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Substituent and Solvent Effects on the Nature of the Transitions of Pyrenol and Pyranine.
Identification of an Intermediate in the Excited-State Proton-Transfer Reactior

I. Introduction

As is well-known, the acidity of hydroxyarenes (ArOH) is
considerably enhanced in the excited electronic Stdfer
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A comparative study of pyrenol and its trisulfonated derivative, pyranine, is undertaken to provide new clues
for the understanding of the excited-state proton-transfer reaction (ESPT) of hydroxyarenes (ArOH*). A
particular goal is to elucidate the nature of a transient intermediate involved in a three step mechanism of
ESPT, as recently revealed in a dynamical study of excited pyranine in water. The present focus is on the
reactant side, before the proton transfer occurs, and particular attention is given to the analysis of the nature
of the electronic transitions and to the soldsmlvent interactions in the ground and excited states of the
ArOHs. Using both quantum chemical calculations and solvatochromism analyses, both (a) the role of electron-
withdrawing substituents and H-bond interaction with the solvent in stabilizing the two lowest excited states,
Ly, andiL,, and (b) their relevance to the inversion of these two states are studied. The results allow the
identification of the intermediate species in the three step mechanism of the ESPT of excited pyranine in
water as &L, state acid form, with appreciable charge-transfer character, as distinct frotin,theid form
reached in absorption. The results, which differ from more standard pictures of ESPT, are discussed within
the perspective of a three valence bond form model for the ESPT process.

this view does not address the molecular mechanism of the
ESPT, e.g., the identity of the reaction coordinate, etc., an issue
which has received attention for ground-state PT reacfiéhs.

example, in water solvent, the ArOH acidity can increase by a

Another view, essentially decoupled from the one just

factor of one to ten million for the excited-state proton-transfer récounted, focuses on an overall electronic state picture of the
(ESPT) reaction. Such acidity increases are quantified in termsESPT and points to the involvement of inversion of states in
of the Kz* of ArOH*, which is lowered by six to seven units  the excited state of ArOH, primarily discussed for the case of
compared to Ka for the ground-state aciiPredicted Bz* 1-naphthol (1-NpOH), whosdL,, (lowest) and'L, transitions
values are typically determined through a§ter cycle which are very close in energy (we use the Platt notation currently
exploits, e.g., absorption measurements of ArOH and A  adopted for aromatic compounéisthe axesa andb refer to
establish theApKa = pKa — pKa* value for the acid. Fluores-  the long and short axes, respectively, of the aromatic ring). In
cence measurements of ArOH* and Artcan be used for the & first perspectivé? the energy of the two states can appreciably
same purpose, and indeed most workers deterspté, as the decrease due to strong H-bond interaction between 1-NpOH and
average of the values inferred from these and absorption SOMe bases (1-Np&€H---B). This decrease is more important
measurementsThere has been extensive experimental activity for the'La state, and therefore the energy gap betwégrand
on ESPT, especially via ultrafast spectroscopic studies in recent'La is reduced, butLy, (1-NpO-H*-B) remains the lowest
years® with increasing emphasis on the dynamics, rather than €Xcited-state reached in absorption. In fluorescence emission,
the energetics, of this reaction class. Ly is the emitting state in weakly polar solvents. However, in
One standard view of ESPT focuses on the issue of the more polar solvents, the emission occurs from thg state
enhanced excited-state acidity, which is supposed to arise fromWhose configuration corresponds to the proton-transferred form
a partial charge transfer, upon excitation, from the langair (1-NpO™*:--HB"), the solvated anion precursor. Thisy/'La
of the hydroxylic oxygen to the ring; the resulting coulomb level inversion is thus associated with thg ESET itself. While
repulsion between the %0 and the acidic proton would thus ~ the 'La state in the FranckCondon configuration (but not

increase the acidit§” The existence of such an intramolecular accessed in the lowest energy transition) is more polar than the
charge transfer has not, however, been establiétrgther, 1L, statel3 this level inversion scenario does not directly address

why it is that the excited-state acidity is enhanced compared to
that of the ground state. THey/'L 5 level inversion picture has
been greatly enriched in important recent studies by Knochen-
muss and co-worke¥s!4 and in particular the contributidf
which argues that both the surrounding solvent motion and
internal vibronic coupling in 1-NpOH* are critical features in
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the inversion process. Nonetheless, the inversion is again Py 1sPy 4sPy
associated with the ESPT process itself, and the underlying cause 2 SO5 058 503
of the enhanced excited-state acidity is not addressed. _i A O O
In a previous study, several of the present authors have probed eg _O ‘O
the dynamics of the proton-transfer reaction from excited '! O O
pyranine (3sPyOH) to water molecules with a hundred femto- 038 0

the proton-transfer reaction in water proceeds via three succes- 3S OH OH

sive steps, two of which precede the actual proton-transfer event. O O

solvation dynamics of 3sPyOH*. The last, much slower (87 ps), ll "O

step is the proton-transfer reaction proper, during which is .S SO5-

3sPyOH* and rise of the conjugate base excited anion 3sRYO  ¢qnterions, Ng, of the three salts (1sPy, 4sPy, and 3sPyOH) are
This last step, which also involves diffusive recombination of omitted.

the same time scale, by Pines et@lhe second step (2.2 ps) and with qualitative tools for a prediction of the effect of
remains a mystery. Initially, it was tentatively assigned to a electron-withdrawing substituents on pyrene and pyrenol. To
of BsPy_OH_* and a water molecule, involving a dynan_1ica| instead of the S© groups; since the CO group displays a
reorganization of the hydrogen-bonded water network linked similar electron-withdrawing behavié?we expect the energy
also suggested, which involves the existence of an intermediatesubstituents, which will allow prediction of the effect of the
to which the locally excited (LE) state of 3sPyOH* relaxes after SQO;~ groups.

was proposed to account for the three step ESPT process, withand to probe the existence of hydrogen bond formation in the
a suggested intermediate characterized by significant chargeground and excited-state acid forms, we will study the solva-
reached in absorptienwould have the charge-transfer character solvents and protic ones and varying their capacity for accepting
envisaged in the first standard view described above; the LE or donating a hydrogen bond. We will also examine the nature
intermediate could be pred_ominantly th_e second form. The of charge delocalization of the oxygen lone pair in the
subsequent ESPT reaction itself would involve PT from this hydroxylic group. Certain other results on the existence of ESPT
product, which would be predominantly the final VB form. to help to provide perspective.

In any event, it is this mysterious second step that motivates  The outline of the remainder of this paper is as follows. After
identity, but also to probe, with a new eye, more traditional of the quantum chemical methods, the absorption and fluores-
ESPT ideas formulated in the past and mentioned above: thecence transitions in the primary compounds of interest, PyOH
of the oxygen to the ring and the inversion of states between and with the aid of quantum chemical calculations, especially
the protonated and deprotonated forms. in connection with substituent effects. These studies identify
clues for the understanding of the nature of ESPT, focusing on ‘Lo state and the absorbing state in 3sPyOH as a moderately
the intermediate species; thus, our attention is focused here orPolar ‘L state. The fluorescing state of 3sPyOH is identified
occurs. In this connection, there are two important aspects: to!V, and these results are used to identify the intermediate in
elucidate the nature of the electronic transitions of pyranine and the 3sPyOH ESPT dynamics in water. The intermediate forma-
the ground and excited states. To these ends, we will compareS€ction V, while section VI concludes, focusing on the general
the optical properties of pyranine and pyrenol, which display implications for the interpretation of ESPT.
transfer a proton to watéf,while pyranine, its trisulfonated  !l- Experimental Section
derivative, doed>1® Materials. Pyrene (Pyr) 99% and 1-hydroxypyrene (Pyrenol
compounds, we will first compare the optical properties of pyrene tetrasulfonic acid tetrasodium salt (4sPyr) and 8-hydroxy-
pyrenol (PyOH) and pyrene (Py) in their ground and excited 1,3,6 pyrenetrisulfonic acid trisodium salt (3sPyOH) laser grade
sulfonation (1 S@, 4 SGQ™) on pyrene, which possesses the Prolabo. The pyrene monosulfonic acid monosodium salt (1sPy)
same aromatic skeleton as pyrenol. We will compare thesewas synthesized according to the modified method of Tietze
produce pyranine. For all these compounds (see Figure 1),Uvasol 99.8%), ethanol (EtOH,Uvasol 99.8%), acetonitrile
qguantum chemical calculations are performed to provide us both (Uvasol 99.7%, CHCN) and dimethylsulfoxyde (Uvasol,
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second time resolutiof?. It was shown, for the first time, that 3sPyOH PyOH
O
The first very fast step, less than 300 fs, was attributed to the
O

observed the correlated decay of the excited protonated specie's_igure 1. Schematic representation of the compounds studied. The
the 3sPyO* and H;O' ions, was previously observed, with
specific hydrogen bond formation between the hydroxylic group lighten the calculations, carboxylate groups, :COare used
with this particular water molecufé.Another hypothesis was  variation to be of the same order of magnitude for the two
complete solvatiod! a three-valence bond (VB) form model To understand the nature of the solus®lvent interaction
transfer’-18In this view, the intermediate and not the LE state  tochromism of pyranine and pyrenol, using a series of aprotic
state would be predominantly one VB form, while the CT of the transitions of pyrenol and pyranine to quantify the extent
intermediate to the solvent, producing the proton-transferred and spectroscopic aspects of the excited anion are also given
us not only to try to clarify its character and the intermediate’s the Experimental Section, section Il, which includes a discussion
existence of an intramolecular charge transfer from the lone pair and 3sPyOH, are examined in section I, both spectroscopically

Accordingly, in the present work, our aim is to bring new the absorbing and fluorescing states in PyOH as a weakly polar
the reactant side of the ESPT procdmfpreany proton transfer ~ as a polafL, state via the solvatochromism studies in section
to understand the nature of the solumlvent interactions in ~ tion is discussed in the three VB form model perspective in
very different behavior: pyrenol, in its excited state, does not

To be able to assign the electronic transitions of the studied or PyOH) 98% pure from Aldrich were used as received. 1,3,6,8-
states. Next, we will study the net effect of the degree of were purchased from Kodak. Quinine sulfate dihydrate is from
results to the effect of sulfonation on pyrenol (3 SPDto and Bayer® Toluene (Uvasol, 99.9%), methanol (MeOH,
with a guideline for the assignments of the electronic transitions 99.8%, DMSO) of spectroscopic grade come from Merck.
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Formamide (Fluka 99%, FA), chloroform (CHgLI 1,2-dichlo-
roethane (@H4Cly), N,N-dimethylformamide (DMF, 99.8%), 1.0 /

1Ba

ethylene glycol (EtGOH), and 2,2" trifluoroethanol (TFE,) = X100 |
from Aldrich, were used without further purification. Water was é . J 1 5
purified by Milli-ro and Milli-Q systems of Millipore to a & Lfg ° °
resistivity >18 MQ. cm L. Sodium hydroxyde (NaOH) and % 05 1Fwo il f‘
hydrochloric acid (HCI) from Fluka were used to adjust the pH £ \ ! «IﬂJ ‘
of the solutions. - Y j

Steady-State Absorption and Fluorimetry. The UV—vis 0.0 .-~ A
spectra were recorded with a Perkin-Elmer (Lambda 900). For 22000 27000 32000 37000 42000 47000
fluorescence studies, very diluted solutions were used to avoid Wavenurber (cm”)

spectral distortions due to the innerfilter effect and emission Figure 2. Absorption and fluorescence spectra of pyrene-hexane.
reabsorption. The fluorescence and excitation spectra were re- _ )

corded with a SPEX fluorolog over the UV and visible domain. gﬁtlaléET\}v:o ?g?\ggﬂ_gﬂg{t‘?&% gag?ﬁlglrt]'g”é g:btgfyg?:égy
The excitation source is a 150 W xenon lamp T_he_ spectra are Pyrenes, Protonated Pyrenol (PyOH), Tri’carboxylated
corrected for the monochromator and photomultiplier response pyrenol (3(CO,~)PyOH)

over the 256-750 nm domain. For the fluorescence quantum

ﬁzﬁl)?d(:;tt:rminations, we used as standrthe Quinine sulfate compound  transitions (ch) ()2 (D) f(La)/f(Le) peprtngggn ent
Time-Resolved Fluorimetry. The fluorescence decay times Pyr S—1l,: 27600 0.45 86.2 Sj c?

were measured using the Edinburg Instrument 199F time- S—1L,: 32900 38.8 .0

correlated single-photon- counting system. The excitation source So—1Lp: 27050 0.55

is a dye laser pumped by a frequency doubled Nd:YAG (Quan- (1CO; " )Pyr  S§—'La: 31000 47.6 86.5

tronix, 76 MHz). With the Rhodamine 6G dye, the excitation B So— Lp: 26200 081

wavelength can be tuned from 560 to 620 nm over the visible (P4CO%| JPyr %:tha: ggégg 6?'30 81 GS: 2.07

and from 280 to 310 nm over the blue domain. The fwmh of '~ SO_,ILZ; 31400 43.6 84 1, 1.96

the laser profile through a scattered solution of pinacyanol 1L 211

(standard compound with short lifetin¥l00 ps) and the overall  (3CO,")PyOH S—lL,: 25800  6.70

instrumentation response time was 180 ps at the excitation So—'La: 29200 55.65 8.3

wavelength. (w)?is the corresponding transition dipole moméris; the oscillator

Quantum Chemical Calculation Methods. The quantum strength and permanent dipole moment of the ground (GS) and excited
chemical calculations have been performed in the framework states.
of the semiempirical CSINDO method?? This method has

proved successful in studying the electronic states of conjugatedPY€"€, pyrenol, and their carboxylate and sulfonate derivatives,
molecule€® However, for molecules as large as those studied concluding with the acid of primary focus: pyranine, 3sPyOH.

here, the CI calculations have to be restricted to a limited number _ !!l:1- Pyrene (Py). Pyrene spectroscopy has been intensively
of configurations and only the main MOs, i.e., théype MOs StUd'?‘?' by many groups in the past, and the asst?nme.nt of the
are taken into consideration. Consequently, dynamic electronic {ransitions is now well-establishé#Thulstrup et af® provide
correlation and repolarization of the sigma system in the excited @ 900d summary of these investigations that we here briefly
states are not correctly taken into account. These approximationd €c@ll and compare with our present calculations. The absorption
lead to a preferential stabilization of localized excited states spectrum of pyrene is composed qf four transitions (see Figure
compared to charge-transfer statedo overcome these dif-  2). Whose properties are summarized in Table 1 and Table 2.
ficulties, the CS-INDO method was modified. This new  Pyrene hasDzx symmetry. The calculated configurations
scheme, used here, is described in detail elsewldhe main HOMO (-1) — LUMO and HOMO__' LUMO (+1) have the
modification lies in the localization of bonding and antibonding S@Me Symmetry, &, and due to their proxwlnate energy levels
o MOs. In this way, the correlation and repolarization effects |lnteract together to give the resultifig, and’B; states. In the
described above can be taken into account without too large CI Lb State, the transition moments of the two configurations B
calculations, and precise results for charge-transfer dtates '€ Practically equal and have opposite sign. The resulting
very large moleculé& can be obtained. Geometry optimizations ansition moment is therefore close to zero ?nd the-SLy
were performed with the MOPAC package using the AM1 transition is quaS|-forb|ddgn. H_owever, th@-S thra_nS|t|on
Hamiltonian2® The parameters required by the -€SIDO borrows its intensity by vibrational coupling ot with the

: WS 1= : .
procedure were taken to be identical to those of ref 27. BecauseProximate L, state. Du_e to that couplmg, the absorption and
of difficulties associated with the hypervalent character of the fuorescence spectra display complex vibrational structures (see
S atom, S@ groups have been replaced in the calculations by Fi9Uré 2) whose intensities are strongly sensitive to the
CO, groups, which have similar electron-withdrawing effects. substitution and the nature of the environment. Such vibronic
(In the presence of hypervalency, calculated results depend verycouﬁ“;‘gl IS knom(/jn for o_tﬁhéar rrpotie?'jle?’ "e"l trlphenyléhg,
sensitively on the semiempirical parameters employed, and we"@Phthalene, and pyrazie which display a lowest quasi-
consider the available collection of unambiguous spectroscopic orPidden transition lying close in energy to a strongly allowed
results to be too modest to provide reliable semiempirical ©N€- As expected for a forb|d_den transition, the fluorescence
parameters for the calculation of spectroscopic transitions.)  lIfetime of pyrene, corresponding b, — S, is long (382 ns

in cyclohexané! 199 ns in DMSG?).

Both calculations also indicate the existence of other singlet
— singlet transitions, but they are symmetry forbidden. Ac-
In succeeding subsections, we characterize the nature anctording to the calculations of Thulstrdpthe allowed transitions

energetics of the absorption and fluorescence transitions ofto Ly, 1L, 1Bp, and!B, correspond to (§—S1), (S9— ), (S

I1l. Nature of the Transitions
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TABLE 2: Pyrene Derivatives: Nature and Oscillator Strength of the Transitions and Properties of the Fluorescent State

compound solvent v(abs) (cn?) f(*L2)/f( L) v(fluo) (cm™) Tt (ns) D¢
Py 3-methylpentane 1L, 26800 120 1L, 26800 480+ 70 0.6-0.65
1L, 29500
1By: 36200
1Ba: 41000
1sPy HO 1L, 26660 1L, 26610 64+ 5 0.85
1L, 28700
4sPy HO L. 26740 L. 25970 12.5£ 0.5 0.56
DMF 1L, 26660 1L 26320
PyOH HO (pH=4) 1L, 26080 8.6 1Ly, 25910 16.1+ 0.5
1L 28960
1Bp: 36090
1B, 41480
3sPyOH HO(pH=2) 1L, 24780 L. 22600 4.8:05 ~1*
L. 26070
3sPyO- HO(pH=10) S: 21700 S 19450 5.3: 0.1 ~12

aln water, deprotonation occurs and the fluorescence quantum yield measured corresponds to the sum of the acid and conjugated anion
fluorescence.

I\ The fluorescence band, which is composed of clearly
| Abs structured vibrational bands, is the mirror image of the low
energy band tail of the wide absorption band (cf. Figure 3).
This absorption band corresponds in fact to the sum of two
\/ transitions, as demonstrated by Vasak &€ ah. their magnetic
Fluo \ cwcula_r dichroism experiment. Th_e oscn_lator stre_ngth corre-
ﬂ//\g\/ sponding to the absorption transition o, in PyOH is much
0 === greater than the one observed for Py (see Figure 2 and Table
20000 24000 28000 32000 2). As a consequence of the increase of the oscillator strength
Wavenumber (cm’) of the reverse transitiortl(, — Sy), the fluorescence lifetime
Figure 3. Absorption and fluorescence spectra of PyOH. In water: is much shorter for pyrenol than for pyrene (cf. Table 2).

absorbance - -), fluorescence - —). In toluene: absorbance :

(), fluoresc_e(ncgf —). The interfsity i)s normalized to the lowest The permanent dipole moments of the, and’L, states of

transition. pyrenol have been calculated (see Table 1). In contrast to Py
for which the dipole moments of the ground, first, and second

—'S;), and ($ — Suw), respectively. Our present calculations excite_d states are zero, the dipole moment c_)f the PyOH ground

match quite well with Thulstrup’s findings. Both calculations State is finite £ = 2.07 D) but there is no notlceablelchange of

for the isolated molecule give higher values for the energies of tlhe polarity of the excited states, 1.96 and 2.11 D*gyand

the transitions as compared to the experimental data in solution' Lo réspectively. Note that the calculations predict quite well

(compare Tables 1 and 2), but they both reproduce quite well the energy of the lowest transitiot., and the ratio of the

the experimental results for the ratio of the oscillator strengths OScillator strengths of S~ L, and $ — *L (compare Tables
of the corresponding transitions. 1 and 2). The calculated gap between the two transitions is

111.2. Pyrenol (PyOH). Substitution of anOH group on the however higherl(4700 cr_ﬁ) t_han the experime_ntal value_in
pyrene ring affects the electronic states of the molecule in many Water (2880 cm’). We will discuss the above in connection
ways. First, theD,, symmetry is lost in PyOH and is replaced with solvatochromism studies in section IV.
by a lower oneCs. We retain the Platt notation to label the  1ll.3. Effect of the Substituents on the Nature and Energy
transitions of PyOH, the order of which should not be affected of the Transitions of Pyrene.ll1.3.1. Effect of the Carboxylate
by the symmetry loss. The quantum chemical calculations Substituents: Calculation Predictiongo ease the calculations,
indicate that the energies of the HOM® LUMO(+1) and SO~ was replaced by the GO substituent, which displays a
HOMO(—1) — LUMO configurations are lower for pyrenol than ~ Similar electron-withdrawing effect (cf. section II). The calcula-
for pyrene. The two configurations, still close in energy, interact tions in Table 1 indicate that substitution of one £Q@roup
to give the two stated_, and!By,. However, in contrast to the  lowers the energy of both pyrene states, but to a much greater
pyrene case, the transition moments of the twodnfigurations ~ extent for'L, (1900 cn1?) than for'Ly, (550 cnr?). However,
have different weights in thi, state of pyrenol, and therefore  this effect is not additive: in the presence of four £@roups,
the resulting lowest energy transitiop S Ly is allowed (see  'Laand'Ly are lowered by 3500 and 1400 chyrespectively.
Figure 3 and Table 2). Note from Table 1 that the oscillator strength of the two

Vasak et aP® have used the magnetic circular dichroism transitions gradually increases with increasing number of
technique to identify the vibronic features of the lowest Substitution, but that their ratio'l(a/'Ls) remains the same,
electronic transition (§— 'Ly,) of pyrenol, which is composed ~ approximately a factor 86. With the hypothesis thag Sgroups
of four vibrational bands (see Figure 3). These vibrational bands Would provide the same energy-lowering effect, we next attempt
are much less complicated than those observed for the Py (S to predict the energy of the states of 1sPy and 4sPy from the
— 11p) transition. Since the energy g&E = E('Ls) — E(Ly) experimental values of thé, and'L, states of Py.
is practically the same for Py and PyOAHcac ~ 5000+ 300 I11.3.2. Effect of the Sulfonate Substituents (1sPy and 4sPy).
cm 1, AEeyp ~ 2800 cm?), this indicates that if there were  The use of the C@ calculations predicts, for the SO
any vibronic coupling between the two lowékt, andlL , states, substituent effects, that for 1sPiz, will lie at 26250 &26800-
the coupling would be negligible for PyOH as compared to that 550 cnt?l) andlL, at 27600 cm! (=29500-1900 cnTl). The
for Py. experimental values (cf. Table 2) are quite close to these
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Figure 4. Absorption and fluorescence spectra of 1sPy in water:
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Figure 5. Absorption and fluorescence spectra of 4sPy in water. The
intensity is normalized to the lowest transition.

predictions, though slightly larger, 26600 and 28700-&m
respectively. The calculations also predict tHaf of 1sPy will
remain weakly allowed (see Table 1).

Tran-Thi et al.

evidently so important in 4sPy that, has become the state
reached in the lowest transition in absorption and is also the
fluorescing state.

To summarize, the calculations of the £€@owering effect
have been successfully applied to predict the energy of the
transitions of 1sPy and 4sPy. They allow the predictions that
(i) the energy-lowering effect of the SOis more important
for the L, than for thell, state, (ii) the energy lowering is not
proportional to the substituent number, and (iii) 4:SQroups
can invert the order of the two lowelt, and L, transitions.

We will now apply the same method to predict the energy of
the transitions of 3sPyOH, given the corresponding transitions
of PyOH.

I.4. Effect of the Substituents on the Nature and Energy
of the Transitions of PyOH and 3sPyOH.IIl.4.1. Effect of
the Carboxylate Groups: Calculation Prediction§e now turn
to the comparison of the two acids PyOH and 3sPyOH. From
Table 1, the comparison of PyOH and (3€{PyOH shows
that the energy levels of th, and L, transitions of PyOH
are lowered by 900 and 2200 chrespectively, in the presence
of three CQ~ groups. Again, using the calculated €0
substituent effects as a guide, we predict that threg=SO
substituents should bring th&, andL, down to 25180 cm!
(=E1,(PyOH) — 900 cm?) and 26760 cm! (=E;(PyOH)

— 2200 cn1?), respectively. Therefore, the estimation predicts
that the transition to thélL, state will remain the lowest
transition in 3sPyOH and the twh., and 'L, states will be
separated by-1600 cnt™.

I11.4.2. Effect of the Sulfonate GroupBhe experimental value
corresponding to the lowest transition of 3sPyOH in water is

The absorption and fluorescence spectra of 1sPy are quiteog7g0 cnl(see Table 2), which is close to the value of 25180
similar to those of PyOH though in the present case the lowest ;-1 jyst predicted for §— IL,. Note that the experimental

transition attributed to §— L, is less allowed. This is in

value was determined for 3sPyOH in a strongly interacting

agreement with the predictions of the calculation and also with aqueous environment, while the predicted value from calcula-

the radiative lifetime, 64+ 5 ns in water, which is 4 times

tions is more appropriate for 3sPyOH in a non- or weakly

longer than that of PyOH (see Figures 2 and 3 and comparenteracting solvent. We will offer further support for this

Figures 1 and 2).
With the tetrasulfonated 4sPy compound, By symmetry

identification and its validity in solvents other than water in
section V.2,

of Py is recovered. Based on the Py properties, we would expect \ve have just identified the lowest transition of 3sPyOH

for 4sPy a weakly allowedL,, transition. Further, with our
working hypothesis that the effect of the four $Qvould be
similar to four CQ~, we would expect a lowering of the energy
of the'Ly and 1L, transitions of 1400 and 3500 cr respec-

tively. These considerations would suggest that the two transi-

tions would be very close in energy, 25400 and 26000’cm
for 1L, andL,, respectively. The experimental value found for
the lowest transition of 4sPy is 26740 ch{cf Table 2), which

absorption as & L. One would ordinarily expect this_p

state to be the fluorescing one. This expectation is strengthened
by the fact that the oscillator strength of the, state of 3sPyOH

in absorption is greatly enhanced as compared to PyOH (see
Figure 6)3* However, the fluorescence bandrist in fact the
mirror image of the absorption band in any of the solvents
studied (see Figure 6). This feature raises the question of the
nature of the fluorescing state; though the loss of mirror

is very close to either of the estimated values. This result doeSSymmetry can have several origins’ such as Change of electronic

not, however, allow us to identify;&nd further considerations
are required, as now discussed.

On the basis of the commddy, symmetry of 4sPy and Py,
one might expect the lowest transition tothg and accordingly
to be only weakly allowed. However, comparison of Figures 2

state, a strong overlap of two transitions over a wide absorption
band or a change of geometry of the molecule during its excited-
state lifetime, we will argue that it is evidently not tHs, state
which here fluoresces. A clue for the identification is given by
the fact that the shape of the fluorescence band varies as the

and 5 shows that, in fact, the absorption (and fluorescence)mirror image of the high energy transition in all solvents (see
spectra of 4sPy and Py are totally different in shape and the Figure 6). A consistent explanation would thus be an inversion

4sPy lowest transition is evidently strongly allowed. The

of the 1Ly and L, states?~14 during an evolution of théL,

fluorescence properties of 4sPy corroborate the absorptionstate reached in absorption. To probe this hypothesis and to
findings: the radiative lifetime of 4sPy is considerably shortened jdentify the 3sPyOH* fluorescing state, we have studied the
as compared to Py (see Table 2), which is indicative of a solvatochromism of 3sPyOH and PyOH, as now described.

strongly allowed transition.

On the basis of these considerations, we assign the lowest!V- Solvatochromism of PyOH and 3sPyOH and
4sPy absorption transition (composed of four vibrational bands) !dentification of the Intermediate in 3sPyOH ESPT in

to the § — L, transition. The weakly allowe#_, transition
would in this case be hidden by the strongly allowkd,
transition. The lowering effect of the four sulfonate groups is

Water

IV.1. PyOH. The absorption and fluorescence spectra of
pyrenol, PyOH, are recorded in the three solvents, GHCI
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Figure 6. Absorption and fluorescence spectra of 3sPyOH in various
solvents. CHCN = acetonitrile, DMF= dimethylformamide, DMSO

= dimethyl sulfoxide, EtOH= ethanol, MeOH= methanol, TFE=
2,2,2-trifluoroethanol, EtGOH:= ethyleneglycol, and E formamide.

The position of the maxima of absorption and fluorescence bands are
reported in Table 3
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Figure 7. Solvatochromism of 3sPyOH acid form in various solvents:
(a) absorption and (b) fluorescence spectra@¥= acetonitrile, DMF

= dimethylformamide, DMSG-= dimethyl sulfoxide, EtOH= ethanol,
MeOH = methanol, TFE= 2,2,2" trifluoroethanol, EtGOH=
ethyleneglycol, = formamide, and KD = water, pH= 1. In acidic
water at pH= 1, the fluorescence spectrum displays both the acid and
anion fluorescence bands. Therefore, the fluorescence of the acid form
is obtained by subtracting the contribution of the anion fluorescence
band, which is well-defined in alkaline solution at pH 10. To avoid
congestion, the absorption spectra of 3sPyOH in MeOH, TFE and
EtGOH are not included. The maxima of the absorption bands are
reported in Table 3.

broadened (see Figure 3), which is indicative of an important
solute-solvent interaction, probably through hydrogen bonding.
There are two possible sites for H-bond interaction on the
hydroxylic group, through the lone pair of the oxygen and the
proton. In the excited state, if there were an increase of the
charge transfer from the lone pair of the oxygen to the ring,
this effect would weaken the first H-bond and strengti#€n
the second one, respectively. The combination of these two
effects could explain why the observed blue shift is small,
despite the significant broadening indicative of a pronounced
coupling to the solvent. The former effect would lead to a blue

toluene, and water (see Figure 3 and Table 2). As expected fromshift and the second to a red shift. These opposite induced

the quantum chemical calculations on PyOH which predict that
the dipole moments in the ground state and in'thgestate are
small and very similar, 2.07 and 1.96 D (see Table 1),
respectively, the solvatochromism of tHe, state of PyOH is
negligible3® For example, the maximum Stokes shift between
absorption and fluorescence observed for thg state in
chloroform and water is negligible, 170 cf

Although not the lowest state for either absorption or
fluorescence for PyOH, thH_, state characteristics will also
prove to be of interest. Similarly to the case'bf, we observe
a small blue shift of théL, state, 350 cmt, when going from
toluene to water. This result is in general agreement with the
calculations which predict that the dipole moments of thg
andlL, states of the isolated molecule are practically the same,

effects, combined with the overall decrease of the polarity of
the excited-state molecule due to a partial delocalization of the
oxygen lone pair into the ring, could result in a small blue shift.
IV.2. 3sPyOH. Figure 6 displays the spectral evolution of
the absorption bands with the solvent. Since the shape of the
absorption band remains the same independent of the solvent,
we continue to attribute the lowest transition tg S ILy,.
Evidently, the energy-lowering effect of three sulfonate groups
has brought the twél, andlL , states close to each other, with
a difference of approximately 1300 ci(cf section 111.4), but
it is not sufficient to invert the two states in absorption, as was
observed to occur with 4sPy in section 11I.2. In the following,
we focus our attention solely on the solvatochromism of
absorption to'Ly,, which is clearly identifiable as the lowest

1.96 and 2.11 D, respectively. On the other hand, one can noteenergy absorption peak for each solvent in Figure 7 (At higher
that for a protic solvent such as water, the absorption bandsenergies, the absorption band is an unknown combination of

corresponding to thélL,, and L, transitions are significantly

1L, and!L, and cannot be simply analyzed).
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TABLE 3: Kamlet and Taft Parameters for Various that it is much larger in fluorescence than in absorption. Further,
Solvents and Peak Absorption and Emission Frequencies of the fluorescence band is not the mirror image of the-S'L,,

3SPyOH absorption band (see Figure 6). In most cases, the loss of the
absorption  fluorescence mirror symmetry occurs when two or many transitions are buried
no. solvent = o f (em™) (em™) in a same absorption band and only the lowest one corresponds
1 CHCN 075 0.19 0.40 25030 24810 to the fluorescing state (see for instance pyrene in section I11.1).
2 DMF 088 0 0.69 25050 24660 Another origin would be a drastic change of the geometry of
2 gt'\él)?-lo (1)'22 883 %'77% 221%%% 22%%% the molecule in the excited state, i.e., a torsional motion of the
5 MeOH 060 093 066 24810 22830 C—C bond in the bianthryl molecule (or other TICT molecules)
6 F 097 071 0.48 24580 22830 inducing a huge change in the electronical configuratforhis
7 TFE 0.73 151 0.00 24880 22960 last scenario cannot occur for pyranine which does not display
8 EtGOH 092 083 0.52 24650 22730 such a bond. Instead, the shape of the fluorescence band varies
9 HO 1.09 117 047 24780 22600 in the same way as that of the high energy transition over
2Values ofz*, a, andf come from ref 39. the 26006-27000 cnm! domain in absorption (cf Figure 7). For

instance, the vibrational features persist in both absorption and

The solvatochromism of 3sPyOH differs in many aspects fluorescence for the less polar solvents ¢CN, DMF, and
from that of PyOH. A bathochromic (red) shift of the 3sPyOH DMSO), while they disappear for the protic solvents. Ethanol
absorption band is observed when the solvent polarity in- displays an intermediate behavior, with the vibrational features
creases: this is in strong contrast to the PyOH absorption wherestill present but strongly broadened. Evidently, the fluorescing
a small blue shift was observed in section IV.1. A simple charge state is no longer th&, state and an inversion has occurred
transfer from the lone pair of the hydroxylic group to the ring for all the solvents examined.
would have instead induced a hypsochromic (blue) shift (as was The state inversion behavior just hypothesized could be
observed for PyOH). Nor can the intrinsic effect of the understood in terms of the energy-lowering effect on thg
sulfonated groups, i.e., for 4sPy, account for the shift. A very andlL, states due to the three sulfonated substituents, combined
small blue shift was observed (80 ch) for 4sPy when going  with a lowering effect of strong hydrogen bond formation, as
from a less polar solvent, DMF, to water; therefore, a simple follows. In section I11.4, we have shown that the presence of
effect of the sulfonate groups cannot induce a red shift. the three sulfonated groups strongly lowers the energy of the

These considerations suggest that the explanation for the red3sPyOH?L , state as compared to thke, state, so that the two
shift in 3sPyOH absorption is related to a cooperative effect transitions are now very close in energy in absorption. Further,
involving both the charge transfer from the oxygen to the ring if 1, is characterized by larger CT character thadlig the
and the sulfonate groups. If the charge transfer from the lone two types of stabilizing H-bond interaction with the H of OH
pair of the oxygen were transferred through the ring to one or and one or more of the SO groups, would be enhanced.
more electron-withdrawing SO substituents, the charge- Evidently, some type of solvent rearrangement has to occur
transfer character will be stabilized in polar solvents, leading between absorption (tbp) and fluorescence (frothy).
to a bathochromic shift. Therefore, we tentatively assign the  The inversion picture just presented for 3sPyOH and'the
bathochromic shift of the absorption band with increased solvent identity of the fluorescent state could in principle be confirmed
polarity to an enhanced charge-transfer charactétinwhen by polarization studies in a glassy matf&Unfortunately, this
going from PyOH to 3sPyOH. is not possible for 3sPyOH and we will pursue a solvatochromic

This interpretation can be further pursued noting from Figure route instead. In particular, the proposed inversion should be
7 and Table 3 that the absorption red shift is enhanced whenconsistent with the absorption and (enhanced) fluorescence red
the solvent is at the same time polar and protic, i.e., for EtOH, shifts described above and the evident special importance of
MeOH, EtGOH, TFE, water, and F. This suggests that H- H-bonding in protic solvents. To probe this consistency and to
bonding is important in the red shift. Further, as was also the reveal more clearly the nature of the markedly enhanced
case for PyOH, a broadening of the absorption band is observedsolvent-solute interaction in théL, and 1L, states, we will

for the protic solvents, which again suggests the importance of now exploit the empirical solvatochromic scale of Kamlet and
hydrogen bond formation between the solute and solvent. For Taft 39

3sPyOH as compared to PyOH, there is an extra site for H-bond  |v.3. Kamlet and Taft Analysis of the Solvatochro-
interaction through the SO groups. For 3sPyOH, if the charge  mism of 3sPyOH. Many empirical solvent polarity scales or
transfer occurred from the lone pair of the oxygen to one or H-bonding capability scales have been established in the past.
more sulfonated groups through the ring, it would induce a A recent Pines group paféron the solvatochromism of
2-fold effect; first, as the oxygen atom becomes more positive, 3sPyOH, which advocates 3sPyOH as a useful molecular probe
the bond between the H and O atoms of the hydroxylic group for polar or very acidic environments, compares these various
would weaken. An immediate consequence would be the splvent scales available in the literature, including the Kamlet
strengthening of the H-bond between this H atom and a solvent Taft analysis?® In contrast to many empirical scales, which focus
molecule nearby displaying an H-bond-accepting character. only on the solvent’s polarity or its H-bonding capability, the
Second, because the $Ogroups have gained some extra Kamlet and Tafl? scale has provided, for a wide variety of
negative charge, the H-bond interactions between these SO molecules, a quantitative estimation of the contribution of state
groups and protic solvents with H-bond donor ability will be energy differences of the polarityr{) with a polarizability
strengthened. (Note that the charge gain on one or moge SO correction termd), the H-bond-donating ability) and H-bond-
groups would not be important enough to induce a re-protonation accepting ability §) of the solvent. In such studies, the relation
of the SQ~ site. Such reprotonation still does not occur at
negative pH (pH= —0.875)%7 v =v,+ s(@* + do) + a(o + bp) ()

The solvatochromism of the 3sPyOH fluorescence bands
displays a quite different behavior from that of absorption (see is used to characterize the respective weighty a, andb of
Figure 7). There is again a red shift, but it is important to note contributions ofz*, 6, o, and 5. Here v is the frequency
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fluorescence side, as shown by the much higher weights of the
solvent parametes(7*) = —1820+ 840, a(a) = —1890 +

25000
e 380, andb() = —1300+ 830 as compared to the corresponding
° values on the absorption sid&;*) = —290 £+ 270, a(a)) =
S 24000 —270 £ 120, andb(B) = —380 £+ 270 (Figure 8). This is
g indicative of a larger charge transferlin, than that in'Ly. In
é further support of this, we note that the Stokes shift values are
% 23000 | as high as those observed for dye molecules which have a
= significant charge-transfer character in the excited state.

~9 ‘ Pines’ findings!? using the Kamlet and Taft scale, are in

22000

general agreement with ours, for example, showing similar
influence of the solvent parameterst, o and f on the
fluorescence spectra of the acid form. (In ref 39, the solvents
Fig“r‘fﬂ 8. tF_"Ot 0; ttne calculated rOTI‘_aXima of "_ibsortptlion (or f'uof’escer!ce) studied were non-chlorinated aliphatic solvents for which the
as a function of the corresponding experimental maxima for various bt ; : .

solvents. The calculated me?xima agre ogtained from the multiparameterpOIaHZfablllty Corre.ctlon termo is equal to zero, with the

fit, using eq I. The line represents a perfect fit for which calculated €Xception of pyridine, whosé value is equal to 1. However,
and experimental values would be equal and each circle represents thdhese authors did not give thg value of the fit or address the
fitted value of the absorption (or fluorescence) maximum for a given nature of the transitions involved in absorption and fluorescence
solvent. From these two multiparameter-fits in absorption and fluores- or any possible state inversion. We have taken their set of
cence, we obtained values of thgand the weigh, a, andb of the fluorescence maxima (with the exception of pyridine solvent,

solvent parameters*, a, andg, respectivelyR is the residual of the S . .
multiparameter fit. For absorﬁptiomfo = 25460+ 340 cnT?, a(a) = which is a base) and fit them as a function of the solvent

22000 23000 24000 25000
Maximum (exp.) cm’”

—270+ 120,s = —290+ 270,b(8) = —380+ 270, andR = 0.714. parameters with eq | to giveo = 27970+ 820 cn1l, a =
For fluorescencer, = 270004 1060 cnT?, a(a) = —18904+ 380,s —1990+ 260,b = —1800+ 550, ands = —2040+ 650 and
= —1820 840, b(8) = —1300=+ 830, andR = 0.925. R = 0.930. These values are very close to ours within the

standard error. In particular, thg value (27970+ 820 cnt?)
corresponding to the maximum of the lowest electronic transition is also very high. (Unfortunately, the data on absorption maxima
(red peak of absorption or blue peak of fluorescence) in a given for the same set of solvents are not available, so that we cannot
solvent while vo corresponds to the condition where no compare ouw, values in absorption.).
intermolecular interaction occursg is usually very close to
the gas-phase value or that calculated for the “isolated mol-
ecule”. In the Kamlet and Taft scalé,is equal to zero for the
non-chlorinated aliphatic solveifsemployed in the present

From the above analysis of the solvatochromism of both
absorption and fluorescence bands of 3sPyOH, we can confi-
dently conclude that the lowest state in absorptioftis while
work, so that eq | is reduced to three parametetsg, andg the qu_orescing state i4_,. The energy lowering of th_e Iatter_

) ) o state is strongly solvent dependent. From the less interacting

Figure 8 displays the plot of the calculated maxima of g4\ ent CHCN, to the most interacting one 8, the energy
absorption or fluorescence as a function of the corresponding ¢ e 1|, state is lowered by 2210 crhon the fluorescence

experimental values (cf. Table 3) for various solvents. The side (Table 3), as compared to 470 cnon the absorption side
calculated maxima are obtained from the multiparameter fit, (ILy). As noted above, the*, o, andf3 contributions are greatly

usgg €q I..Thetlmle r(lapresentsl(?gerfect fl't foLWh'CE fglcullated enhanced in fluorescence as compared to absorption (see Figure
gﬁclgx&er;;ee';g t\;l?elfjiitsec\ilv\(/);lue;foerq;aivaenn s?)?\fentrlg?c?n? (Or8). We now argue that this indicates a charge redistribution in
P 9 ’ 1L,, similar to, but more pronounced than that described for

these two multiparameter fits in absorption and fluorescence, ; .
. : Ly, namely, the charge transfer from the oxygen in OH lone
we obtained values of they and the weight s, a and b of the ) ;
pair through the ring to one or more sulfonate groups that we

n .
soll\_/;rnt p.arami:tertx ' _(x,t andp, t:espetctlc;/ellz){. ¢ th . ‘ anticipated in section IV.2. The first aspect of thisonnected
b re? importan po'g S cand € noted. |Irs ’ fezzé%ga 0 directly to the sulfonate groupss supported by the increased
gmfgr\?v;]?lg ‘?ﬁi ?Ihotyrgiceirg;r:naiimza;gas ureeg d over a wide importance of thet, solvent H-bond donating, parameter (Table
wavenumber range<3000 cnTY). The solvatoc?hromism is thus 3), which would be expected for increased negative charge on
rang X : . . a sulfonate group. It is noteworthy in this connection that TFE,
much more important in fluorescence than in absorption, . . g . S .
. . o a solvent which has no H-bond-accepting ability but which
consistent with emission frof, state of greater charge-transfer displays the highest H-bond-donating ability (and medium
character than thil, state reached in absorption. Second, the polarity), contributes to the stabilization of the excited state as

two fits give a much higher value af in fluorescence than in . .
absorption, just as one would expect for a state inversion. Forstrongly as does watem add[tlon, the enhanced importance
absorption, v, is equal to 25460+ 340 cntt and should of the solvent H-bond-accepting parametefor fluorescence,

¥ though less pronounced than thabgfwould be consistent with

correspond to thecS— L, transition. This value is in fact very h q fihe | d ch fer ch f
close to the predictedoS— Ly, transition for the “isolated” the second aspect of the increased charge-transfer character o

3sPyOH (25180 crmh). For fluorescenceyo is equal to 27000 the 1L, state: an increased positive charge on the oxygen of
+ 1060 cn7! and should correspond to the “isolated” 3sPyOH OH38The latter would increase the hydrogen-bonding strength

1L, — S transition. This latter value was predicted to be 26760 Petween the repelled H of the hydroxylic group and a H-bond-
cm1 (cf. section 111.4.2), which is also in very good agreement accepting solvent molecule.

with the present data. This is strong support for fhe We emphasize that, in the above discussion thestate of
identification. Third, in both absorption and fluorescence, the 3sPyOH remains a nonproton-transferred acid form. The
polarity as well as the H-bond-donating and -accepting proper- experimental distinction between it and the excited proton-
ties of the solvent contribute to the stabilization of the excited transferred, ionic form 3sPy® is summarized in Table 2, in
state. However, this effect is much more pronounced on the connection with which ground state 3sPy@ produced in
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ArOH*
(LE/'Ly)

ArOH*
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€Ti'Ly)

hy
PT/ArO™

|/ AOH (GS)

Figure 9. Schematic representation of the three-VB form model for
the ESPT process of ArOH*. The locally excited LE is the first-VB
form and corresponds to tAk;, state accessed in absorption. CT is the
second-VB form characterized by a significant charge-transfer character
and corresponds to thé, state reached after solvent rearrangement.
PT is the proton-transfer state, corresponding to the excited conjugate
anion ArO™*, also of L, character, and the proton transferred to the
solvent. The proton accepting base is supressed in the figure, for
simplicity. The reaction coordinate is schematic, but at a minimum
involves an important solvent component. The interconversion between
the VB forms is discussed in the text. Note that two minima of the
curve of PT/ArO* are drawn. The first one lies above that for the
CTIL.. This representation corresponds to the standard conditions, for
which pH= 0 andAG, = RTpKz* is positive. The second curve (dotted
line) corresponds to high values of the pH, i.e., gH#.

alkaline solution, and the absorption to 3sPy@and subse-
quent fluorescence) recorded.

IV.4. Identification of the Intermediate in the ESPT
Dynamics from 3sPyOH to Water. As indicated in the
Introduction, one of the goals of the present work is to identify
the nature of the excited states involved in the three-step kinetics
of the proton-transfer reaction. From the above study of the
solvatochromism of 3sPyOH, we have shown that, upon
excitation of 3sPyOH, thél, state is reached and that its
subsequent fate depends on the solvaoltute interaction.
Under the influence of hydrogen bond interactions,thestate
relaxes toward tht_, state, which becomes the fluorescing state.
On the basis of the present study and the dynamics'8ate,
can now identify the locally excited (LE) state as fig state
whose solvation dynamics in water takes place within less than
300 fs15We can also identify the mysterious intermediate state,
to which LE converts within 2.2 ps, as thg, state with no
proton-transfer involved? In the final, third step, the ESPT
occurs, converting th¥, acid form to the 3sPyG anion, also
of 1L, character. The tentative connection with the three VB
form model mentioned in the Introduction for the experimentally
observed® three-step process is developed in the following
section.

V. 3sPyOH in Water Intermediate in a Three-VB Form
Perspective

The connection of the three step overall ESPT process with
the three-VB form model could be the following. The first VB
form would largely be ar* excited LE, without significant
charge transfer from the oxygen lone pair of OH into the ring.
In the language of the present work, this would be the dominant

Tran-Thi et al.

The next step involves conversion to the second VB form,
which would be characterized by significant charge transfer (CT)
from the nonbonding orbital of O into the* system, evidently
including one or more of the SO groups in the 3sPyOH case.
Due to its greater polarity than LE, the solvent rearrangement,
including H-bondings through the OH and $Ogroups, is
required in the conversion LE CT, as indicated schematically
in Figure 9. The CT VB form would then be a significant
component ofL, for solvation conditions ranging from those
attained in the FranekCondon absorption to those equilibrated
to the CT form (Figure 9). Two points are important here. First,
no PT has yet occurred. Second, the CT fditmg/intermediate
is reached after the initial absorption (to EE§) and requires
solvent rearrangement with a certain time scale, which may
involve either a slight solvent or proton coordinate barrier
influenced by the coupling of the LE/, with the L /CT
state?142 The second experimental time (2.2ps) is associated
with this interconversion to form the intermediate, essentially
the CT form. In view of the discussion in section 1V.2 indicating
that thellL /CT character is a strongly enhanced version of that
present inlLy, it would seem that the state inversion is a
consequence of, or at least is assisted by, the response of the
solvent to a polarity increase in the;, state compared to the
ground state. The rearrangement of the solvent molecules and
H-bond strengthening would serve to continually lower the
energy of thell , state and ultimately to produce the locally
stablell , state, whose equilibrated solvent configuration is quite
different from the one originally reached in the Fran€kondon
transition from the ground state and which produltad Internal
vibronic coupling could well also play an important role in this
state inversion proced$43 The basic dynamics just described
for the second step in the overall 3sPyOH ESPT in water has
much in common with those found in a simulation of excited-
state 1-naphthol in water solvent by Knochenmuss ét alho
stressed the solvent-induced level inversion after absorption to
1Ly one important difference is that the latter authors viewed
such dynamics as those directly producing the proton-transferred
products in that cas¥.

The final step, in VB language, is the proton-transfer step
proper and would involve conversion between CT and the
PT/VB form, which in the Mulliken pictur® recently de-
veloped and supported for ground electronic state PT reac-
tions? would involve charge transfer from the nonbonding
orbital of the base here HO— into a o* antibonding orbital
of the OH-bond on the acid, inducing H motion toward the
base, leading to the proton-transferred products. Note espec-
ially that this electronic rearrangment dgiite differentfrom
transfer from the oxygen to the ring. Electronic coupling
between the CT and PT/VB forms would produce thg
electronic state of the acid 3sPyOH and the anion 3sPp0t
both the composition ofL, in terms of these two VB states
and its energy vary as a function of the proton displacement
and the solvent configurations, and in general will produce a
barrier between the two limiting VB forms (Figure 9). This final
interconversion between the CT and PT forms comprising the
1L, states of the acid and anion is governed in significant
measure by the solvent reorganization and constitutes the third
and final step of the proton transfer per se, associated with the

component of théLy, state, accessed in absorption. The initial third, long time scale+87 ps) in the 3sPyOH experiment in

experimental fast step<@00 fs) would correspond to slight
solvation dynamics as the solvent relaxes to equilibrium with
the L, charge distribution, which is slightly different from that
of the ground state. This first step is shown schematically in
Figure 9. At this stage, the electronic character of the excited
state has not changed.

water46

VI. Concluding Remarks

In this paper, we have addressed the issue of the intermediate
state whose existence has been indicated by dynamic spectros-
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copy experiments on ESPT for 3sPyOH in watet:18To this of this forms the basis of our second remark: inversiofLtp
end, we have studied the steady-state absorption and fluoresafter absorption, and the associated development of more
cence, sulfonate substituent and solvent effects, and exploitedpronounced CT character.e., the formation of the intermediate
guantum chemical calculations for (3g¢Q PyOH, as well as state— is necessary, but not sufficient, for kinetic ESPT to occur.
for the related compounds PyOH, pyrene, and carboxylated In general, the conversion from tH&, acid state to thél,
pyrenes. The major conclusions for the acids are the following. acid state may or may not be facile, depending on the barrier
For PyOH, independent of the solvent, the absorption and and reaction free energetics for that step in Figure 9. Note that,
fluorescence involve dLy state, with only very weak CT  inthe more traditionalL /'L, State inversion scenario described
character. For 3sPyOH, absorption t& g state is followed by in the Introduction, it is the height of any barrier associated
an inversion to al, state, from which fluorescence occurs. with this step that would govern the rate of ESPT, as opposed
The latter'L, state is characterized by significant CT character. to the present scenario for 3sPyOH, in which_gintermediate
The importance of the sulfonate groups in allowing the inversion acid form is produced. Certainly, it is possible that the effective
was argued for, as was the stabilizing effect of hydrogen bonding barrier for thelL /L, state inversion can be rate-limiting for
to the solvent molecules. Based on the evidence and argumentshe overall ESPT reaction in some cast®Ve say only that
presented, the intermediate state of 3sPyOH in water wasthis is not at all a universally valid situation for ESPT.
identified as théL , state of the unionized acid, with significant | our final remarks, we address the intrinsic proton-transfer
CT character. As noted in the Introduction, previous discussions step itself and return to the issue of the enhanced excited-state
of 1Ly/'La inversion (for other hydroxyarene acids) have gacidity. In this discussion, we focus on the 3sPyOH-type
identified 'L, as the proton-transferred product steité scenario in which a further, more substantial barrier for ESPT
A significant role in the interpretation di, of the acid as must be surmounted. In those cases where a locally stable
an intermediate was played by the solvatochromism study of intermediate acid form is produced on a time scale less than
section 1V, and it is of interest to consider related studies in the the excited-state lifetime, the next question would then be: what
literature. In particular, we can compare our data with recent further features are critical in allowing the ESPT to take place
solvatochromism studies of 5-cyano-2-naphthol (5CN2Np®H).  during the lifetime of the excited state from a locally stable
These potentially provide a good comparison with our 3sPyOH intermediaté'L , state which is evidently already “primed” for
study, since the cyano group generally displays an even moreproton transfer in its charge redistribution and weakened OH-
important electron-withdrawing character than the sulfonate bond characteristics?
group:® When the data of ref 47 is examined from the |y our view, the answer to the question just posed is to be
perspective of the present work, many strong similarities sought in the CT~ PT kinetic barrier (Figure 9) that in general
between the S5CN2NpOH and 3sPyOH properties can be myst he surmounted for ESPT to take place, and several aspects
discovered. First, the solvatochromism of the excited state on gre Jikely to be important in determining that barrier (which,
the absorption side is not pronounced; the variation of the e again stress, is relateddiferentelectronic rearrangements
absorption maximum, from the less to the most stabilizing iy the Mulliken view (section V) than those associated with
solvent, is only 720 cm (470 cn1'* for 3sPyOH). In contrast, T from the oxygen of OH into the ring.) First, based on a
on the fluorescence side, this variation becomes much largernymper of studies of ground-state aethse proton-transfer
(2560 cm?) for the same solvents (2210 cifor 3SPYOH).  yeactions, a significant role should be played by the rearrange-
As for 3sPyOH, the fitting of the fluorescence maxima as @ ment of the solvent in connection with the evolving charge
function of the parameters of the solvents (eq I) shows high gistribution associated with the displacement of the proton from
values ofs(7*) = —1600 andb(f) = —1950, which indicate  the acid to the baseSecond, explicit attention to the role of

an increased charge-transfer character. The role of the cyanqne solvent stabilization, and indeed, the general energetics, of
group of SCN2NpOH, as an electron-withdrawing substituent, e excited-statanionseems to be required; for example, both
seems however to be much weaker than that observed with theyeneral Bronsted barrier height-reaction free energy consider-
thre(.e. S@  of 3sPyOH: H-bond-donating solvents strongly ation<849 and Hammond postulate idé&svould suggest the
stabilize 3sPyOH* but has no effect on SCN2NpOH*. Itwould  jyhqrtance of the anion to the reaction barrier height. In this
be interesting to perform quantum chemical calculations t0 connection, it is interesting to note that, in contrast with the
provide a guide for the identification of the transitions of {505 on the reactant, acid, side in the ideas discussed within
SCN2NpOH, and to reexamine with a new eye the solvato- ¢qr proton transfer in the excited state, most discussions of
chromism of the absorption and fluorescence bands, since th'sground-stateacidity, e.g., in connection with substituent and
acid may provide a further example of intermediate state ¢uyent effect§;5-52have focused on the anionic conjugate base
formation. side of the reaction. It would seem that an explanation of the
We close with several remarks on the relevance of the resultsenhanced excited-state acidity, as gauged\pi, values, as
of the present work for the more general question of current well as a comprehension of ESPT barrier heights, can only come
views of ESPT described in the Introduction. when attention is paid to the product as well as the reactant
The first remark concerns the traditional view that significant side of an ESPT. Indeed, we have recently argtdd quantum
charge transfer is produced on excitation to the locally excited chemistry calculations for phenol and cyanophenols that the
(LE) state, which would then be responsible for the enhanced enhanced excited-state acidity arisest from CT effects on
excited-state acidity. The solvatochromism studies within the acid side of the reaction but rather from the much more
indicate that while there is some CT character inlhge= LE important CT from oxygen into the ring for thEroduct anion
state, the more significant CT character is indicated for the As applied to 3sPyOH, this would suggest that while in the
invertedlL, states in all solvents, together with signatures of present study we have focused on the larger CT from oxygen
increased hydrogen bond donation to the solvents related to ainto the ring in thell, state of the unionized acid compared to
weakened OH-bond in the acid. The first implication of this is the locally excitedL, state, the most important such CT would
that the traditional view that the significant CT occurs directly be present in the 3sPyGanionic product of the proton transfer.
upon absorption requires modification. A second implication We plan to present a study on the solvatochromism of the
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3sPyO anion as well as a general discussion of ESPT including
all the above features soon.

Acknowledgment. Two of the authors (T.-H. T.-T. and

J.T.H.) acknowledge the support of an NSF-CNRS US-France

Tran-Thi et al.

(27) Marguet, S.; Mialocq, J.-C.; MilligPh.; Berthier, G.; Momicchioli,
F. Chem. Phys1992 160, 265.

(28) Hoijting, G. J.; Velthorst, N. H.; Zandstra, P.Mol. Phys 196Q
3, 533. Becker, R. S.; Sen Singh, |.; Jackson, EJAChem. Phys1963
38, 2144.

(29) Thulstrup, E. W.; Downing, J. W.; Michl, £hem. Phys1977,

International Collaboration grant. J.T.H. acknowledges support 23 307.

from the U. S. National Science Foundation Grant CHE

9700419, and a Research and Creative Work Faculty Fellowship

(5/97-8/98) from the University of Colorado. The authors take
this opportunity to express their appreciation for the many
scientific contributions of Professor Mataga.

References and Notes

(1) Weller, A.Z. Phys. Chem1958 17, 224.

(2) Weller, A.Z. Elektrochem1952 56, 662. Avigal, I.; Feitelson, J.;
Ottolenghi, M.J. Chem. Phys1969 50, 2614. Rosenberg, J. L.; Brinn, I.
J. Phys. Chem1972 76, 3558.

(3) Arnaut, L. G.; Formosinho, S. J. Photochem. Photobiol. 2993
75, 1. Gutman, M.; Nachiel, BBiochim. Biophys. Actal99Q 1015 391.

(4) Faster, T.Z. Elektrochem195Q 54, 142. JaffeH. H.; Lloyd Jones,
H. J. Org. Chem 1965 30, 1965. Grabowski, Z. R.; Grabowska, &.
Phys. Chem. N. F. (Wiesbadedp76 101 197. Grabowski, Z. R.;
Rubaszewska, WI. Chem. Soc., Faraday Trans1977 73, 11. Robinson,
G. W.J. Phys. Cheml991, 95, 10386. Wehry, E. L.; Rogers, L. B. Am.
Chem. Soc1965 87, 4234.

(5) Forreviews, see: Barbara, P. F.; Walsh, P. K.; Brus, lJ.Phys.
Chem 1989 93, 29. Syage, 1. Phys. Cheml995 99, 5772. See also the
special issuesdJ. Phys. Cheml1991 95, 25; Chem. Phys1989 136, 2;
Ber. Bunsen-Ges. Phys. Cheh998 102 3.

(6) Vander Donckt, EProg. React. Kinet1961, 1, 187. Jackson, G.;
Porter, GProc. R. Soc1961, A20Q 13. Dickens, P. G.; Linett, J. VQuart.
Rev. Chem. Socl957 11, 291. Salem, LElectrons in Chemical Reactions
Wiley: New York, 1982.

(7) Mataga, N.; Kubota, TMolecular Interactions and Electronic
Spectra Dekker: New York, 1970; Chapter 7.

(8) Bertran, J.; Chalvet, O.; Daudel, Rneor. Chim. Acta (Berlin}969
14, 1.

(9) Timoneda, J.; Hynes, J. J. Phys. Cheml991, 95, 10431. Staib,
A.; Hynes, J. T.; Borgis, DJ. Chem. Phys1995 102 2487. Ando, K.;
Hynes, J. TJ. Phys. Chem1997 101, 10464. Ando, K.; Hynes, J. T.
Phys. ChemA, 1999 103 10398.

(10) For the different, albeit related, problem of proton transport in water,
see the extensive references in: Marx, D.; Tuckerman, M. E.; Hutter, J.;
Parinello, M.Nature 1999 397, 601. Hynes J. TNature 1999 397, 565.

(11) Platt, J. RJ. Chem. Phys1949 17, 484.

(12) Tramer, A.; Zaborowska, MActa Phys. Pol1968 5, 821.

(13) Knochenmuss, R.; Smith, D. B. Chem. Phys1994 101, 7327.

(14) Knochenmuss, R.; MU P. L.; Wickleder, CJ. Phys. Chen1996
100 11218. See also: Knochenmuss, R.; Fischer, I.; Luhus, D.; LitsrQ.
J. Chem 1999 39, 221.

(15) Tran-Thi, T.-H.; Gustavsson, T.; Prayer, C.; Pommeret, S.; Hynes,
J. T. Chem. Phys. Lett200Q 329 421. Prayer, C.; Tran-Thi, T.-H.;
Gustavsson, TAIP Conference Proceedings 36&amer, A, Ed.; American
Institute of Physics: New York, 1995; p 333.

(16) Pines, E.; Huppert, BChem. Phys. Lett986 126, 88. Pines, E.;
Huppert, D.; Agmon, NJ. Chem. Phys1988 88, 5620. See also: Genosar,
L; Cohen, B.; Huppert, DJ. Chem. Phys. £200Q 104, 6689.

(17) Prayer, C., Thesis 1997, UFR 926, University of Paris VI, Paris,
France.

(18) Prayer, C.; Tran-Thi, T.-H.; MilliePh.; Hynes, J. TAbstract Book
of the 18th International Conference On Photochemjddglish Academy
of Sciences: Warsaw, 1997.

(19) Jaffe H. H. Chem. Re. 1953 53, 191. Taft, R. W.; Stanton
Ehrenson, Jr.; Lewis, I. C.; Glick R. H. Am. Chem. Sod959 81, 5343.
See also ref 36.

(20) Tietze, E.; Bayer, OAnn. Chem1939 540, 189.

(21) Velapoldi, R. A.; Mielenz, K. D. Standard Reference Materials:

Fluorescence Standard Reference Material Quinine Sulfate Dihydrate;

(30) Nakajima, AJ. Lumin 1974 8, 266.

(31) Stock, G.; Woywod, C.; Domcke, W.; Swinney, T.; Hudson, B. S.
J. Chem. Physl1995 103 6851.

(32) Karpovich, D. S.; Blanchard, G. J. Phys. Cheml995 99, 3951.

(33) Vasak, M.; Whipple, M. R.; Berg, A.; Michl, J. Am. Chem. Soc
1978 100, 6872.

(34) Note also that the oscillator strength @f-S 1Ly, is greatly enhanced
for 3sPyOH compared to PyOH, so that the oscillator strengths of the two
transitions § — Ly and $ — 1L, have now become quantitatively
comparable. This effect is not found with the calculations (Table 1), which
predict instead that both the oscillator strengths would increase with the
substitution of PyOH with the C£ groups, but their ratio would remain
the same (*L.)/f(*Lr) = 8.3) as that of the nonsubstituted compound.
Apparently, despite the success described in the text for the @0delling
of the energy lowering effect of SO substitution, the perturbation of the
charge distribution of such substitution is sufficiently great that the CO
modelling fails for the oscillator strength ratio.

(35) On increasing the solvent polarity from toluene to chloroform to
water, a weak blue shift is observed for the absorption band, 30 and 70
cm?, respectively. For the same solvents, a very weak red shift &
cm1is observed for the fluorescence band. These numbers are comparable
to the estimated error bars #63 cnt ! in this special wavelength domain.

(36) Baba, H.; Suzuki, S1. Chem. Physl961 35, 1118.

(37) Bardez, E.; Goguillon, B. T.; Keh, E.; Valeur, B. Phys. Chem
1984 88, 1909.

(38) Wortmann, R.; Elich, K.; Lebus, S.; Liptay, W. Chem. Phys.
1991, 95, 6371.

(39) Kamlet, M. J.; Abboud, J.-L. M.; Abraham, M. H.; Taft, R. ..
Org. Chem 1983 48, 2877. Marcus, Y.; Kamlet, M. J.; Taft, R. W.
Phys. Chem1988 92, 3613.

(40) Barrash-Shiftan, N.; Brauer, B. B.; PinesE.Phys. Org. Chem
1998 11, 743.

(41) Granucci, G.; Hynes, J. T.; Millie.; Tran-Thi T.-HJ. Am. Chem.
Soc 200Q 122, 12243.

(42) As a parenthetical remark, we observe that it would have been
interesting to study the solvatochomism behaviotafin absorption, since
one expects a stronger effect far, which is more polar that_,. However,
it can be seen from Figure 6 that the position of the maximum of absorption
corresponding téL , is completely hidden in the wide band which includes
the two transitions. It is far from being clear whether the second peak of
the absorption band would correspond to the maximum of absorption of
the 1L, band. A clear example of the difficulty of deconvoluting these
transitions is illustrated by the absorption and fluorescence spectra of
3sPyOH in EtOH (Figure 6).

(43) Kim, H. J.; Hynes, J. TJ. Am. Chem. So4992 114, 10508. Kim,
H. J.; Hynes, J. TJ. Photochem. Photobiol. 2997 105 337.

(44) Another example of an inversion scenario’bf to 1L, without
proton transfer is that proposed for 1-naphthol in Magnes, B.-Z.; Strash-
nikova, N. V.; Pines, Elsr. J. Chem.1999 39, 361. There is however a
difference between the present scenario and that of these authors. They
found a wide and solvent-sensitive fluorescence band that they decomposed
into two fluorescence bands assigned to the two simultaneously fluorescent
1L, andlL, states. The two populations coexist but the relative percentage
of 1L, increases with increasing polarity of the solvents. Such dual
fluorescence is not observed for pyranine.

(45) Mulliken, R. S.J. Phys. Chenil952 56, 801.J. Chim. Phys1964
60, 20.

(46) In a recent experimental study of 3sPYOH in water solution
containing 0.6 mol % glycerol over a wide temperature range [Poles, E.;

National Bureau of Standards, U. S. Department of Commerce, 1980; pp Cohen, B. Huppert, D.lsr. J. Chem.1999 39, 347], an unusual

260-64. Weber, G.; Teale, F. W. Jrans. Faraday Sacl958 54, 640.

(22) Momicchioli, F.; Baraldi, I.; Bruni, M. CChem. Phys1982 70,
161.

(23) Szczepanski, J.; Vala, M.; Talbi, D.; Parisel, O.; Ellinger,JY.
Chem. Phys1993 98, 4494.

(24) Germain, A.; Millie Ph.,Chem. Phys1997, 219 26.

(25) Marguet, S.; Germain, A.; MilliePh.Chem. Phys1996 208 351.

(26) Stewart, J. J. P.; Seiler, F. MOPAC Program version 6.0;
Research Laboratory, U. S. Air Force Academy: Colorado Springs, CO,
1989.

non-Arrhenius temperature dependence is found. This was interpreted via
a variant of a rate constant model for (electronically nonadiabatic) tunneling
electron-transfer reactions [Rips, I.; Jortner,dJ Chim. Phys.-Chim. Biol.
1987, 87, 2090. Hynes, J. TJ. Phys. Cheml986 90, 3701.] to infer that
there is only a very small barrier over and above any effect of solvent
dynamics. While an equation of this general type has been discussed for
(electronically adiabatic) proton-tunneling reactions [Borgis, D.; Hynes, J.
T. Chem. Phys1993 170, 315], in the absence of clear evidence for proton
tunneling, a different approach (cf. ref 9b) could be more appropriate. This
is under study.



Transitions of Pyrenol and Pyranine J. Phys. Chem. A, Vol. 106, No. 10, 2002255

(47) Solntsev, K. M.; Huppert, D.; Tolbert, L. M.; Agmon, N. Am. (50) Hammond, G. S1. Am. Chem. Sod955 77, 334. Pross, AAdv.
Chem. Soc1998 120, 7981. Phys. Org. Cheml1977, 14, 69.

(48) Bronstead, J. NChem. Re. 1928 5, 231. Evans, M. G.; Polanyi, (51) Fujio, M.; Mclver, R. T.; Taft, R. WJ. Am. Chem. Sod 981,
M. Trans. Faraday Socl936 32, 1340. Leffler, J. ESciencel953 117, 103 4017. McMahon, T. B.; Kebarle, B. Am. Chem. So& 977, 99, 2222.
340. (52) Pauling, L.The Nature Of The Chemical Bon@ornell University

(49) In this connection, see also: Pines, E.; Magnes, B.-Z.; Lang, M. Press: Ithaca, NY, 1960. Pross, A.; Radom, L.; Taft, RJWOrg. Chem
L.; Fleming, G. R.Chem. Phys. Letfl997, 281, 413. 198Q 45, 818.



