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Abstract

Electroabsorption (Stark spectroscopy) is used to measure the electronic properigsicixybenzaldehydeHBA) and o-hydroxy-
acetophenoneHAP), two molecules that undergo excited-state intramolecular proton transfer (ESIPT) in a non-interacting organic glass
matrix. We report the change in dipole momemt;i|, and the average change in polarizabilityy, for bothoHBA and oHAP as well
as for a molecular analog @HAP, o-methoxyacetophenoneNIAP), in which proton transfer is blocked by methyl substitution. The
experimental results for the two ESIPT molecules are found to compare well to the results of ab initio calculations. In contrast, the measured
values of|Aji| and A« for these systems compare poorly to the INDO/SCI results. Preparation for ESIPT in the Franck—Condon region
of the potential energy surface sHAP andoHBA is apparent from the calculated atomic charge distributions as an increase of the
intramolecular hydrogen bond strength and a decrease in the aromaticity of the phenyl ring.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction include their use as laser dygs15-17]and as additives to
protect polymers from degradation due to exposure to UV
Excited-state intramolecular proton transfer (ESIPT) has light [2,18,19] Their potential applications in memory stor-
been extensively studied by experimenitat9] and theo- age and optical switching devices has also been explored
retical methodg6,10-14]as it is a prototypical condensed [2,3].
phase reaction. Information regarding the potential energy In electroabsorption spectroscopy, the effect of an exter-
surface of molecules that undergo ESIPT is important to fur- nal electric field on the absorption spectrum of a sample is
ther our understanding of the dynamics of this process. Themeasured20-24] Analysis of this perturbation yields the
reaction Scheme Joccurs via excitation of the ground state  magnitude of the change in dipole momejat,i|, and the
‘normal’ form, N, to N* followed by proton transfer in the  average change in polarizabilitge, between the ground-
excited-statg4,5]. For numerous ESIPT systems studied to and excited-states of the absorbing species. These electronic
date, the initial proton transfer rates are on the order of a properties for the N- N* transition of molecules that un-
few hundred femtoseconds. The tautomer thus forméd, T dergo ESIPT are important as they give information about
emits strongly Stokes-shifted fluorescence, following which the charge distribution in the excited-state prior to proton
a reverse proton transfer occurs from T in the ground statetransfer. This description of the excited-state potential en-
to regenerate N. The four-level nature of ESIPT molecules ergy surface in the Franck—Condon region can be used in
has made them amenable to a variety of applications. Thesdormulating a mechanism for ESIPT and, in particular, to un-
derstand the sensitivity of the process to the properties of the
Abbreviation: ESIPT, excited-state intramolecular proton transfer; molecular environment. More generally, these quantities are
MCH, methyl cyclohexaneoHAP, o-hydroxyacetophenon@HBA, o-hy- also useful as experimental benchmarks for the accuracy of
droxybenzaldehydeyMAP, o-methoxyacetophenone; PE, polyethylene  g|ectronic structure calculations on excited electronic states
* Corresponding author. Tek:1-412-268-1327; fax+1-412-268-6897. . . . .
E-mail address. peteanu@andrew.cmu.edu (L.A. Peteanu). of react|ve_ species. The importance of accura_tely model_mg
1 present address: Department of Biophysics, Vrile Universiteit, Ams- the potential energy landscape of ESIPT reactions was high-
terdam, The Netherlands. lighted in a recent feature article by Scheifid].
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oHAP, was dried by distillation fors2 h over calcium hy-

dride. A micromolar solution of the probe molecule was

prepared withe5 ml of the distillate. A few microliters of

the solution was then injected between the inconel-coated

quartz slides that are separated by a kapton spacer. The

slides were then clamped together with binder clips and im-

Scheme 1. A general schematic for the ESIPT process in this class of mers_ed In _the liquid mtrog_en. Transmission specira were

molecules. INoHBA, R=H and in oHAP, R=CHs. obtained simultaneously with the Stark spectra so that the
same region of the glass is probed for both. The thickness
of the sample was determined from the interference patterns

We have previously used electroabsorption spectroscopyin the near IR (900—2000 nm) using an absorption spec-

to determine the electronic properties of several other trometer (Perkin-Elmehgog). Interference patterns of the

molecules that undergo ESIPT. For 3-hydroxyflavone solvent-glass samples were obtained prior to immersing the

(3HF) [25], 2-(2-hydroxyphenyl)-benzothiazole (HBT) and  sample in liquid nitrogen.

2-(2-hydroxyphenyl)-benzoxazole (HBO|26] we have

found that the dipole moments and polarizabilities of these 2.2 Apparatus

species do not change drastically upon excitation. In fact,

the electroabsorption results for HBT and HBO, verified  1he apparatus and experimental technique for obtaining
by solvent-shift analysis and ab initio calculations, indicate qom-temperature electroabsorption spectra are identical to
that the excited-state is actually less polar and less polar-ingse described in Ref25]. All experiments were per-

izable than the ground staf26]. In the current study we  formed at a spectral resolution of 5 nm. To obtain electroab-
continue this investigation into ESIPT systems by deter- sorption spectra at 77K, a UV-Vis liquid nitrogen immer-
mining the electronic nature of the Franck—-Condon region gion dewar (HS Martin) was used.

in the Nk state (_)f the smallest aromatic molecules that un- 14 change the angle between the externally applied field
dergo this reaction. The current work focuses on two ESIPT 4.4 the polarization direction of the light from 9@ 54.7

moleculesp-hydroxybenzaldehyd@tiBA) ando-hydroxy- the sample is rotated around an axis perpendicular to the

acetophenone otlAP), shown in Scheme 1 that have  incoming light beam. In order for this angle to be effectively
been the subject of numerous theoretical investigations 4 54.7, which is the magic angle (se®ection 2.3, the
[6,10,12,13,27-39] We have previously studied®HAP external angle between the sample and the incoming light
in polyethylene (PE) at 298 H40] and here we extend  pheam was set at 46at 77K to correct for the refractive
this investigation tHBA and to o-methoxyacetophenone  ,qex change between liquid nitrogen and the MCH glass.
(oMAP). oMAP is structurally similar tamHAP, except that In all cases, spectra obtained at the magic angle (bhave

it cannot undergo ESIPT due to the substitution of the in- peen corrected for the refractive index changes mentioned
tramolecularly bonded hydrogen atom by a methyl group. In gpqve.

this study, the electronic properties@fAP andoMAP, the

non-proton transfer analogue @flAP, will be compared in 23 Electronic structure calculations

order to discern the effects of both an intramolecular hydro-

gen bond and the presence of the nearbysfate which is Ab initio direct self-consistent field (SCF) calculations

expected to be strongly coupled to the initial photo-excited were performed using the Gaussian 98 packdd# while

N* state. Electronic structure calculations at the ab initio semi-empirical INDO/SCI (single-excitation configuration

(HF/6-31G) and semi-empirical (INDO/SCI) levels are interactions) SCF calculations were performed with the

presented for comparison to experimental results. In addi- quantum-chemical electronic structure program Argigs.

tion, we determine the difference in electronic charge on Molecular geometries ddMAP and the normal, enol forms

each atom in the ESIPT molecules between the ground- andof oHAP andoHBA, were optimized using Hartree—Fock

excited-states, from ab initio calculations, to generate the (HF) theory and the 6-31G basis set. The HF/6-31G

electronic charge distribution in the Franck—Condon region. gptimization yielded geometries for botiiBA and oHAP

Results obtained in polymer matrices will be presented in a in which all the heavy atoms lie in the same plane while, in

future publication. oMAP, the methoxy oxygen is the only heavy atom that lies
in the plane of the phenyl ring. The calculated hydrogen
bond lengths are 1.883 and 1.799 A fBA and oHAP,

2. Materials and methods respectively.
Ground state properties were determined from SCF calcu-
2.1. Sample preparation lations using HF/6-31Gand INDO/SCI. The excited-state

was modeled using single-excitation ClI in both 6-31dBd
Methyl cyclohexane (MCH), chosen because it is non- INDO/SCI methods. Ground- and excited-state polarizabil-
polar and does not disrupt the hydrogen bondHtBA and ities (o) were obtained from finite field (FF) calculations,
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Table 1
Comparison of calculated and measured propertiesHBA, oHAP, andoMAP?

|f - Al [ AjL fBa-f [ Ao f

Experimental 6-31G INDO/SCI Experimental 6-316 INDO/SCI
OHBA 22+0.1 2.04 3.88 4.6 0.6 2.67 9.9
oHAP 21+0.1 1.92 3.23 4.4 0.7 2.78 9.4
oMAP 26+ 04 1.19 1.25 8.4t 1.6 3.54 3.55

aDipole moments are in D and polarizabilities if AGas-phase calculated values afi| and A« are scaled by the reaction field in methylcyclohexane
glass as well as by the cavity field factdy,for an ellipsoidal cavity (see text).

in which a field of 0.001a.ua¢ 5 x 10°V/cm) is applied
independently in the, y and z directions, in order to de-
termine the diagonal elements of the tenaer. The values

of Au represent the vectorial difference of the ground- and

excited-state dipole moments, wherein information about
both the magnitude and sign of the change in dipole mo-

ment is contained. The calculated value/gk for all three
molecules is positiveTable ). The change in dipole mo-
ment in the direction of the transition momemt,- A,

has also been determined and compared to the experimental

results.

2.4. Analysis of electroabsorption spectra

The electroabsorption spectrum, corresponding to the
change in the absorption spectrum due to the application

of an external electric field, according to the formalism
of Liptay is fit to the weighted sum of zeroth, first, and

second-derivatives of the unperturbed (field-free) absorption ¢, = 5/Au|? + |Au[?[(3cog & — 1)(3cog x — 1)]

spectrum, as proposed by Liptay and co-work@&-23]
and Bublitz and Boxef24]. The relative contributions of

ing expressions:
o =LZ[10A2
T 8m P =
+ (3AiiAjj + 34jjAji — 2AF)(3coS x — 1)]

1

+ (3m; Bjij + 3m; Bjji — 2m; Bijj)(3cog x — 1] (2)

1
by = WZ[lOmiAijAuj + Gm;AjiAp;
ij

+3m; Ajj A — 2m; AijAp ) (3co€ x — 1)]
15 3 _

+ EAa + E[Aam — Aa](3cog x — 1) 3)

4

Here,£ is the angle betweenqy, andm, the transition mo-

these functions to the overall lineshape are functions of ment vector. InEq. (3) Aa,, (Which is7i - Aa - 1) corre-

the angle,x, between the applied AC electric field vector
and the electric field vector of the polarized light, and are
designated, , b, andc,, respectively:

2V2 Al
“In10) 1

- -5 ~ a (A®D)
=AA®W) = F§g |ayA(W) + PH >
N ey [ 8% [A®D)
30n2 | 002\ ©
Experimentally, the change in transmitted light intensity,

Al, due to the application of an electric field, is measured
and normalized by the total light intensity, reaching the

byd
15

1)

detector. The absorbance of the sample is expressed in

Eg. (1)as A(v) and is a function of the wavenumber,
Fest is the effective field at the site of the solute molecule

sponds to the magnitude of the change in polarizability in
the direction of the transition moment. In each case, if the
experiment is performed at the magic anglte= 54.7°) the
expressions are simplified becau@xcog x — 1) is equal

to zero. These equations are pertinent to the case where the
molecules are in a frozen isotropic orientation, as is the case
in the studies presented here.

In this work we quoteAa which represents the av-
erage change in electronic polarizability between the
ground- and excited-state (i.Aa %Tr(&)). The ten-
sors A and B represent the transition polarizability and
hyper-polarizability, respectively. These describe the effect
of ﬁeﬁ on the molecular transition moment:

”'_i(ﬁeff) =m+ Aﬁeff + ﬁeﬁgﬁeﬁ

Generally, this term can be neglected for strongly allowed
transitions. Moreover, for a smglh\zz|, such as those mea-

and it includes an enhancement to the applied electric sured for the molecules studied here (&=tion 3, the

field that is due to the cavity field fact¢21l]. The coeffi-
cients of the derivativesa,, b, andc, are related to the
molecular parameters of interest as shown in the follow-

cross terms involving the elements of the tendocan be
neglected compared to the other terms in the expression for
A« (Eqg. (3).
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Information regardingA i| for the molecule is contained

inthec, term Eq. (4). Itis important to emphasize that, for

applied electric field by the medium must be accounted
for with the appropriate cavity fielf20—22] In addition,

an isotropic sample such as those studied in this work, only the enhancement oAy and A« that arises due to po-

the magnitude and not the sign afu is measured. For a
more detailed discussion of these effects, see R2fs24]

The experiment is normally performed at two angjess
54.7° (magic angle) angy = 90°. The utility of measure-
ments at these two angles in that,yat 54.7° and 90 the
coefficientsc, are reduced to:

547 = 5|Aji? 5)
coo = 5|AjL% — [Aji*(Bcog s — 1) (6)

Similarly, at x = 54.7° and 90, respectively, the coeffi-
cientsb, are reduced to:

10 15
bsa7 = lej:miAijA,U«j + 5 A (7
3
bgo = WZ[‘W"AU Apj —miAjiApj —miAjAp]
iJj
15 3
+ ?Aa + E[Aa — Aoy (8)

larization of the medium, or the reaction field, must also
be included. The values oAp and Aa, obtained from
gas-phase calculations, have therefore been scaled by reac-
tion and cavity field factor§21] in order to permit a direct
comparison with condensed phase experimental results. To
apply these corrections, it is necessary to accurately model
the cavity in which the molecule resides. The cavity and
reaction field corrections for a spherical cavity formulated
by Onsagei43] were modified for an ellipsoid, so as to
better mimic the actual shape of the molecules studied here
[44]. The molecular cavities used have the following di-
mensions for the semi-axes of the ellipsaig: = 4.05 A,
ay = 3.95A, anda, = 1.2A for oHBA, a, = 457A,
ay = 4.03A, anda, = 2.08 A for o0HAP anda, = 4.85A,
ay = 4.33A, anda, = 2.6 A for oMAP. The lengths of
the semi-axes are the actual molecular dimensions as ob-
tained from HF/6-31G" optimized structures, augmented
by 1.2 A, estimated as the van der Waals radius of hydrogen
[45].

A detailed explanation of the determination of the shape
factors and its application in determining the cavity field is

As noted earlier, the terms containing the transition moment reported in Ref[26]. As the dipole moment of the molecules
polarizability tensorA, can be neglected in the expressions e in the XY plane, we have multiplied theandy compo-

for bgg and bss7 (Egs. (7) and (8) as they are expected

nents of calculated gas-phase valuegaf by the field fac-

to be small in comparison to the other terms. Hence the iqs in thex andy directions f, andf,, respectively, while

expressions fobgg andbs, 7 are reduced to the form:

15
bsg7 &~ ?Afx )

5 3
bgo ~ ?Aa + E[Aa — Aoy (20)

the gas-phase values 6x were multiplied by the average

of the sum of squares &f andf,. We have applied reaction
field corrections in a similar manner. The dielectric constants
and refractive indices that have been used for this scaling
have been reported in R4l6]. The room-temperature pa-
rameters of the static dielectric constasy, and refractive

rection of the transition moment is then:
12bs47 — 10bgo

as it is relatively non-polar.

3.1. Electroabsorption data

Aoy, = 15 (11)
and the change in dipole moment along the transition mo- 3. Results
ment is:
- 6c54.7 — Scgo
AR =, 12
Im - ALl 15 (12)

The electroabsorption spectraaiiBA, oHAP andoMAP
in MCH at 77 K obtained withy set at 54.7 and at 90 are

The coefficientsa, , b, andc,, are extracted by means of a at _
linear least-squares fit of the electroabsorption signal to the Shown inFigs. 1-3In all cases, the electroabsorption spec-
sum of derivatives of the absorption spectrum, using a pro- tra have been fit to derivatives of the experimental absorption
gram written in MATLAB (Mathworks). The details of the ~ sPectra Eg. (1). Deviations between the electroabsorption
procedure we use to fit the electroabsorption spectrum to theSPectra (solid lines) and these fits (dashed lines) indicate

derivatives of the absorption spectrum have been previouslythat the field response is not uniform across the absorption
described in Ref[25]. band[24,47] In such cases, the electroabsorption signal is

presumably a composite of the field response arising from
more than one electronic transition or from conformers of
the molecule having differing electronic properties. Small
deviations of this type occur for all three molecules, primar-
In order to compare the measured and calculated val-ily to the high-energy side of the spectra where there may be
ues of Au and Aw, the degree of amplification of the interference with the higher-lying absorption transition. The

2.5. Comparison of gas-phase calculations to
condensed phase measurements
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Fig. 1. (a) Absorption obHBA in MCH glass. The dashed line shows the entire absorption spectrum and the solid line denotes the region used for the
fit to the electroabsorption spectrum. (b) Electroabsorption (bold solid line) and fit (bold dashed loi¢BAfin MCH glass aty = 54.7°. Also shown

are the individual components of the fit, which are the zeroth (dash), first (dot) and second (dash—dot) derivatives of the absorption spect(ajn. Panels
and (d) contain the analogous data obtaineg at 90°.

lineshapes of the electroabsorption signals will be discussedenvironment. Overall, there is reasonable agreement be-

below in greater detail. tween the experimental values pkji| and ab initio cal-
Our determinations of the molecular paramet&s,and culations for all three molecules. However, in the case of

|Afi| are listed inTable 1 In all cases, the reportefia’s oHBA andoHAP, results from INDO/SCI calculations are a

are those obtained directly from the fitting coefficidg} 7 factor of two larger than experiment. In contrast, agreement

(Eq. (3). Each value reported represents the average of be-between ab initio and INDO/SCI calculations is quite good

tween 3 and 5 independent experimental determinations. for the non-proton transfer moleculeMAP, though both
Table lalso contains the corresponding values/gf results are somewhat smaller than the experimental values.

and Aa calculated from both ab initio (HF/6-3%¢ and The fits to the electroabsorption spectra obtained with the

semi-empirical (INDO/SCI) methods. The gas-phase valuesangle between the electric field vector of the light beam

have been scaled by the cavity and reaction fields that wouldand the applied electric fielg;, set at 90, yield values for

be experienced by the probe molecule in the solvent—glassthe change in static electronic polarizability in the direction
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Fig. 2. (a) Absorption obHAP in MCH glass. The dashed line shows the entire absorption spectrum and the solid line denotes the region used for the
fit to the electroabsorption spectrum. (b) Electroabsorption (bold solid line) and fit (bold dashed lotéABfin MCH glass aty = 54.7°. Also shown

are the individual components of the fit, which are the zeroth (dash), first (dot) and second (dash—dot) derivatives of the absorption spect(ajn. Panels
and (d) contain the analogous data obtaineg at 90°.

of the transition momentAc,,, and the angle between the Table 2 o
change in dipole moment and the transition MOMEMA i Experimental and calculated properties in MCH ¢lass

(Egs. (11) and (13) The corresponding data and fits are lrit - Aji|(©) Aoy

shown inFigs. 1—3aqd the v_qlues are repor.tedTabIe 2 6-31G Experimental Experimental
In order to obtain additional information about the oA 1576 (18) 18204 @) 4

anlsotrppy in the change in electrgnlc chargg dIStI’IputIO.n HAP 1657 (18) 18+ 02 (31) 6.0% 2

on excitation, the average change in electronic polarizabil- j\ap 0.576 (24) 2.4+ 0.5 (20) 294 5

ity, A (Table ) may be compared taa,, (Table 3. We - —— . - —

find that Aa,, is equal to 2« for oOMAP, indicating that Values of s - Aji| are reported in D and\a, (i - A - i) in AZ.

the maior component of the chande in polarizability occurs The angle between the transition moment and difference dipole moment
/ P gemnp 1zability u (9) is reported in parentheses. The experimental valug @ported here

in the direction of the transition moment. In contrast, for s obtained from the mean valué - Afi| and|Aji|, wheresi corresponds
oHAP andoHBA, A«,, is significantly less than 8«, in- to a unit vector in the direction of the transition moment.
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Fig. 3. (a) Absorption 0bMAP in MCH glass. The dashed line shows the entire absorption spectrum and the solid line denotes the region used for the
fit to the electroabsorption spectrum. (b) Electroabsorption (bold solid line) and fit (bold dashed lodMABfin MCH glass aty = 54.7°. Also shown

are the individual components of the fit, which are the zeroth (dash), first (dot) and second (dash—dot) derivatives of the absorption spect(ajn. Panels
and (d) contain the analogous data obtaineg at 90°.

dicating that the change in polarizability on excitation is for each atom in all three molecules because it better
not primarily along the direction of the transition moment. describes the properties of the* Nstate in the ESIPT

Nonetheless, it is likely to lie in the molecular plane as ab molecules than does INDO/SCI judging by comparison to
initio calculations indicate thahc«,,, which is the compo-  our experimental results. The change in charge distribu-
nent of Aa in the direction perpendicular to the plane of tion on each atom allows us to determine two quantities

the molecule, is negligible. relevant to the ESIPT mechanism (s€eheme L The
first is the relative extent of electron de-localization on

3.2. Ab initio Mulliken charge analysis of the optical each atom. This provides a measure of the aromaticity

transition present in the phenyl rings. The second is that it identi-

fies the region of the molecule in which the charge re-
The ab initio method was used to determine the changedistribution that accompanies the N> N* excitation is
in atomic charge between the excited and ground statelocalized.
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+0.013

Alcohol Moeity

+0.006 -0.021
Aldehyde Moeity Fig. 6. Pictorial representation of the changes in the partial charges on
each of the atoms o0bMAP following optical excitation. The circle
Fig. 4. Pictorial representation of the changes in the partial charges on highlights the methoxy region of the molecule and the rectangle highlights

each of the atoms 0bHBA following optical excitation(N — N*). the aldehyde region. The bold arrow represents the direction of the net
The circle highlights the proton-donor region of the molecule and the change in dipole moment on excitation.

rectangle highlights the proton-acceptor region. The bold arrow represents
the direction of the net change in dipole moment on excitation.

ing substituents that tend to decrease the aromaticity of the
phenyl ring. However, on excitation, the amount of charge
on the phenyl carbon atoms C2-C5 6hiIBA and oHAP
alternately increases and decreases by roughly a factor of
two more than does the charge on the corresponding atoms
of oMAP (seeFigs. 4—§. This alternating increase and de-

An examination of the ground state charge distribution
(data not shown) indicates that, in all three molecules, the
electronic charge is not equally distributed over C1 through
C6 due to the presence of electron-withdrawing or donat-

crease in electronegativity of C1-C6 in the ESIPT molecules
is indicative of a loss in aromaticity in these systems that is
' Alcohol Moeity greater than that evident oMAP. This effect and its impli-
cations for the ESIPT process will be discussed in greater
detail below.

Considering changes in electron density in the region of
the molecule where ESIPT occurs, atoms C7 and O2 in the
aldehyde proton-acceptor moiety oflAP andoHBA ex-
hibit an increase in electron density in the excited-state that
is a factor of~2 greater than that seen in the corresponding
atoms ofoMAP (Figs. 4—-§. Concomitantly, the donor atom
O1 becomes somewhat more electropositive in the ESIPT
molecules than iWMAP. These changes in electron density
would be expected to favor proton transfer from O1 to O2.
It is interesting to note that the favorability for proton trans-
fer is already reflected in the degree of charge separation
in the Franck—Condon region of the Idtate in the ESIPT
molecules.

Aldehyde Moeity

) o ) ) ] 4. Discussion
Fig. 5. Pictorial representation of the changes in the partial charges on

each of the atoms obHAP following optical excitation(N — N¥). H ill di th Its f . tal
The circle highlights the proton-donor region of the molecule and the ere, we will discuss the results from experimental mea-

rectangle highlights the proton-acceptor region. The bold arrow represents SUrements and electronic structure calculations of the elec-
the direction of the net change in dipole moment on excitation. tronic properties obHBA, oHAP andoMAP.
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Both oMAP and the proton transfer moleculestiBA properties between various vibronic levels in the absorption
andoHAP exhibit a moderate increase in polarity on exci- manifold in HBT and HBO[26]. Such resolution of the
tation that is reflected in the values fokzi| of ~1.5-2D. absorption band is not present in eitt@iBA or oMAP
Because ESIPT is mediated primarily by a strengthening at 77 K. This may reflect a higher degree of mixing of
of the intramolecular hydrogen borjd,5,10] most of the the n-r* and m—=* states in these other molecules versus
change in charge distribution that occurs on excitation oHAP. Likewise, if multiple conformers of these molecules
would be expected to be confined to this small region of the are present, this may also diminish the spectral resolution.
molecule. This is consistent with the results of calculations. Comparing the electroabsorption lineshapeoBfAP in
In fact, Figs. 4 and Sshow that the change in dipole mo- MCH glass to that previously published using room-temper-
ment occurs primarily due to charge separation between theature PE as a matrix, we find that the temperature and
aldehyde moiety (C7-O2-H7 ioHBA and C7-02-C8H3 in properties of the matrix has a noticeable effect on the ap-
oHAP) and the OH group moiety in the ESIPT molecules. pearance of the electroabsorption spectrum. Specifically, the
Therefore, charge separation over 1.5-2 A on the order of electroabsorption spectrum in room-temperature PE (Fig. 2
0.15-0.20 € that occurs between the alcohol and aldehyde of Ref. [40]) contained a substantial contribution from the
moieties, is consistent with the change in dipole moment zeroth derivative &,, Eq. (2) of the absorption spectrum
on the order of 1-2D that is measured experimentally. In when compared to that in MCH glass. Likewise, the con-
the non-ESIPT moleculeMAP, the direction of the overall  tribution of the first derivativeld,, Eq. (3) is larger in the
change in dipole moment points instead between the phenylspectrum taken from the PE sample than that shown here.
ring and the methoxy groug-{g. 6). We have previously showf#6,48] that the electroabsorp-

In molecules that undergo ESIPT, the strengthening tion spectra of molecules in flexible matrices that are above
of the intramolecular hydrogen bond that occurs in the their glass-transition temperature, such as PE at 298 K, will
excited-state is accompanied by a loss in aromaticity in the exhibit enhanced first- and second-derivative contributions

phenyl ring Scheme L If the extent of aromaticity can
indeed be correlated to the value &&, then there is some
evidence for this effect in that the change in polarizability
of oHAP is somewhat smaller than that of its non-proton
transfer analogueMAP (Table J). Therefore, the decrease
in aromaticity that is predicted to result from proton trans-
fer (Scheme L may also be manifested to some degree in

that arise due to re-orientation of the molecule in the ap-
plied field. Such re-orientation is eliminated in MCH at
77 K. A preliminary model for this effect was published in
Refs.[46,48]and a more detailed examination is in progress.
While in Refs.[46,48] we found dramatic effects on the
electronic properties derived from electroabsorption due to
re-orientation, this did not turn out to be the cas®iAP

the Franck—Condon region. This hypothesis is suggested[40].

by the atomic charge distribution analysis (s&ection 3.
However, we note that the value @« predicted by ab
initio calculations is not significantly larger f@MAP as
compared t@HAP. The somewhat greater difference in the
experimental values oho may therefore, be an indication

4.2. Comparison to calculations

We have used both ab initio and semi-empirical methods
to determine the electronic properties of all three probes and

that there is actually a comparatively greater degree of elec-compared them to the experimentally determined proper-
tron localization in the ESIPT systems in the condensed ties. Overall, we find good agreement between experiment
phase than is predicted from the calculated gas-phase chargand ab initio results for the ESIPT molecules. As in pre-
distribution analysis. vious studies, we find that INDO/SCI calculations do not
accurately describe the electronic properties of the reactive
excited-state that undergoes proton tran$f&,26] This
may be seen in the fact that boMu and A« calculated us-

An interesting feature of the electroabsorption signal of ing INDO/SCI are consistently larger than ab initio results,
OHAP in the low-temperature MCH matrix is the presence though the corresponding ground state properties are sim-
of obvious vibronic progression in which the peaks are sep- ilar (data not shown). We have likewise found that INDO
arated by~1100cnt?! (Fig. 2). This mode corresponds to  calculations on other ESIPT molecules such as 3HF show
the 1326 cm® stretch of the substituted benzene ring seen good agreement with experiment only for those higher-lying
in the resonance Raman spectr{@h The substantial drop  electronic states in which proton transfer does not occur. We
in frequency of this mode in the excited-state relative to therefore, conjecture that the INDO methodology is unable
the ground state is indicative that there is a significant de- to accurately calculate the properties of thé $tate due
crease in the stiffness of the bonds associated with the ringto the empirical parameterization used in the calculation
stretching mode. The fact that the fit to this highly struc- procedure.
tured electroabsorption lineshape is quite good indicates Itis interesting to note that INDO/SCI and ab initio meth-
that the electronic properties are quite similar for the dif- ods predict similar properties for the non-proton transfer
ferent vibronic states in N In contrast, we have previously = molecule oMAP. This too demonstrates that, for non-ESIPT
found that there is evidence for variation in the electronic systems, the two methods are in good agreement. However,

4.1. Lineshape of the electroabsoption signal
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the agreement between the calculated and measured prop-[6] J. Catalan, J.C.D. Valle, C. Diaz, J. Palomar, J.L.G. de Paz, M. Kasha,
erties ofoMAP in methylcyclohexane glass is not as good Solvatochromism of fluorophores with an intramolecular hydrogen
as was seen for the ESIPT molecules. We hypothesize that bond and their use as probes in biomolecular cavity sites, Int. J.

. . . Quantum Chem. 72 (1999) 421-438.
the discrepency arises due to the presence of multiple con- [7] C. Chudoba, E. Riedle, M. Pfeiffer, T. Elsaesser, Vibrational coher-

formers ofoMAP in the sample and/or the possibility that ence in ultrafast excited state proton transfer, Chem. Phys. Lett. 263
the conformer that is favored in the gas-phase optimization (1996) 622-628.

is not that found in the glass. Calculations/fi as a func- [8] K. Tokumura, O. Oyama, H. Mukaihata, M. Itoh, Rotational isomeri-
tion of twist ang|e of the methyl group (CQ(HQDW Fig 6) zation of phototautomer produced in the excited-state proton transfer

. . . of 2,2-bipyridin-3-ol, J. Phys. Chem. A 101 (1997) 1419-1421.
0
show that its value increases by20% as the twist angle [9] LA. Peteanu, R.A. Mathies, Resonance Raman intensity analysis of

increases from 37°4(optimized value) to 110bringing ex- the excited-state proton transfer in 2-hydroxyacetophenone, J. Phys.
periment and calculation into better agreement. It is likely Chem. 96 (1992) 6910-6916.
that the geometry adMAP would be more sensitive to en- [10] S. Scheiner, Theoretical studies of excited-state proton transfers in
vironmental perturbations than that of the ESIPT molecules ___ Small model systems, J. Phys. Chem. A 104 (2000) 5898-5909.
because. in the latter. the favored geometr is stabilized b [11] SI Nagaoka_, U. Nagashima, Intramolecular proton transfer in var-
v ! . y Yy ious electronic states af-hydroxybenzaldehyde, Chem. Phys. 136
the formation of a strong intramolecular hydrogen bond. (1989) 153-163.
[12] J.J. i Timoneda, J.T. Hynes, Nonequilibrium free energy surfaces
for hydrogen-bonded proton-transfer complexes in solution, J. Phys.
5. Conclusions Chem. 95 (1991) 10431-10442.
[13] J. Catalan, C. Diaz, Induction of triplet-state emission of the transient
proton-transfer keto form of methyl salicylate by heavy-atom pertur-

The proton transfer molecules studied here exhibit small bation, J. Phys. Chem. A 102 (1998) 323.
values for the change in polarizability (0 A%) and in dipole [14] J. Catalan, J. Palomar, J.L.G. de Paz, Intramolecular proton or hydro-
moment &1-2 D) on excitation that are predicted accurately gen-atom transfer in the ground and excited states of 2-hydroxy-

by ab initio calculations. Using ab initio methods the over- benzoyl compounds, J. Phys. Chem. A 101 (1997) 7914-7921.
[15] P. Chou, D. McMorrow, T.J. Aartsma, M. Kasha, The proton-transfer

all change In atomic charge distribution was found to be laser. Gain spectrum and amplification of spontaneous emission of
confined to the proton-donor and proton-acceptor groups.  3-hydroxyflavone, J. Phys. Chem. 88 (1984) 4596—-4599.
Furthermore, the weakening of the intramolecular hydrogen [16] P. Chou, T.J. Aartsma, The proton-transfer laser. Dual wavelength
bond and decrease in aromaticity that are characteristic of ~ lasing action in binary dye mixtures involving 3-hydroxyflavone, J.

the ESIPT process were discerned from the computational Phys. Chem. 90 (1986) 721-723. .
results [17] D.A. Parthenopoulos, D. McMorrow, M. Kasha, Comparative study

of stimulated proton-transfer luminescence of three chromones, J.
Phys. Chem. 95 (1991) 2668—2674.
[18] H.J. Heller, H.R. Blattmann, Stabilization of polymers against light,
Acknowledgements Pure Appl. Chem. 36 (1973) 141-161.
[19] R.M. Tarkka, S.A. Jenekhe, Effects of electronic delocalization on

. . intramolecular proton transfer, Chem. Phys. Lett. 260 (1996) 533—
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