observed (Table 6). The geometries of PVHBOs coordinated with a single
DMSO solvent molecule were also optimized in vacuum or with the application of COSMO. In the DMSO-
solvated structures, the stilbenoid and HBO components are no longer coplanar. The dihedral angles
over the entire series of PVHBOs remain remarkably constant at ~ 30° (Table 6). The thermodynamic
energies of the equilibrium between the intramolecularly hydrogen bonded and the DMSO-solvated
forms were calculated under the COSMO model. For all compounds, the endothermic solvation energy
stays at 3.5-3.7 kcal/mol, insensitive to the R substituent (Table 6). The implication is that the difference
in the E*/K* emission ratio (Table 4) in DMSO among all PVHBOs cannot be attributed to the difference

in the distributions of ground state species.
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Table 6. Computed HB lengths (d) in both vacuum and DMSO, dihedral angle (|@|) between benzoxazole
and stilbenoid in DMSO-solvated structures, and the equilibrium energy (AE (solvation)) between the

intramolecularly hydrogen bonded and the DMSO-solvated structures.?

E (solvation)

Comp # R HB (NH)yac d (A)*  HB (NH)son d (A) HB (OH)sov d (A)® || (°)°  AE solv (kcal/mol)?

1 MeO 1.789 1.781 1.686 30 3.5(2.1)
2 Me 1.787 1.780 1.684 30 3.7(2.2)
3 tBu 1.787 1.780 1.684 30 3.7(2.2)
4 F 1.786 1.779 1.683 30 3.7 (2.0)
5 H 1.786 1.779 1.683 30 3.7(2.1)
6 Cl 1.785 1.778 1.681 30 3.7 (1.9)
7 CO:Me 1.783 1.777 1.677 30 3.7 (1.8)
8 CFs 1.783 1.777 1.678 31 3.7 (1.7)
9 CN 1.781 1.775 1.675 31 3.6 (1.5)
10 CHO 1.782 1.776 1.674 31 3.6 (1.6)

a. DFT/B3LYP/def2-TZVP level of theory. Rows of Group Il compounds are shaded; b. absolute values of
dihedral angles () between stilbenoid and benzoxazole moieties in DMSO-solvated PVHBOs; c. data
calculated without consideration of solvent; d. calculated under the COSMO model (¢ = 47). The values

calculated without COSMO are in the parentheses.
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Frontier Molecular Orbitals (FMOs) at the Ground State Geometries. The FMOs of 1 and 9, which
represent Groups | and || PVHBOs, respectively, are shown in Figure 14. The HOMOs of both primarily
reside on the stilbenoid component. The LUMO of 1 shifts to the benzoxazole moiety, while the LUMO
of 9 remains on the stilbenoid. The similar separation of HOMO and LUMO observed in Group | PVHBOs
has been reported in other styryl-containing chromophores.®”-% The LUMO+1 of each compound takes
up the opposite space from the LUMO. The flip of space occupancies of LUMO and LUMO+1 as the R
group transitions from e-donating to e-withdrawing is the principal cause of the differences in
absorption and emission properties between Groups | and Il compounds, as will be argued in this and

the following sections.

1 (R =MeO)

LUMO+1 v LUMO+1
-1.33 eV y -2.02 eV

Figure 14. Frontier molecular orbital diagrams of 1 (left) and 9 (right) calculated at the DFT/B3LYP/def2-

TZVP level of theory. The relative orbital energy values are listed.
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Ground State Excitation Energies (i.e., UV/vis Absorption). The excitation energies and oscillator
strengths to the S; and S, states were computed on the (TD)DFT/B3LYP level of theory (Table 7). The S;
states of 1-6 have small oscillator strengths (0.06-0.08) and are primarily contributed from the HOMO
(stilbenoid) — LUMO (HBO) transition (> 88%), which is a charge transfer transition judged by the
difference in the space occupancy of the HOMO on the stilbenoid and the LUMO on the HBO component
(e.g., see those of 1 in Figure 14). The S; transitions of 1-6 have much larger oscillator strengths (1.2-1.4)

because the dominant transition is HOMO — LUMO+1 localized on the stilbenoid component.

For Group Il members 7 and 9, the space occupancies of LUMO and LUMO+1 flip from that of Group |
compounds. Consequently and counterintuitively, the major contributor to S; is HOMO (stilbenoid) —»
LUMO+1 (HBO), the charge transfer transition.®® The allowed HOMO (stilbenoid) — LUMO (stilbenoid)
transition dominates S,. Because of the unusual off-order FMO contributions to the electronic
transitions, the energy difference between S; and S; (AE in Table 7) is smaller in Group Il (e.g., only 0.02
eV of 9). Therefore, the S; band with a small oscillator strength characteristic of charge transfer would
be obscured by the closely situated, much more allowed S, band in the absorption spectra of Group Il
compounds, while the absorption bands of S; and S; of Group | compounds are sufficiently separated (>

0.5 eV in most cases) for a long wavelength shoulder (i.e., S1) to reveal itself (Figure 4).

Table 7. Calculated two lowest energy electronic transitions (A1 and A, in nm), energetic difference

(AE/eV), oscillator strengths (f), and dominant MO contributions at optimized ground state geometries.

Comp. # R A1 (nm)/fy S; dom. Contr.? A2 (nm)/f, S, dom. Contr.? AE (eV)
1 MeO 403/0.06 H— L, 96% 338/1.34 H— L+1, 93% 0.59
2 Me 388/0.07 H— L, 94% 332/1.39 H— L+1, 92% 0.53
3 tBu 388/0.07 H— L, 94% 335/1.45 H— L+1, 93% 0.50
4 F 381/0.08 H—L 92% 331/1.18 H— L+1,91% 0.50
5 H 381/0.08 H—L 92% 330/1.23 H— L+1,91% 0.51
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6 Cl 379/0.08 H—L, 88% 339/1.31 H— L+1, 87% 0.39

7 CO:Me 372/0.09 H— L+1, 70% 360/1.31 H—>L, 72% 0.11
8 CFs 366/0.11 H—L, 56% 343/1.17 H— L+1, 56% 0.22
9 CN 365/0.10 H— L+1, 83% 362/1.22 H—>L, 86% 0.02
10 CHO 378/1.13 H—L,93% 368/0.10 H — L+1, 90% 0.09

a. H: HOMO, L: LUMO, L+1: LUMO+1; red — localization primarily on stilbenoid; blue — localization

primarily on HBO.

Compound 8 contains an e-withdrawing CF3 group. However, the space occupancies of FMOs are in
line with those of the Group | compounds 1-6, namely, with HOMO and LUMO+1 on stilbenoid while
LUMO on HBO. Both HOMO — LUMO and HOMO — LUMO+1 transitions contribute about equally to S;

and S,. Therefore, compound 8 is considered a transitioning case between Groups | and Il.

Compound 10, a Group Il molecule as classified based on its spectroscopic behaviors, offers up an
interesting twist in the electronic structures of this series of compounds. The HOMO (stilbenoid) —»
LUMO (stilbenoid) transition is localized on the stilbenoid and is the major contributor to Si;, which
differs from the charge transfer type of S; transitions of all other molecules, and raises the oscillator
strength of S; from < 0.1 of compounds 1-9 to 1.1. The S; state is primarily represented by the charge

transfer HOMO (stilbenoid) — LUMO+1 (HBO) transition.

Minimal Energy Proton Transfer Paths. The minimal energy reaction paths (MEPs) of ESIPT of 1 and 9,
representing Groups | and Il molecules, respectively, were calculated at the (TD)DFT/B3LYP/def2-SV(P)
level of theory (Figure 15). The OH distance was fixed while all other internal coordinates were allowed
to relax in each calculation. The identified stationary points along the O-H coordinate were recalculated
free of constraints using the larger def2-TZVP basis sets. The excited keto form (K*) of 1 is less stable
than the excited enol (E*) by 1.9 kcal/mol (this value is dependent on the method, as will be discussed
later), and the barrier along the MEP of ESIPT was 4.2 kcal/mol (Figure 15a), while the reaction energy

and barrier of ESIPT of 9 are -2.2 and 2.2 kcal/mol, respectively (Figure 15b). Therefore, the keto excited
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state (K*) is more favored both thermodynamically and kinetically in the ESIPT reaction as the R

substituent becomes more e-withdrawing (see Tables 8 and 9).

It needs to be emphasized that this conclusion was drawn by the difference of the computed results
between 1 and 9, rather than the absolute values of the calculated energies. The fact that only the
tautomer emission of 1 was observed in a weakly polar solvent such as DCM would not be expected
from a kinetic barrier of ESIPT at 4.2 kcal/mol, nor from a reaction energy that is positive at 1.9 kcal/mol
(although the emission quantum yield of the enol form could be much lower than the keto form).
Jacquemin and coworkers opined that TDDFT tends to underestimate the energy of the excited enol in
the system that they have studied.®® Indeed, when the excitation energies were recalculated at the
optimized S; geometries using a different method — the second order coupled cluster (CC2) method —
the ESIPT reaction energy values (K*-E* in Table 9) were all negative (i.e., the reactions are
thermodynamically favored for all PWVHBOs) while the correlation with the Hammett constant of the R
group remains intact (i.e., a compound with a more e-withdrawing R substituent afforded a more
favored ESIPT reaction energy). Another point worth noting is that the calculated barrier from the
minimal energy path is not necessarily the actual barrier that the reactant has to traverse for the
reaction to occur. The Franck-Condon or a vibrationally hot excited normal structure might pack a whole

lot more energy than the calculated minimum to elevate the reactant over the ESIPT barrier with ease.
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Figure 15. Minimal energy paths (MEPs) of 1 (a) and 9 (b) along the O-H coordinate (0.8-2.2 A) on the
first excited state (S1) calculated on the (TD)DFT/B3LYP/def2-SV(P) level of theory. The energetic
differences between the keto tautomer, transition state, and the enol form are noted in the insets,

which were recalculated with (TD)DFT/B3LYP/def2-TZVP free of constraints.

Excited State Geometries and Excitation Energies of Intramolecularly Hydrogen Bonded PVHBOs. In the
excited enol structures of 1-9, the intramolecular N--H HB distance decreases, while the excitation
energy (i.e., emission) increases as the R-substituent becomes more e-withdrawing (Table 8). The
emissive transition from S; carries a small oscillator strength of < 0.1, with major contributions from
HOMO — LUMO that is charge transfer in nature (Figure S39) except compound 9 (Figure S40), where
HOMO — LUMO and HOMO — LUMO+1 contributions are about even. The correlation of FMO
contributions to the emission from the S, state tracks that of the ground state excitation (i.e., absorption
to Si1), and not coincidentally, the geometries of the excited and ground state enol forms are similar. The

difference between the excited and the ground state enol forms is reflected in the intramolecular HB
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distances and dipole moments (Table 8). The N---H HB distance of the excited enol (S:) is more than 0.1 A

shorter than that of the Sy state, suggesting the strengthening of the HB upon electronic excitation. The

dipole moment of the normal S; state is larger than the corresponding So state, consistent with the

description of charge transfer based on the FMO analysis.

Table 8. Calculated HB distances (d/A), dipole moments (j1/D), excitation energies (A/nm), oscillator

strengths (f), major MO contributions to the normal (enol) excited states at the optimized S; geometries,

and the energetic differences between minimized enol (E*) and saddle point (TS*) structures.?

Comp. # R NH d (A) i (D) A (nm)/f dom. Contr.? TS*-E* (kcal/mol)
1 MeO 1.687 17 482/0.05 H—L,98% 4.2
2 Me 1.673 15 460/0.07 H—>L, 97% 3.5
3 tBu 1.674 15 460/0.07 H—>L, 97% 3.5
4 F 1.667 12 450/0.07 H—L,96% 3.2
5 H 1.666 13 449/0.08 H—L,96% 3.2
6 cl 1.666 12 448/0.07 H—L, 94% 3.1
7 CO;Me 1.655 11 437/0.09 H—L, 77% 2.6
8 CF3 1.651 7.8 430/0.10 H—L, 88% 2.5
9 CN 1.647 5.8 427/0.10 H— L+1, 54% 2.2
10 CHO 1.748 15 409/1.27 H— L, 96% 1.7

a. TDDFT/B3LYP/def2-TZVP level of theory; b. H: HOMO, L: LUMO, L+1: LUMO+1, red — localization

primarily on stilbenoid; blue — localization primarily on HBO.
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Table 9. Calculated HB distances (d/A), dipole moments (j1/D), excitation energies (A/nm), oscillator
strengths (f), major MO contributions to the tautomer (keto) excited states at the optimized S,

geometries, and the energetic difference between excited normal (E*) and tautomer (K*) forms.?

Comp. # R NH d (A) u (D) A (nm)/f dom. Contr.? K*-E* (kcal/mol)*
1 MeO 1.036 11 566/0.24 H—L 99% 1.9(-3.3)
2 Me 1.034 7.9 547/0.27 H—L 99% 0.7 (-4.0)
3 tBu 1.033 8.1 547/0.29 H—L 99% 0.7 (-4.0)
4 F 1.033 5.0 538/0.28 H—L 99% 0.1(-4.6)
5 H 1.033 6.2 538/0.28 H—L 99% 0.05 (-4.4)
6 cl 1.032 4.6 537/0.30 H—L 98% -0.2 (-4.9)
7 CO,Me 1.030 3.2 530/0.38 H—L, 98% -1.2 (-5.3)
8 CF; 1.029 15 522/0.34 H—L 98% -1.6 (-5.6)
9 CN 1.028 2.8 521/0.40 H—L, 98% -2.2 (-6.0)
10 CHO 1.029 3.5 526/0.43 H—L 97% -2.5(-7.2)

a. TDDFT/B3LYP/def2-TZVP level of theory; b. H: HOMO, L: LUMO; c. calculated values from the

optimized geometries at RICC2/def2-SVPD level of theory are in parentheses.

In the calculated excited state keto tautomer structures, the NH bond (Table 9), which is formed after
the proton transfer, becomes shorter as the R group grows more e-withdrawing. This trend is consistent
with the model that the ESIPT is more inclined to occur as the R group is more e-withdrawing, which
would result in a more complete proton transfer to the N of benzoxazole. The emission wavelength
decreases when R is more e-withdrawing and stabilizes the HOMO more so than the LUMO (data not
shown). The calculated emission dependence on R tracks but amplifies the experimental observations

(comparing to Table 3). The oscillator strength of the excitation increases when the data transitions
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from Group | compounds (unshaded in Table 9) to Group Il (shaded), which is also consistent with
experimentally measured higher emission quantum yields of Group Il than Group | compounds in the
least polar, intramolecular HB indifferent solvent (DCM, Table 5). The emission of any of the keto
tautomers can almost entirely be attributed to the HOMO — LUMO transition. The HOMO and LUMO

plots of compounds 1 and 9 at the optimized S; keto geometries are included in Figure S41.

The reaction energy of ESIPT of intramolecularly hydrogen bonded conformer decreases as the R
group becomes more e-withdrawing (the rightmost column in Table 9). One is advised, however, to be
always skeptical about the absolute calculated energy values, which are only as good as the assumptions
and approximations of the method. For example, positive reaction energy values were obtained under
(TD)DFT/B3LYP/def2-TZVP for several members of Group | compounds, suggesting an unfavorable ESIPT
reaction in vacuum. On the contrary, almost exclusive keto emission was observed for all compounds in
solvents that preserve HBs. As briefly described earlier, when a wave function-based optimization
method was used (RICC2/def2-SVPD), the ESIPT reaction energies of all compounds became negative,
i.e., favorable (data in parentheses in Table 9). The trend of reaction energy is still the same as the ESIPT
becomes more favorable when the R group is more e-withdrawing. The comparison of these calculations
cautions us against taking the absolute calculated values literally as the faithful reflection of
experimental observations, regardless of the method by which they were produced. Rather, the
correlation of the data with a certain physical parameter (e.g., the Hammett value of the R substituent)

is meaningful in connecting structure to chemical or spectroscopic properties.

DMSO-solvated PVHBOs. DMSO/PVHBO hydrogen-bonded complexes were minimized in the first
excited state (S;) with the aim to reveal the electronic structural factors that might have determined the
difference of enol emissions between Groups | and Il compounds in DMSO. A major geometrical
difference between Groups | and Il members in the S; is the dihedral angle between stilbenoid and
benzoxazole moieties. The dihedral angles of Group | compounds, including compound 8 (R = CF3),
decrease from ~ 30° to 16-18° upon excitation from Sy to S1, while the impact of excitation on the
dihedral angle of Group Il compounds is much less (Table 10). The change of dihedral angle in response
to excitation reveals the increased engagement of the benzoxazole in the S; of a DMSO-solvate Group |,

but not Group Il compounds.

The FMOs of DMSO-hydrogen bonded 1, 8, and 9 that contribute to the emission from the S; states

are shown in Figure 16. Compounds 1 and 9 represent Groups | and Il compounds, respectively, while
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compound 8 is a transitioning member from Group | to Group Il. The HOMO — LUMO transition of
DMSO-solvated compound 1 (Figure 16a) dominates the S; emission (96%, Table 10), which can be
described as a charge transfer transition from the stilbenoid to the HBO component, and this situation
was also found in the S; state of 1 in the intramolecularly hydrogen bonded form (Figure S39). The S;
emission of DMSO-solvated compound 9 (Figure 16c) was also dominated by the HOMO — LUMO
transition, which localized on the stilbenoid moiety. The S; state of the non-solvated, intramolecularly
hydrogen bonded 9, on the other hand, is principally contributed by its HOMO — LUMO+1 transition

that carries a significant degree of charge transfer character (Figure S40).

LUMO+1
8-DMSO-XS
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Figure 16. FMOs of DMSO-solvated 1, 8, and 9 that are involved in the emissive states at relaxed S; (XS)

geometries computed under (TD)DFT/B3LYP/def2-TZVP level of theory.

The major geometrical difference among these 3 excited, DMSO-hydrogen-bonded complexes is the
length of the hydrogen bonds, which are ~ 0.1 A shorter in the complexes of Group Il members 7 and 9
than found in Group | compound 1 (Table 10). Meanwhile, the lengths of intermolecular HBs are much
shorter in the S; state than the ground state in Group Il, but not nearly as much in Group |,

PVHBO/DMSO complexes (see AHBxs.gs) values in Table 10). The FMO differences at the S; geometries
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result in the difference in the oscillator strengths (f) of the emission — DMSO-solvated 1 has a low value

of f (0.04) due to the poor overlap of FMOs, while the f value of DMSO-solvated 9 is high (1.28).

Table 10. Calculated (TDDFT/B3LYP/def2-TZVP) geometrical and spectroscopic properties of DMSO-

solvated PVHBOs in the S; state.

Comp. # R OHgs (HB) /A°  OHys (HB)/A®  AHByscs/A  |¢| (°) Aem/nm  f  pxs(D) Dom. Contr.c

1 OMe 1.81 1.85 0.04 16 464 0.04 14 H—L,96%
2 Me 1.81 1.81 0 17 445 0.05 10 H—1L 93%
3 tBu 1.81 1.82 0.01 17 445 0.05 10 H—1L 93%
4 F 1.80 1.80 0 17 436 0.06 7 H—1L,91%
5 H 1.80 1.79 -0.01 17 436 0.06 8 H—1L 91%
6 cl 1.80 1.79 -0.01 17 433 0.06 7 H—L, 86%
7 CO,Me 1.79 1.72 -0.07 29 406 131 15 H—L,98%
8 CF; 1.79 1.76 -0.03 18 416 0.07 5 H—L, 66%
9 CN 1.79 1.72 -0.07 28 404 1.28 20 H—L, 98%
10 CHO 1.79 1.71 -0.08 25 415 1.22 22 H—>L, 97%

a. GS: ground state Sp; b. XS: excited state S;; c. H: HOMO, L: LUMO, red — localization primarily on

stilbenoid; blue — localization primarily on HBO; green — delocalization over both stilbenoid and HBO.

The S; emission of compound 8 involves contributions from both HOMO to LUMO (66%) and HOMO to
LUMO+1 (30%). Both transitions have strong charge transfer characters because both LUMO and
LUMO+1 extend to the HBO component (Figure 16b) while the HOMO stays on the stilbenoid.
Therefore, the f values of emission of compound 8 is low (0.07), and the HB in the S; state of 8/DMSO

complex is not as short as those found in Group Il members 7 and 9. These findings are consistent with
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the experimental observation that the solvent-dependent emission of 8 is similar to that of Group |

rather than Group Il (Figure S17).

Discussion

One of the interesting discoveries in this work is the clean break of the absorption and solvent-
dependent emission properties between Groups | and Il PVHBOs. As remarked in the Section of
computation regarding “Ground State Excitation Energies (i.e., UV/vis Absorption)”, the features of the
absorption spectra of PVHBOs could be understood by the substituent-dependent FMO contributions to
the first two lowest electronic transitions (i.e., S1 and S3). In the Discussion, the trend of enol vs. keto
(E*/K*) emission ratio in the PVHBO series is explained, followed by the introduction of a mechanistic
model that summarizes the major solvent- and R-dependent excited state pathways leading to the

emissions of PVHBOs.

The solvent- and substituent-dependent ratio of enol vs. keto emission. Keto emissions of all
PVHBOs dominate in DCM. In EtOH and DMSO, Group | compounds afford much more enol emission
than Group Il compounds. How the emissions of the two groups of compounds respond differently to a
hydrogen bonding solvent could be explained with any of the following hypotheses: (1) the ESIPT of
Group Il compounds are more complete than Group | compounds. (2) A larger proportion of solvated
species, which would afford the enol emission, could be found for Group | compounds than Group Il in
the ground state. (3) the keto isomers of Group Il compounds are brighter than the keto isomers of
Group | compounds in a hydrogen bonding solvent; and (4) the enol isomers of Group Il compounds are
guenched to a greater degree than Group | compounds in a hydrogen bonding solvent. With the
information extracted from time-resolved spectroscopies and computation, the veracity of these

hypotheses can be assessed.

Hypothesis #1 could be supported by the calculated dependence of reaction energy of ESIPT on the R
substituent (Table 9). A shorter N---H distance of a Group Il compound than that in a Group | PVHBO in
the ground state (Table 6) would also lead to a more efficient ESIPT because the displaced H would
travel less distance from O to N. As concluded from both calculations, the propensity of ESIPT increases
as the R group becomes more e-withdrawing, which would be consistent with a lower E*/K* ratio as the

R group is trending up on the Hammett scale. This rationale was used to explain the varying
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normal/tautomer emission ratio of substituted 1-(acylamino)anthraquinones.?? Based on fsTA data of
PVHBOs, the rises of keto ESA and SE of Group Il compounds are slightly but consistently faster than
Group | compounds. However, the reaction energies in Table 9 were calculated on the intramolecularly
hydrogen bonded species, which based on the emission spectra in DCM afforded almost exclusively the
keto tautomer emission irrespective of R (Table 4). Therefore, although all the time-resolved
spectroscopic and computational data support the conclusion that Group Il compounds are more
inclined to undergo ESIPT than Group | compounds, they are irrelevant to the understanding of E*/K*
ratio, which is 0 for all PVHBOs in DCM that is mostly closely mimicked in computation. The
interpretation of the trend of E*/K* ratio, therefore, needs to involve the solvent in which the enol

emission was observed.

The ground state equilibrium between the intact and the solvated (by DMSO) molecule was not found
to be affected by the R group based on the calculated data when the solvent effect was considered
using the COSMO model (Table 6). When implicit solvation was not taken into account, the explicit
solvation of a PVHBO by DMSO was shown to be slighted favored as the R becomes more e-withdrawing
(Table 6). The results from both calculations would negate Hypothesis #2. The solvent-dependent E*/K*
ratio of each PVHBO therefore has to be determined by the fates of the solvated (affording the enol

emission) vs intramolecular hydrogen bonded (affording the keto emission) species in the excited state.

The calculated oscillator strengths (f values) of intramolecularly hydrogen bonded keto forms in the S;
states are higher in Group Il than Group | compounds (Table 9), which does not contradict Hypothesis
#3. The calculated f values of DMSO-solvated excited enol species of 7 and 9 are very large (> 1, see
Table 10). Yet the enol emissions of both were only minor relative to their keto emissions (Table 4).
Therefore, the f value alone is evidently not a good indicator of fluorescence quantum yield (¢), which is
determined by rates of both radiative (k;) and non-radiative (kn) decays (Eg. 1). Only the k. scales with
the f value, while the k.- would come from a number of processes, including notably how the excited
state interacts with surrounding solvent molecules.

— _Fr
T kptkny

¢ (1)

Based on the time-resolved emission data, the enol emissions of Group Il compounds (e.g., 9) were
quickly quenched in EtOH or DMSO, while the enol emissions of Group | compounds (e.g., 2) persisted

for much longer (Figures 8 and 9). The quenching of the enol emissions of Group Il compounds could be
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attributed to the tightening of the HBs in their excited state DMSO complexes (see data of 7and 9 in
Table 10) that are shorter than the typical Group | compound 1 by ~ 0.1 A. The strong (or stronger than
those in the Sp) HBs help dissipate the electronic excitation energy to the surrounding solvent molecules
and hence facilitate internal conversion.*>**7°72 The large dipole moments of DMSO-solvated Group I
enol forms (e.g., uxs of 7 and 9 in Table 10) in the excited state would lead to further engagement with
solvent molecules and therefore contribute to the same outcome. The k, values of the DMSO-solvated 7
and 9 therefore could be tremendous (Hypothesis #4), which would drive down the fluorescence

guantum yields (Eq. 1) of their enol species.

Emission in DCM. Similar to other ESIPT compounds,?%40:4>73.74

a number of processes may transpire
after the liftoff of a PVHBO to the excited state and before its return to the ground state. Vibrational
relaxation, internal conversion, excited state intramolecular proton transfer (ESIPT), solvent relaxation,
and emission are most certain to occur. Charge transfer, conformational change, and trans-cis
photoisomerization are likely. Based on the experimental and computational evidence, as well as the

accumulated knowledge of similar compounds in the literature, we could project some, but not all,

processes on an excited state model of PVHBOs, which is shown in Scheme 2.

Of all the PVHBO compounds, only the keto emission was observed in DCM from both steady state
and time-resolved experiments. DCM would not disrupt an intramolecular HB. The O-H---N bond is
overwhelmingly favored over the O-H---O bond in a HBO framework.'® Therefore, the vast majority of
the ensemble of any given PVHBO in DCM contains the intramolecular O-H---N HB that would lead to the
ESIPT. Based on the chemical shift values of OH (Table 1) and calculated HB distances (Table 6), Group Il
compounds contain stronger intramolecular HBs and would undergo more rapid ESIPT processes, which
is consistent with the data from fsTA experiments. The geometry optimizations of both enol and keto
structures on the S; surfaces confirm the thermodynamic and kinetic favorability of Group Il compounds
to undergo ESIPT over Group | compounds (Tables 8 and 9). Yet the ESIPT trend found in computation is

masked experimentally in DCM by the utter domination of keto emission.

ESIPT and solvent relaxation are two major (sub)picosecond processes during the decays of the

excited singlets of ESIPT-capable molecules. Depending on molecular structure and medium, ESIPT have

8,45,75-81 11,32,74

been measured at tens of fs, or in the regime of hundreds of fs, which is still considered

shorter than solvent relaxation.3! One may also find ESIPT processes that was measured in the ps regime

14,82

that are in lockstep with solvent reorganization, or even longer.3”3° In the current study, the
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transient emission (TE) data shows that the keto emission of a PVHBO rises within 2-3 ps, implying that
ESIPT is completed within that time frame. From the transient absorption (TA) data, the rise of the blue
band is complete at ~ 1 ps while the middle band is fully formed. The fitted time constant of this process
from the TA data is 300-400 fs, which ought to be the ESIPT,”* and in consequence the blue and middle
bands are assigned as the ESA and SE, respectively, of the keto form. The time constants of ESIPT of
PVHBOs are larger than that of unsubstituted HBO (150 fs),** which is consistent with the fact that the
calculated reaction (1.9 to -2.5 kcal/mol for PVHBOs; -5.6 kcal/mol for HBO) and barrier (4.2 to 1.7
kcal/mol for PVHBOSs; 0.8 for HBO) energy values (TDDFT/B3LYP/def2-TZVP) both suggest a more rapid
ESIPT of HBO' than the series of PVHBOs.

A minor slower rise of tens of ps in the TE kinetics was also observed for all compounds, which can be
attributed to a solvent relaxation process. This time window falls at the slow end of the reported ranges
of solvent-assisted relaxation.3*3° During that period, a small blue shift of emission was observed (e.g., 7
in Figure S27a), which suggests that the excited keto form moved to a geometry that slightly favors the
ground state, i.e., the slope of the potential energy surface of the ground state is steeper than that of
the excited state around the region of the keto geometry. This interpretation was drawn based on the
observation of the vibrational cooling of HBO by Wang, et al.,*! and from a report by Takeuchi and
Tahara on a similar vibrational cooling-actuated blue shift of the excited state of an ESIPT system.* A
blue shift of the same origin is discernable in the middle SE band of 7 (Figure 11b). The last two longer
TE decays suggest that more than one emissive species is available to the keto tautomer. The amplitude
of the longest decay becomes larger when fitted at longer emission wavelengths (Table S2), suggesting
that the emissive species with the lower excitation energy also has the longer lifetime. The increase of
overall lifetime upon increasing the emission wavelength at which the decay is recorded was reported
for stilbenoid-containing dyes by Gordon and coworkers,®® which, by conjecture, could be attributed to
the concurrent solvent reorganization during emission,® ground state conformational heterogeneity,??

or the formation of a transient photoisomeric emissive species.®
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Scheme 2. A model of solvent (DCM and DMSO)- and substituent (R)-dependent dual-emission of

PVHBOs. The emissive species are marked by matching colors in the portions that their LUMO occupy.

Emission in DMSO. The TE spectra of the keto forms of Groups | and Il compounds in DMSO are
similar to those found in DCM and similar to one another. The emitter in both solvents should be the
intramolecularly hydrogen bonded, ESIPT product keto tautomer, which is relatively insulated from
specific solvent interactions. Two long (> 100 ps) emission decays are identified, while the shorter of
which has a larger amplitude than the longer one. The relative magnitudes of the amplitude values of
these two keto emission decays are of the opposite order from those in DCM, suggesting that the
emissive species with a longer time constant is quenched more efficiently in a more polar solvent, likely

because it carries a more charge transfer character (hence longer excited state lifetime).

The enol emission found in the TE data shows the most remarkable difference between Groups | and
Il compounds. Enol emissions of Group | members persist throughout the experimental time window (>
2 ns), while those of the Group Il members decay within the first 200 ps. Therefore, the domination of
the keto emission of a Group Il compound is attributed to a highly effective quenching of enol emission
rather than an increased efficiency of keto emission as the R group becomes more e-withdrawing. The

TA data show that both blue (keto ESA) and middle (keto SE) bands decay with a major component at ~
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0.3 ns. Both TA bands of Group | compounds have to be fitted with an “infinity” time constant with a
significant amplitude, suggesting that the ESA of the solvated enol, which shall persist as deduced from

the TE data, overlaps with both the ESA and the SE of the keto form.

In DMSO, a significant portion of the emission of any Group | compound is from the excited enol,
while the keto band dominates the emission of Group Il compounds. It was tempting to cite the
predisposition of Group Il compounds (Table 9) to undergo ESIPT to explain the difference. However,
this argument would have also worked for the observations in DCM but did not. Furthermore, the enol
and keto emission do not exhibit a precursor-successor relationship in the time-resolved emission
experiments (e.g., Figure 9), suggesting that the two bands are originated from two different ground
state species - the DMSO-solvated, which results in the enol emission, and the intramolecularly
hydrogen bonded that is transformed to the excited tautomer and in consequence results in the keto
emission (A similar lack of kinetic correlation between normal and tautomer emissions of unsubstituted
HBO in a polar solvent was observed in the past, which, different from our interpretation of PVHBOs,
was attributed to the two intramolecularly hydrogen bonded conformers of HBO that are not
interconverting in the excited state.’). The ground state solvation equilibrium was studied
computationally, and was concluded to yield similar equilibrium energy across all compounds (Table 6).
Therefore, the difference between Groups | and Il has to be determined by the excited state properties
of the solvated species vs. the intramolecularly HB bonded ESIPT precursor. The assignments of enol and
keto emissions to solvated and non-solvated species, respectively, without an excited state
interconversion in the cohort of ESIPT-capable molecules are precedented. Examples include 2-hydroxy-
4,5-naphthotropone?® and 2-(2'-hydroxyphenyl)-imidazo[ 1,2-a]pyridine,®* the dual emissions of which in
hydrogen bonding solvents were attributed to the solvent-bound and the intramolecularly hydrogen

bonded populations.

Emission in EtOH. The difference of E*/K* ratio between Groups | and Il compounds that was
observed in DMSO was replicated in EtOH, in which Group | compounds afforded a sizeable amount of
enol emission, while Group Il compounds had little of that. The kinetic model leading to the emission
properties of PVHBO in EtOH similar to that in DMSO is therefore not reiterated. There was no
equilibrium between the excited keto and enol forms based on the emission decay time constants
measured using either a streak camera or with the TCSPC method. Rather, the keto and enol emission
can be attributed to the intramolecularly hydrogen bonded and the EtOH-solvated forms, | and perhaps

Il in Figure 17, respectively. Unlike DMSO, EtOH could enable a proton transfer relay in a monosolvate
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of PVHBO (Il in Figure 17) to afford a keto tautomer, which has been reported in similar
compounds.*#3#>87 This process may account for the sharp loss of intensity in the first few ps of the
enol emission (Figure S30a).%8 The engagement of the monosolvate in ESIPT and the lack thereof of the
disolvate of 3-hydroxyflavone in an alcohol were described by Kelley and coworkers.2 The emission
guantum yields of PVHBOs in EtOH are generally lower than those measured in DMSO, attributable to
the more effective dissipation of excitation energy to solvent in EtOH®%° than in DMSO via, for instance,
the formation of n:1 EtOH/PVHBO complexes (e.g., IV in Figure 17).*2¢ A population of Group | EtOH-
solvated enol species may decay slowly from a charge transfer excited state similar to those found in
DMSO to account for the long time constants of enol emissions in EtOH of Group | compounds, while the
Si states of enol-solvated Group Il compounds could be quenched via strong hydrogen bonding with

surrounding solvent molecules.

Et

@m@ @@ @\@ @@

Et Et Et

'O,

\O-/I

\
\

Figure 17. A few postulated hydrogen-bonded species in EtOH. | and Il would lead to the keto tautomer

via proton transfer, which lll and IV would not.

Substituent R and solvent determine the localizations of LUMO and LUMO+1 of PVHBOs. The
solvent-dependent E*/K* emission ratio between Groups | and Il PVHBOs can be connected to the
relative energies of the unoccupied molecular orbitals residing on the stilbenoid or the HBO component.
Of all PVHBOs at optimized ground state geometries that contain an intramolecular HB, i.e., not
solvated, HOMO resides on the stilbenoid component (Figure 18a). In Group | compounds the LUMO is
on the HBO while LUMO+1 is on the stilbenoid, while in Group Il compounds the LUMO and LUMO+1
spatial occupations are flipped (Figure 18a). The localization preferences of LUMO and LUMO+1 are
impacted by either electronic level (whether it is So or S1) or solvation, and the sensitivity to the impact

is maximized at the Groups | and Il boundaries (compounds 7 or 8). For example, the LUMO of 7 (R =
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CO:Me) is found primarily on the stilbenoid in the So, while the occupation of LUMO shifts toward the
HBO in the S; (Figure S42). In DMSO-solvated PVHBOs, both LUMO and LUMO+1 of Group | compounds
become more delocalized over both the stilbenoid and the HBO when visualized at the So geometries

(e.g., see LUMO and LUMO+1 of compound 5 in Figure S43).

R

(a) PV
- ;
/
— N

HO
o) e
LUMO of Group Il LUMO of Group |
HO LUMO+1 of Group | LUMO+1 of Group Il
(b)

HwO"
insensitive long (charge transfer) for Group |
to solvent short (HB quenching) for Group Il

Figure 18. (a) FMO occupation of PVHBOs based on calculations of the ground states. BOX: benzoxazole;

PV: phenylenevinylene; (b) two emissive species of PVHBOs.

As the R group becomes more e-withdrawing, the gap between LUMO and LUMO+1 (AUMO) at the
optimized So (GS, lower right in Figure 19) geometries diminishes, until the e-withdrawing power of R
reaches the Group Il compounds where AUMO recovers. The break of the correlation between R and
AUMO was observed in the S of both intramolecular hydrogen-bonded and DMSO-solvated PVHBOs, as
well as in the excited states of DMSO-solvated PVHBOs (Figure 19). The trend of AUMO vs. Hammett
constant remains largely unbroken in the excited intramolecularly bonded keto forms (XS (keto) in

Figure 19), which is consistent with the observation that the keto emissions of all PVHBOs are similar.
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XS (enol)

XS (keto) XS (enol, DMSO)

GS (enol, DMSO) GS (enol)

Figure 19. The gap between LUMO+1 and LUMO (AUMO) calculated at 5 optimized geometries of
PVHBOs displayed on a radar plot. GS: ground state So; XS: excited state S;. Only XS (keto) and XS (enol,
DMSO) are emissive. The Hammett constant of the R-substituent on the PVHBO increases as the shade

of green becomes darker. Each green irregular pentagon connects the data of a given PVHBO.

The localization preferences of FMOs at the So geometries explain the difference in absorption spectra
of Groups | and Il compounds in all solvents, in which a low-absorbance long wavelength shoulder of
Group | compounds was readily visible, while in the spectra of Group Il compounds such a shoulder was
obscured by the strong S, absorption band (the allowed HOMO — LUMO transition on stilbenoid) that is

close in energy with S; (HOMO — LUMO+1 that involves charge transfer).

The two emissive species of the neutral form of a PVHBO are shown in Figure 18b. Conspicuously
missing is the intramolecularly hydrogen bonded enol species. Calculation suggests that such an enol
species with an N---H-O hydrogen bond, which is the linchpin of ESIPT, affords completely the excited
keto species and therefore keto emission, while the enol species with an O---H-O hydrogen bond is too
energetic to be populated. In solvents that preserve intramolecular HBs (e.g., DCM, ACN), all PVHBOs
emit almost exclusively at the keto band after the ESIPT that involves the HOMO on the stilbenoid and
unoccupied orbital (LUMO in Group | and LUMO+1 in Group Il) on the HBO component (e.g., see Figure
S41). When a strong HB basic solvent is present (e.g., DMSO), the solvent-bonded population would
emit at the enol wavelength. For DMSO-solvated Group | compounds a long decay of a charge transfer
emission was observed. HOMO (stilbenoid) — LUMO (HBO) transition is principally responsible for the

charge transfer emission with a long lifetime (Figure 18b). For DMSO-solvated Group Il compounds, first,
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the major contributing HOMO (stilbenoid) — LUMO (stilbenoid) is now localized on the stilbenoid and
consequently has a large oscillator strength. Second, the HB of the solvated enol species is shortened
relative to those in Group | compounds, and exhibits more strengthening in the S; state than the Group |
compounds as shown by computation (Table 10). The enhanced hydrogen bonds in the excited state
facilitate the excitation energy dissipation to the solvent and consequently quenching of the enol
emission by internal conversion.”? Both factors would reduce the lifetime of the solvated Group Il enol
species, however the HB-mediated quenching would have to be the dominant factor. The keto emission
that originates from the intramolecularly hydrogen bonded species on the other hand is impacted
relatively little by solvation. Therefore, it is preserved to become the dominant component in the steady
state emission. The evidence uncovered from this work suggests that the enol and keto emission of any
PVHBO originates from the solvent-hydrogen bonded and intramolecularly hydrogen bonded species,

respectively, which are not in an equilibrium in the excited states.

With the assignment of emissive species (enol and keto) whose interconversion is interrupted by
solvation (Scheme 2), and the understanding of R-dependent lifetime values (Figure 18b), an explanation
on the trend of fluorescence quantum yields (¢ values in Table 5) along either the change of R or solvent
can be offered. In DMSO, Group | compounds have higher ¢ values than Group Il compounds because
the emissions of the solvent-bound enol species of Group Il compounds are quenched while those of the
solvent-bound Group | enol species are preserved. The lack of keto contribution to the emission of
Group | compounds in polar solvents could be attributed to a secondary factor, where the overall larger
dipole moment of a Group | excited keto form than that of a Group Il keto form (Table 9) may lead to a
stronger solvation effect on Group | keto forms that facilitates their internal conversion. In DCM the ¢
values of Group Il compounds are slightly, but consistently larger than, those of Group | compounds
because the oscillator strengths of the excited keto species of Group Il compounds are consistently
larger (though not by much) than those of Group | compounds. In the absence of significant solvent-
involved quenching (i.e., via intermolecular HBs), the oscillator strengths, which scale with the rates of

radiative decays, could influence the magnitude of the ¢ values.
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Conclusion

In this paper, emission properties of PWVHBOs that are structural fusions of stilbenoids and 2-(2’-
hydroxyphenyl)benzoxazole (HBO) are reported. The absorption and emission properties of these
compounds that carry a substituent of various e-donating or e-withdrawing capabilities are
characterized in solvents of different hydrogen-bonding abilities. The abrupt changes of absorption and
solvent-dependent emission as the R group is becoming more e-withdrawing is explained by the facts
uncovered from a computational study of the electronic properties of these compounds. PVHBOs act
like hybrids of HBO and a stilbenoid by possessing ESIPT properties of the former and, as described in
the succeeding paper, the emission property of the stilbenoid given the opportunity of intermolecular
proton transfer (i.e., deprotonation). The nature of the R substituent on the stilbenoid determines the
relative energies of LUMO and LUMO+1 of a PVHBO, which, in conjunction with the physical residence
of these two unoccupied molecular orbitals, have a defining effect on the absorption and solvent-
dependent emission properties of these compounds. ESIPT only occurs in the species that contain
intramolecular hydrogen bonds, while the enol emission observed in a hydrogen bonding solvent is
originated from the excited solvated species. The dominance of the keto emission in a hydrogen
bonding solvent of the PVHBOs that carry e-withdrawing groups is explained by the solvent quenching
of the excited solvated enol species, rather than a more complete ESIPT that could be enabled by an e-
withdrawing substituent. The interpretation based on the computational studies is consistent with the
time-resolved emission and absorption data, which determine the ESIPT rates of PVHBOs in the range of
200-400 fs depending on solvent and substituent, and reveal the changes of excited states species
within the limits of their time resolutions. The succeeding paper describes the emission properties of the
deprotonated forms of PVHBOs, and further demonstrates the effect of the R substituent on the
multifaceted emission properties of these compounds that are affected by both intra- and

intermolecular proton transfer in either ground or excited state.
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