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Ultrafast Proton Transfer Dynamics of Hydroxystilbene Photoacids
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The effects of 4-cyano and 3-cyano substituents on the spectroscopic properties and photoacidity of 3- and
4-hydroxystilbene have been investigated. In nonpolar solvents, the 3-hydroxycyanostilbenes have much longer
singlet lifetimes and larger fluorescence quantum vyields than do the 4-hydroxycyanostilbenes. The longer
lifetimes of 3-hydroxystilbene and its cyano derivatives are attributed to a “meta effect” on the stilbene torsional
barrier, similar to that previously observed for the aminostilbenes. The cyano substituent causes a marked
increase in both ground state and excited-state acidity of the hydroxystilbenes in aqueous solution. The dynamics
of excited-state proton transfer in methanwalater solution have been investigated by means of femtosecond
time-resolved transient absorption spectroscopy. Assignment of the transient absorption spectra is facilitated
by comparison to the spectra of the corresponding potassium salts of the conjugate bases and the methyl
ethers, which do not undergo excited-state proton transfer. The 4-cyanohydroxystilbenes undergo excited-
state proton transfer with rate constants ok 58L0' s™1. These rate constants are comparable to the fastest
that have been reported to date for a hydroxyaromatic photoacid and approach the theoretical limit for water-
mediated proton transfer. The isotope effect for proton transfer in deuterated methaed is 1.3+ 0.2,

similar to the isotope effect for the dielectric response of water. The barrier for excited state double bond
torsion of the conjugate bases is small for 4-cyano-4-hydroxystilbene but large for 4-cyano-3-hydroxystilbene.

Thus the “meta effect” is observed for the si

Introduction

Electronic excitation of hydroxyaromatic molecules results
in a marked increase in their acidityThe isomeric naphthols
and their derivatives are prototypical photoacids whose excited-

state behavior have been the subject of numerous investigations.,

The ground- and excited-state acidities of 1-naphthol in aqueous
solution are |, and Kz* = 9.2 and 0.4, respectively, and the
singlet state undergoes deprotonation with a rate constént of

= 2.5 x 1010 57123 Several derivatives of 1- and 2-naphthol
which possess electron-withdrawing cyano- or fluoroalkane-
sulfonyl substituents at the 5- or 6-position have greatly

enhanced excited-state acidities in water and also function as

photoacids in polar, nonaqueous solvenEar example, 5-cy-
ano-1-naphthol has estimated values Kfp= —1.2 andky =
1.2 x 10" s71 in water and undergoes excited-state proton
transfer (ESPT) in alcohol solveritd.he cyanonaphthols have
been referred to as “super” photoacids.

Essentially all measurements of photoadi@pand ky values

nglet states of both the neutral and conjugate base.

constanf.” Values ofky are derived from the fluorescence decay
of ROH* or the rise of the fluorescence of RO8 The reliance

on fluorescence precludes the study either of super photoacids
for which proton transfer is so fast that ROH* fluorescence is
too weak to permit accurate decay measurements or of photo-
acids with nonfluorescent conjugate bases. Transient absorption
spectroscopy with femtosecond (fs) time resolution has been
employed to study the dynamics of ESPT from the photoacid
8-hydroxypyrene-1,3,6-trisulfonate to acetate ion in wWefand

from 6-hydroxyquinoline and camptothecins containing the
6-hydroxyquinoline subunit to watét.?

We recently reported the results of an investigation of the
excited-state behavior of 3- and 4-hydroxystilbene (3SOH and
4SOH, Chart 1) in several solverifs!* 3SOH was found to
behave as a strong photoacid, displaying fluorescence from both
3SOH* and 3SO* in aqueous solution with a Feter (Ky* ~
0.1. However, 4SOH exhibits fluorescence from 4SOH*, but
not from 4SO* in aqueous solution. This substituent positional

are based on analysis of the fluorescence properties of the neutraffect was attributed to a lower barrier for=C torsion in

hydroxyaromatic, ROH, and its conjugate base RThe former
property is most readily obtained using thérgter equation,
eq 1,

K" @)

pK, — (hv; — hw,)/2.3RT

wherehyv; and hv, are the zerezero transitions for the acid
and its conjugate base, andpis the ground-state acidity
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4SOH* vs 3SOH*, which results in a very short singlet lifetime
for 4SOH*. Attempts to measure the fluorescence decay time
of 4SOH* with an apparatus having a 50 ps instrument function
were unsuccessful.

We report here the use of fs transient absorption spectroscopy
to investigate the dynamics of ESPT from the 4-cyanohydroxy-
stilbenes 43SNOH and 44SNOH and their 3-cyano isomers
33SNOH and 34SNOH in metharelvater (MW) solution. The
transient spectra of 3SOH and 4SOH have also been investigated
for the first time. The use of MW is necessitated by the low
solubility of the hydroxystilbenes in water. The transient spectra
of methoxy derivative 44SNOMe (Chart 1) and the conjugate
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base 44SNO provide reference analogues which are incapable

of undergoing ESPT. The 4-cyanohydroxystilbenes have rate

constants for ESPT dfy ~ 5 x 10 s71, comparable to the
fastest that have been observed to date for a photdacalver
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1H), 7.06-7.14 (d, 1H), 7.38 7.46 (m, 3H), 7.48-7.52 (d, 1H),
7.66-7.71 (d, 1H), 7.75 (s, 1H); M®fe: MT = 221.

Methods. Ground and excited-state dipole moments were
estimated and K, values were determined as previously
described? UV —vis spectra were recorded on a Hewlett-
Packard 8452A or 8453 diode array spectrophotometer using a
1 cm path length quartz cell. Fluorescence spectra were
measured on a SPEX FluoroMax fluorometer. Fluorescence
guantum yields and ns decays were measured as previously
described?® Subnanosecond decays were obtained with a
Ti:sapphire-pumped system with single-photon counting detec-
tion having an instrument response function of 50'pall
spectroscopic measurements were performed on solutions that
were purged with dry Bifor at least 25 min. ZINDO calculations
were performed using the ZINDO algorithm as implemented
in CAChe version 4.48

Transient absorption spectroscopy was carried out using a
femtosecond transient absorption system with an optical para-
metric amplifier (OPA), as described elsewh&&he UV light
was generated by tuning the OPA to 640 nm, and the resulting
light was sent down the track, and was then focused into a 1
mm BBO crystal § = 40.5’, ¢ = 0°) with a 100 mm f.I. lens.

The light was recollimated with a 200 mm f.I. lens, and then

ocused into the sample using a 200 mm f.I. lens. The residual
40 nm OPA light was filtered from the UV light, and between
0.3 and 0.54J per pulse of 320 nm light was produced at the
sample. The resulting pump light was vertically polarized, and
the white light probe (generated with Galvas set to the magic
angle with a calcite polarizer. The probe beam was chopped
according to the scheme in Lukas et2&lDetection was
accomplished with a CCD array detector (Ocean Optics PC2000)
for simultaneous collection of spectral and kinetic dat@he
total instrument response function for the pungpobe experi-
ments was 130 fs. Five seconds of averaging were typically
needed to obtain the transient spectrum at a given delay time.
Cuvettes wih a 2 mmpath length were used, and the samples
were irradiated with 0.30.5uJ per pulse focused to a 2@n
spot. The sample was stirred with a wire stirrer to prevent
thermal lensing and sample degradation. Absorption spectra
were recorded before and after laser excitation. Kinetic analyses
were performed at several wavelengths using a Levenrberg
Marquardt nonlinear least-squares fit to a general sum-of-
exponentials function with an added Gaussian to account for
the finite instrument response.

rate constants are observed for 33SNOH and 3SOH, wherea:
the occurrence of ESPT cannot be detected by transient
absorption spectroscopy for 34SNOH and 4SOH. The effects
of substituent position upon singlet lifetimes, ESPT dynamics,

and isomerization efficiency are discussed.

Experimental Section

Materials. Thetrans-cyanomethoxystilbenes 43SNOMe and
44SNOMe were synthesized by the Wittig reaction between
4-cyanobenzyl triphenylphosphonium bromide with the ap-
propriate anisaldehyde (meta or pafayields were about 50%.
Products were characterized by NMR and GC/MS.

4-Cyano-3-methoxystilbene (43SNOMe)}:H NMR (CDCls,
400 MHz) 6 3.86 (s, 3H), 6.846.90 (dd, 1H), 7.027.11 (m,
2H), 7.1%-7.15 (d, 1H), 7.167.22 (d, 1H), 7.28 7.34 (t, 1H),
7.55-7.61 (d, 2H), 7.627.67 (d, 2H); MSm/e: Mt = 235,

4-Cyano-4-methoxystilbene (44SNOMe}:H NMR (CDCls,
400 MHz) 6 3.84 (s, 3H), 6.886.99 (m, 3H), 7.13-7.20 (d,
1H), 7.45-7.50 (d, 2H), 7.53-7.58 (d, 2H), 7.58 7.65 (d, 2H);
MS mfe: M™ = 235.

The cyanomethoxystilbenes were converted to the corre- ) )
sponding cyano-hydroxystilbenes by the procedure of McOmie Results and Discussion
et all® Yields were 36-60%. Products were characterized by Absorption and Emission Spectra. The absorption and

NMR and GC/MS. fluorescence spectra of 43SNOH and 44SNOH in MW and in
4-Cyano-3-hydroxystilbene (43SNOH)*H NMR (CDCl, 50% methanol/0.1 M KOH (MW-KOH) are shown in Figure
400 MHz)6 4.98 (s, 1H), 6.766.83 (dd, 1H), 7.01 (br s, 1H), 1. The appearance of the absorption spectra in MW and-MW
7.03-7.09 (d, 1H), 7.097.12 (d, 1H), 7.137.19 (d, 1H), KOH are similar to those previously reported for 3SOH and
7.22-7.29 (t, 1H), 7.547.60 (d, 2H), 7.6+7.67 (d, 2H); MS  4SOH in water and aqueous badé* Absorption spectra of
mie: M* = 221. both 43- and 44-SNOH in 50% v/v methanol/water (MW)
4-Cyano-4-hydroxystilbene (44SNOH)*H NMR (CDCls, display a strong long-wavelength absorption band. The absorp-
400 MHz) 6 5.12 (s, 1H), 6.836.88 (d, 2H), 6.96-6.98 (d, tion spectrum of 44SNOH in MWKOH also displays a red-
1H), 7.10-7.19 (d, 1H), 7.46-7.47 (d, 2H), 7.527.58 (d, 2H),  shifted band. The absorption spectrum of 43SNOH in MW
7.58-7.65 (d, 2H); MSm/e: M+ = 221, KOH is more complex (Figure 1a), consisting of a long-
3-Cyano-3-hydroxystilbene (33SNOH)IH NMR (CDCls, wavelength shoulder and a strong band at shorter wavelength.
400 MHz) 6 4.86 (s, 1H), 6.756.81 (dd, 1H), 6.977.06 (m, The absorption spectra of 33- and 34SNOH are similar to those
2H), 7.07~7.14 (m, 2H), 7.227.30 (t, 1H), 7.43-7.49 (t, 1H), of the 4-cyano isomers. Absorption maxima in several solvents
7.51-7.56 (d, 1H), 7.6#7.74 (d, 1H), 7.77 (s, 1H); M#&/e: are reported in Table 1.
M+ = 221. The long-wavelength absorption bands of the cyanohy-
3-Cyano-4-hydroxystilbene (34SNOH)IH NMR (CDCls, droxystilbenes are assigned to essentially pureHOMO—LUMO
400 MHz) 6 5.13 (s, 1H), 6.826.88 (d, 2H), 6.886.97 (d, transitions on the basis of semiempirical ZINDO calcula-
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Figure 1. Normalized absorption (solid lines) and fluorescence spectra
(broken lines) of (a) 43SNOH and (b) 44SNOH in MW (black lines)
and MW—-KOH (red lines).
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TABLE 1: Spectral Data for 4'-Cyanohydroxystilbenes HOMO
solvent  Japs M Ag, nm  dyP 7o, NS Figure 2. ZINDO frontier orbitals (HOMO and LUMO) for (a)
44SNOH and (b) 44SNQ
43SNOH  THF 320 401 0.40 1.3
MeOH 320 417 0.22 TABLE 2: Formal Charges, Dipole Moments, and Acidities
mw con 33’%% 473 420210 so1 060(2)1 of the Ground and Excited States
— <
H,0 321 415 —o(ROHF —Go(RO)* g, D° e pKs pKae
44SNOH  THF 343 415 0.02 <0.05 3SOH 0.485 0.882 1.83 9.09 10.1 0.1
MeOH 337 435 0.03 <0.05,0.014 4SOH 0.484 0.785 1.88 6.56 93 2.0
MW 334 452 0.04 43SNOH 0.482 0.774 6.68 11.3(19.0) 9.y
MW—-KOH 379 545 0.01 0.23 44SNOH 0.482 0.768 520 10.6(19.3) 85 0.6
H0 330 455 33SNOH 0.483 0.818 6.85 7.6(17.0) 9.1y
43SNOMe  THF 322 391 025 0.42 34SNOH 0.482 0.774 3.37 15.0(18.3) 8.6
MeOH 320 404 ) .
44SNOMe THF 338 412 0.02 <0.05 a Formal charges on oxygen obtained from ZINDO calculations for
MeOH 338 434 the hydroxystilbenes (ROH) and their conjugate bases JRQ5round-
33SNOH THF 208 361 053 2.6 state dipole moment calculated in CAChe using PM3 calculated
MeOH 205 394 0.76 geometries® Excited-state dipole moments calculated from solvato-
MW 294 395 0.03 chromic data using the method of Liptay. Values for the FC and CT
H,O 293 308 (data in parentheses) excited stafdSxperimental values in water
34SNOH  THF 320 402 0.03 0.096 obtained spectrophotometricalR/Excited-state values in water obtained
MeOH 318 426 0.03 0.0%2 using the Fester equation’ Data from ref 129 Fluorescence too weak
MW 320 406 0.02 to permit determination.
H,O 320 431

a MW = 50% v/v methanotwater. MW—KOH = 50% methanol, charge transfe_r. The a}bsorp_tlon band of 43SN®split into
50% 0.1 M aqueous KOH. Fluorescence quantum yields determined two bgnds of different lnten§lty as a consequence of symmetry
on deoxygenated solutions at room temperatuFéuorescence decay ~ breaking by the meta substitu¢AZINDO calculations for the
times determined on deoxygenated solutions at room temperature.four lowest singlet states of the cyanohydroxystilbenes are
Values of<0.05 indicate decay times too short for measurement with reported as Supporting Information. Formal charges on oxygen
a Iaser-.based lifetime apparatus ha_lving an instru_ment response functioyptained from ZINDO calculations for the ground states of the
?rfoggogl)c,;oseconds’.Values determined by transient absorption spec- , qrqyvstilbenes and their conjugate bases are reported in Table

' 2.

tions?223 The HOMO is ethylene-localized and the LUMO is The fluorescence spectra of the cyanohydroxystilbenes in
cyanostyrene-localized, as shown in Figure 2a for 44SNOH, cyclohexane solution display vibronic structure (data not shown),
providing a moderate degree of charge transfer to this transition.similar to that of transstilbene and the isomeric amino-
The red-shifted long-wavelength band of 44SN@® MW — stilbene<* In THF and more polar solvents, they appear as a
KOH is also assigned to a HOM&LUMO transition (Figure broad, structureless band, as shown in Figure 1 for 43- and
2b). In this case the HOMO is phenoxide-localized and the 44SNOH in MW solution. In MW-KOH solution, the fluo-
LUMO benzonitrile-localized, resulting in a high degree of rescence spectra are shifted to longer wavelength and are
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attributed to the conjugate bases 43SNdDd 44SNO. A weak —
long-wavelength shoulder attributed to the conjugate base 0 400 800 1200 1600 2000
44SNO is observed in the fluorescence spectrum of 44SNOH time, s

in MW, but not in the spectrum of 43SNOH. Weak conjugate
base fluorescence may result from either inefficient formation
of SNO* or a low fluorescence quantum yield (Scheme 1).
Absorption and fluorescence spectral data for the cyanohy-
droxystilbenes and their methoxy analogues in several solventsin an increase in acidity of ca. 1Kp unit for both the
are summarized in Table 1. The spectra of the alcohols andcyanohydroxystilbenes vs 3SOH and 4SOH, respectively (Table
their methoxy analogues are similar both in band shape and?2). This increase in acidity is smaller than that for 6-cyano-2-
absorption maxima and display only modest solvent-induced naphthol vs 2-naphthol K = 10.5 and 8.8, respectivel¥}.
shifts (except in the case of 44SNOH in MYKOH). Spectra The excited-state acidity of 44SNOH in aqueous solution was
of the alcohols in water and aqueous base are similar to thoseestimated using the Fster equation (eq 1). The value kg
in MW and MW—KOH. for 44SNOH?* indicates an increase in excited-state acidity by
Fluorescence quantum yield®4) and singlet lifetimes1) 1.4 K, units upon introduction of the 4-cyano substituent. This
for the cyanohydroxystilbenes and their methoxy analogues in increase is also smaller than that for 6-cyano-2-naphthol vs
several solvents are reported in Table 1. The meta-substituted2-naphthol (jKz* = 0.2 and 2.8, respectivel§)The very weak
isomers 43SNOH, 43SNOMe, and 33SNOH have larger valuesfluorescence of the other conjugate bases precludes determina-
of ®; and longer values ofs than do the para-hydroxy- tion of their Ky* values by either a Fster cycle or more
substituted isomers in THF or MeOH solution. This trend has accurate methods such as fluorescence titratam singular
been previously noted for 3SOH and 4SOH as well as for the value decomposition with self-modelifg.
corresponding aminostilben&s!424 The longer lifetimes of Irradiation in Methanol —Water Solution. Murohoshi et
meta- vs para-substituted stilbenes possessing strong, electronal 28 have reported that the trans isomers of 3SOH and 4SOH
donating substituents is attributed to the ability of the meta have high quantum yields for conversion to a mixture of the
substituent to selectively stabilize the planar singlet vs twisted cis isomer and stilbene-water adduct in 1:1 MeCpOHP =
singlet, resulting in an increased barrier fo=C torsion and 0.36 and 0.49, respectively). We have investigated the steady-
an increased singlet lifetime. state irradiation of 3- and 4SOH, 44- and 43SNOH, and
Dipole Moments and Ground-State Acidities.Ground and 44SNOMe in MW solution. The time-dependent changes in
excited-state dipole moments and acidities for the cyanohy- long-wavelength absorbance is shown in Figure 3. Both 3- and
droxystilbenes are summarized in Table 2 along with published 4SOH display an initial rapid decrease in absorbance attributed,
data for the hydroxystilbené$4.Ground-state dipole moments by analogy to the results of Murohoski et #l.to trans-cis
were calculated in CAChe using PM3 optimized geomefiies. isomerization and a slower bleaching attributed to solvent
The increase inug upon addition of a 4-cyano substituent is addition and phenanthrene formation. 43SNOH is relatively
similar to that previously reported for the aminostilbeffeBhe stable upon irradiation, indicative of inefficient trans-cis isomer-
dipole moments of the FranelCondon firc) and charge- ization. In contrast 44SNOH and 44SNOMe undergo rapid
transfer excited stategdr) were calculated from the solvent reaction to a constant absorbance, attributed to the formation
dependence of the absorption and fluorescence maxima, re-of a steady-state mixtures of trans and cis isomers, which do
spectively, using standard methods, as previously described fomot undergo further reaction.
the aminostilbenes (see Supporting Informati®rhe resulting Transient Absorption Spectroscopy of 44SNOH, 44SNQ,
values are similar to those reported for the aminostilbenes andand 44SNOMe. Transient absorption spectra were obtained
are indicative of a moderately polar LE state, in accord with using a Ti:sapphire based laser system with a CCD array
the ZINDO description of the vertical singlet state (Figure 2a), detector for simultaneous collection of spectral and kinetic
and a highly polar CT staf&.More accurate analysis of specific  data?! The total instrument response function for the pump
solvent effects on the fluorescence spectra of photoacids isprobe experiments is 130 fs. Samples were stirred and their
possible using a KamlefTaft analysisi*2®However, the values  absorption spectra recorded before and after measurement of
reported in Table 2 suffice to establish the enhanced CT their transient spectra. We are confident that the transients
character of the cyanohydroxystilbenes when compared to theobserved can be attributed to the singlet states of the trans
hydroxystilbenes. isomers and their conjugate bases rather than their nonfluores-
Ground state acidities were determined titrametrically in cent cis isomers or methanol adducts. Assignment of the
aqueous solution. The introduction of a cyano substituent resultstransient spectra of 44SNOH and the other hydroxystilbenes is

Figure 3. Time-dependent absorbance of the hydroxystilbenes in MW
solution monitored at their absorption maxima with monochromatic
irradiation at their absorption maxima in MW solution.
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TABLE 3: Dynamics of Singlet State Formation, Relaxation,

0.015 1 ——0.33ps and Decay and Conjugate Base Formation and Decay
;‘g? gz 75 (500 Tur (530F Tas (480) Tien (420  Tacn(420)
0.010+ ——562ps 3SOH 0.15 23 29 37 490
-9.34ps 4SOH 0.16 21 17

43SNOH 0.14 14 2.8 25

44SNOH 0.16 19 1.7 30, 27
4SNOD 0.16 19 21 36, 21
44SNO 0.16 1.8 240, 340

43SNOMe 0.26 2.4 246

44SNOMe 0.22 2.1 33

33SNOH 2.6 4.6 19
34SNOH 1.8 12

aKinetics in picoseconds determined at wavelengths indicated in
parentheses (except as noted) in MW solution (except as nétBide
time for 500 nm transient.Vibrational relaxation time? Decay of the
singlet state¢ Rise time for the conjugate baséecay of the conjugate
base 9 Decay times determined at 510 nfiRise time for the 540 nm
emissive band.Data for MeOD/DBO.

——024ps
——064ps
—1.74ps
——325ps
——TT DS
——14.89 ps
—31.83ps
S

0064 2

500 800 T v
wavelength, nm

Figure 4. Transient absorption spectra for (a) 44SNOMe and (b)
44SNO in MW solution.

0.04 -
0.02+

complicated by the overlapping absorption bands of the pho- o

toacid and its conjugate base. However, comparison of their
transient spectra with those for 44SNOMe and 44SN&hich tibid
cannot undergo ESPT permits assignment of the more complex i )
spectra of 44SNOH. Our assignments of the transient absorption
spectra of the hydroxystilbenes are similar to those reported by 0.024
Cohen et al? for proton transfer between the photoacid
8-hydroxypyrene-1,3,6-trisulfonate and the base acetate ion in
water and to those reported by Poizat etldbr proton transfer 0.00
from 6-hydroxyquinoline to water.

The transient spectra of 44SNOMe display initial formation

of a band with a maximum near 500 nm within ca. 1 ps, -0.02 1

followed by a blue shift in the band maximum to 480 nm within T . . . : = T
the next several ps (Figure 4a), accompanied by band-narrowing. 400 500 600 700
Single-wavelength kinetics determined at 10 nm intervals across WGVE'GI’Igth, nm

the band establish that the 500 nm band has a rise time of 0.26rjgyre 5. Transient absorption spectra for (a) 44SNOH and (b)
ps, slightly longer than the instrument response function, and 43SNOH in MW solution.
that band-narrowing occurs with a decay time of 2.1 ps. Finally,
the decay of the 480 nm band is dominated by a 33 ps decayof ca. 5-7 ps in ethanol solutiof?34It is likely that relaxation
component. This short decay time is consistent with the upper from the initially formed FC singlet state to the CT singlet state
bound of 50 ps for the lifetime of 44SNOMe in THF estimated of the cyanohydroxystilbenes is responsible for the band shift
from attempted fluorescence decay measurements (Table 1). observed in MW solution.

Band narrowing of the initially formed transient is attributed The transient spectra of 44SNOH in MYKOH shown in
to vibrational relaxation of the stilbene FC excited state. Stilbene Figure 4b are assigned to the formation and decay of the singlet
singlet excited states are known to have more planar energystate of the conjugate base 44SNOThe 500 nm transient is
minima than the corresponding ground st&fe¥ibrational formed with an instrument-limited rise time and relaxes to the
relaxation of stilbene FC singlet states has been investigated485 nm transient with a decay time of 2.9 ps, values similar to
by means of a number of time-resolved methods, including that for 44SNOMe. In addition, there is a broad emissive band
transient absorption, Raman, anti-Stokes Raman scatteringcentered near 550 nm, which forms rapidly (ca. 1 ps) and decays
spectroscopy, and time-resolved emissidi? These studies  with a rise time similar to the decay time of the 480 nm band
provide relaxation times of ca. 2 ps, similar to the band (Table 3). These long-lived transients are assigned to the
narrowing for 44SNOMe (Table 3). It is interesting to note that absorption and fluorescence of 44SNCand have lifetimes
neithertransstilben&® nor its 4,4-dicarboxamide derivatite similar to the fluorescence decay of 44SNOH in MAKOH
display shifts in their transient absorption band maxima upon (Table 1).
vibrational relaxation in nonaqueous solution. However, the  We turn next to the transient spectra of 44SNOH (Figure 5a).
fluorescence of 4-(dimethylamino)-dyanostilbene and other  The most prominent feature of its spectra is the formation of
push-pull substituted stilbenes undergo a blue shift attributed the 500 nm transient with an instrument-limited rise time,
to relaxation from the FC to CT singlet state with a decay time followed by band narrowing with a shift to 480 nm, with a time
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003 methanol, respectively, attributed to nonradiative decay (via
C=C torsion) of 44SNOH*, which is weakly fluorescent in

a methanol (Table 1). Thus we conclude that 44SNOH* fails to

undergo ESPT to an appreciable extent in either methanol or
9:1 MW.

Transient Absorption Spectra of 43SNOH, 33SNOH, and
34SNOH.The transient absorption spectra of 43SNOH in MW
shown in Figure 5b differ from those of 44SNOH in displaying
a broader absorption band, no long-wavelength emissive
component, and a stronger short-wavelength emissive band. The
absence of long-wavelength emission is consistent with the
fluorescence spectra of 43SNOH* in MW which shows no
component of 43SNOemission (Figure 1a). The broader 480
nm band for 43SNO* vs 44SNO™* may be a consequence of
the presence of two rotational isomers for 43SNOH and its
conjugate base or simply the loss of symmetry in meta- vs para-
substituted stilbenes. The 2.8 ps rise time of the 420 nm shoulder
of the broad absorption band can be assigned to the formation
of 43SNO*, and the 25 ps decay time can be assigned to the
disappearance of 43SN® The dynamics of the formation and
decay of 43SNOH* and 43SN® are summarized in Table 3.

The transient spectra of 43SNOMe (not shown) are somewhat
broader than those of 44SNOMe (Figure 4a), but have similar
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0 20 40 60 80 100 120 rise and decay times for the formation and narrowing of the
500 nm band (Table 2). The 250 ps decay time for the 480 nm
time! 0153 transient is similar to the fluorescence decay time of 43SNOMe*
in THF solution (Table 1) and is assigned to decay of the singlet
state.

Figure 6. Transient decay of 44SNOH in MW solution monitored at
(a) 541 and (b) 421 nm.

The transient absorption spectra of 33SNOH (provided as
constant of 1.7 ps obtained from the 510 nm decay. Since the SUPporting Information) closely resemble those of 43SNOH
singlet states of both 44SNOMe and 44SNBave transient  (Figure 5b). The rise time for formation of 33SNOis
absorption bands near 480 nm, this band cannot be assigneg¢®mewhat longer than that for 43SNQ(zrc, = 4.6 Vs 2.8 ps)
with certainty to either the singlet or its conjugate base. The @nd its decay time is slightly shorterafy = 19 vs 25 ps). The
band shift is accompanied by the appearance of a weak emissivé'ansient absorption spectra of 34SNOH differ from those of
band near 540 nm, assigned to the fluorescence of 448NO  44SNOH in that they display no emissive components and a
The transient kinetics for the formation and decay of this Single absorption band that decays with a lifetime of 12 ps with
emissive band are shown in Figure 6a. The decay and rise ardittl® change in band shape. They more nearly resemble the
fit to 1.4 and 27 ps, respectively (Table 3). transient spectra of 44S_NOMe, which does not undergo_ ESPT.

In addition to these long-wavelength components, an emissive ON this basis, the transient spectra of 34SNOH are assigned to
component with a minimum at 430 nm is formed within 1 ps. the singlet state 34SNOH* rather than to the conjugate base.
This component is assigned to the fluorescence of 44SNOH*, This assignment is consistent with t_he exceptlo_nally short
which has a steady-state fluorescence maximum at 435 nm influorescence decay time of 34SNOH* in THF solution (Table
methanol solution (Table 1). This emissive band is replaced by 1).

a 420 nm absorption band, which has a rise time of 1.7 ps  Transient Absorption Spectroscopy of 3SOH and 4SOH.
(Figure 6b). The similarity of this rise time to the 1.4 ps 510 We previously reported that 3SOH* undergoes deprotonation
nm decay and the appearance of the 44SN@uorescence in aqueous solution to yield the fluorescent conjugate base
band permit assignment of the 420 and 480 nm absorption bands3SO *, but that 4SOH does ndé'* We suggested that this

to the absorption spectrum of 44SNO Both the 420 nm difference in excited-state behavior is a consequence of the much
absorption and 540 nm emission bands have decay times of calonger singlet lifetime for 3SOH vs 4SOH. The longer singlet

30 ps. The rise and decay times assigned to 44SN@med lifetime of 3SOH is a function of a larger barrier for singlet
upon irradiation of singlet 44SNOH in MW are summarized in State G=C torsion, a result of the “meta effect’.We were
Table 3. unable to determine the lifetime of 3SOH* by means of time-

The effects of solvent deuteration and solvent composition resolved fluorescence using an apparatus with an instrument
on the transient absorption spectra of 44SNOH have been brieflyresponse function of 50 ps, placing a lower bound on the value
investigated. The transient absorption spectra of 44SNOH in Of ku < 2 x 10" s™%, similar to the value for 1-naphthél.
CH30D/D,0O (MW-d) are similar to those in MW. Decay times The transient spectra for 3SOH (Figure 7a) are similar to those
for the singlet and its conjugate base in M¥\are reported in for 43SNOH (Figure 5b). Formation of the 530 nm transient
Table 2 and are discussed later. Both in pure methanol and 9:1occurs with an instrument-limited rise time. The red edge of
methanot-water (v/v) the transient spectra for 44SNOH are this band has a decay time of 2.0 ps, attributed to vibrational
similar to those for 44SNOMe in 1:1 MW (Figure 4a). A 510 cooling of the FC singlet state, which is accompanied by a shift
nm absorption band is formed with an instrument-limited rise in the absorption maximum to 480 nm. The decay of the 480
time and undergoes a blue shift to 480 nm with a decay time of nm band is best fit by a dual exponential with decay times of
ca. 2 ps, attributed to vibrational cooling. The 480 band has 29 and 490 ps. The blue edge of the absorption band has a rise
decay times of 17 and 14 ps in 9:1 methanol/water and pure time of 37 ps, similar to the short-lived component of the 480
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Figure 7. Transient absorption spectra for (a) 3SOH and (b) 4SOH in
MW solution.

nm decay, both of which are attributed to ESPT with formation
of 3SOH ™. The long-lived 480 nm decay component is similar
to the major (500 ps) component of the fluorescence decay o
3SOH* determined in aqueous bake.

The 500 nm transient of 4SOH (Figure 7b) has an instrument-
limited rise time and a decay time of 17 ps. The signal amplitude
is much weaker than that for 44SNOH. The low signal amplitude
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the super photoacid 5-cyano-1-naphthol. They report that the
dissociation lifetime increases with increasing methanol content
from ca. 10 ps in 50% methanol to ca. 25 ps in 90% methanol
and 390 ps in pure methanol. A similar decrease in the rate of
ESPT for 44SNOH would account for our failure to observe
the formation of 44SNO* in either 90% methanol or pure
methanol. The 14 ps singlet decay time of 44SNOH in methanol
(Table 1) presumably is too fast to permit competing ESPT to
occur. Pines et al.report that the isotope effect for ESPT
depends on the solvent composition, increasing from ca. 1.5 in
water to 2.5 in methanol. The rise times for 44SN@rmation

in MW vs deuterated MW (Table 3) provide an isotope effect
of ca. 1.3+ 0.2. This value is similar to the isotope effect for
the dielectric response of water.

Agmon et af® have investigated the photoacidity of cyanon-
aphthols using AM1 calculations to determine the Mulliken
charges on oxygen and the ring carbons of the acid and its
conjugate base. They find that the strongest acids have the lowest
charge densities on oxygen in the singlet state of the conjugate
base. The exceptionally high kinetic acidity of 44SNOH can
similarly be attributed to charge delocalization in the relaxed
singlet state of its conjugate base, which can be described as a
phenoxide~benzonitrile CT state (Figure 2b).

The 30 ps decay time for the conjugate base 44SN®
significantly faster than that for 3SO(Table 4) or for the
conjugate base of the super photoacid 5-cyano-1-naphthol
(tep = 110 ps) It seems unlikely that the short decay time of
44SNO* is a consequence of quenching by reprotonation,
which would require rates that are much faster than those
reported for weaker photoacids. Huppert et®dlave observed
small positive solvent isotope effects for geminate reprotonation
of the conjugate base of several cyano-substituted 2-naphthols
in H,O vs D,O. Reprotonation can occur via both reversible
and irreversible mechanis$We observe a small positive
isotope effect for the decay of SN® transient absorption;
however, a small negative isotope effect is obtained from the
rise time for its fluorescence (Table 4). Thus the decay kinetics
provide ambiguous evidence for quenching by reprotonation.

fThe rapid bleaching of 44SNOH absorbance upon irradiation

(Figure 3) suggests that 44SN@undergoes rapid €C torsion,
as is the case for the singlet state of 4-aminostillgéne.

The excited-state behavior of 44SNOH in MW is summarized
in Scheme 1. The low fluorescence quantum yield for 44SNOH*

and/or 4SO* via C=C torsion. The assignment of the 500 nm

transfer of a proton to wateky(). Similarly, the low fluorescence

transient to 4SOH* rather than to its conjugate base is consistentquantum vyield for 44SNO* indicates that its lifetime is

with the short fluorescence decay time of 4SOH in THF solution

determined by the rate constant for nonradiative decay via

(ca. 30 ps) and its low fluorescence quantum vyield in aqueous internal conversion or €C torsion kc andk;, respectively).

solution!* The dynamics of the formation and decay of singlet
4SOH, 3SOH, and 3SO are reported in Table 3.

Dynamics of Conjugate Base Formation and Decaylhe
1.7 ps rise time for the 420 nm transient attributed to formation
of 44SNO™* from 44SNOH* is slightly faster than the value
of 2.2 ps recently reported by Poizat etthlfor the 6-hy-
droxyquinolinium ion in acidic solution. Pines et %ahave

Rapid and efficient isomerization of 44SNOH in MW (Figure
3) is consistent with &C torsion as the dominant decay
pathway for 44SNO*. The 30 ps lifetime for 44SNO*
provides a value df; ~ 3 x 10°s™% The efficient isomerization
and 33 ps lifetime for 44SNOMe* suggests that deprotonation
has little effect on the barrier for=€C torsion.

The other 4-hydroxystilbenes, 4SOH and 34SNOH, also form

reported that deprotonation of singlet 5-cyano-1-naphthol in short-lived 480 nm transients in MW (17 and 12 ps, respectively)
water occurs with lifetimes of ca. 8 and 10 ps in water and but fail to display emission from their conjugate bases in either
MW (1/1 by volume), respectively. They suggest that the time their steady state or transient spectra. We previously attributed
scale for solvent-mediated proton-transfer in water can be the absence of steady-state emission from 230 the failure

bracketed by the Debye and Onsager relaxation timgs-(8
ps andr. ~ 0.5 ps, respectively). Our values%f, for 44SNOH
(Table 3) lies in the middle of this range.

Pines et ab. have investigated the effects of MW solvent
composition and deuteration upon the dynamics of ESPT for

of 4SOH* ESPT to compete with=€C torsion!34 However,

it is also possible that 4SOH* does in fact undergo ESPT, but
that 4SO™* undergoes €C torsion more rapidly than it is
formed, thus precluding the observation of either transient
absorption or fluorescence from 4SO
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The dynamics conjugate base formation and decay for

43SNOH are strikingly similar to those for 44SNOH (Table
3). The weaker fluorescence from 43SNOH* in MW and
43SNO* in MW —KOH when compared to 44SNOH* and

44SNO™ is a consequence of lower fluorescence rate constants  Supporting Information Available:

for the 3- vs 4-hydroxystilbenes.

Unlike 44SNOH, 43SNOH does not undergo rapid photo-
isomerization in MW (Figure 3). Thus the dominant decay
pathway for 43SNO* must be internal conversion to its ground
state (Scheme 1) with a rate constkpt~ 4 x 10'°s71, Rapid
internal conversion has been reported for a number of push
pull substituted stilbené.The transient dynamics for 33SNOH
are similar to those for 43SNOH, suggesting similar rate
constants for the formation and nonradiative decay of its
conjugate base.

The rate constants for both the formation and decay of 3SO
are appreciably slower than those for 43- and 33SN@able
3), permitting the observation of fluorescence from both 3SOH*
and 3SO* in aqueous solution. The observation of efficient
photoisomerization for 3SOH in MW (Figure 3) indicates that
3SO* decays predominantly via €C torsion rather than
internal conversion (Scheme &, > ki). The relatively long
lifetime of 3SO* requires that torsion be relatively slo (<
2 x 1®® s1) when compared to the rate constant for internal
conversion of 43SNC*.

Concluding Remarks

Lewis et al.
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