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The structure and vibrational frequencies of styreneteats 3-methyl styrene in the lowest three
singlet state$S,, S;, andS,) have been calculated usiag initio quantum chemical methods. The
frequencies are compared with experimental data obtained in the bulk and in a supersonic jet. The
calculation shows that in the ground state the molecules have a broad shallow potential as a function
of the torsional angle, are essentially planar, but may be slightly bent. 18,thed S, states, the
molecules are planar; 18;, the main structural change is in the aromatic ring, that is somewhat
expanded. Ir§,, the C=C vinyl double bond elongates, while the ©C« single bond becomes
shorter, bringing these two bonds to almost equal length. Correlation diagrams connecting ground
state vibrational modes with ones belonging to electronically excited states are given; they show that
for many out-of-plane modes the vibrational frequencies decrease upon electronic excitation. This
is accounted for in terms of the changes in thelectron distribution taking place upon optical
excitation that result in decreasing the force constants characterizing these vibrations. The
frequencies of most in-plane modes change very little, but mixing bet&gprodes is indicated in

some cases, and a few vibrations, among them a Kekpke mode, undergo considerable change.
The relation to the spectroscopy of the corresponding transitions in benzene is briefly
discussed. ©1995 American Institute of Physics.

I. INTRODUCTION tional structure of electronically excited states of many mol-
ecules in a supersonic jet environment. The extreme cooling
Ab initio quantum chemicalQC) methods are increas- made possible by this method essentially eliminates hot
ingly being used to calculate the properties of molecules ibands from the fluorescender MPI) excitation spectrum,
their electronically excited states. Self-consistent fl@FH  simplifying the analysis considerably. Another low tempera-
methods are widely used to study the electronic ground statgre method that is widely used—matrix isolation
potential surface, but their application to excited states i$pectroscopy—also provides a wealth of information on the
hampered by the fact that the wave function tends to convibronic structure of electronic transitions of large mol-
verge to ground state geometry in the energy optimizatiorecules.
process(see, e.g., Ref.)1 Several schemes have been re-  The calculation of vibrational frequencies traditionally
cently developed to allow approximate solutions to the probrelies on consistent force field methddssing empirically
lem. Robb and co-workers have used the complete activeptimized parameters. Application of these methods to elec-
space SCRCASSCH method to calculate the properties of tronically excited states requires the development of a suit-
electronically excited benzehand other molecules. Pople able set of parameters, a task that has yet to be accomplished.
and co-workerSpropose the configuration interaction singles Many vibronic structure analyses rely on comparisons with
(CIS) as a viable means for electronically excited states calthe ground state’s frequencies and the usual spectroscopic
culations. In this approximation the excited state wave funcmethods such as isotopic substitution.
tions are written as a linear combination of all possible sin-  Ab initioc QC methods are being increasingly used to
gly excited configurations. In contrast to CASSCF, which iscalculate the vibrational modes of polyatomic molecules in
computationally expensive, the CIS method is relativelythe ground electronic, the required programs being commer-
simple and may be applied more easily using large basis setsially available(e.g., Gaussian, Ref. L1For electronically
It has been used to calculate the properties of molecules suelxcited states, only a few examplesaif initio vibrational
as ethylené, butadiene and bicyclobutadehexatriené,  analysis are availablésee Ref. 12 and references thefein
benzené, and others. Double and triple excitatifimple-  and a more commonly used approach utilizes semiempirical
mented in various configuration interaction schemes such asethods. The latter are open to criticism, since they require
QICSD and QICSDN)] have been used to improve the ac- the use of parameters that are often derived from, and opti-
curacy of the computatiorfs) but they become very compu- mized for, ground state properties. Recently, we presented an
tationally expensive when applied to large molecules, and ainalysis of the vibronic structure of tf&®+« S, transition of
the moment do not seem to be feasible for convenienthanthracené? In that case it turned out that a single configu-
treating molecules as large as styrene. ration was sufficient to account for many properties of the
High resolution fluorescence excitation and resonant enfeatures of the Sstate; in particular, the calculated vibra-
hanced multiphoton ionizatioiREMPI) have been used over tional frequencies were found to be in very good agreement
the last 20 years to obtain detailed information on the vibrawith the experimental ones. In contrast, it has been sfhdwn
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that for theS, state of other molecules such as benzene or
naphthalene, several configurations are required.

In this paper we present aab initio study of styrene
(STY) and oftrans- B8-methyl styrengBMS), whose fluores-
cence excitation and emission spectra have been recently re-
corded in our laboratord#'® The low lying electronic states
of styrene, which is the simplest molecule containing both an
aromatic ring and a double bond, have been extensively stud-
ied experimentall}f~2° and theoretically~?® Experimental
data based primarily on UV spectroscopy indicate that the
molecule is planar in both the ground and the first electroni-
cally excited singlet states. The small dipole moment of sty-
rene made the measurement of the microwave spectrum ex-
tremely difficult. It was first reported in 1988, using a
pulsed Fourier transform spectrometer. The planarity of the
molecular structure of styrene was conclusively establishe
and a structure, based ab initio calculations! was found In this paper we present ab initio calculation of the

to be compatible with the measured rotational constants. vibrational levels of styrene, some of its isotopomers, and

Considerable effort has been invested in elucidating thgy\1s i the ground state, obtaining very good agreement
correct form. of the torsmnal po_tentlal around the—GG:a_ with experimental results. The calculation was extended to
bond (;ee. Fig. 1 for notatllo)n It is now accepted tha_lt this the first and second excited singlet sta®sandS,, in the
potential is very shallow |r‘So_, and much steeper "_Sl; case of styrene and of BMS. The latter molecule was studied
Hollas and co-workers have given a complete analysis of thg, orqer to assign the jet cooled fluorescence excitation and
emission spectrum, and fitted the data to an empirical potensyhission spectra reported in the companion p&bdihe

tial of the form V(¢$)=2(Vi/2)(1-cosn¢) (n runs over g crures of these molecules and the atom numbering con-
even integers only The contribution of thex=4 term was  ,antion are shown in Fig. 1.

found to be significant, and the potential is essentially flat in - The excited states were studied using the configuration
the —20°<¢<20° range'® A recent similar analysis for interaction single€CIS) method® with full optimization of
BMS shows that in fact a small barrier exists in this moleculey,q geometry. Hemlegt al2223 showed that there is only a

at ¢=0°, so that this molecule is slightly twisted in the gma| contribution from doubly excited configurations to the
ground electronic stafé. o wave functions ofS, and S, in their PPP and complete ne-

_ The dipole moment of th&,—S, transition in styrene  gject of differential overlagCNDO) studies of the molecule.
lies in the molecular plane and is long axis polarfZeid For S, two singly excited configurations were found to con-
contrast with the short axis polarization of many other subspute significantly, and in addition, a small but non-
stituted benzenes. All observed vibronic bands a@'&ym-  negligible contribution of twadoubly excited configurations
metry inCs (in plang, and the vibronic intensity distribution \yas required to reproduce the correct level ordering and the
is essentially determined by the Franck—Condon overlap facsmall oscillator strength of th&,«S, transition. Starting
tors. Therefore, the out-of-plane modes in Cs symmetry  \jth the computationally convenient CIS method, we show
are observed only in even combination bands. Hollas angh this paper that the vibrational levels of tBeandS, states
co-workers®**#*reported considerable Duschinsky mixing can be reasonably well calculated, and that the changes in

between the two lowest frequency out-of-plane modgs  vibrational mode frequencies can be related to the electronic
and v, .?° They found that irS, there is a large increase in structure of the excited states.

mode v,, frequency as compared to the ground state, and a
large decrease im,; and assigned a frequency interval of
186 cm! to the former(as compared to 38 cml in the Il. COMPUTATIONAL DETAILS

BMS Styrene

FIG. 1. The atom numbering convention for styrene and BMS.

da fairly deep well in the torsional degree of freedom.

ground stateand of 97 cm* to the latter(199 cnitin Sp). Calculations were performed using theussIAN 92pro-
Hemley et al,???% based on a PPP calculation, reversed thegram packagé® run on a Silicon Graphics Indigo R4000/
assignment. 48MB/2GBHD work station. The ground stat§,) calcula-

Many theoretical calculations of the structure of styrenetions were performed at the HF/4-31G level of theory, while
in both Sy and S; states have been published. The groundfor S; and S, we used the configuration interaction singles
state was invariably found to be bent, with an equilibrium(CIS) proceduré also using the 4-31G basis Sétin this
torsional angle of 15°—20*2539Head-Gordon and Pogte  procedure, all singly excited configurations are considered,
found that the torsion barrier is very smédl.04 kcal/mol at  and it turned out that for both molecules the dominant con-
the HF/6-31G level of theory, andncreasedto 0.21 kcal/ tribution in the case 08, comes from the configuration due
mol at a higher leve(MP2/6-311G* //HF/6-31G"). All cal-  to the highest occupied molecular orbittdlOMO) to lowest
culations agree that the torsional potential is veryflaind  unoccupied molecular orbitéd UMO) excitation. For theS;
that the molecule is essentially planar in the ground state. Istate, the main contribution comes from two configurations,
the excited state, the molecule was found to be strictly planaarising from a single electron excitation from the HOM®
by both semiempiric&f>*andab initio calculationd"*?with  orbital to the LUMO one, and from the HOMO to the
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LUMO +1. As shown in previousb initio®! and semiempir-

ical calculationg?23 singly excited configurations alone do
not reproduce the correct excited states level order, while the
addition of doubly excited configurations sufficed to recon-
struct it. Upon applying a MP2 correction to the CIS/4-31G
calculation, we found that the correct level ordering was ob-
tained, as judged by the magnitude of the oscillator strengths
for the Sy to S; transitions. The vibrational calculatiofsor- Torslonal
mal modes shapes, force constants and frequeneiese

performed at the HF and CIS levels, respectively, for the
ground and excited states.

In all computations, no constraints were imposed on the
geometry of the molecule. Full geometrical optimization was
performed for each state, and the attainment of the energy
minimum was verified by calculating the vibrational frequen-
cies (no imaginary values The vibrational frequencies, at )
the harmonic approximation, were obtained by computing et
the Hessian matrix. The required second derivatives of the
potential were calculated analytically 8, and numerically
for S; andS,. All frequencies quoted below were obtained
from the computed ones by multiplying with appropriate
scaling factors’ The same factor.89 for the in-plane, and
0.85 for the out-of-plane modewere used for all electronic

S
states. 2
Torsi?nal
IIl. RESULTS angle
A. Styrene FIG. 2. The calculated structure of styreneSfpy S;, andS,.

The torsional potential well irs, was found to be very
shallow for styrene, and the exact location of the minimum
depended sensitively on many different coordinates. We as-
sume, along with previous worke?$?°that the small devia- are more extensive: the d&5-CB3, C1—C2, C1—C6, and
tion from planarity is due to a computational deficiency. ForC4—C5 bonds are lengthened, while the-ECa bond con-
the calculation of all vibrational frequencies, a well-definedcomitantly shortens resulting in considerable stiffening of the
energy minimum is required. A minimum was located for aC1—Ca—Cg structure. The aromatic character of the ring is
torsional angler of 10.5° (namely, a small deviation from considerably reduced in this state, since the-C bond
planarity and the remaining hump in the planar conforma-lengths are not equal to each other as in the ground state.
tion (7=0°) is small (~20 cm %). Therefore, the calculated Within the CI1S/4-31G approximation, the main contribu-
frequencies are likely to be close to the ones that would havéon to theS, electronic state is from two configurations: the
been obtained for the true planar minimum, with possibleone arising from a single electron transfer from the
deviations for the lowest out-of-plane vibrations. The fre-HOMO-1 to the LUMO orbital(27—29), and the one aris-
quency of the torsional modg,,, obtained in this manner, ing from the 28-30 excitation (HOMO to LUMO+1).
was found to be about 2 cm. Experimentally, the potential These two configurations contribute about equally to the ex-
for this mode is known to be extremely anharmoffi@and  cited state, and together represeri0% of the total prob-
we did not make an extended effort to optimize the motionability. The oscillator strength calculated for tBg— S, tran-
along the corresponding normal mode. The main emphasis isition was 0.0038 compared to the estimated experimental
this work is directed at understanding properties of the elecvalue of 0.0022 However, the energy of this state was found
tronically excited states, which were not studied before by ano be higher than that of the S, state (mainly
ab initio method, such as the vibrational frequencies. HOMO—LUMO excitation, see the next paragrapby

In contrast with the case &,, theS; andS, states were about 0.25 eV. As discussed in Ref. 3, the second-order per-
found to be strictly planar, with a well-defined minimum turbation correctiorfMP2) to the energy involves summation
along the torsional coordinate. The calculated-C bond over matrix elements between the zeroth-order state
lengths and torsional angles of the ground, $heand theS,  tained by the CIS methgdand doubly substituted determi-
states are shown in Fig. @he G—H bond lengths and the nants from this state. This implies that it should involve
valence angles are practically unchanged upon excitatiordouble and triple excitation from trgroundstate. Therefore,
they are available from the authors on reque$he most the MP2 treatment provides an approximate way of assessing
significant change i, is the expansion of the aromatic ring; the contribution of double and triple excitation configura-
in addition, the @—Cg bond is slightly lengthened and the tions to the electronically excited state. Upon running this
C1—Ca bond shortens a little. I8, the geometrical changes calculation, the correct order was obtained, andShstate
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lies about 0.8 eV lower than the next ofthe experimental tively, for styreng. However, inspection of the displacement
separation is about 0.57 ¢V atomic vectors calculated for these modes shows that in fact,
Summarizing, the transition involves primarily the par- both involve carborand hydrogen atom movements. A sepa-
tial excitation of an electron from the HOMEL orbital to  rate calculation showed that this mixed character holds also
orbital the LUMO one, and of an electron from the HOMO for benzene itself, in accord with Wilson's res(@f. Fig. 3 in
orbital to the LUMO+1 orbital, leading to a long axis polar- Ref. 37.
ized transition moment. In the CIS calculation, the coeffi-  The good agreement of most assignments with experi-
cients of these two components are almost equal, but of opnent warrants discussion of some apparent disagreements
posite signs(0.49 and —0.46, respectively Since these with the published data. For instance, tg; mode of
terms make opposite contributions to tBg— S, transition  STY-Dy and STY-O, were assigned to the observed bands at
moment, the net result is a small oscillator strength, in ac1285 cml. We propose that they be assigned to the 1184
cord with previous worker§23! These transitions lead to and 1179 cm® bands, respectively, and that the 1285 ¢m
population of antibonding orbitals, mainly in the aromatic band in STY-Q is due to thevs, + v54 combination band,
ring part of the molecule, and therefore result in expansion ofvhile the 1285 cm’® band in STY-I} is due to thev,
the benzene ring and contraction of the-€C« bond. The  + 4, combination band. In both cases there is a small red-
Ca—Cp bond is only very slightly elongate@f. Fig. 2. We  shift of the combination band with respect to the sum fre-
conclude that the CIS-MP2/4-31G calculation of Biestate  quency of the fundamentald3 and 16 cm?, respectively
provides a reasonable approximation for the properties of théor STY-D; and STY-B). The v]4 fundamental for STY-B
state. and STY-D, were assigned as 1154 and 1179 ¢min gross
The main contribution to th&, electronic state is due to disagreement with the calculated values of 871 trfor
the configuration arising from a single electron transfer fromboth isotopomers. We propose that the observed 871 and 870
the HOMO to the LUMO orbitak28—29). A small (~5%) cm 3, assigned to the’|y mode, should be assigned to the
contribution was calculated for the configuration arisingv], one, and the observed bands at 11541:(1$TY-D5) and
from 27—30 excitation. The minimum to minimum energy 1168 cm * (originally considered as a combination band in
gap betweer§, and S, was calculated to be 5.1647 eV, as STY-Dg in Ref. 38, are due to the, fundamental. The 837
compared to the experimental value o#.80 eV?® Taking cm ! band of STY-D was assigned to both, and vy . We
the zero-point energies into accousee below for the cal- propose that the medium strong IR band at 907 tis due
culated vibrational frequencigswe obtain an expected 0,0 to the 1}, mode, in accidental degeneracy with thé,
transition at 5.05 eV. The discrepancy is reasonable for thisnode. Thevj, mode is then the strong 727 cthband. Sup-
level of calculation(CIS/4-31G. The calculated oscillator port for this suggestion comes from the very large calculated
strength is 0.55, compared to an estimated experimentaR intensity for this band103 km/mo), as compared to that
value of 0.24 which may involve some contribution from of the 1%, mode (904 cni %, 0.15 km/ma). Another dubious

the S,— S; transition. assignment discussed by Ref. 38 is that of#fjgfundamen-

tal. The strong feature at 517 cthwas apparently dismissed
1. The vibrational frequencies of styrene in the S in favor of the weaker 571 cnt one, since the deuterium
state shift and IR intensities were considered to be too large when

The normal mode frequencies were calculated for Sevgompared to the .protonated analogs. However, the calcula-
eral isotopomers of styrene, as summarized in Table |, annEiorlf‘Ctua”y predicts an even larger frequency sttiit497
with the experimental valués.We have used the work of €M ), and a fairly large IR intensity enhanceméh8.2 vs
Refs. 28 and 37 as the source for experimental data and firft25 km/mol for STY-H). It is thus proposed to adopt the
very good agreement between our calculated values and tifd-7 ¢m - assignment for thegg fundamental, and assign the
experimental ones, upon using a uniform 0.89 scaling facto\“’,faak 571 cm' band to a combination band, possibly
for in-plane vibrations, and 0.85 for out-of-plane ones. TheVss T V29-
order of the calculated frequencies agrees with the experi-
mental ones in all cases, except for an interchange betweeh The vibrational frequencies of styrene in the S
the vinyl v, and the ring4, modes, which are of very and S states
similar values both experimentally and computationally. Itis ~ The calculated frequencies of styrene in Beand S,
seen that the calculation reproduces nicely the observed iselectronic states are listed in Table II, along with available
tope effects and in fact resolves some remaining difficultieexperimental values and the results of the only previous
mentioned in the literature. For instance, thg assignment theoretical calculatior{Ref. 22, PPP level The computed
for STY-D, to the observed band at 1024 chwas consid-  results are listed in a descending order of the frequencies; It
ered dubious in Ref. 28. Our calculated value of 1034tm is more instructive to use the ground state designation for
is in fact in very good agreement with that assignment. Tablevibrational modes having the same character, even if a dif-
| also includes the classification due to Whifférthat pro-  ferent frequency order is found in the excited state. Unfortu-
vides an approximate description of the main motions of thenately, the available experimental data &rfrequencies are
atoms. According to this classification, tieetype vibration not as extensive as f@, and the experimental assignments
is an in-plane CC atom Kekub@bration (i.e., a motion that are not as certain. Strong Duschinsky mixing was proposed
distorts the ring to a Kekulstructurg¢ and thee-type one for some modes, indicating that a given excited state mode
mainly a CH in-plane bending orfenodes 17 and 15, respec- may correlate with more than a sindbg one. This point was
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TABLE I. Experimental and calculated vibrational frequencies of some styrene isotopon&y$ in

Approximate

Mode descriptiofi CsHsCHCH, C¢HsCHCD, C¢HsCDCD, CsDsCHCH, C¢DsCDCD,

In plane modes Expt. Calc. Expt. Calc. Expt. Calc. Expt. Calc. Expt. Calc.
2 vCH, 3106 3031 2308 2256 2329 2257 3092 3031 2292 2257
v, ring »CH 3091 3009 3100 3010 3104 3010 2292 2234 2320 2234
V3 ring vCH 3084 2999 3083 3000 3084 3000 2277 2222 2277 2222
vy ring »CH 3061 2990 3066 2989 3061 2989 2283 2212 2292 2113
Vg ring vCH 3055 2978 3054 2978 3051 2978 2271 2200 2267 2202
Vg ring »CH 3029 2972 3020 2971 3026 2971 2262 2193 2261 2193
vy vinyl »CH 3009 2946 3003 2950 2244 2154 3009 2946 2250 2154
Vg vCH, 2981 2965 2214 2175 2207 2201 2983 2966 2215 2200
Vg vC=C 1630 1663 1570 1619 1562 1593 1629 1661 1574 1591
21 ring »CC [K] 1600 1609 1600 1606 1602 1611 1575 1569 1563 1566
2% ring »CC [1 1575 1582 1595 1575 1585 1573 1539 1540 1536 1534
120 ring »CC [m] 1494 1500 1494 1499 1491 1497 1377 1368 1377 1364
Vg ring »CC [n] 1450 1460 1445 1450 1445 1448 1328 1309 1327 1313
Vig B=CH, 1411 1434 1024 1034 1048 1060 1425 1443 1050 1037
128 aryl BCH [e] 1334 1353 1331 1354 1332 1344 1184 1191 1179 1184

Vig aryl BCH 1303 1319 1300 1314 1003 1012 1305 1328 1001 1014
V7 ring ¥CC [0] 1289 1227 1280 1222 1290 1220 1054 1065 1028 1065
Vig aryl BCH [a] 1203 1186 1210 1189 1225 1189 871 871 870 871

Vg vC1Cu [a] 1181 1189 1180 1193 1181 1205 1154 1138 1168 1162

Voo aryl BCH [c] 1156 1142 1153 1141 1156 1142 841 845 841 846
Vo1 BCH [d] 1083 1084 1080 1084 1081 1085 825 880 825 829
Vo B—=CH, 1032 1037 907 909 831 835 1006 1017 810 816
Vo3 BCH [b] 1019 1021 1030 1022 1027 1022 841 839 841 841
Vo ring deform [p] 999 999 997 1003 995 958 953 958 955 955
Vos X-sens(aC—C—C) [r] 776 762 735 732 735 731 729 719 699 696
Vog aC—C—C [s] 621 631 618 631 622 631 595 605 594 605
Vo7 BC=C 553 556 513 513 510 508 541 542 498 498
Vog X-sens(aC—C—C) [t] 437" 431 426 431 420 428 433 430 408 408
Vpg X-sens(BC—CHCH,) [u] 228" 232 218 215 220 214 231 224 211 206
Out of plané

V3o vinyl yCH 992 997 941 957 788 814 989 998 789 818
120 aryl yCH [i] 985 1009 987 1003 986 1002 825 866 825 869
Vap aryl yCH [h] 970 980 980 980 970 980 786 801 789 801
Va3 vinyl yCH 909 943 727 749 710 710 909 943 708 710
Va4 aryl yCH [i] 909 924 907 915 913 928 780 789 747 763
V35 aryl yCH [a] 841 851 837 851 840 851 657 654 656 637
Vag aryl yCH [f] 776 777 764 768 742 752 679 672 647 637
Va7 ring deform. ] 699 685 693 682 692 680 541 528 554 534
Vag vinyl yCH 640 626 568 558 571 558 (595 568 517 503

Vg ring puckering Kl 433 435 408 387 407 385 391 383 369 361
Vs ring deform. W] 399" 398 394 400 398 399 354 343 354 342
Va1 C1—Ca bend fy] 199" 191 199 180 192 173 205 182 182 165
Vap C1—Ca torsion 38 2 37 2 2 2 2

#Experimental data from Refs. 37 and 28. All frequencies are for liquid solutions, except those marked by T which are gas phase values. Boldface entries are
reassignments offered by us based on the experimental data, see the text. Entries in parentheses are experimental values whose proposed assignment
uncertain and does not fit in with the calculation.

b,—stretch,a—in plane ring angle bend3—in-plane bend,—out-of-plane bendg—torsion or twist,X-sens—a vibration sensitive to the substituent.
Symbols in square brackets are according to Whiffen’s classificéRen 36 of benzene substituted compounds.

“The scaling factor for in-plane modes is 0.89, for out-of-plane modes, 0.85.

discussed extensively by Hemley and co-workewis-a-vis  tion of each normal mode in terms of the individual motion
the experimental analysis of Hollas and co-workéré of atoms. Figure 3 shows the correlation diagram obtained. It
The calculations indicated considerable changes in thés seen that on the transition fro8 to S;, most of thea’
force constants and reduced mass of some vibrational mode@-plane modes appear not to change their frequency appre-
possibly leading to a qualitative change in the character o€iably; among the out-of-plane ones, many ring modes show
certain normal modes. Therefore, it was deemed necessary éoconsiderable frequenajecrease while the v, v33, and
establish the correlation betwe&j and the excited states’ wvgg, which are predominantly vinyl-type ones are changed to
modes. This was done by considering parameters provideal much smaller extent.
by the calculation: the symmetry, force constants, and re- Although a cursory inspection of Fig. 3 indicates a 1:1
duced masses of each mode, but mostly the detailed descriperrelation between the vibrational modes of styren&jn
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TABLE II. The vibrational frequencies of styrene 8 and inS,. Styrene
Sy S,
Expt. Expt. Calc. This This Expt. in-plane modes out-of-plane modes
Mode Ref. 16 Ref. 42 Ref. 22 work® work® Ref. 35
In plane modes L
" 3092 3040 3042 e Nt —
v, 3063 3030 3021 - %: —
V3 3089 3021 3008 1500F — * :/; —% ~i -
2 3088 3011 2995 == e >< =
Ug 3087 3001 2980 — s -
e 3086 2996 2976 e R
vy 3084 2969 2956 _ // o/
Vg 2985 2945 2966 e
v 1624 1628 1590 1573 I
V1o 1608 1556 1607 1508 - ; z >< — ,
- 1578 1568 1463 1000} — = L == __ {1000
v 1474 1481 1507 1453 = / == = % JJE
V13 1428 1509 1455 1428 - / s -
Vig 1434 1442 1373 — " _
s 1382 1400 1323 B — . - —
Vi 1299 1299 1284 1330 1300 = =
vi7 1340 1301 1222 = ~_ / = =
Vig 1208 1209 1261 1201 1197 4 2 —_ -
Y19 1160 1169 1169 soof . s 1 500
Vg 1114 1146 1141 1164 1115 - s —_— E]
vy 1079 1059 1072 — B \ —
Vpy 959 1007 992 998 -
Va3 940 1032 980 951 _ » _ - —
oy 1041 956 929 _ L
Vs 746 746 814 730 723
Vog 544 523 657 587 587 —
Vo7 437 437 605 536 535 ot E L L
Vog 394 394 470 416 424 S, So S, S, So S,
Vg 237 279 232 233 248
Out of plane FIG. 3. The correlation betwee®,, S;, andS, vibrational modes of sty-
Va0 944 970 966 rene, excluding CH stretch modes, as found in the calculations. The numbers
vy 964 900 951 shown are the mode designation, based onShenergy order. Vibrational
Vi 930 845 899 !evels ofS; andS, correlgted withS, ones are connected b_y thin_ sqlid lines,
Va3 858 799 817 if the mode character_ is largely ma_mtalned. Das_hed lines indicate some
Vo 916 755 792 cqrr.elat'lorj, a_tccompanled by extt_enswe_ changes in mode character. Mode
" 794 642 719 mixing is indicated by the small filled circles at the end of the connecting
35 209 696 o1 lines. Note that the ring mode,; is calculated to have a slightly higher
V36 frequency than the vinyb,, one (1009 vs 997 cmt, respectively. Experi-
Va7 609 615 560 mentally, the order is reversé¢f85 as compared to 992 ¢i). We used the
Vas 527 381 451 numbering order as determined by the experimental determination, for con-
V39 253 ‘;(3173 3;25% 3;%03 sistency with previous papers.
V4o
Vap 97 220 155 156
Van 186 128 33 67

sively, the same vector displacements as that of the ground
4n-plane frequencies scaled by 0.89, out-of-plane frequencies by 0.85. state mode. An illustration of a mode mixing example is

bPart of a multiplet. . co )
iven in Fig. 4; the displacement vectors of mode of
‘This assignment deviates significantly from our calculated value. We ten-g 9 P th@

tatively propose the combination band$4@} as the assignment of the S, and vy mode of S, are seen to be a combination of the
observed 437 ciit band, using 253 and 186 cihfor v, andv),, respec-  C=C vinyl stretchvq mode and the ring CC stretahy, of
tively. See Table VI for a different option. Sp- In a similar way, the out-of-plan&, ring modesvjs,

v3s, and vy, are mixed on excitation t&; with the largely

vinyl mode v44 to produce the corresponding excited state
andS; (or S,) in many cases, a closer inspection shows thamodes, in which the ring or vinyl characters are decidedly
in fact, for manyS,; andS, vibrational modes, atom displace- less pronounced. Strong mixing is calculated also for the
ments may be considered as containing contributions fromv,; and v, upon transition tdS,. Table Ill lists the calcu-
more than one&, mode. It is found that except for strongly lated frequencies, reduced masses, and force constants of vi-
localized modes, such as the CH stretch ones, many modésational modes that appear to change significantly their
change their form somewhat upon excitation. The fact that @haracter on electronic excitation$9. The listing takes into
mode is shown to correlate with a single excited state modaccount the correlations, so that the numbering sysiam
means that the excited state mode should be understood aasing frequency with decreasing mode numbelds
indicating that this mode has predominantly, but not exclu-only for the S, modes.
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s, v,=66cm ! v, =155cm™! S,
Vio=1508 em ! vy = 1590 cm™!
= S v, =33cm! v, =155 cm! S,
v4y=1568 em™ vy =1629 em™
/{\k S V,, =2 cm”! v, =190 cm- So
Vyo= 1609 em ! vy =1663 em™

FIG. 4. The calculated changes in the=C stretch mode of styrene upon FIG. 5. The vector displacements calculated for the low frequeggynd
electronic excitation. The &—Cg double bond stretch motion dominates ¥a1 Modes inS;, S, and inS,. Mode mixing is evident inS,, but only
modew, in Sy, and is spread over several modesirand inS,. Thisis an  slightly so inS;.

example of mode mixing in the excited states.

Not much experimental information is available fss ~ While the primarily vinyl modews; (at 943 cni* in Sp) cor-
modes; only two frequencies were reported—at 248 andelates with the 900 cit mode inS; . The vz mode is thus
1573 cm 1.3° Nonetheless, it is instructive to consider the found at a lower energy i, than thevsy one. Likewise, the
trends expected according to the calculation. As Fig. 3CH in-plane bending mode,s) in S, has a higher frequency
shows, for some high frequency skeletal modes, a considethan the ring deformation mode~,), and the order is re-
able frequency decrease is calculated. A notable example ¥ersed inS,.
the vy mode, which in the ground state is almost exclusively ~ As seen from Fig. 5, the out-of-plane low frequency vi-
a C=C stretch mode; in the excited state there is no equivabration (v},), is essentially a C1-&torsional mode irS,.
lent normal mode, as shown in Fig. 4. A similar, but lessIn S, the lowest frequency mode is seen to have a different
pronounced change is found f6. character—it involves almost exclusively out-of-plane bend-

Mode crossing often takes place upon electronic excitaing motion of the whole molecular skeletaning+vinyl).
tion for both in-plane and out-of-plane modes. One exampld he v;; mode inS;, is a combined torsion—bending motion,
is the ring modes;, (at 980 cmlin Sy) correlates with the  while in S, it is practically identical in form to the’;, mode

799 cm! mode inS;, a significant frequency decrease, in Sy. In Sy, the calculation does not indicate extensive mode
mixing. According to the currently prevailing interpretation

it is large enough to be measurable, and is expressed by the

. . . e 8
TABLE IIl. Calculated characteristics of the vibrational modes of styrene EXPerimentally observed Duschinsky mixiHy"
whose calculated properties change appreciably upon electronic excitation

t0S;.
Frequencycm Y)? Red. massamu® Force const(mdyn/A)° B. Trans-B-methylstyrene (BMS)

Modé S, S, So Sy So Sy The general pattern found for styrene was repeated with

In plane this molecule as well. Thg, andS, states were found to be

V20 1142 1164 1.99 117 1.93 118 strictly planar, while for the ground state a very broad and

V17 1227 1607 216  6.28 242 1205 ghallow potential well for the torsional potential around the

vy 1582 1507 4.62 3.31 8.59 5.59 ;

v 1609 1568 507 383 9.76 701 Cl—_Ca b_ond was found, with a small hump at _the planar

v 1663 1628 413 5.09 8.50 1004  configuration. This hump may be due to a lingering compu-
tational artifact, although a recent stéiyndicates a small

Out of p'anggs ss 273 244 035 013 local maximum for the planar form. The main configurations

Z:Z 435 325 272 244 0.42 013 forming theS,; andS, states are analogous to those found for

Var 685 381 1.40 1.89 053 0.22 styrene itself: theS, state arises primarily from a HOMO-

Vag 777 587 1.82 1.19 0.89 0.34 LUMO transition and is calculated at 5.027 g¥.90 eV

Va5 851 642 1.25 131 0.72 044 including zero-point energyabove the ground state. The ex-

Va4 924 755 1.46 1.81 1.02 0.84 perimental 0,0 band is at about 4.7 8\The S, state arises

V3 980 799 1.41 1.50 1.10 0.78 L . ) i ;

vy 1009 845 141 1.70 117 0.99 primarily from two singly excited configurations, HOM&L

to LUMO and HOMO to LUMO+1 and is found to be at a
Mode numbering as i1%,, the corresponding modes in the excited states higher energy thal$2, unless the MP2 correction is applied,
are selected according to the correlation diagram of Fig. 3. restoring the correct order. Figure 6 shows that the main

bIn-plane frequencies scaled by 0.89, out-of-plane frequencies by 0.85. L
°Reduced masses and force constants are reported as caléaateiling  Structural changes are very similar to those found for styrene
itself (cf. Fig. 2.

applied.
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IV. DISCUSSION
A. Comparison with previous work

The calculated properties of the ground state of styrene
compare well with those of previous workers**2>3%t ap-
pears that the 4-31G basis set used by us leads to essentially
the same results as those obtained with larger ones, such as
6-31G or even 6-311¢* 2% Table VI shows that the calcu-
lated moments of inertia and dipole moments of styrene
agree reasonably well with available experimental informa-
tion. This encourages us to believe that the results obtained
for BMS are useful for analysis of experimental data as well,
and the calculated values of these parameters for BMS, for
which experimental data are yet to be obtained, are also
shown in Table VI. Table I, that lists the calculated frequen-
cies for several isotopomers of styrene, shows that they agree
quite well with experimental values. The only exception is
the low frequencyv, torsional mode, which previouab
initio calculations have also found to elude proper calcula-
tion.

The main novelty in this paper is the use of the CIS
method to calculate and analyze the properties of the elec-
tronically excited states. Th§, and S, states’ geometries
obtained in this work are similar to those calculated by the
extended PPP-ClI and CNDO/S-CI semiempirical
method?>?® The oscillator strength found for thg§,—S;
transition is in better agreement with experiment than the
semiempirical result. However, the principal efforts were di-
rected at the calculation of the vibrational frequencies of the
excited singlet states and correlating them with ground state
ones.

Inspection of Table Il shows that our calculated frequen-
cies for styrene ir5; are in reasonable agreement with pre-
1. The frequencies of BMS inthe S o, S;, and S, states  yjous experimental assignments for in-plane modesugh

The calculated frequencies of BMS in the three elec2 few reassignments needed to be dpimert that the two
tronic states are listed in Table IV, along with some experi-lowest out-of-plane vibrational frequencies differ consider-
mental values. The correlation between the ground and exably from published assignments. Thg, mode calculated
cited states modes was determined, as in the case of styrerféquency(33 cm ) is very close to that found experimen-
by considering the symmetry, force constants, reducedlly for So (38 cm?), and thew,; mode’s frequency is cal-
masses, and atomic displacements of each vibration and @llated to be 155 cfit, rather than to 97 ci.*® This value
shown in Fig. 7. The main patterns observed for styrene weri$ fairly close to 186 ¢, a frequency interval often ob-
repeated: a large number of modes were not appreciablgerved inS, and assigned to thej, frequency in Ref. 18.
changed upon electronic excitation and could be correlatefor modes with higher frequency, the calculation is in good
in a 1:1 manner witls, modes. Methyl group modes, such as agreement with available experimental values; for instance,
V14, Vg Va5, Vs, @nd vz, remain largely unchanged upon that of the v,, mode, 258 cm?, agrees closely with the
excitation. As in the case of styrene, for maafyring modes ~ experimental value of 253 cm.

a decrease in frequency due primarily to the reduced force These results led us to reinspect some excitation and
constants was revealed 8. Table V lists the frequencies, emission spectra of styrene, and to run a few on our jet
reduced masses, and force constants foishend S; vibra- apparatus® The calculation suggests a possible reassignment
tional modes that undergo considerable change upon eleof some of the bands in the excitation spectrum of Ref. 42, as
tronic excitation.. The detailed structure of the mode must b&hown in Table VII. Some lines in previously reported emis-
considered in the analysis, and the atomic displacement vesion spectra of styrene need to be reassigned if the calcula-
tors are of prime help. As an example, it is noticed that a 735ion is correct. For instance, the hot band appearing-a69
cm ! frequency was calculated for out-of-plane modes incm ™%, which was assignédas 4% 422, is now proposed to
both states, and that the two modes were found to have ebe due to 42, and the emission bands redshifted by 102,
sentially the same reduced masses and force constants. Y&f1, and 217 cm' from the excitation frequency, are as-
the S, one is anf-type®® mode, while theS;, mode is an  signed to 42, 419 423, and 42, respectively. Furthermore,
i-type one, and correlates with tg mode calculated at 923 the 13+282 cm ! excitation band may be assigned to the
cm L. 405425 combination rather than to the #4023 one. These new

Torsional
angle

Torsional
angle

S2

Torsional
angle

FIG. 6. The calculated structure of BMS 8, S;, andS,.
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TABLE IV. Calculated and experimental vibrational frequenciedrahs g-methyl styrene irS,, S;, andS,

(cm™Y).
So S

Approx. S,
Mode desc? Calc? Expt® Calc? Expt® CalcP
In-plane modes
2 ring vCH 3008 3082 3027 3063 3021
vy ring vCH 2998 3062 3011 3006
v3 ring vCH 2988 3025 2996 2992
vy ring vCH 2977 2983 2972
s ring vCH 2970 2963 2980 2992
Vg vinyl vCH 2957 2934 2975 2973
vy vinyl vCH 2938 2915 2949 2950
Vg methyl »CH 2890 2873 2873 2869
vy methyl vCH 2820 2852 2785 2770
Y10 vinyl 1686 1664 1638 1599
20 [K] 1608 1598 1608 1513
129 [ 1580 1578 1566 1468
V13 [m] 1499 1497 1498 1513 1458
Vig methyl 1471 1479 1473 1487 1436
Vs [n] 1451 1440 1454 1457 1381
Vig methyl 1413 1390 1421 1433 1400
7 [e] 1357 1377 1407 1342
Vig vinyl 1326 1332 1349 1335 1323
Vig vinyl 1309 1306 1315 1324 1306
Voo [o] 1223 1244 1299 1291 1226
V1 [q] 1190 1210 1207 1211 1208
Voo [a] 1189 1179 1171 1159 1172
Vo3 [c] 1141 1155 1164 1146 1129
- methy! 1092 1105 1099 1078
Vs [d] 1066 1070 1007 977 1041
Vog [b] 1020 1002(or vsg) 982 965 979
Vo7 [pl 997 965 965 933 941
Vog vinyl 926 946 923 915 899
Vog [r] 809 809 790 803 764
V3o [s] 632 577 585 600
12 methyl 619 613 575 572 576
Ve [] 401 409 401 388 395
Va3 vinyl 340 337 335 337 335
Va4 [u] 144 155 157 156 153
Out-of-plane modes
Vas methy! 2736 2732 2690 2669
Vag methyl 1400 1377 1399 1389
Vg7 vinyl 1032 1031 1026 989
Vag [il 1007 1002(0r vyg) 847 965
Vag [h] 978 981 782 951
Vio vinyl 963 962 935 904
Vap [i] 923 910 735 808
Vao [q] 839 624 718
Vy3 vinyl 821 809 800 703
Vya [f] 735 736 609 646
Vys [v] 680 692 458 562
Vag [x] 488 498 364 350) 394
V47 [w] 398 394 249 226 380
Vig 273 285 223 213 198
Vg 168 176 189 184 93
Vg 121 127 107 100 69
V51 26 31 27 22 51

@Approximate mode description using Whiffen’s classificati&ef. 3. Vinyl and methyl vibrations are des-
ignated separately. This description refers $grmodes only, see Fig. 7 for correlation with modesSpfand
S,.

bThis work.

‘Experimental data of Refs. 15 and 26.
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Nonetheless, it is interesting to note that an assignment of the
BMS vibronic structure of theSy— S, spectrum is possible, as-
suming that theS, calculation is correct. In that case, each
mode maintains its character, and thg mode is nearly
harmonic inS,;, with the following energy intervals with
respect tov=0: 30, 62, 97, 129, 160, and 193 cinfor
Av=1 through 6. The 186 cit frequency interval is
0 adopted, in this interpretation, as thg, mode’s frequency,
as shown in Table VII.

in-plane modes out-of-plane modes

1500—_/% ﬁ>\< = [ {1500
— - >‘>< = [ B. Correlation between the changes in electronic
= § é ; = charge distribution and vibrational motions
— = < _ The S;— S, electronic excitation affects mostly the aro-
— T » == matic ring, while the main effect of th§,— S, transition, is
— = Y the transfer of an electron from the HOMforbital, to the
w000} __ 2:6§ — — 3 “Hwe LUMO #* one, affecting the wholer electron structure.
- z o - - — This results in considerable weakening of several double
" - L2 — bonds, primarily the vinyl one and the &iC6, C}—C2,
T o - = and C4—CS5 ring ones, and to strengthening of the-CC«
; - one. These changes are expected to affect the nature of sev-

eral group frequencies in the vicinity of the relevant bonds,
mainly the in-plane ones. In addition, the excitation involves
the transfer of an electron from & orbital to a #* one,
leading to reduction of ther electron density due to the more
“inflated” character of thew* orbitals compared to ther
ones. This is expected to reduce the force congtam thus
the frequency of some out-of-plane vibrations. It turns out
that these expectations are largely borne out by experiment,
as detailed in the next two subsections.

The vibrational modes of monosubstituted benzenes are
often discussed in terms of Wilson's classificafiomsing
FIG. 7. The correlation between normal modes of BMSSin S, ands,  Whiffen's notations’® This classification was found to be

(excluding CH stretch modgsas found in the calculations. The meaning of Useful also in the construction of the diagrams correlating
the symbols is as in Fig. 3.
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TABLE V. Calculated characteristics of the vibrational modes of BMS
assignments rely on two results of the computations: Firstynose properties are calculated to change appreciably upon electronic exci-
the value of thev,, mode frequency, 33 cm, which is tation.

compatible with a value of 97 cht for the second overtone

. . . 1 . -1
of this vibration [E(V=3)— E(v=0)]. The 97 cm 1 inter- Frequencycm™!) Red. masgamu  Force const(mdyn/A)
val, often appearing in th8,— S; spectrum, was interpreted Mode S S S S S S
by Hollas et al. as the fundamental frequency of,. The In plane
secondab initio result is the apparent absence of mode mix-,, vy 997 965 4.78 313 3.54 217
ing betweerv,; andv,, in S;, in contrast with the analysis of ,,, 1020 982 221 3.66 1.72 2.62
Ref. 18. Vog 1141 1164 1.99 1.14 1.93 1.15
These reinterpretations, intriguing as they are, must beo 1223 1608  2.35 9.87 2.62 19.0
1580 1498 4.81 3.37 8.94 5.62

regarded as tentative at best at this point. The accuracy of tHe?

A 1608 1566 5.11 4.20 9.83 7.67
calculation of low frequency torsional modes suchvgsin 1686 1638 545 4.94 1154 986

electronically excited states cannot be properly estimated at
this stage, as we and others found even in the case of tHf¥t of plane

ground stat€S;). We have used a limited basis set, and thev48 ;gg 24213 2'?2 54312 8';22 8'23?
effect of diffusion functions, which may be important for a ' 438 364 270 233 0528 0.251
proper description of the excited states vibrational modesy,. 680 458 1.77 2.07 0.669 0.354
has not been checked. The computational effort involved irvas 735 609 1.48 1.22 0.650 0.368
using a larger basis set is much larger than needed for thi2 839 624 126 127 0.726 0.404
present work, and its execution was not attempted. It |sV41 gsg ;22 i‘j; igg icl)g 8'%3
therefore premature to conclude that mode mixing is really,,37 1007 847 142  1.65 118 0.966

absent for the two low lying out-of-plane modes of styrene
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TABLE VI. Calculated and experimental properties of styrene and BMSyiand inS;.

Expt. Calc.
Rotational constantdVHz) Sy S S, S S, S,
Styrene
A 5163.4 4979.P 5278.3 5131.4 4989.5
B 1545.9 1526.5 1557.6 1537.2 1590.1
C 1189.6 1169.6 1204.7 1182.9 1205.8
Dipole moment D) 0.1222 0.25 0.138 0.438 0.385
Oscillator strength $,— S;) 0.002 0.24 0.0038 0.55
BMS
Rotational constantéVHz)
A 5107.1 4960.8 4858.3
B 870.9 866.9 885.7
C 749.7 741.3 752.6
Dipole moment D) 0.3905 0.568 0.593
Oscillator strength $,— S;) 0.0050 0.67

aReference 20.

PReference 20 combined with data of Ref. 27, in which the changes of the rotational constants upon electronic
excitation.

‘Reference 20 combined with data of Ref. 41, in which the changes of the dipole moment upon electronic
excitation were reported.

excited states’ vibrational modes with ground state ONesapLE viI. A possible new assignment of the excitation spectrum of sty-
(Figs. 3 and Y. In many cases, an approximate one to oneene in a supersonic jet.
correlation could satisfactorily account for the properties of

the S; andsS, states vibrational modes with thoseSf. This Expt. f(cm K ASS'%”me”t .
conclusion was reached by considering the calculated force (Ref. 49 (Ref. 49 New assignment
constants, reduced mass, and mostly the individual atom dis- 59.5 4342 42
placements of each mode. Since vibrational frequencies re- 193.2 4% 4%

237.2 24 2%

flect the properties of the potential surface near the minimum

1
positio_n, this result mugt be intgrpreted as indicating that the gi;:i Z%ﬁ%é gg%i% or 4G
potential surface remains relatively unchanged along many 371.0 43 422
coordinates upon electronic excitation. It is also in line with 3945 28 28}
the rather small overall calculated geometry changes in- 437.1 2% 413422 or 45413
curred upon excitation. 505.5 46 405

However, the approximate nature of this simple correla- ot 2928 29406415
tion must be emphasized, and a certain degree of mode mix- g;g; 24 22781423
ing, namely a non-negligible contribution of more than one 5373 3%?428
Sy mode to an excited state mode, is a common occurrence. 548.7 2842
As shown in Figs. 3 and 8, several “crossings” take place, in 563.6 43422 402422
which the calculated frequency for a given mode is lower 630.0 2928 2928
than that of other mods) in S, or S, although it is higher in 678.7 28406415 27415424
Sy- In most of these cases, the modes involved are coupled to 7458 23 2%

. . . S 862.2 2829%

a certain extent. In particular, it was found that while in the 940.4 23 37i3g.
ground state, vibrational modes could often be assigned as 047.8 24 24k
primarily “ring” or “vinyl” modes, in the excited states 959.1 23 23

many modes included contribution from both groups. This 965.4 2¢ 3539

was discussed vis-a-vis thg mode of styrenéFig. 4), and 972.4 ? 3838

is apparent, for instance, also for tBg vinyl mode v, that 980.7 18 252%
mixes strongly with the ring/;3 mode upon excitation t8, 223'0 2% 22§

. 7.3 2329 313428
(Fig. 3). 1029.2 2841142 21}

Examination ofS, modes provides another example of 1095.8 28408413 251308472}
ground state modes that cannot be readily related to excited 1117.9 25412
state’s ones after all others have been paired is that of the 1138.6 2528 2528
vy (vinyl) and v, modes(l-type) of S,. The former may be 1145.8 13 205
related with some difficulty to both 1590 and 1508 ¢m 1153.0 ? 2842

) . 1184.6 ? 1b
modes(vq and v,oin S,) and the latter with the much lower 11957 230
frequencyv, mode ofS, at 1373 cm™. However, the 1590 1209.0 18 18

cm~ ! mode is much better correlated with th&, mode, and
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So Sy

iBess

Vi5= 1353 em™ V6= 1330 em !

-0

V6= 1319 cm™!

vy =1227 em’! V9= 1607 em™

FIG. 8. The vector displacements calculated for the nomiretlype, vinyl

stretch and-type vibrational modes i, (v;5, 15, and v,7, respectively,

and the corresponding modes3p (vyg, v47, and vy, respectively. See the
text for discussion.

FIG. 9. (a) A schematic representation of the calculatedlectron distribu-
Otfx)n in the HOMO and LUMO molecular orbitals of styrerib) A schematic

view of the inner and outep, orbitals used in the 4-31G split valence basis

set. Upon electronic excitation, the outer orbital contribution to#treec-

tron density increases significantly. The reduced electron density may lead

to a smaller force constant for out-of-plane vibrations, shown schematically

in the figure.

it may be concluded that these two high frequency modes
Sy have no proper match i§,.

1. In-plane vibrations

The correlation diagrams are a powerful qualitative tool
to point out one to one correlations between ground and
excited state modes, and mode mixing. In addition, they prosignificant frequency increase upon excitatiorsig*>** this
vide an opportunity to consider the few cases that do not fitnode is a Kekuldype one, which distorts the molecule to a
with either description. As an example, consider the styren&ekule form. Inspection of thes; (v7,) andS, (v;,) modes
1607 cm ' mode inS; (in this section all numerical values (Fig. 8 shows that the ring carbons undergo this motion in
refer to thecalculatedquantitieg. It could not be properly styrene. It is proposed that the large increase in force con-
correlated with anys, mode; in other words, after all modes stant is due to the fact that theelectrons in aromatic mol-
were correlated, it remained unmatched with any groundkcules tend to distort the molecule to a Kektdem:*® fur-
state normal mode. Inspection of its vector displacementther discussion of this point is deferred to a separate
shows that it is an essentially Kekulimg carbon atom dis- communicatiorf®
tortion mode(Fig. 8), combined with a vinyl &=C stretch. The Sy— S, transition is different in nature and leads
Its force constant and reduced mass are calculated to be vepyimarily to changes in the vinyl part of the molecule. The
large by comparison to all other modéesee Table Il). The  nature of two styrene modes, the viny=€C stretch(xg) and
Sp mode that remains unpaired is the nominalyype one at  the ring 1-type CC stretch(v,;) undergoes a considerable
1227 cm'!, v}, also shown in the Fig. 8. It is clear from the change upon this transitioff. Fig. 3. No singleS, modes
drawing that, as discussed in Sec. Il A 1, this mode involvesan be correlated with either of theSg ones, and the most
a Kekuletype distortion in which both C and H atoms par- suitable ones have much lower frequencies, force constants,
ticipate. Figure 8 shows also the nominadiytype modes in  and reduced masses. A similar change is calculated for the
the two electronic states: thgg at 1353, involving primarily  analogous modes of BMS;;, and v, (cf. Fig. 7). The al-
ring hydrogen atom breathingogether with some vinyl hy- most equal frequenck-type mode(v;, in styrene,v; in
drogen motion and ther;z one at 1330 cm!, which is  BMS) is essentially unchanged upon this excitation.
calculated to have very nearly the same shape, reduced mass, These trends are readily explained in terms of the calcu-
and force constant. By comparison, Fig. 8 displays the nomilated changes in electronic density: In fact, one can account
nally vinyl mode (v and v;; in Sy and Sy, respectively,  for them by considering the HOMO-LUMO changes only.
which is seen also to maintain its character on electronid@he reduction of the double-bond character of the-C vi-
excitation. Similar effects may be seen in the correspondingyl bond and of the G&C2, C1+—C6, and C4-C5 bonds, is
calculated BMS modes. directly reflected in the reduction of the force constants of

The exceptionally large force constant calculated for thehe associated vibrational mode frequencies. The reduced
v1, mode(12 mdyn/A) arises in part from the change from a masses of the normal modes decrease in the excited states,
mixed H and C atom mode i, (v}) to a mode involving since now the modes are less localized, and involve smaller
almost exclusively carbon atoms motion. However, this apamplitude motions of more atoms. It is found that these
pears to be only a partial explanation. As shown by a comehanges are expressed primarily in only two high frequency
putation run on benzerf8, this effect is even more pro- modes, although, as mentioned above, a small degree of
nounced for the;4(b,,) mode, which is known to undergo a mode mixing is found for many more modes.
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TABLE VIII. The calculated properties of the HOMO and LUMO orbitals centered modes. It is found that this is often due to a reduc-

of BMS. tion of the force constant, while the reduced mass is rela-
HOMO LUMO tively unaffected. Examples are thg,, 139, and v3; modes
Energy(hartreg 02948 0.1219 of styrene, for which the reduced masses that are 2.44, 2.30,

and 1.40 amu i, change to 2.73, 2.72, and 1.87 amw&in

, —
Carbon atonp, orbital coefficients while the force constants change from 0.35, 0.42, and 0.53 to

At .
i)m —0.227 092 0.231 545 0.13, 0.20 and 0.22 mdyn/A, respectivéRable IlI). In con-
—-0.234 159 0.387 554 trast, the largely vinyl modesgsg, v33, and v5, whose fre-
2 —0.158 198 —0.171 334 quencies are calculated to be 626, 943, and 9971dm80,
—0.153 267 —0.314332 change very little inS, (to 626,900 and 971 reflecting a
3 0.092 926 —0.064 735 .
0.089 963 0.125 086 small change in both reduced ma4s88-1.42, 1.31-1.29,
4 0.233 615 0.234 359 and 1.28-1.22 amu, respectivednd force constani®.60—
0.241 456 0.433 596 0.45, 0.95-0.85 and 1.03-0.94 mdyiAs Fig. 3 shows,
5 g-ggg g;‘é _8;4212 822 manya” modes in the 600—1000 crhrange inS, undergo a
6 0156 680 _0.127 028 15%—-25% frequency reductlon 181;_ The change can be
—0.160573 —0.204 362 generally connected with the reduction in force constant, but
7 0.192 799 0.156 626 one notices a rather extensive mode mixing as well.
0.201 411 0.283 715 A further prediction may be made concerning some vi-
8 0.238 703 -0.233516 ; . o . i
0.243 545 —0.405 327 brations of the second excited sta_te,_mspectlon of Fig. 9
9 —0.061 268 0.007 167 shows that the largest electron density in both HOMO and
-0.042 213 —0.027 817 LUMO orbitals is near the carbon atoms 1, 4, and 8 and the

PeS— — —— smallest, near ring atoms 2, 3, 5, and 6. Consequenthsfor
bTr?; ﬁrgtae%?;yr}z?]ezéw%ti?nl?s tlr?é cbeﬁicient of the inner, and the secon(YIbratlo,ns’ the dilution effect is EXpeCted to b_e eff.ectlve
entry of the outer, basis set functions. mostly in cases where the out-of-plane deformations involve
large amplitude motion of atoms C1 and C4 or the hydrogen
atoms bonded to them, while modes involving motions near
the side carbon atom€2, C3, C5, and Cpare expected to
be affected to a lesser extent. One example for this effect
Another effect of the electronic excitation is the “swell- jnyolves thewsq and v,, pair of styrene. InSy, the w-type
ing” of the 7 electron charge distribution, which is schemati- mode (1) vibrational frequency(397 cm'y) is lower than
cally shown in Fig. 9. In split valence basis sets, such agy 4t of thex-type one(vsq, 435 cm'Y), while in the'S, state,
4-31G, two siz.es of atomiclorbitals are used to construct thrt:;ne frequency of the-type mode is strongly reducdtb 283
molecular orbitals. In particular, the HOM@L HO,MO’ cm 1) due to the dilution effect, while that of the-type one
LUMO, and. LUMO+1 moleculqr orbitals cpptam two (calculated 380 cmt) is hardly affected, leading to order
p,-type atomic orbitals. Table VIII lists the coefficients of the inversion. It is noted that while the-type mode force con-

“inner” and “outer” p, orbitals in these molecular orbitals. stant is reduced by almost a factor of 4, from 0.42 mdyn/A in
It is seen that the contribution of the outer orbital increase%O to 0.12 mdyn/A inS,, that of thew-';ype oné is hardly

significantly upon electronic excitation in all the carbon at- - . . :

oms: in the HOMO orbital the coefficients are essentiallyg?at';(‘jjeeci1 ?gjéﬁea?ngzgpg{:dr;?ﬁ;iiviz'th;p?ﬁt'&ne

equal, while in the LUMO one the outer orbital is almost PP 9 . . .
Hv—type mode the C1 and C4 atoms are practically immobile,

twice as big as that of the inner one. This is a manifestation’ 7" . : : Y
of a “dilution” of charge density normal to the molecular while in thex-type mode their amplitude is large. Excitation
changes the electron density in a different way—here

plane that occurs on electronic excitation. Using the splitIO S_l o
valence basis set helps in clearly visualizing the “outwards2/l ing atoms are similarly affected. As a result, the frequen-
displacement of ther electrons. This change affects mostly ¢1€S ©f bothusg and vy, are reduced by roughly the same
the out-of-plane vibrations, resulting in reduction of the forceProportion. . o
constants. The physical reason for this appears to be that the A Similar situation is found for thess, 3, pair: in S,
highly localized electron density near the molecular planethe ¥s; mode is primarily arh-type one, involving mostly
results in a larger restoring force for out-of-plane motionSide carbon—hydrogen deformation. This motion dominates
than the more dispersed electron cloud in tHeorbital. the h-type v3; mode inS, leading to very similar force con-
The dilution effect results from the changes in teéa-  Stants(1.10 vs. 1.02 mdyn/Aand frequencie980 and 951
tive contribution of the inner and outer basis set functions incM ). The vy in Sy is primarily a vinyl group CH deforma-
the HOMO and LUMO orbitals. In order to account for the tion, as is thevs, in S,. Its frequency is reduced since the
observed changes in the vibrational frequen¢sesnmarized electron density is large near thgg@tom. The classification
in Tables Il and VI and Figs. 3 and)9one must also con- to pure ring versus vinyl modes is, of course, only approxi-
sider the absolute change inelectron density in the differ- mate and in fact th&, modes can be correlated to a certain
ent parts of the molecule. extent to bothS, modes, but the essential physical effects
The transitionS,— S, affects mostly the aromatic ring, seem to be accounted for by the qualitative description. This
and indeed large frequency reductions are found for ringis due to the fact that even in cases of mode coupling, one

2. Out-of-plane modes
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often finds that the contribution of one of tBg modes to the
properties of the5, one is dominant.
In BMS, the dilution effect is much smaller for out-of-

CORRELATION OF S, VIBRATIONAL MODES (in plane)

plane vibrations that involve primarily a methyl group, and —_— o ring

indeed, thevss, v35, and v3; mode frequencies of BMS do B — v v

not change much on electronic excitation. 1500 m Y
< methyl

C. Correlation between styrene and BMS vibrational
modes

The effect of replacing g vinyl hydrogen atom by a 1000

methyl group on the normal modes can be determined by
inspection of the calculated normal modes’ coordinates. Con-
sidering the ground state modes, one can clearly distinguish
between three types of modes in BMS: those that are essen-
tially unchanged, those that are almost totally located in the 500 1
methyl group, and mixed modes, in which the methyl group
motion is strongly coupled to the rest of the molecule.

The first group is readily recognized by the fact that the
methyl atoms are almost stationary. It follows that the re-
duced mass$u) and the force constant&) hardly change on 0L Bus STYRENE
the substitution. Attention is drawn in particular tle
modes (corresponding styrene modes in parentheses FIG. 10. The correlation between in-plane normal modes of styrene and

. Vo1 (110), Vos (110) @and thea” modesvy- (va0), BMS (excludin_g CH stretch mo_d}asPrimarin vinyl group m_odes are
(VZG)’ V23 (VZO) 21 ( 19) 22 ( 18) 47 ( 40) marked by a triangle, and primarily methyl group modes by diamonds. The

vaz (V39), Va1 (v34), V9 (v3r) @nd vgg (v3y). The CaICUIat_ed dashed lines show styrene modes that correlate with two or more BMS
reduced masses and force constants are changed in thes&ies, which often may be considered as a mixed vinyl-methyl msées

cases by less than 1% on the substitution of a hydrogen atofhe tex). The letter designation shown uses Whiffen's notatief. 36 for

by the methyl group. The pair of accidentally nearly degen-Substituted benzenes.

erate modes; g and v,4 in Styrene is interesting. The calcu-

lated frequencies are 1189 and 1185 ¢nrespectively. The

corresponding frequencies in BMS are 1189 and 1190'cm plane, and that except for the methyl hydrogen atoms, all

(modesy,, and,,). The reduced mass and force constant forother atoms are immobile.

the styrenes;g mode are 1.15 amu and 1.21 mdyn/A, respec-  The relation between BMS and styrene ground state in-

tively, and are unchanged in BMS. The mode is identified aplane modes is shown in the correlation diagram, Fig. 10. It

a ring breathing mode with a large hydrogen atoms’ in-plands seen that several styrene modes related to the vinyl group

motion. For the styrene;g mode,u=2.27 amu ank=2.34  can be considered as being split by the substitution into two

mdyn/A and the carbon atoms’ amplitude is much larger. Thdevels, whose frequency shift with respect to the original

changes upon methyl substitution are slightly larger than irvibration is of opposite sign. The lower level largely main-

the former caseu=2.12 amu ank=2.23 mdyn/A in BMS. tains the vinyl mode character, and the higher frequency one

The analysis thus shows that the calculated degeneracy ¢an be considered as a methyl group vibration. Thus, the 553

due to a simultaneous similar increase of batandk, lead-  cm™* (#3,) mode is split into the 340 and 619 cfones;

ing to an almost identical frequency for the two modes.  The 1037 cm' mode into the 926 and 1092 cthones,
The almost pure methyl modes are the in-plane modewhile the 1434 cm? vinyl mode, is found to correlate with

(in parentheses—frequencies in ¢ vj, (147D, vjs three BMS modes: the largely methyl ones at 1413 and 1471

(1413, and vj, (1092 and the out-of-plane mode/’g cm ! and the vinyl one at 1309 cm. Likewise, the out-of-

(1400, in addition to the three CH stretch modage Table plane modegnot shown in the diagran860 and 1081 cmt

IV). The classification of the three 1400 chmethyl bend-  of BMS are correlated with the 988 crhmode of styrene.

ing modes tea’ anda” representations might appear at first We note that the;,s mode of styrenécalculated 1303 cit)

sight as somewhat arbitrary, since the methyl group breakis largely a H—H, in-plane bend, maintains its character

the C, symmetry. However, inspection of the vector dis- upon the substitution of thieansH atom by a methyl group,

placements of these modes shows that making these assigand the nature of the mode hardly changes in Bivtfdde

ments is straightforward; For instance, thé, and vjs vy, calculated 1326 ci).

modes,(calculated 1471 and 1413 ¢ih respectively, show We conclude this section by noting that in general, the

an almost exclusive methyl motion, in which thecarbon calculation shows a strong correlation between styrene and

atom is strongly displaced in thmolecular planewith re- BMS modes in all three electronic states. Trends found for

spect to the methyl hydrogen atoms, while all other atomghe changes induced in the nature of vibrational modes of

are practically fixed at their equilibrium positions. In the casestyrene upon electronic excitation are generally found also in

of the 1400 cm? out-of-plane modeifse), inspection shows BMS. This allows the use of known styrene band assign-

that the v carbon moves perpendicular to the molecularments to help in making BMS ones, and vice versa. As an
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example we refer again to thetype vibration, which was work2%% 1t is well known that in benzene the transition is
found to be mixed withe-type one inS,, but became a pure made possible by a Herzberg—Teller coupling
C ring breathing inS;. This was accompanied by a large mechanisnt/ %8 therefore, one may expect to find evidence
increase in the reduced mass, and more so in the force cofer this coupling in some vibronic bands. We have not car-
stant of the modéTable Ill). This trend is repeated for BMS, ried out an intensity analysis in this work and suffice in
and the change in the force constant is even more pramaking a few qualitative comments. Tl&— S; transition
nounced: inS, the frequency of this mode’;;, 1608 cm?)  in benzene is dominated by tteyyvep, Mode, whose fre-

is calculated to be similar to that of high frequency modes inquency inS, is 608 cmi * and inS;—522 cni X" In styrene
Sy, but the force constant is to 19.0 mdyn/fBy compari-  there is a group of bands betweAfE =500 and 560 cm',
son, the force constant for thg , mode(1638 cm') is 9.8,  some of which were assigr¥dto a multiplet arising from
and that of theS, v}, one(1686 cm*) is 9.8 mdyn/A. The  the v, mode (calculated 587 ct, Table II; see Table VII
very large force constant indicates a strong tightening of théor another possible assignment, also involving this mode
CC breathing mode notion, and is a unique property of thaVe found”® that the intensity of some of these bands is very
first excited state. 118, the force constant for this motion is sensitive to complexation with rare gas atoms and small mol-

quite similar to that ofS,. ecules in a supersonic jet expansion. Thgmode is a CC
ring breathing mode, similar to thg, mode of benzene, and
D. In-plane—out-of-plane mode mixing this extreme sensitivity to van der Waals forces may reflect
) Herzberg—Teller activity.
In some casesa’ anda” modes appear to be mixed. It was stated that the-type mode appears to undergo a

Thus, one finds considerable out-of-plane activity in thegjgnificant frequency change upon electronic excitation.
nominally 5 mode of BMS at 1020 cit, the vzg mode at  gych changes are usually reflected by a strong Franck—
926 cm*, the v5, mode (401 cmY), the v3; mode (340 Condon activity in the absorption and emission spectra. The
cm %), and thevz, mode at 144 cm'. In styrene, thevss  weak band observed in the styrene fluorescence spectrum at
mode (431 cm't) shows considerable out-of-plane activity, 1608 cmi* (Ref. 42 may indeed be due to this mode, but its
and the almost iso energeti§, mode (433 cm ), is strong  weak intensity appears to be at variance with the expected
in plane motion. Thev;, mode (992 cni'?) has a largea”  strong activity. Comparison with benzene may help to re-
contribution, primarily from out of plane vinyl bending. selve this apparent discrepancy: the corresponding mode in
These mixings arise from the fact that the calculation did nobenzene is the,, one, which is symmetry forbidden for any
reproduce the planar structure of the styrenes in the grounghe-photon transition, and indeed is not observed in the
state, so that the symmetry is not stric@. In view of the  ysyal absorption spectrum of benzene. This mode is, how-
experimental evidence that the torsional potential is very flagyer, clearly observed in the two-photon fluorescence excita-
in styrene, and that BMS may in fact be a nonplanar moljon spectrurf®**and in fact is by far the strongest band. An
ecule, we believe that the in- and out-of-plane vibrationsunusua”y large frequency change is found for this mode,
may be coupled in the real molecule, since the low frequencyrom 1309 cm*in S, to 1566 cmi*in S;; this large increase

vibrations Strongly distort the planarity of the molecule. is similar to (though somewhat smaller th)ame one calcu-
lated by us for theo-type mode of styrene. Our result is in

E. A note on the intensity of some vibronic line with a recentab initio study on benzen¥ in which a

transitions in the Sy« S; spectrum similar increase in the,, mode was calculated f@,. Based

on the similarity between styrene and benzene, it is predicted
that the 1608 cm! band will be prominent in the two-photon
absorption spectrum of styrene.

In this paper we have often used the notation introduce
by Wilsor?’ and Whiffert® to describe the approximate na-
ture of styrene vibrational modes. Substitution of the ben
zene ring reduces the symmetry of the molecule, making the
So— S, transition less forbidden. Since the double bond of,, g ;MARY
the vinyl group can in principle interact with the rimgelec-
trons by conjugation, the perturbing effect might be expected The energies, geometries, and vibrational frequencies of
to be larger in styrene than in substituted benzenes having rthe three lowest singlet states of styrene gaadethylstyrene
p electrons in the substituting group. Indeed, the 0,0 transiwere calculated using aab initio method at the CIS-MP2/
tion of styrene is redshifted from that of benzene to a mucht-31G level of theory. The ground state appears to be slightly
larger extent than those of toluene or ethyl benzene, for innonplanar, while the two excited states are strictly planar.
stance. However, th&,— S, transition in styrene is still a Good agreement with experiment is obtained for the excita-
rather forbidden one, as its small oscillator strength indi-tion energies as well as for the oscillator strengths of the
cates. In benzene, this transition involves an electron transf&,— S; andS,— S, transitions. The electric dipole moments
from the degenerate, 4 to the degenerate,, molecular or-  of these transition are found to lie along the long axis in the
bital; the degeneracy is lifted in styrene, but the fact that thanolecular plane, also concurring with experiment.

Sy— S, is calculated to involve partial electron transfer from The first excited singlet arises mostly from an in-ring
the two highest occupied MOs to the two lowest unoccupiedexcitation, the vinyl group being only mildly affected: the
ones is a reflection of the similarity to the benzene case. Thdouble bond maintains its length, while the-ECa one is
vibronic intensity analysis of the styrene spectrum has beeshortened a bit. Ir5,, the C}—Ca and Ga—Cg bonds are
performed on a Franck—Condon basis in a previouslmost of the same length, and internal rotation around the
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bond becomes more hindered, as reflected by a large increaS®!. J. Frisch,caussian 92, Revision F2(Gaussian, Inc., Pittsburgh, PA,
in the torsional frequency. 1992.

Most of the calculated vibrational frequencies are found'>S- Zilberg, U. Samuni, R. Fraenkel, and Y. Haas, Chem. Pt§8. 303
to be in very good agreement with available information. It i513(1994)'

. P. Swiderek, G. Hohlneicher, S. A. Maluendes, and M. Dupuis, J. Chem.
therefore concluded that a calculation based on the CIS/4- P
Phys.98, 974 (1993.

31G approximation may serve as a good starting point fOE“W. Drescher, S. Kendler, S. Zilberg, E. Zingher, H. Zuckermann, and Y.
calculating the vibrational frequencies of styrene derivatives Haas, J. Chem. Phy&01, 11082(1994.
in S;. The frequency of the torsional mode,, in styrene, Y. Haas, S. Kendler, E. Zingher, H. Zuckermann, and S. Zilberg, J. Chem.
vs; In BMS), is severely underestimated in the ground state Phys.103 37 (1995.
for styrene. This may be related to the fact that the torsional’J- M. Hollas, E. Khalilipour, and S. N. Thakur, J. Mol. Spectrd&s. 240
potential in this state is extremely anharmonic, and is ve%(lg?& .
flat for a large range of torsional angles. Interestingly, a fair. J- M. Hollas and T. Ridiey, Chem. Phys. LE6, 94 (1980.
: ; . . 6 183, M. Hollas and T. Ridley, J. Mol. Spectros9, 232 (1981).

agreement with experiment is obtained for BMS, for which aws; y; polias, H. Musa, T. Ridley, P. H. Turner, and K. H. Weisenberger, J.
nonplanar structure is also calculated. The torsional mode iSmol. Spectrosc94, 437 (1982.
known to be anharmonic, and the harmonic approximatiorf®w. Caminati, B. Vogelsanger, and A. Bauder, J. Mol. Spectrb26, 384
yields a value close to the experimenta+ 0—v=1 transi- (1988.
tion frequency. The calculation does not reproduce the stronic- W. Bock, M. Trachtman, and P. George, Chem. PBs431 (1985.
mode mixing effect between the two lowest Iying mo(iag R. J. Hemley, D. G. Leopold, V. Vaida, and M. Karplus, J. Chem. Phys.

; 16 - 82, 5379(1985.
and vy)) Clalmed to take place irb;.™ A small effect IS 2R3, Hemley, U. Dinur, V. Vaida, and M. Karplus, J. Am. Chem. S,
observed, which appears to become more pronounc&d.in  gsg (1085
This discrepancy may be due to the limited basis set choseriu. Head Gordon and J. A. Pople, J. Phys. Chéi.1147(1993.
and a more extensive calculatifior instance including dif- %R. Hargiti, P. G. Szalay, G. Pongor, and G. Foragasi, J. Mol. Struct.
fusion functiony may be necessary to reproduce the effect, (Theochem).306 293 (1994.
that proved to lead to a satisfactory assignment of the styrenéW- E- Sinclair, H. Yu, D. Phillips, R. D. Gordon, J. M. Hollas, S. K. lee,
spectrum. 27anol G. Mellau J. Phys. Cherf9, 4386(1995.

A. Hartford and J. R. Lombardi, J. Mol. Spectro8&, 413(1970.
On the whole, the CIS method appears to be very uSemZ'BT. R. Gilson, J. M. Hollas, E. Khalilipour, and J. C. Warrington, J. Mol.

for the vibrational analysis of th§,— S, fluorescence exci-  gpeciroscz3, 234 (1978.

tation and emission spectra of styrene, in agreement with &rollowing the prevailing conventiotRefs. 16 and 28 the normal modes
similar work on anthracer®. It thus appears that the of styrene and BMS are described under the assumption that both mol-
Franck—Condon region of aromatic molecules may be ecules belong to th€, point group. This approximation is strictly correct

mapped with reasonable accuracy using this relatively simpleforbswge”e in thes, IStat_e' ar;d 'f‘ear“;]tr”e for Styreﬂelﬁﬁ Z”d for BMS
Conflguratlon |nteract|0n Varlant In both states, neg eCtIng the fact that some met Yyl hyarogen atoms are

out of the plane defined by the carbon skeleton. Consequently, the normal
vibrational modes transform either a$ (in-plane modesor asa” (out-
ACKNOWLEDGMENTS of-plane onep Ground state vibrational modes are designated by a double
dash(”) and S; levels by a single dask’). The notation used for the
The Farkas Center for Light Induced Processes is sup- vibrational modes is therefore as follows: For styrene, the 29 in-plane
ported by the Minerva Gesellschaft mbH, Munich. This re- vibrations are numbered 1-29, in decreasing order of the frequency, and

search was supported by the Binational German—Israel the 13 out-of-plane modes are numbered 30-42. This convention holds
for the ground(S,) state order. The C1-4torsional mode, having the
mes Franck R rch Program for Laser Matter Interac-
James Franc esearc ogra or Lase atte terac lowest frequency irSy, is thus thevj, mode. In BMS, the 34 in-plane

tion. We are deeply indebted to Dr. J. Michael Hollas for . " S

. . . . L vibrations are likewise numbered 1-34, and the 17 out-of-plane ones, are
kmdly pI’OVIdlng us a copy of Ref. 26 prior to its pUbllcatlon’ numbered 35-51, in decreasing order of the vibrational frequencies. The
and for very helpful correspondence. numbering sequence in each electronic state is according to the order
found in the calculatiorithe only exception being the;, and v, order
change, see the caption to Fig; Since mode crossing and mixing takes
place, the correlation diagraniSigs. 3 and ¥ should be consulted for the

2. A. J. Palmer, I. N. Ragazos, F. Bernardi, M. Olivucci, and M. A. Robb, Sogp;3;OX|m|?teKn'flrturebof thedeécnoed stateJm;)ges Igg:ggofg;'
J. Am. Chem. Socl15, 673(1993. . Tsuzuki, K. Tanabe, and E. Osawa, J. Phys. ) (1990.

31 . . _ :
3J. B. Foresman, M. Head-Gordon, J. A. Pople, and M. J. Frisch, J. Chem. G- L- Bendazzoli, G. Orlandi, P. Palmieri, and G. Poggi, J. Am. Chem.

L. Salem,Electrons in Chemical Reactions—First Principlailey, New
York, 1982

Phys.96, 135(1992. Soc.100, 392(1978.
4K. B. Wiberg, C. M. Hadad, J. B. Foresman, and W. A. Chupka, J. Phys?G. Orlandi, P. Palmieri, and G. Poggi, J. Chem. Soc., Faraday Trafi, 2,
Chem.96, 10 756(1992. 71 (1981).
5V. A. Walters, C. M. Hadad, Y. Thiele, S. D. Colson, K. B. Wiberg, P. M. 3. J. Hehre, R. Ditchfield, and J. A. Pople, J. Chem. PI5G.2257
Johnson, and J. B. Foresman, J. Am. Chem. $08.4782(1991). (1972.
°F. Zerbetto and M. Z. Zgierski, J. Chem. Phg8, 4822(1993. 343 A Pople, A. P. Scott, M. W. Wong, and L. Radom, Isr. J. Ch&&1345
’G. Orlandi, P. Palmieri, R. Tarroni, F. Zerbetto, and M. Z. Zgierski, J. (1993.
Chem. Phys100, 2458(1994. 35D, G. Leopold, R. J. Hemley, V. Vaida, and M. Karplus, J. Chem. Phys.

8U. Samuni, S. Kahana, R. Fraenkel, Y. Haas, D. Danovich, and S. Shaik
' . ' ’ ’ ' 75, 4758(198)).
Chem. Phys. Let225 391 (1994 3D, H. Whiffen, J. Chem. Sod956 1350
9K. Raghavashari, G. W. Trucks, J. A. Pople, and E. Replogle, Chem. Phy§7E' B.W'I Ph R \}45 706(1934 :
Lett. 158 270(1989. - B, WIISON, Fys. Rews, .
105, Lifson and A. Warshel, J. Chem. Phy§, 5116(1968; A. Warshel and ~ >-D. A. Condirston and J. D. Laposa, J. Mol. Spectr@&.466 (1976.
S. Lifson, ibid. 53, 582(1970; A. Warshel, inModern Theoretical Chem-  3°E. Zingher, H. Zuckermann, and Y. Haasmpublisheg
istry, edited by G. A. SegalPlenum, New York, 1977 Vol. 7, Part A. 403, Zilberg and Y. Haaéin preparation

Downloadedﬂ18—|Dec—|2004—|to—|132.64.1.37.ﬂFlegigﬁfﬂuﬁm%u\éfgctlgéhb!@—lﬁc%njég¥é19ﬂ%rbpyright,ﬂsee—'http://jcp.aip.org/jcp/copyright.jsp



36 S. Zilberg and Y. Haas: Ab initio study of styrene and g-methyl styrene

4IH. Parker and J. R. Lombardi, J. Chem. PHy4.5095(1972). 43, S. Shaik, P. C. Hiberty, G. Ohanessian, and J.-M. Lefour, J. Phys.
423. A. Syage, F. Al Adel, and A. H. Zewail, Chem. Phys. Lati3 15 Chem.92, 5086(1988.
(1983. 48Y. Haas and S. Zilberg, The,,(b,,) mode of benzene i, andS; and
43L. Wunsch, F. Metz, H. J. Neusser, and E. W. Schlag, J. Chem. BBys. the distortive nature of ther electron system: theory and experiment,
386 (1977). J. Am. Chem. Soc(to be publishegd
44J. R. Lombardi, R. Wallenstein, T. W. Hach, and D. M. Friedrich, J.  *’A. Albrecht, J. Chem. Phy=3, 169 (1960.
Chem. Phys65, 2357(1976. 48C. S. Parmenter, Adv. Chem. Phy&2, 365(1972.

Downloadedﬂ18—|Dec—|2004—|t0—|132.64.1.37.ﬂﬂe@gﬁfﬁuﬁmﬁsu\é%cthéh!&@—lic%njég¥é19w%%pyright,ﬂseeﬂhttp://jcp.aip.org/jcp/copyright.jsp



