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Using Stark effect (electroabsorption) spectroscopy to saligrans+etinal (ATR) in a variety of polymer

matrices and organic glasses, we have found that the average change in polarizability upon exAtgtion (
that we measure is highly dependent on the rigidity of the matrix used. In rigid polymer and organic glass

matrices, the measured values/ad are in the range of 2650 A3 and those calculated using semiempirical

methods are in the range of 685 A3, In contrast,Ao’s that are up to an order of magnitude higher are
measured when the ATR is entrained in nonrigid polymer matrices such as those that are above their glass-

transition temperature, or those containing trapped solvent. We have postulated that large vatuesayf

be the result of field-induced orientation of ATR within polymer matrices that are not fully rigid.|&Ahe

of ATR ranges from roughly 3 to 11 D, depending on the polarity and the rigidity of the environment. In
addition, vibrational structure is apparent in the electroabsorption spectra of ATR in methylcyclohexane and
methyltetrahydrofuran glasses at 77 K that is assigned to a progression of=tbesitetch.

Introduction

Retinal is a common photopigment in nature (Figure 1) found D T o0

in the proteins rhodopsin and bacteriorhodopsin (BfR)trans
retinal, which is the focus of this study, is found in bR where
it is linked to the protein via a protonated Schiff basa. Figure 1. Structure ofall-transretinal.
problem of recurring interest in the study of these protein o
systems is the origin of the opsin sHiffhis is the absorption been measured by Stark-effect spectrosédpy (AaS‘a”j
shift that occurs between retinals in solution and those bound compared to those predicted via semiempirical ca_k:ulaﬂ@h%.
to the protein and between various color-sensitive visual The quantity that is calculated is the electromie. of the
pigments. There are a number of interactions that are consideredy,gjecule. which we designate a0°. In retinals. values of
to be important |n_br|ng_|ng abou_t the opsin _sﬁﬁthese |nclude_ ASEin the range of 3081500 A have been measured by
extension ofr conjugation of retinal due to increased planarity | b h 15 whil lculated val
in the protein cavity and interactions of the retinal with charged electroabsorption spectroscoﬁy, whiie calcu gtg vaiues are

; . ) : ; - between 50 and 1003%3.16 A discrepancy of similar size was
and/or polarizable amino acid residues or other counterions in .

noted in the case of several don@cceptor (D-A) poly-

the protein cavity. Both experiments and calculations have enesi®18.19]n contrast, quite good agreement is seen between

suggested that the latter mechanism could contribute substan- — .
tially to the magnitude of the opsin shiftEvaluating the the measured and calculated values /& in short-chain

. . . . . i1 i ,20,21T hi
contribution of these interactions requires data on the changeg?onPolar (unsubstituted) diphenylpolyeri&$®2°2This marked
in dipole moment,|Ax|, and in polarizabili Ao, of the difference in the results for polar and nonpolar systems
. P o ,” ’ P y,ae, o suggested the possibility that field-induced orientation of the
retinal upon excitation. Because both th&u| and Aa. of  ATR and/or of the polar groups of the matrices may make a
retinal are sensitive to the polarity and polarizability of its . o ——Stark .

. X . - substantial contribution to the value &fo™*". This would
environment, comparing the values measured in matrices of ) . — ) o
varying polarity to those obtained in the protein itself would re_perlesent arorientational Aa that, along wnh_tt;grklntnngc
give insight into the dielectric properties of the protein cavity. Ao of the molecule, contributes to the value/™""that is
This approach has been employed to probe the local fields of measured here. This model suggests that, when the orientational
proteins and membrane structures using naturally-occuring contribution is minimal Aa®®* may be identified withAo®,
carotenoids and synthetic voltage-sensitive dyés. resulting in a greatly improved agreement between measured

The retinals and bR have also received considerable attentionand calculated values oAo. We define the relationship
in the realm of nonlinear optics due to their relatively large petweenAo®** and Aa® more explicitly in the Experimental
hyperpolarizabilities £).”~°® While the value off is linked to Section and in the Appendix to this paper.

Au by the well-known two-state approximatidhAa has also The results obtained in this work have led us to explore the
been predicted to contribute substantially to both the value of yoje played by the matrix itself in the measurementaf via
f and its variation with solvent polarity.*2 electroabsorption. A common method of performing Stark

The motivation for this study is to address the discrepancy spectroscopy involves using an isotropic distribution of probe
found in retinals between the large values/&d that have molecules in a rigid polymer matfi%!4222%r in an organic or
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aqueous glas¥:>4?> The assumption of rigidity plays an was 0.3-0.8, and in the PE films it was-0.1. We saw no
important role in the analysis of the data. In order to obtain additional peaks in the absorption spectra of any of the samples
Aa® from an electroabsorption spectrum, one must assumeWhich would indicate aggregation of the ATR molecules. To
that there is no field-induced alignment of the molecules of obtain an accurate measure of the film thickness, an interference
interest or of the matrix itself. However, the evidence we present pattern of fringes was measured in the 9@500 nm range
below and in ref 26 suggests that there can be residual mobility using a UV-vis—near-IR absorption spectrometer (Perkin-
of a dopant molecule even within a polymer that is below its Elmer Lambda 900) as described previousI¥his interference
glass transition temperatur@y. Such mobility may be linked =~ method gave a standard deviation in the thickness of 16
to the decay in the bulk value of the nonlinear optical #m depending on the uniformity of the polymer film. Since
hyperpolarizability that has been observed due to loss of this was the major source of error in our measurements on the
alignment of the chromophores in poled polym&ts. polymer films, an average weighted by the standard deviation
In this paper, we investigate the rodlike substituted polyene, of the thickness was used to determie>** and |Au| and
ATR, which has a ground-state dipole moment between 3 and the standard deviation in these parametgiihe measurements
5.5 D21.28-31|n ref 26 we used coumarin 153 (C153) which is were repeated a minimum of three times on different sample
a disk-shaped molecule with a ground-state dipole moment of preparations. To perform measurements at low temperature on
6.5 D*233 as our probe molecule. Both studies show that only the PE films, the sample was placed in contact with a coldfinger
organic glasses and some polymer glasses at temperatures welhich in turn was in contact with a liquid nitrogen @N
below their respectiv@y’s provide a rigid enough matrix upon  reservoir within an optical vacuum dewar (Janis model SD138).
which to perform accurate electroabsorption measureménts. Temperatures of the sample routinely reach-1800 K with

In such matrices, we obtain values ab>** for ATR and this system.

other probe¥ that are in good agreement with the results of ~ The organic glasses were prepared with a roughly 0.05 M
finite-field3435 calculations. Interestingly, the values AeSe solution of ATR in pure dried solvents The final absorbance of
that we report here for ATR in the rigid polymer matrices50 _the samples were 0-2.8. As before, no new features appeared
A3) and optical glasses-20 A% are similar to those measured N the absorption spectrum of ATR at low temperature versus

by Ponder and Mathies (20 A?) for the ATR protonated room temperature solution. This confirms that the ATR did not

Schiff base (PSB) in the protein bR contained in vesicles in a 299regate in the glasses. The solution was placed into a well
matrix of poly(vinyl alcohol) at 77 K6 A comparison with our  créated with Kapton tape~25 «M thick) applied to an ITO-

results suggests that ATR-PSB is contained in a fairly rigid coated glass slide. Another ITO-coated slide was pressed onto
cavity within the protein. the first (with the coated sides of the glass facing each other)

A useful consequence of the derivative nature of Stark-effect 2nd held together with spring clips. The entire sample cell was
spectroscopy is that the vibrational structure within a molecular hen immersed in a LiNoptical dewar (H. S. Martin). The
absorption spectrum is highlighted. This has the remarkable thickness of the cells were determined by the interference pattern
effect of revealing the vibrational structure underlying the described above. _ _ _
absorption spectrum of ATR, which is nearly structureless even El€ctroabsorption spectra were obtained with a home-built
at 1.8 K in an EPA (ethyl ether:isopentane:ethanol 5:5:2, viv) SPectrometer which has been described previotistyessence,
matrix3” This structure is assigned to a progression of the C it consists of a 150 W xenon arc lamp, 0.3 M single mono-
C stretch and is similar to that seen by El-Sayed and co-workerschromator, horizontal polarizer, and photodiode detector which

in hole burning studies of bfé is connected to a lock-in amplifier. A high-voltage ac power

supply is used to deliver-10° V/cm to the sample via the
Experimental Section optically transparent ITO electrodes at a frequency~@b0

. Hz. The power supply also provides the reference frequency
Sample Preparation. ATR, poly(methyl methacrylate)  for phase-sensitive light detection in the lock-in amplifier.

(PMMA), poly(vinyl chloride) (PVC), and dichloroethane  Theory of Electroabsorption and Data Fitting. The theory
(Aldrich) were used without further purification. Polystyrene panind electroabsorption was developed by Lifftagnd is
(PS) was a gift from Dr. Matyjaszewski and was used as symmarized here with some slight changes in formalism. The
received. 2-Methyltetrahydrofuran (MeTHF, Acros) and meth-  gyeral| change in transmitted light intensity caused by the

ylcyclohexane (MCH, Aldrich) were used immediately after gppjication of an electric field is described by the following
refluxing under Ar atmosphere over Cafor at least an hour g atiorit

to remove water. All samples were prepared and handled under

dim red light. 2v2\Al v 9 [A®)
Polymer films of PMMA, PS, and PVC were made by —(— = = AA(v) = F’laA@) + b~ —

oW _ _ma 2.303 1| “h v

dissolving ATR and the desired polymer together in dichloro- )

ethane, pouring the mixture into an aluminum dish, and 23_(A(v)) (1)
evaporating the solvent. Films were then either glued between 2 avi\ v

ITO (indium tin oxide)-coated slides with a viscous solution of

PMMA in dichloroethane and left to dry for 24%8 or clamped The Al/l term is a measure of the intensity change as a result
between the slides and heated in a 260oven for 5 min and of the applied field normalized to the total light intensity
then used immediately. Heating did not alter the absorbancereaching the detector. Bothl and| were measured simulta-
maximum of the ATR in the films, indicating that there was no neously by the lockin-amplifier, using the lockesil} and total
substantial thermal isomerization or degradation of the ATR. voltage () channels. The factor of\22 is needed to convert
PE films were prepared by swelling the films in a chloroform from rms voltage (read in by the lockin amplifier) to an
solution containing ATR at a millimolar concentration. After equivalent dc voltage, and the factor of 2.303 is derived from
at least 30 min, the films were removed, allowed to air-dry, Beer’'s law. TheA(v) represents the unperturbed absorption as
and heated between ITO slides as described above. In the casa function of frequencyk represents the field at the sample in
films (PMMA, PS, and PVC) the final absorbance of the sample V/cm, andh is Planck’s constant. The subscriptrepresents
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the angle between the direction of the applied electric field and
the electric field vector of the polarized light. The expressions
for a,, b,, andc, are given below for the magic anglg &
54.7).

1 1

30|m|” T 15/m|° T
10mAjug (2)
15/m)? Z
10 15
by, 7 = - ZmiAijAﬂj + EAQ +5B(ugAu)  (3)

|m|© T

Coq7= 5|Aul? (4)

The symbolso. and 4 represent the polarizability and dipole
moment, respectively. Th& signifies the change between the
ground and excited-state properties of the molecule. A bar

indicates the average (i.Ap® = /5 Tr(Aa®)) and the indices

i andj label the vector/tensor components alogg, and z
The transition moment is represented iayand the tensorsé
andB represent the transition polarizability and hyperpolariz-
ability respectively, as a result of the effect of the applied electric
field on the molecular transition moment(F) = m = A-F +
F-B-F. These terms account for the effect of the applied field
on the transition moment.

The expression fona® (eq 3) requires further comment.
Note that the fit to the experimental electroabsorption spectrum

givesbs, 7 which we identify as the measured valte®*in

this work. In order to equatA_aSta'kwith Ac® alone, we must

Locknar et al.

remain random even in the presence of an aligning field. One
focus of this paper is to determine whether or not this
approximation is valid for polar molecules in polymer and

organic frozen glasses.

Thecss 7term describes the interaction of the molecular dipole
moment with the applied field. For a system in which an equal
number of molecules are aligned parallel and antiparallel to the
applied field, this causes a broadening of the absorption
spectrum if Au is not zero. The difference between the
broadened spectrum and the unperturbed spectrum results in a
line shape that is the second derivative of the unperturbed
absorption spectrum. Note that 7 does not contain terms with
the Boltzmann prefactor. Nonetheless, we have found that the
magnitude of Au| also depends on the rigidity and temperature

of the matrix. However, as shown below, the effect of these

matrix properties is far less dramatic ¢hu| than onAa S

Calculations. The geometry of ATR was optimized using
AM1.42 The resulting geometry was similar to that obtained from
analysis of the crystal structut¢3 To calculate the changes
in properties between the ground (@A&nd one-photon allowed
(2By) electronic states in ATR, we have used a MNDO/SCI
method for the calculation ofu.*® and, as described in ref 16,
an INDO/SCI/FF method for the calculation afo® at fixed
molecular geometry. The gas-phase calculations were then
corrected for solvation as described previodsK# using both
Onsager-type reaction fieltfsand cavity fields for an elliptical
cavity> The solvent-corrected values are designatex.,.
and Aucae For the organic glasses, we have used room
temperature values for the refractive indey &nd dielectric
constantsdg). Work by Sakurai et &® has demonstrated that
the interaction between ATR and solvents is adequately modeled
by continuum theory, at least in the solution phase. Whether

make two assumptions. One is to neglect the transition momentthis holds for molecules in polymers or glasses is the subject

polarizability, thereby eliminating the first term in eq 3. One

of current researct. It should be noted here that the continuum

can regard the transition moment polarizability as a higher-order solvent model assumes a fixed molecular geometry. It does

correction toAa®. Neglect of this term is justifiable because
sizable field effects on transition moments are normally seen
only in forbidden transitions, not in strongly allowed-s*
transitions such as that of ATR. We recognize that field-induced
mixing of the 1B, and the low-lying 24 state in ATR might
conceivably cause a changermwhich could cause the first
term in eq 3 to be an important contribution to the magnitude

of Ao®®* However, we can invoke several arguments to
support our neglect of this term. The first is thatAifvere to

be large, this would be evident as a significast 7 term.
However, the values ofs4 7 Obtained from the fitting of the
data are very small in the rigid matrices (on the order of'$6
10717 cm#/V?) andnegative. Moreoever, symmetry arguments
can be used to predict thatwill be much smaller thaB so
that the dominant contribution &4 7 should arise fronB rather
than A (eq 2)!° Also, to our knowledge, no solvent polarity
effects on the extinction coefficient of ATR have been reported.
This suggests that the electric-field effect on the transition
moment will be small, also justifying our neglect of the first
term in eq 3.

account for possible solvent-induced changes in tfeCGnd
C—C bond lengths. However, as explained later in the text, we
do not expect this to be a significant limitation for retinal.

The gas-phase value feku was found to be 4.6 D using
MNDO/SCI. In contrast, the INDO/SCI method yielded\a
of 9.3 D in the gas phase, which is similar to the value of 8.9
D reported by Hendrickx et dlAddition of solvent corrections
to the Au calculated by INDO/SCI increased it to within the
range of 14-18.5 D, which is much larger than our experimental
values. For this reason, these are not included in Table 1.

Good agreement is seen between the gas-phase value of
calculated with the INDO/SCI/FF method (39.5)fand that
from a higher level INDO/MRD/SDCI sum-over-states method
(32 A3),%8 as we have found in the paétBecause, of the two
methods, only INDO/MRD/SDCI is able to properly model the
2A, states of polyenes, agreement between the results of the
two methods for ATR and for other polyed&suggests that
the observed mixing of the 2/Astate into the 1Bin ATR*®
may not make a large contribution to the valuefaf in these
systems. This hypothesis is further supported by the good

The second assumption we must make is to neglect the termagreement that is obtained foonpolarpolyenes between the

containing the Boltzman prefactg®,= 1/kT. This term arises

in Liptay’s formation for the field-induced molecular orientation
to first order. Neglect of this term is valid if the ATR molecules
are isotropically distributed in a rigid environment and therefore
cannot reorient on the time scale of the oscillating applied
electric field. In essence, a fixed isotropic distribution corre-
sponds to a very high temperatuyg € 0), regardlessof the

calculated® and experimental valugs®® of Aa.

Results and Discussion

Electroabsorption Spectra and Fits. In all cases, the
electroabsorption spectra are fit nicely by a single set of
parameters (Figures 2 and 3). The measured and calculated

values of Au and Aa. of ATR and the absorption maxima

actual temperature of the sample because the molecular dipolegimay) in all the matrices studied here are summarized in Table
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TABLE 1: Electroabsorption Results of ATR in Various Matrices?

n € T A0S A0y & f1Aul Attcard Amat
glued PMMA 1.44 10.7 342+ 22 82 11.0+ 0.4 8.3 375
PMMA 1.49 3.9 378 52+ 2 73 8.5+ 0.2 7.6 377
PVC 1.54 3.5 354 432 72 9.6+ 0.3 7.5 391
PS 1.59 2.49 373 37 67 6.2+ 0.8 7.1 382
PE 1.51 2.26 148 724 146 64 2.7+ 0.9 6.8 374
PE(77 K) 1.58 2.27 148 3% 10 65 45+2.3 6.9 381
MCH(77 K) 1.42 2.0 8y 27+ 10 61 10.4£ 0.8 6.5 385
MeTHF(77 K) 1.41 4.6 0N 33+ 10 74 10.7+ 1.0 7.6 389

a Polarizabilities are reported in3%and dipole moments in debyes (D)Units in kelvin. Taken from ref 73 unless otherwise noted. These are
glass-transition temperatures for pure solvehErrors are+3 A3 as determined from an estimated error of 10% in the cavity voldr@alculated
with MNDO (see Experimental Section section) Errors#£f3 D as determined from an estimated error of 10% in the cavity vol@iieasured
in nm. Errors are approximatelz 2 nm.f These samples were prepared by gluing the PMMA film between electrodes using a dichloroethane/
PMMA solution (see Experimental Section). Solvent corrections here were done for a solvent of dichlorcefmeneef 64" See ref 74.
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Figure 2. Electroabsorption of ATR at 298 K in PMMA which has
been glued (ac) and heated (df) between the electrodes. Top:
Absorption spectra Middle: Zeroth (solid), first (dashed), and second
(dotted) derivative components of the fit. Bottom: Electroabsorption
spectrum (solid) and fit (dashedlot) aty = 54.7. The glued sample
has been reproduced from an earlier wbrk.

Figure 3. Electroabsorption spectrum and fit of ATR at 77 K in
methylcyclohexane (ac) and in methyl THF (eHf) at y = 54.7. The

top two spectra (a and d) represent the absorption spectra. In b and e
are depicted the zeroth (solid), first (dashed), and second (dotted)
derivative components of the fit. The vibrational separations are
indicated in cm?. The bottom spectra (c and f) show the electroab-
sorption spectra (solid) and the fits (dashelbt).

1. In Figure 2 we depict the spectra obtained from two PMMA

samples prepared by different methods. Glued PMMA samples and MeTHF (Figure 3) exhibit a fair amount of structure that
(Figure 2a-c) refer to those that have been dried by evaporation js indicative of a more ordered local environment. These
and which may contain residual dichloroethane (see Experi- features, attributable to a vibronic progression in the excited
mental Section). The electroabsorption spectrum of ATR in this state, will be discussed in greater detail later. The electroab-
matrix is broad and featureless (Figure 2¢f and the fit  sorption spectra in these matrices are clearly dominated by the
contains a substantial first derivative\@>®" contribution second derivative of the absorption spectrymu() which is
(Figure 2b). On the right-hand side of Figure 2 are spectra z|so reflected in the small values ab>®* extracted from the
obtained in PMMA samples that were heated prior to the fit (Table 1). The spectra are fit well by a single set of

electroabsorption measurement (see Experimental Section). Thigyarameters, indicating that the dipolar properties do not vary
causes a marked decrease in the first derivative contribution tosypstantially with vibrational excitation as has been seen in other

the fit (Figure 2e). As a result, there is a 4-fold decrease in polyene system&):2050

Aa®**while |Au| (the second derivative contribution to the Matrix Polarity. In order to rationalize the dramatic effect
fit) decreases by less than 20%. The electroabsorption spectraf the matrix on the dipolar properties of ATR described above,
of ATR in all of the other polymer samples that are below their we must consider what effect lowering the temperature of the
glass transition temperatures (PS, PVC, and PE at 77 K) arematrix (PE, MeTHF, MCH) or heating (PMMA) of the matrix
broad and unstructured and are similar to the spectrum shownmay have on its polarity. For this, we refer to the values of the
in Figure 2f. absorption maximal(,ay) that have been compiled in Table 1.
Unlike the electroabsorption spectra of ATR in the polymer Considering first the solvent glasses, recent results in the
films described above, the spectra in the organic glasses MCHliterature suggest that the effective polarities of organic glasses
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are enhanced by the presence of polar soltftghis study of glued PMMA matrices have been measured to be on the order
thermochromism in the absorption spectra of solvatochromic of 200300 A3 by ug3 and by Ponder and MathiééWe have

dyes in various organic glasses has indicated that the polarityfound that heating the PMMA samples prior to the electroab-
of the probe molecule greatly influences the effective polarity sorption measurements (see Experimental Section) leads to a
of the frozen environmerft.In fact, the temperature-dependent 4-fold decreasein Ao®®* to ~50 A3, bringing AS®® into

shifts in Amax in MCH and MeTHF glasses were shown to be
nearly identical for a given probe molecdfdn the experiments
reported here, it appears as thoughrtative polarities in these

two environments remain nearly the same at 298 K versus 77
K, though theabsolutepolarity of each may be substantially
increased at low temperature. An increase in dielectric constant
(€0) in the glasses may also rationalize the nearly identical values

of |Au| measured in the two matrices. An increasesjrfor obtained in the heated PMMA samples (Table 1).

bOt.h matrices would increase baN;u@c andAa,and cause Turning our attention to the second matrix in which large
their predicted values in the two environments to become more ——Stark —Stark
were observed, room temperature R,

similar5! Both of these effects would enhance the agreement yalues ofAa .
between experiment and calculation in the organic glass matrices>, " th_e order of 70.0 AAt the same time, a very small_\_/alue
(Table 1). of |Au| is found that is even smaller thm9a|cW|thout addition
Considering now the polarity of the polymer environments i:;nyk solvent corrections (4.6 D). Similarly large values of
we have also observed that cooling the PE sample to 77 K shifts A® ** (1000 + 300 A) for ATR, In room-temperature PE.
the Amax Of ATR from 374 to 381 nm (Table 1). We first have also been reported by Davidsson andﬂzarllssen, with a
considered that the shift was caused by an increase in locallAu| of 15 D1® Again, the measured values &> repre-
polarity of the PE matrix with decreased temperature, as seenSent a substantial deviation from theoretical predictions (Table
in the glasses described above. Such an increase in polarity could)- We have found that lowering the temperature of the matrix
be due, potentially, to an increase in the crystallinity of the to 77 K markedly decreasesa®™* bringing it more in line
environment at low temperatub@However, we see no increase  with Ao In our data, there is a concomitant increasgn|
in cloudiness of our films upon cooling that would suggest a though there is a substantial standard deviation in this parameter
greater crystallinity of the films at low temperature. Moreover, in our data set.
we failed to see a temperature-dependent shift,ig for the Orientational Polarizability Model. We consider here a
solvatochromic probe molecule coumarin 153 in a PE ma®ix. possible model to explain the results described above. Before
We next considered the possibilities of contraction of the cavity doing so, however, it is useful to clarify and distinguish between
around ATR upon cooling and an increase in planarity (and the effects on molecular properties due to the solvent field of
conjugation) of ATR as the result of interactions with the matrix. - the matrix environment versus those due to the externally applied
We expect the effect of cavity contraction to be relatively small field (Stark field) in the electroabsorption experiment. The
based on estimates of the solvation corrections with varying solvent field considered here is due to alignment of the matrix
cavity size2® Therefore, we believe that the increaselifix molecules around the dipole moment of the solute and is on
upon cooling is likely due to an increase in planarity of the the order of 10 V/cm in nonpolar hydrocarbons to 4®/cm
ATR in PE. This does not, however, preclude the contribution in polar solvents. Its effect on the ground and excited-state
of other effects. In contrast to what is observed for PE, we find values of the d|po|e moment and po]arizabi]ity of the probe
that glued and heated PMMA haxgax values that are only 2 molecule determines the central frequency and breadth of the
nm different. This indicates that the local environment of the absorption band. In many-DD\ p0|yeneS, the solvent fields are
ATR and/or its degree of planarity are quite similar in both.  also predicted to drastically alter the ground-state structure
In the following section, we shall evaluate the predictive (particularly the GC and C-C bond lengths) and charge
ability of the calculations of\ucaic and Aa,, for ATR in the distribution of the probe moleculé:l® These effects will be
various media studied here, and then present a model to explairdiscussed later in greater detail, but in ATR, we expect them to
the discrepancies we observe. In the final section, we will be small based on resonance Raman stdéf€3hough thermal
discuss the vibrational stucture that is unique to the spectraenergy in the matrix may cause the solvent fields to fluctuate,

much better agreement witho.,. (Table 1). In contrast,
heating of the sample causes a decreas@ijtj of less than
20% and minimally alters the effective polarity of the matrix
as judged by the 2 nm shift to longer wavelength.gfx. The
other polymer samples below théig's (PS, PVC, and PE at

77 K) give values ofAa®**in the range of 2550 A3. These
values are similar to the calculated values and to the results

obtained in the organic glass matrices. several experiments have predicted large ordered fields in some
Comparison of Experimental and Calculated Values. biological systems and surrounding polar_chromphores in

Several clear trends that emerge on examination of the entireorganic glasse¥. The enhancement afy and Aa. relative to

data set in Table 1 can be summarized as follows: A their gas-phase values that is due to the solvent can be estimated

andAa vary only modestly among this wide range of matrices using the continuum models of the reaction and cavity fields
while significantly greater variance is seen in the experimental (Experimental Section). . .

numbers, (2) particularly foha, agreement between experi- Thg field applied in an electro_absorptlon experiment (Stark
ment and calculation is poor, and (3) direct correlation between fi€ld) is at least 1 order of magnitude smaller than the solvent
the values oo™ an d|Au| and matrix polarity &) appears fields described above. Nonetheless, phase-sensitive detection

to be weak or nonexistent. In the following discussion, we will using a lock-in amplifier enables the small changes to the
L : . ving N absorption spectrum caused by the oscillating Stark field to be
argue that theigidity of the matrices is the most important

i ek ] observed over the background of a large static solvent field.
parameter determining the variation &, and possibly  The analysis of the electroabsoption spectrum is based on the
|Aul, seen in these datd. assumption that the Stark field inducegperturbationto the
Focusing first orAa™®* the largest measured values occur absorption spectrum. For this condition to hold, the Stark field
in two polymers-glued PMMA and room temperature PE must be much smaller than any solvent fields. Therefore, we

which we will discuss in turn. Values afo>®*for retinals in would expectA_a, |Au|, and Amax Of the probe molecule to
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follow a trend with some measure of the solvent field (such as  Now let us see how orientational motion of the ground-state
€o) in different matrices. The continuum model predicts that, in dipole in the applied field would affect the measuremen\f].

ATR, ase increases, so shoultier, [Au/, andimax However,  In a fixed isotropic sample, the value phu| is obtained by
itis clear that this trend is not present in the data reported here.measuring the symmetric broadening (second derivative) of the
Therefore, we must identify characteristics of the mawther absorption spectum due to the Stark field acting on an ensemble

than polarity, that could explain the variation in measured of dipoles that are randomly oriented and fixed in space. If these
properties of ATR, and particularly inoSEK As explained dipoles can orient in the field, the distribution will no longer
below, rigidity is the matrix characteristic that appears to best be isotropic. In that case, the extent of field-induced broadening

correlate with the measured values 8652 for the probe on the high-energy side of the spectrum will be lessened and
molecules. the |Au| obtained from Stark effect analysis will be somewhat

o r . Then ff f rotation on the m rements of
If the matrix is not fully rigid, it is reasonable to assume that decreased e net efiect of rotation on the measurements o

the probe molecules can rotate in response to the Stark fieId.%Ss'tEﬂase dipoles, then, would. be an increase in megsured
To visualize how a Iarg@sra’kwill result from orientational and a decrease ju| that is not fully accounted for in

motion of the chromophore in the applied field, let us begin the analysis. ) ) ) )

with the simplest possible moded dipole moment in the gas The above d|spu53|on considered only an isolated prope
phase. We will then discuss the influence of the surrounding Molecule. In reality, the probe molecules are embedded in
matrix. Suppose we have a permanent ground-state dipolemMatrices which may or may not be rigid themselves. As
moment fg) in the gas phase in an ac electric field. This dipole described above, the orientational contributionAt@®*™ can

can orient instantaneously (on the time scale of the field take three forms(1) orientation of the probe due to interactions
fluctuation or~500 Hz) to its minimum energy configuration between the Stark field and its ground-state dipole moment, (2)
in the field. Becausgq orients instantaneously in the applied orientation of the matrix molecules due to interactions of the
field, the effects on the electroabsorption spectrum of the Stark field withtheir dipole moments, and (3) a combination
molecule would depend on the square of the ac field (its of the two. In the first case, the probe molecule can orient in
magnitude and not its direction). In accord with the Bern  the Stark field while the matrix remains essentially fixed. This
Oppenheimer principleye will not reorient in response to the  picture may best describe the situation in nonpolar matrices that
field on the time scale of absorption. it is parallel to and  should only weakly interact with the Stark field. In this case,
larger tharug (as is the case in ATR), we should see ared shift \ye would expect to see an increase in the measped™

of the absorption spectrum in the field or a first-derivative \yith a concominant decrease inu|, as explained above. In
contribution to the Stark spectrum. This is because the excited e second case, there is orientation of matrix molecules while
state, with its largege, will be stabilized more than the ground  he probe molecule remains essentially fixed in space. Though
state by the matrix field. This red shift would be interpreted as (qations of the matrix dipoles are likely to be quite small, they
the Ao®** in the course of electroabsorption analysis. In may produce substantial changes in the solvent field surrounding
essence, thiss molecular polarizability-the change in the  the probe molecule due to their additive effect. An increase in
energy of the system in response to the applied field. Of course, the solvent field due to Stark field-induced rotations in the matrix

in a molecule_such as ATR, there is also atectronic  \yould result in aramplificationof the Stark field. This would
contribution toAa that is due to the intrinsic polariz_ability of  cause concominant increase in th#ectve values of both
the electrons of the molecule. Because the valuaaf for Aa®® and |Au| obtained from analysis of the electroabsorp-
ATR is positive, it also gives rise to a red shift of the absoption tion spectrum. The final orientational model to consider
band in the field. Therefore, in ATR, theffectve value of incorporates instantaneous reorientatiobaththe solvent and

Aa®®* obtained from the electroabsorption analysis would probe molecules in the Stark field. In polar matrices where there
contain contributions from both the electronic and orientational are potentially strong interactions between the matrix dipoles
Aa’s. An analogous effect is seen in studies of the frequency and the Stark field, this would result in a large increase in
dependence of the Stark effect in PMMA films at temperatures measured\a>**with a smaller increase im\u|. Presumably,
above theifTy.57 Liptay accounts for orientation contributions  the much smaller solvent molecules or polymer pendant groups
to the effectiveAa® with the term containing th@(1/kT) would rotate more freely than would the probe molecule.
prefactor in eq 3. In order to see how these models could explain the data
It is important to note here that, in an actual sample, the extent reported here,we will first consider the results obtained in the
of rotation is only expected to be a few degrees due to collisions room-temperature and 77 K PE samples. The room temperature
with the matrix. Taking this into account, a model calculation PE samples may be explained by the first mechanism described
using eq 3 shows that, for a molecule wjth = 5 D and a above. Recall that lowering the temperature of the matrix
parallel ue of 10 D, a rotation of 30in response to a Stark  dramatically reduces thaoS®* of ATR and increasesA|
field of 5 x 10° V/em would produce an orientational contribu-  somewhat (Table 1). As PE is aboveTigat room temperature,
tion to Ao of 450 AS. This value is the same order of the shape of the matrix cavity could change to accommodate a
magnitude as that observed in glued PMMA and room temper- rotating probe molecule through bulk (alpha) relaxation pro-
ature PE samples (Table 1). It is also important to point out cesse$§?¢° Lowering the temperature of the PE sample below

that the electroabsorption experiment measuresatieage its Ty makes the matrix more rigid by eliminating those
properties of the probe molecules. In the sample calculation relaxation processé8%As a result, the motion of ATR is more
above, theaveragerotation of the probe molecule is 30in restricted so that it remains randomly oriented even under the

reality, some probe molecules may be more free to rotate within influence of the applied field. We expect that alignment of the
the matrix than are others and thus have a larger orientationalpolymer matrix is small due to the relatively low polarity of

contribution toAe>**while others may be rotating less or not the C-H bonds. However, we cannot completely rule out this
at all>®8 possibility.



5822 J. Phys. Chem. B, Vol. 104, No. 24, 2000 Locknar et al.

Next we consider the PMMA samples. In the PMMA of the matrix is strong enough to alter the-C and CG=C bond

samples, the largeka®®*that is seen in the glued versus the lengths of these molecules, leading to a large effect on both
heated samples is accompanied by a somewhat |geras the magnitude and the sign ofo.’® We expect such changes
well. This is opposite to our finding for ATR in PE. Therefore, in bond length to play only a small role in explaining the
in order to explain the PMMA results, we are forced to invoke vyariation ofA_aStarkwi[h matrix polarity observed here for the
one of the two other models described above. As PMMA is following reasons. Resonance Raman experirﬁéﬁﬁgqa\/e
well below its reportedy at room temperature, it would have  shown that the &C and G-C stretching frequencies are only
been expected to provide a rigid glassy environment for weakly perturbed in solvents with dielectric constants ranging
electroabsorption measurements. However, our method offrom 2 to 39. The resonance Raman data and calculations in
adhering the samples together may allow a significant number the literature both suggest that the bond length alternation in
of solvent molecules to become trapped within polymer matrices ATR is not very sensitive to solvent polarity55-56Moreover,

by specific interactions with polymer pendant groGp% the solvatochromic dye coumarin 153 exhibits very similar
Dichloroethane could easily interact with the pendant esters in yrands in its values oo and \Aul in PE and PMMA

the PMMA matrix. The second mechanism dictates that trapped ,4trices to those described héfeHowever, the polycyclic

solvent molecules or the polymer pendant groups themselves, o matic coumarin molecule wouttbt be expected to exhibit

reorient in response to the Stark field while ATR remains e |arge solvent-induced ground-state bond length changes
essentially fixed in space. We can estimate the expected pqarved in many DA polyenes.

enhancement oAa and|Au| arising from an increase in the Addressing the issue of vibrational polarizability, we note
effective field acting on the molecule by noting that an increase ¢ cajculations and experiments on ATR have demonstrated
in Aa will be proportional to the square of the field whil&u| that vibrational effects can make an important contribution to
willincrease in direct proportion to the field (eqs—42). the ground-state linear polarizability and to higher-order téfms.
Therefore, for an increase i by a factor of 6.6 (such asis ~ Though we have not included vibrational polarizability contri-
seen in glued versus heated PMMA), the field would have to putions in our calculations oAa®, we emphasize that the

increase by a factor of 2.6. As a resyiyu| would increase  good agreement obtained between the measured and calculated

from 8.5 to~22 D. As we only see an increase|iy| of 2.5 values of Aa suggests that we have accounted for the domi-
D, the second orientation mechanism described above does nofnt contributions. However, we recognize that vibrational

fully account for the results we see in glued PMMA. Instead, ,q\arizapility may play a role in some of the smaller deviations
we believe that perhaps the probe and the matrix molecules aregoan petween experiment and our calculations.

reorienting, but by different amounts. If the ATR molecule One unavoidable question in understanding trends in the
rotates less than the matrix pendant groups or trapped solvent d 9

molecules, theAu| that we measure could be smaller than we elect_romc properties of retinals W'th solvent _polarlty IS the
would expect from simple solvent-induced amplification of the possible role played by the solvent in modulating the relative

Stark field as described above. The marked decrease inSher9'€s of_the 18and the 24 or higher Iy|r_1gAgstates. Such
—atark effects, which are accounted for by the higher order tegns (
Ao, and to a lesser exteridu|, that occurs when the

i is h 4 and th lod back ¥, etc.) in the polarizability expansion for the ] Btate, could
matrix Is heated and then cooled back to room temperature giqhisicantly influence the measured and calculated values of

demonstrate_s that driying off residual_ solvent c_)r_anneal_ing of the excited-state polarizability. Excited-state valuef ahdy
the polymer is essential to the formation of a rigid matrix. have been calculated for ATR,and, at typical solvent field

In general, the organic glasses appear to form very rigid strengths, their contributions to the excited-state polarizability
matrices. The absorption spectra in these matrices exhibit angre estimated to be quite large. Howey®andy are calculated
increase in structure compared to those in polymer films, to be of opposite sign so that their overall contributions nearly
suggesting a more ordered local environment. Moreover, the cancel at the field strengths present in solution environments.
orientation times of polar molecules in solvent glasses have beeny,o relatively good agreement betwekn S and Ao, for

measured to be on the order of seconds, which is much slowery g i, the rigid matrices supports this observation though the
than the inverse frequency of the ac Stark fieibQ0 Hz or 2 possible contributions of these higher-order effects warrants
ms)5364These observations argue that the relatively low values ¢, ther investigation.

A ~ Stark : :
Aa measured for ATR in the organic glasses may be yjnonic structure in Organic Glasses. Here we discuss

explained by the fact that neither the ATR nor the solvent o\ ique finding that the electroabsorption spectra of ATR in
molecules of the glass can significantly reorient in response t0 o McH and MeTHE glasses exhibit vibrational structure.
the field. It is interesting to note that thieo>**of ATR in the While the derivative nature of Stark spectroscopy makes the
solvent glasses is somewhat lower than that in rigid polymer ynderlying structure in the absorption spectrum more apparent,
films. This has also been seen in electroabsorption measurementgyggestions of a vibronic progression can even be seen in the
of Aa®®*in C153 and is attributed to a residual amount of absorption spectra themselves (Figure 3 top). In order to
mobility in the polymer® In the case of C153, this mobility — determine the spacings of the vibronic peaks, the positions of
is frozen out by lowering the temperature of the polymers to the minima of the second derivative of the absorption spectrum
77 K and we expect the same would occur for ATR. Because were measured. In MCH, the two observed vibrational spacings
the value ofAc>®* measured in the frozen organic glasses is are similar at 157G+ 35 and 1500+ 65 cnt* (Figure 3b),

even lower thama,,,, we expect that the latter may represent While n MeTHF, the first spacing is much smallelr at 14%0
an upper limit to the true value &a for ATR. 45 cm * and the sepond IS Igrger at 153060 cn (Flgur_e
- 3e). The most obvious assignment of these features is to a
Other Effects on Aa. Thus far, we have said very littte  progression of the €C stretch in the excited state. Our results
about the effects of vibrational polarizability and/or changes in therefore support the conclusions of previous workers that the
molecular structure induced by polar solvents &Aa. Pub- overall absorption line width of ATR is dominated by a
lished work on cyanine dyes has indicated that the solvent field progression in the €C stretch?8.66.67
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The vibrational spacings measured in the MCH matrix are
similar to those of the €C mode in the ground state as
measured by resonance Ram&ff,5suggesting a small change
in bond order in the excited state. However, in the MeTHF
matrix, the markedlecreasen the frequency of the first €C
stretching band that is observed is evidence that a greater changé&ppendix
in excited-state bond order occurs in a more polar environment.
A similar trend in the vibronic spacings of the excited-state C
C stretch was observed by Kamalov et al. for bR in poly(vinyl
alcohol) films at 10 K8 For that system, the vibrational spacings
were reported to increase from a value~af200 cn1? to one
of ~1457 cnt! with increasing excitation frequency. Moreover,
in bR, a substantial decrease in the frequency of ts€@node
in the Franck-Condon regioff relative to that in the ground
staté? is observed. The effect of polarity on=&C stretching
frequency in ATR and its Schiff base will be the subject of a
further communication from this laboratory.

The average fwhm for the vibrational peaks in the two glasses
are 730+ 100 and 870+130 cn1! in MCH and MeTHF, Stark spectroscopy. .
respectively. Naturally, we cannot discriminate between homo-  Ao®: The portion of Aa®®* that is attributable to the
geneous and inhomogeneous contributions to the line width electronicpolarizability of the molecule.
based on this experiment alone. Nonetheless, these measure- Aq__ - The value of the electronida that is calculated

ments should represent ampper limit to the homogeneous  sing electronic structure methods. This value is corrected for

broadening of ATR in glassy solvents as our excitation the effects of solvation using both reaction and cavity field
bandwidth is on the order of the line widths we are reporting. models.

We note that these values are in the range reported for the
homogeneous line width of ATR in solution that are based on References and Notes
the simultaneous modeling of both the resonance Raman

izabilities of ATR We also thank our sources of funding: The
Winters Foundation, the Petroleum Research Fund administered
by the American Chemical Society, and the NSF POWRE and
CAREER programs.

Here we summarize the notation used in the paper.

Au: The difference in dipole moment between the ground
and excited states of the molecule.

Aucac The value ofAu that is calculated using electronic
structure methods. This value is corrected for the effects of
solvation using both reaction and cavity field models.

|Aul: The absolute value . This is the quantity measured
in Stark spectroscopy on randomly oriented molecules.

Aa: The average value of the change in polarizability
between the ground and excited states of the molecule.

Aa®®® The value ofAo. measured experimentally using

intensities and the absorbance spectra of ATR in room temper-

ature cyclohexan®:5” For comparison, note that the line widths
of these vibronic bands are similar to the homogeneous line
width of the protonated SB form of ATR in bR reported by
El-Sayed and co-workei%and that of Lee et aF though they

are somewhat smaller than that reported by Loppnow et al. in

ref 72. Future experiments are planned using narrower excitation

widths that should allow us to refine our estimate of the
homogeneous width of this system.

Conclusions

Agreement between the values af®®* and Aa, is

attained for ATR when the matrix containing the probe
molecules is sufficiently rigid to prevent reorientation of ATR
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