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Density-Functional Studies on the Structure and Vibrational Spectra of Transient
Intermediates of p-Benzoquinone

Introduction

Prediction of vibrational frequencies for ground state mol-
ecules from density-functional (DF) and hybrid Hartréeck/
density-functional (HF/DF) methods has become routiré.
Comprehensive reports have appeared in recent literature on
the utility and accuracy of DF and HF/DF methods over the
traditionally usedhb initio (HF and post-HF) approachet-18
However, in spite of the availability of a large quantity of
experimental data on vibrational spectra of transient species,
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Prediction of vibrational frequencies of polyatomic molecules using density-functional theory (DFT) methods
has become common because of its accuracy and therefore consistency with experimental data. However,
the utility of DFT methods in predicting vibrational frequencies and normal mode descriptions of excited
state intermediates has not been addressed so far. In this paper we have evaluated the performance-of Hartree
Fock (HF) and various density-functional (DF) and hybrid HartrEeck/density-functional (HF/DF) methods

in predicting the structure, vibrational frequencies, and normal mode descriptions of transient intermediates,
taking p-benzoquinone (BQ) as an example. The structures, bond orders, harmonic vibrational frequencies,
and isotopic shifts for BQ and its lowest triplet state, semiquinone radical, and semiquinone radical anion
have been calculated using all of these methods employit3).&(d) and 6-31G(d,p) basis sets. Assignments

of the calculated vibrational frequencies were made with the help of normal mode analysis. The calculated
structural parameters and bond orders indicate that the structure of the triplet state is intermediate between
those of the ground state and radical anion. The semiquinone radical shows a mixed aromatic and quinonoid
structure. Geometrical changes involved in the triplet excited state and semiquinone radical anion with respect
to ground state structure are explained on the basis of the calculated electronic structures. Of all the methods
tested, the three parameter hybrid HF/DF methods (B3LYP, B3P86, and B3PW91) were found to give the
most accurate geometries. These methods are also found to reproduce the experimental frequencies of the
ground state as well as transient species withid% error, whereas the isotopic shifts calculated for the
deuterated species using the BP86 method are superior and show excellent agreement with experiment.
Calculations using all of the methods show that both 6-31G(d) and 6-31G(d,p) basis sets yield very similar
results.

are no such direct experimental methods by which one can get
the structural parameters. Resonance Raman (RR) and IR
spectroscopic studies of various transient species have been
proved to be very useful in providing valuable information
regarding the structural changes involved. This has been
accomplished by the comparison of the vibrational frequencies
of the transient species (particularly in the structure sensitive
region of 1306-1700 cnt?) with those of the ground state.

The molecular and electronic structures of ground state BQ

such as, triplet state, radicals, etc. (from resonance Raman and'@ve been studied extensively in the past by both experimen-
infrared experiments), of a number of polyatomic systems, taP223and theoretical-12242” methods. lIts vibrational frequen-

application of DFT methods for the prediction of vibrational ~Ci€S observed in IR and Raman spectra have been assigned with
frequencies and normal modes of transient species is séaet ( the help of empirical anab initio force f"legffyc“'at'ons as
infra). In this paper, we have undertaken a comprehensive studyWell s isotopic substitution experimentsi>?#%® The struc-

of various DFT methods with particular emphasis on the tural, electronic, and vibrational properties of its semiquinone
structure and vibrational spectra for the excited state intermedi- "adical anion have also been studied by various methods,

ates ofp-benzoguinone (BQ), for which considerable experi- including resonance Ramafi, IR, *47ESR;®#and electronic
mental data are available. absorptiof? techniques andhb initio calculationg4.39.40.51.52

p-Benzogquinone (BQ) and its reactive intermediates, such as Tripathiet al3"~4! have reported the RR spectrum of this radical

triplet (T1), semiquinone radical (BQ) and semiquinone

anion. Their experimental results on the vibrational frequencies

; ) : : i i3439.40
radical anion (B®") constitute model systems for an important Were supported by theoretical calculatiéhd?<® In separate
class of species involved in electron transport in biological Studies the RR spectrum of this radical anion was reported by

systemd®-21 These species have received much attention over BECK and2 4Bsrué2v43 and also by Hester and Williani8. Beck
the past 3 decades and still remain a major subject of growing @nd Brus?#*and Tripathi and Schulétreported RR spectrum

interest in physical chemistry. In general, diffraction experi- ©f the p-benzosemiquinone radical. The RR bands observed
ments by X-ray, electron, and neutron sources have beenere assgned with the_help_ of isotopic supstltutlon experiments.
extensively used to obtain structural parameters of molecules” comparison of the vibrational frequencies observed for this
in the ground state. However, for the transient species, thereradical with those for the corresponding radical anion showed
that protonation of the oxygen atom has relatively little effect
* Author to whom correspondence to be addressed. on the electronic structure of the semiquinone systefRossetti
® Abstract published irAdvance ACS Abstractdfay 15, 1997. et al*4 have studied the* antibonding distribution in the first
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excited triplet state () of BQ using the resonance Raman or density-functional theory (DFT), employing open shell wave
technique. The assignment of the RR bands observed was giveriunctions. The calculations were carried out employing both
on the basis of comparison with the results obtained for the 6-31G(d) and 6-31G(d,p) basis sets. The exchange functional
semiquinone radical anion and from the isotopic shifts observed used in the various DFT calculations were the local spin density
for the perdeuterated species. All of these experimental andexchange functional of Slater (abbreviated ag! ®nd the
theoretical studies have led to a detailed understanding of variousgradient corrected functional of Becke (B).The correlation
properties of the transients but lack information on normal mode functionals include the local density functional of Vosko, Wilk,
descriptions. An accurate assignment of the experimentaland Nusair (VWN)?? the gradient corrected functional of
frequencies of transients to vibrational modes requires various Perdew (P86J# the correlation functional of Lee, Yang, and
approaches such as investigations of isotopic shifts and normalPaar (LYP)’>76 and the 1991 gradient corrected functional of
mode calculations. Perdew and Wang (PW91J. The three parameter hybrid HF/

Quantum mechanical calculations have been successfullyDF methods used were B3LYP, B3P86, and B3PV A
applied in the past for assigning the experimental vibrational complete geometry optimization was carried out in all cases
frequencies of ground state as well as transient spe-employing Berny’s optimization algorith&. The bond orders
cies1~18.24-27.39405468 Among the various methods used, recent were calculated at the optimized geometries using natural bond
studies on the ground state molecules of similar systei{$3.64 order (NBO) analysis. The vibrational frequencies and corre-
indicate that DF and hybrid HF/DF methods (which are sponding normal modes were evaluated for the optimized
computationally less demanding than MP2 and CI methods) give geometries using analytical differentiation algorithms contained
results which are in very good agreement with the experiment. within the program. The assignment of the calculated normal
Although these methods have been extensively used to calculatenodes was made from the corresponding potential energy
structure and vibrational spectra of molecules in the ground distributions (PEDs) and isotopic shifts. The PEDs and
statel—18.63.64gych studies on transient intermediates are rather frequencies of the isotopically labeled species were calculated
limited in the literaturé%-6265-68 Keszthelyiet al.>*-%1 have from the quantum mechanically derived Cartesian force field
used DFT methods to calculate the vibrational spectra of radical using MOLVIB programt* For the ground state, triplet state,
cations of 1,3-butadiene and 1,3-pentadiene. Quin and and radical anion (alD, symmetry), a complete normal mode
Wheelef266 have studied the structure, spin properties, and analysis was carried out using the MOLVIB program. Such a
vibrational spectra of phenol radical cation and phenoxy radical complete normal mode analysis was not performed for the
using DFT methods. O’Malley and Colliffshave successfully ~ semiquinone radical because of its lower symmet8g).(
applied the B3LYP functional to calculate geometries and However, its normal modes were analyzed by transforming the
hyperfine coupling constants fgr-benzosemiquinone, duro-  calculated displacements from Cartesian to internal coordinate
semiquinone, and plastosemiquinone radical anions. basis using a program, NMODESdeveloped in our laboratory.

In the present work, we have carried out quantum mechanical In all cases assignments of the calculated frequencies were
calculations on the structure and vibrational spectra of the clarified by visual inspection of the normal modes using the
benzoquinone triplet (i, BQ"~, and BQH using both HF and program NMODES. The vibrational frequencies obtained using
a variety of DF and hybrid HF/DF methods such as SVWN, RHF and UHF methods were uniformly scaled by 0?89,
BLYP, BP86, B3LYP, B3P86, and B3PW91. Calculations have Whereas those obtained using the DF and HF/DF methods are
also been performed on the ground statg) {$order to make  reported without scaling.

a common basis for comparison. We have chosen the highly

symmetric BQ Dz, symmetry) which allows us to perform  Results and Discussion

guantum mechanical calculations using relatively large basis
sets and with the inclusion of electron correlation effects. The
availability of a large amount of experimental results for the
ground state as well as for the transient facilitates the comparison

of the calculated values. To the best of our knowledge, this is . L
. : . (d,p) basis sets gave similar results. Hence, for the sake of
the first report on the quantum mechanical calculations on the . . - L
brevity, only the results obtained by using the qualitatively

structure ar_1d ylbratlona_l spectra of tpebenzoq_umone triplet superior 6-31G(d,p) basis set are presented here, and those
and its semiquinone radical. The present studies are undertaken

with the following objectives: (1) to check the reliability of lont;ﬁlr?gtjisjsmg 6-31G(d) basis sets are provided as Supporting
the various DF and HF/DF methods in predicting the vibrational G ¢ ; | Struct The definiti f th rical
frequencies of the transient species of polyatomic systems, such eometrical structure. - The definition of the geometrica

as p-benzoquinone, (2) to assign the reported experimental parameters are sh(_)wn in Figure 1. O_pt|m|z§d geometries of
the ground state, triplet state, and radical anion correspond to

frequencies of the transients using normal mode analysis, andD Fi 1 h hat of o dical
(3) to systematically study the structural changes involved in ~2" symmetry (Figure 1a), W ereas that of semiquinone radica
gorresponds t&s symmetry (Figure 1b). In all cases;€Cs

the transient species by analyzing the calculated bond distance
! pect y yzing . ! and G—C3 bonds are represented as=C throughout the

and bond orders. . Lo . . .
discussion irrespective of the bond distance values in order to

distinguish these from the other set of C bonds G—C,, Cs—

C4, C4—Cs, and G—Cs.

The Hartree-Fock (HF), density-functional (DF), and hybrid Ground State & The optimized structural parameters of BQ
Hartree-Fock/density-functional (HF/DF) calculatidis®! were calculated by various methods are given in Table 1 along with
performed with the Gaussian-94/D¥Pprogram on an IBM RS- the available values from the X-r&and electron diffraction
6000 computer system. The calculations for the ground state (ED)?® experiments. The €C bond distance obtained at the
were carried out using the restricted Hartré®ck (RHF) and RHF level (1.323 A) is underestimated compared to the ED
closed shell DFT formalisms, whereas those for the triplet, value (1.344 A), whereas it compares well with the X-ray
semiquinone radical, and semiquinone radical anion were carrieddiffraction value of 1.322 A. The corresponding bond distance
out using either the unrestricted Hartrdeock (UHF) formalism values obtained using SVWN, B3LYP, B3P86, and B3PW91

We first examine the geometrical structures of BQ and its
semiquinone radical anion, triplet state, and semiquinone radical
and then discuss the vibrational spectra, isotopic shifts, and
assignments. The calculations using both 6-31G(d) and 6-31G-

Computational Methods
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TABLE 1: Optimized Structural Parameters for p-Benzoquinone (BQ) As Obtained by Various Methods

structural calculated using the 6-31G(d,p) basis set expt
parant RHF SVWN BLYP B3LYP B3P86 B3PW91 BP86 X-ray ED

C=C 1.323 1.343 1.356 1.343 1.341 1.341 1.355 1.322 1.344
Cc=0 1.194 1.228 1.241 1.225 1.222 1.223 1.239 1.222 1.225
Cc-C 1.489 1.469 1.494 1.486 1.481 1.483 1.490 1.477 1.481
C—H 1.074 1.096 1.093 1.086 1.086 1.087 1.095 1.089
C=C-C 121.4 121.1 121.4 121.4 121.3 121.3 121.3 121.1 121.0
C—-C=0 121.4 121.1 121.4 121.4 121.3 121.3 121.3 121.1 121.0
CcC-C-C 117.2 117.7 117.2 117.2 117.4 117.3 117.3 117.8 118.1
C—-C—H 115.8 115.7 115.9 115.8 115.9 115.9 115.9

aBond lengths in angstroms and bond angles in degfeésay diffraction values from ref 2Z Electron diffraction values from ref 23.

TABLE 2: Optimized Structural Parameters for
p-Benzosemiquinone Radical Anion (BQ) As Obtained by
Various Methods

calculated using the 6-31G(d,p) basis set

Ha Hy structural
paramt UHF SVWN BLYP B3LYP B3P86 B3PW91 BP86
=C 1.356 1.368 1.383 1.372 1.369 1.370 1.382
=0 1.245 1.263 1.280 1.266 1.263 1.264 1.277
Hy H, C-C 1.444 1.444 1465 1.453 1.449 1.450 1.459
C—H 1.078 1.099 1.097 1.089 1.089 1.089 1.099
C=C—-C 122.7 122.7 122.7 1227 122.7 122.7 122.8
02 C—-C=0 122.7 122.7 122.7 122.7 122.7 122.7 122.8
C-C-C 1147 1146 1145 1146 1145 1145 1144
(a) (b) C-C—H 1165 115.7 116.1 116.2 116.2 116.2 116.1

Figure 1. Numbering of the atoms of (a) benzoquinoney)(S aBond lengths in angstroms and bond angles in degrees.
benzosemiquinone radical anion (BR and benzoquinone triplet (T

and (b) benzosemiquinone radical (BQH are close to each other. Except for the-l& bond distance,

methods (1.343, 1.343, 1.341, and 1.341 A, respectively) arethe structural parameters calculated using the SVWN method
in good agfeerr{en.t with the éxperiméntal value of 1.344 A are comparable to those obtained using these HF/DF methods.
However, the other two methods (BLYP and BP86) are found The corresponding UHF values are lower, whereas the BLYP

to overestimate the-€C bond distance by 0.012 and 0.011 A and BP86 calculations give bond distance values which are
respectively. A similar trend is also seen in the case of the greater than those obtained using the other methods. The bond
C=0 bond distance. whereas the calculatee@bond distances  andles calculated using all of the methods are found to be close
show a slightly diﬁe}ent trend. The RHF. B3LYP. B3P86. and (0 €ach other. However, from this calculation of the structural

B3PW91 methods yield €C bond distances (1.489, 1.486 parameters it is not possible to assess the superiority of one
1.481, and 1.483 A, respectively) which are clos’e to tﬁe method over the other methods in predicting the geometrical

experimental value of 1.481 A (EBY. The SVWN method is structure of the_ radical anion_ because of the lack of experimer_ltal
found to underestimate it by 0.012 A, whereas BLYP and BPg6 Values for a direct comparison. However, the structural dif-
methods overestimate it by 0.013 and 0.009 A, respectively. férences seen for the radical anion in comparison with the
For the G-H bond distances, only the hybrid HF/DF methods groqnd state are found to follow a pattern similar to that r_eported
(B3LYP, B3P86, and B3PW91) yield results in agreement with €arlier by Chipman and Preberidlin their UHF calculations
the experimental value of 1.089 A. As can be seen from the performed using the 3_-21G t_)a3|s set. The calcqlated elect(onlc
table, the bond angles calculated using all of the methods areState 0Bz for the radical anion shows that the singly occupied
in good agreement with the experimental results. Therefore, a0'bital is the by antibondingz* orbital. As reported earliet;
comparison of the calculated structural parameters with the (IS kg orbital is antibonding with respect to=€C and G=0
corresponding experimental values show that the RHF methodPonds and bonding with respect to the-C bonds, implying
is not good enough to predict the structural parameters of BQ, that the G=C and G=0 bonds should be elongated and-C
particularly the &C and G=0O bond distances. The SVWN  Ponds should be contracted for the radical anion in comparison
method gives &C and G=0O bond distances in good agreement With those for the ground state. The structural parameters
with the experimental values. However, the other bond calculated using all of the methods (Table 2) clearly show this
distances (€C and G-H) are not reproduced. The BLYP and trend. Forexample, the<€C, C=0, and C-C bond distances
BP86 methods overestimate all of the bond distances. TheCalculated using the BSLYP method are 1.372, 1.266, and 1.453
structural parameters calculated using the hybrid HF/DF methodsA. respectively. A comparison with the corresponding values
B3LYP, B3P86, and B3PW91 are found to be close to each for the ground state (Table 1) shows that the@€and C=0
other. As can be seen from the table and also as reported earliePonds are elongated by 0.029 and 0.041 A, respectively. The
by Boesch and Wheelét,the best results for the structural C—C bond is shortened by 0.033 A. As shown in Figure 2,
parameters are obtained by using these hybrid HF/DF methodsthe corresponding bond order values are consistent with these
Radical Anion B®". The optimized structural parameters changes in the structural parameters. Overall, the best method
for the benzosemiquinone radical anion using various methodsfor optimization of radical anion structure, perhaps, should be
are listed in Table 2. Although the calculated bond distance decided from the frequency calculatioride infra).
values vary from one method to another, the trend in variation  Triplet State T. Geometry optimization of the lowest triplet
is found to be similar to that observed for the ground state. As state ofp-benzoquinone (1) by various methods gives a planar
seen for the ground state (Table 1), the bond distances calculatedtructure withD,, symmetry. The corresponding optimized
using the three HF/DF methods B3LYP, B3P86, and B3PW91 structural parameters are listed in Table 3. The variation in
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C—C=0 bond angles and decrease 6f C—C bond angle as
seen from Tables 1 and 3. These structural changes seen for
the triplet in comparison with the ground state can also be
explained from the calculated electronic structure as follows.

The lowest excited triplet state {)Tis often considered as
similar to the corresponding radical anion, since in both species
the same antibonding* orbital (in this case the 43 orbital) is
populated. The calculation shows that theof BQ, with an
electronic state ofB,q, corresponds to an n* excitation of an
electron from the & orbital (HOMO of BQ) to the antibonding
a* orbital byy (LUMO of BQ). Hence, the singly occupied

@ © @ @ orbitals are by and b The spin contamination due to the use
Figure 2. Bond orders of BQ (§, BQ™ BQ (T1), and BQH obtained of unrestricted open shell methodology was found to be very
using BSLYP calculation. low, with the maximum deviation not exceeding 0.05 compared
TABLE 3: Optimized Structural Parameters for the to the actual value o§(S + 1) = 2 for a triplet state. This
p-Benzoquinone Triplet (T;) As Obtained by Various shows that the calculated wave functions represent the triplet
Methods state with negligible contamination from the other multiplets.
structural calculated using the 6-31G(d,p) basis set Therefore, population of thexporbital (z*), which is anti-

paramt UHF SVWN BLYP B3LYP B3Ps6 Bapwol Bpgs  0Nding with respect to €C and G=0 bonds and bonding
with respect to € C bonds, should result in weakening oC

zg 1;22 1222 i-g?i 122? igg; 122‘3‘ 1-228 and G=0 bonds and strengthening of the-C bonds. This is

c—C 1454 1445 1464 1456 1452 1453 1.464 reflected in the calculated bond lengths and corresponding bond

1.072 1.093 1.090 1.083 1.083 1.084 1.092 orders forthe tripletstate. A comparison of the calculated bond

121.9 122.2 122.0 122.0 1221 122.1 122.1 orders of the triplet state with those for the ground state and

C

=0 1219 1222 122.0 1220 1221 1221 1221 radical anionis summarized in Figure 2. As shown in the figure,
C
H

ﬁg-% ﬁgg ﬂgé ﬂgg ﬁgg ﬁgg ﬁg-i’ the G=C and G=0 bonds show weakening on going from the

: : : : ) : " ground state to the triplet one and then to the radical anign (S
aBond lengths in angstroms and bond angles in degrees. > T, > BQ.”), whereas the €C bonds show the opposite trend
480 < T; < BQ*"). The elongation of the €0 bond to a
greater extent than the=€C bond is consistent with the an*
nature of the lowest triplet state. The calculated (using B3LYP)
atomic spin densities are found to be 0.122, 0.117, and 0.612
for C (C=C3 and G=Cg), C (C;=0; and G=0,), and O
atoms, respectively. The higher value for the unpaired spin
density in the carbonyl part of the triplet species also supports

the calculated bond distances from one method to another show!
a trend very similar to that observed in the case of the ground
state and the radical anion. The=C bond distance values
calculated using SVWN, B3LYP, B3P86, and B3PW91 (1.353,
1.356, 1.353, and 1.354 A) are close to each other. But the
UHF method predicts a shorter (1.338 A) and the other two
gitgobdosm?; YZ ;?T?”gf t?gn%rfsdlscetelgr;g%élcggz ;n(g ;0?]%6 A) the large increase in the=€D bond distance. These changes

distance also. The-€C bond distance obtained using the UHF in _the stru_gtural parameters s_upported _by_ the bon_d orders and
method (1.454 A) is closer to those obtained using B3LYP, spin densities show that the tr_lplet state is intermediate between
B3P86, and B3PW91 methods (1.456, 1.452, and 1.453 A, the ground state and the radical anion.

respectively), whereas the SVWN method gives a slighty — Semiquinone Radical BQH Geometry optimization of the
shorter G-C bond (1.445 A). The BLYP and BP86 methods Semiquinone radical was performed by starting with the triplet
yield C—C bonds (both 1.464 A) which are longer than those structure in which one hydrogen atom was attached to one of
obtained using the other methods. As seen from the table, thethe oxygen atoms. For all of the methods, the optimization
bond angles calculated using various methods do not show anyshowed that the minimum in the potential energy surface
significant variation from one method to another. However, corresponds to a planar structure with symmetry as repre-

as can be noticed from Tables 1 and 3, the structural parametersented in Figure 1b. The optimized structural parameters for
show significant changes on excitation from the ground state this semiquinone radical obtained by using various methods are
to the triplet state. Since the trend in this variation is similar given in Table 4. The corresponding bond angles are not
for all of the methods, for the sake of brevity, only the structural included in the table for the sake of brevity. Since the trend
parameters obtained at the B3LYP method are used for seen in the variation of the calculated bond distances from one
discussion. The €C bonds of the triplet state show significant method to another is similar, only the bond distances and bond
elongation (by 0.013 A) compared to those for the ground state. orders (Figure 2) obtained using the B3LYP method are used
The calculated &C bond distance (1.356 A) and bond order for the discussion. The£Cs and G—Cs bond distances are
(1.641) values show considerable reduction in the correspondingfound to be 1.375 and 1.373 A, respectively. This shows that
bond strength. The €0 bond distance value has also these bonds are elongated by 0.032 and 0.030 A, respectively,
significantly increased (by 0.032 A) on excitation to the triplet in comparison with that of the ground state. The-O; and
state. Thus, it is apparent that the increase in theOond C1—0; bond distances are 1.256 and 1.354 A, respectively. In
distance is more than that seen for the=C bond. Further, comparison with the ground state, the former shows an
the G-C bonds of the triplet state are shorter (by 0.030 A) than elongation of 0.031 A, whereas the latter show an elongation
those of the ground state. As shown in Figure 2c, the of 0.129 A which is large enough to make it close to a single
corresponding bond orders are consistent with these variationsbond. The G—C, and G—Cs bonds (both 1.413 A) are

in the bond distances. Therefore, we find that in the triplet shortened by 0.073 A, and the-€C, and G—Cs bonds (both
state, the structure of the molecule is elongated alongth®C  1.454 A) are shortened by 0.032 A with respect to the ground
axis (vertically) and compressed in the perpendicular direction. state. Hence, the-©€C bonds adjacent to theOH group are
This is also evidenced from the increase of=C—-C and shortened to a greater extent than the other two. A lopg C
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TABLE 4: Optimized Structural Parameters of Ground State & The symmetries, vibrational frequencies,

p-Benzosemiquinone Radical (BQF) As Obtained by isotopic shifts (for the perdeuterated derivative), PEDs, and
Various Methods approximate descriptions for the in-plane normal modes of BQ
structural calculated using the 6-31G(d,p) basis set calculated at the BP86/6-31G(d,p) level are given in Table 5.

parant UHF SVWN BLYP B3LYP B3P86 B3PW91 BP86 The experimental frequencies and isotopic shifts from the
C,—C, 1385 1369 1384 1375 1372 1373 1383 Iiteraturélv35v35ar¢ also included in the table for _comparison.
C—Cs 1.382 1.368 1.383 1.373 1.370 1.371 1.381 As reported earlier by Nonella and Tav&nthe vibrational
C,—0O, 1.253 1.251 1.267 1.256 1.252 1.253 1.264 frequencies calculated using the BP86/6-31G(d,p) method are
81—81 i-igg i-ig? i-zgg 12?‘3‘ i-i% i-i‘llg 1223 close to the experimental values, particularly in the 130000

1—C2 . . . . . . . —1 H H B A .
Ci—C. 1408 1407 1424 1413 1411 1412 1422 CM " region (Flg_ure 3a). The calculated lt_-iO'[OpIC shifts are _
Cs—C, 1439 1.446 1.466 1.454 1.449 1.451 1.463 also found to be in excellent agreement with the corresponding
C,—Cs 1.439 1.446 1467 1.454 1449 1451 1.463 experimental values. These shifts are also consistent with the
C,—H, 1077 1.099 1.096 1.089 1.088 1.089 1.098 PEDs and assignments of the normal modes. This force field
Co—Hp 1074 1095 1.092 1.085 1085 1.085 1.094 55 earlier shown to reproduce the experimental isotopic shifts
Cs—H; 1.074 1.095 1.092 1.085 1.085 1.085 1.094 f 130 d180 labeled derivati f B& Th lculated
Cs—Hs 1.074 1.095 1.092 1085 1.085 1.085 1.094 °© an abelea derivatives of Q. The calculate
O,—Hs 0.943 0.978 0.979 0.967 0.965 0.965 0.078 normal mode compositions and isotopic shifts are also found
to be consistent with the scaled quantum mechanical (SQM)
results of Liuet al?> The normal mode descriptions and isotopic

~ _ shifts obtained using the other DFT methods were found to be
O, bond (1.354 A) and short:€ C; and G—C bonds (1.413 similar, which are not included in the discussion for the sake

A) imply that the structure of this part of the semiquinone radical of brevity. We would like to note that the RHF calculation

is close to that of phenol, whereas the other part resembles the g " . .
radical anion. The calculated bond orders listed in Figure 2d results in different mode compositions, and therefore the isotopic

show the nature of each bond. The trend in these bond orolershifts deviate considerably from the experimental values. A
values is found to be consistent with that seen for the comparison of the vibrational frequencies calculated using the
corresponding bond distances. Hence, the calculated bongvarious methods is given in Table 6. As mentioned earlier, the

distances and corresponding bond order values imply that thevalues obtained at the RHF_IeveI are s_caled_by a uniform_ factor
structure of the semiquinone radical is much different from the Of 0-89. Even after scaling, in comparison with the experiment,
symmetrical quinonoid structure seen in the case of the triplet the RHF frequencies are overestimated in the structure sensitive

and radical anion. region of 1300-1700 cnt! but are comparable to the experi-
Vibrational Frequencies and Assignments. The assign- mental values at low frequencies. The vibrational frequency
ments of the calculated vibrational frequencies of BQ and its Values calculated using the BLYP and BP86 methods are close
transients, based on normal mode analysis, isotopic shifts, and® each other and show good agreement with the experiment
a comparison with the reported experimental results, are Withoutany scaling, particularly in the structure sensitive region.
provided in the following sections. Since the isotopic shifts But for many normal modes in the low-frequency side, the
calculated using the BP86 method were found to be closer to calculated frequency values using these two methods are less
experimental data than the results obtained using the otherthan the corresponding experimental values. The frequencies
methods, only the PEDs and isotopic shifts from the BP86 calculated using the three HF/DF methods are found to be very
calculations are discussed in detail. However, the vibrational similar. The SVWN method predicts frequency values which
frequencies calculated using all of the methods are comparedare intermediate between those obtained using the HF/DF
with experimental data. methods and BP86 method. As can be seen from the table, the

TABLE 5: Symmetries, Frequencies, d Isotopic Shifts, PEDs, and Approximate Descriptions for the In-Plane Normal Modes
of p-Benzoquinone (BQ)

2 Bond lengths are given in angstroms; for a definition of parameters,
see Figure 1b.

iftab
frecp ds shift> approx
sym BP86 expt BP86 expt PELDF (%) description
& 3131 3063 797 774 €H(99) C—H stretch
1666 1665 11 12 €0(56), G=C(20),0CH(10) G=0 stretch
1628 1616 30 27 €C(59), CG=0(21),0CH(14) G=C stretch
1126 1149 312 320 OCH(92) C-H bend
759 771 24 26 €C(65),0CCC(18) ring breath
441 443 5 5 OCCC(79) ring bend
bsg 3112 3046 812 769 €H(99) C—H stretch
1353 1394 66 54 €C(52),0CH(33) C-C stretch
1192 1234 214 309 OCH(56), G-C(28) C—H bend
581 599 22 17 0CCC(47),0C0O(22), C-C(21) ring bend
433 482 28 20 0C0O(52),0CCC(23) CG=0 bend
by 3111 3062 811 785 €H(99) C—H stretch
1673 1666 5 6 €0(89) G=0 stretch
1338 1354 193 194 OCH(82),0CCC(10) C-H bend
917 944 73 71 0CCC(69),0CH(18) ring bend
734 728 86 93 €C(72),0CCC(13) C-C stretch
bay 3129 3062 798 785 €H(99) C—H stretch
1590 1592 31 32 €C(81),0CH(12) G=C stretch
1282 1299 59 51 €C(67),0CH(25) C-C stretch
1048 1066 267 273 OCH(58), G-C(24) C-H bend
395 409 5 7 0CO(77),0CCC(12) G=0 bend

a Frequencies and isotopic shifts are inénP Isotopic shift is for the perdeuterated derivati¢€alculated using the BP86/6-31G(d,p) force
field. ¢ Experimental values from refs 31, 35, and 36.
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TABLE 6: Symmetries, Frequencies, and Approximate Descriptions for the In-Plane Normal Modes op-Benzoquinone (BQ)
As Obtained by Various Methods

frequency (cm?)

approx
sym RHR SVWN BLYP B3LYP B3P86 B3PW91 BP86 eXpt description
ay 3021 3144 3129 3212 3231 3227 3131 3063 —HCstretch
1797 1724 1647 1756 1777 1774 1666 1665 =stretch
1652 1676 1615 1692 1707 1704 1628 1616 =QCstretch
1121 1106 1135 1167 1161 1163 1126 1149 —HCbend
731 793 749 776 787 784 759 771 ring breath
430 445 443 455 454 453 441 443 ring bend
bsg 3004 3125 3109 3293 3212 3208 3112 3046 —HCstretch
1362 1378 1351 1402 1408 1406 1353 1394 —stretch
1189 1198 1191 1235 1238 1236 1192 1234 —HCbend
576 593 581 601 603 602 581 599 ring bend
434 428 441 453 446 447 433 482 =0 bend
b 3004 3125 3109 3193 3212 3207 3111 3062 —HCstretch
1780 1734 1653 1758 1779 1776 1673 1666 =stretch
1337 1328 1348 1388 1383 1383 1338 1354 —HCbend
913 925 917 948 949 947 917 944 ring bend
718 751 729 755 760 759 734 728 —C stretch
boy 3020 3141 3126 3209 3229 3225 3129 3062 —HCstretch
1631 1638 1579 1657 1673 1670 1590 1592 =QCstretch
1275 1317 1273 1323 1334 1330 1282 1299 —Cstretch
1046 1042 1050 1086 1085 1086 1048 1066 —HCbend
400 402 396 411 412 412 395 409 =0 bend

aRHF values are uniformly scaled by 0.8%xperimental values from refs 31, 35, and 36.

1666 o 1628 by, 1673 by, 1590 anharmonicity and other effects, the BLYP and BP86 methods
% (1665 ? nes) (1666) (1592) can be used to predict the vibrational frequencies and normal
- mode descriptions, particularly in the structure sensitive region,
- albeit the geometrical structural predictions are not so accurate.
Radical Anion BQ . In Table 7 are listed the symmetries,

(a) GROUND STATE vibrational frequencies, PEDs, isotopic shifts, and assignments

60 . va6 for the in-plane normal modes of the benzosemiquinone radical
99 (1620) 99 (1435) P2u(1468) anion obtained at the BP86/6-31G(d,p) level. The available
~ experimental values for the frequencies and isotopic $hiftd’
are also included in the table for comparison. Tripathil 364
(b) RADICAL ANION

b, 1526
U (1504)

~~ reported seven bands at 481, 831, 1161, 1271, 1435, 1472, and
1620 cntt in the RR spectrum of the anion radical. Of these,
the 481, 831, 1161, 1435, and 1620 ¢rbands were assigned

. to the totally symmetric 1 modes of the ring bend, ring breath,

o (1438) as (185) bw % ony C—H bend, G=0 stretch, and €C stretch, respectively, and
~ the bands at 1271 and 1472 thwere assigned to sh
fundamentals of the €H bend and € C stretch, respectively.
— These assignments were further confirmed with the helgbof
initio calculationg+3%4% The RR bands observed for the radical
14

(©) TRIPLET STATE anion by Hester and WilliamM& at 484, 826, 1160, 1434, and
1619 cnt! and those observed by Beck and Bri#Sat 1163,

5
o (16 o (125 o (204 o s 1438, and 1622 cnt were also assigned in a similar way. Hester
1 and Williamg® reported two weak bands at 670 and 966¢m
which they have assigned to ring bend andstretch/G=0
) bend fundamentals, respectively. The calculated value of 608
cmt for the ring bend mode @ symmetry) supports the

(d) SEMIQUINONE RADICAL assignment of the first band. However, the present calculation
Figure 3. Calculated atomic displacements of normal modes involving does not give angar bz fundamental which could be correlated
C=C and G=0 stretching motions of BQ and its transient intermediates. to the second band. Hence, this 966 @énband may be
Symmetries, frequencies (cf) calculated by using the BP86 method,  reassigned to the overtone of the ring beng) (aode as 2x
and experimental frequencies (in parentheses) are also given. The scalggs. |n an IR spectroscopic study of the radical anion, Bauscher
for the displacements is arbitrary but common to all of the modes. and Mantelé reported two bands at 1504 and 1468 énThe
SVWN, B3LYP, B3P86, and B3PW91 frequencies are over- present calculation gives asymmetrie=O (by,) and G=C ()
estimated compared to the experimental values. The averagestretching fundamentals 1526 and 1468 ¢mHence, the bands
error is found to be 24%. Considering the fact that these observed at 1504 and 1468 chcould be easily assigned to
calculated frequencies are unscaled and harmonic in nature andhe asymmetric &0 and C=C stretching fundamentals (as
the comparison is made with the experimental frequencies whichshown in Figure 3b). As seen from Table 7, the excellent
involve anharmonicity, solvent effect, etc., overall the DF agreement between the calculated and experimental frequencies
method SVWN and HF/DF methods B3LYP, B3P86, and as well as gisotopic shifts supports the assignment of the bands
B3PWOL1 yield the best results in terms of frequencies and and shows the reliability of the BP86/6-31G(d,p) force field
geometries. However, in cases where little is known about the for predicting the vibrational frequencies and normal mode
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TABLE 7: Symmetries, Frequencies, d Isotopic Shifts, PEDs, and Approximate Descriptions for the In-Plane Normal Modes
of p-Benzosemiquinone Radical Anion (BQ)

frequency dj shiftab approx
sym BP86 expt BP86 expt PED (%) description
ay 3069 C-H(99) C—H stretch
1609 1620 (1619) 24 23 C=(66), C=0(16),6CH(12) C=C stretch
1476 1435 (1434) 9 9 €0(62), G=C(20),6CH(11) G=0 stretch
1111 1161 (1160) 309 317 OCH(87) C-H bend
798 831 (826) CC(76),6CCC(14) ring breath
452 481 (484) 4 1 0CCC(59), C-C(17) ring bend
bsg 3038 C-H(99) C—H stretch
1402 1472 41 79 €C(68),0CH(18) G-C stretch
1207 1271 235 251 SCH(59), G-C(21) C-H bend
608 (670) dCCC(63),6CO(18), G-C(15) ring bend
448 8CO(78),6CCC(13) G=0 bend
by 3039 C-H(99) C—H stretch
1526 1504 C=0 (82) G=0 stretch
1329 SCH(75),6CCC(14) C-H bend
930 0CCC(68),0CH(13), C-C(11) ring bend
764 C-C(77),6CCC(18) C-C stretch
by 3061 C-H(99) C—H stretch
1468 1468 C=C(78),0CH(14) G=C stretch
1204 C-C(59),0CH(31) C-C stretch
1034 SCH(61), G-C(28) C-H bend
375 8CO(81),6CCC(12) =0 bend

a Frequencies and isotopic shifts are inénP Isotopic shift is for the perdeuterated derivati¢€alculated using the BP86/6-31G(d,p) force
field. 4 Experimental values of Tripatlet al*! ¢ Experimental values in parentheses are of Hester and Willi&h&xperimental values of Bauscher
and Mantele”

TABLE 8: Symmetries, Frequencies, and Approximate Descriptions for the In-Plane Normal Modes op-Benzosemiquinone
Radical Anion (BQ*~) As Obtained by Various Methods

frequency (cm?)

approx
sym UHPR SVWN BLYP B3LYP B3P86 B3PW91 BP86 expt description
& 1643 1668 1593 1671 1690 1686 1609 1620 =stretch
1479 1540 1455 1526 1547 1543 1476 1435 =@@stretch
1110 1090 1120 1151 1146 1147 1111 1161 —HCbend
787 827 790 822 831 829 798 831 ring breath
449 456 455 469 468 467 452 481 ring bend
bsg 1431 1439 1394 1457 1469 1466 1402 1472 —QCstretch
1217 1198 1214 1256 1253 1253 1207 1271 —HCbend
609 617 609 631 632 631 608 670 ring bend
b1y 1497 1594 1504 1571 1595 1589 1526 1504 =Q@stretch
bou 1451 1514 1459 1517 1529 1526 1468 1468 =(Cstretch

aUHF values are uniformly scaled by 0.89%Experimental values from refs 41, 45, and 47.

descriptions of such systems. As seen earlier in the case ofcomparison of these calculated intensities is not possible because
ground state, isotopic shifts and normal mode descriptions of the nonavailability of experimental data for the radical anion.
calculated for the radical anion using other DFT methods are  Triplet State T. The symmetries, vibrational frequencies,
found to be similar to those obtained using the BP86 method. PEDs, d isotopic shifts, and approximate descriptions for the
A comparison of the vibrational frequencies of the radical anion in-plane normal modes of the triplet state X €alculated using
calculated using the various methods with the correspondingthe BP86 method are listed in Table 9 along with the
experimental values are summarized in Table 8. Only the experimental values reported in the literattffeA comparison
normal modes for which experimental frequencies are available of the PEDs calculated for;ih-plane normal modes with those
are included in the table. As seen from the table, the variation of S shows that the mode descriptions are similar. The only
of the calculated frequencies from one method to another follows noticeable difference is the reversal in the ordering of the totally
a trend similar to that seen earlier for the ground state. The symmetric G=O and G=C stretching fundamentals. Rossetti
totally symmetric GC and G=0 stretching frequencies are et al*reported RR bands at 455, 901, 947, 1163, 1360, 1496,
reproduced well in BLYP and BP86 calculations. The other 1554, and 2003 cni for the T; state of BQ in water. Of these,
methods SVWN, B3LYP, B3P86, and B3PW91 are found to the bands at 1554 and 1496 cthwere assignedto C=C and
slightly overestimate these frequencies, but in the lower C=0 stretching fundamentals, respectively, based on the
frequency side they show better agreement with experiment. isotopic shifts observed for its perdeuterated counterpart and
The calculated IR intensities of the asymmetrie@ stretching also using the information obtained from the low-temperature
mode (k) are 405, 321, 265, 301, 323, 317, and 287 km/mol, T, — S absorption studies. The present calculation gives a
respectively for UHF, SVWN, BLYP, B3LYP, B3P86, B3PW91, normal mode at 1575 cmwith a major contribution from &C

and BP86 methods. For the asymmetrieCstretching mode  stretching and one at 1439 ciwith significant contribution
(boy) the corresponding values are 98, 27, 32, 43, 43, 44, andfrom C=O stretching (as shown in Figure 3c). This is in
31 km/mol, respectively. This shows that the IR intensity of agreement with the assignment of these bands given by Rossetti
the C=0 stretching (k) mode is 5-12 times more than that et al** The calculated gdisotopic shift of 29 crm for the 1575

of the C=C stretching (b) mode. However, the exact cm ! mode compares well with the experimental value of 25



4456 J. Phys. Chem. A, Vol. 101, No. 24, 1997 Mohandas and Umapathy

TABLE 9: Symmetries, Frequencies, d Isotopic Shifts, PEDs, and Approximate Descriptions for the In-Plane Normal Modes
of p-Benzoquinone Triplet (Ty)

frequency d, shift® approx
sym BP86 expt BP86 expt PED (%) description
a 3153 C-H(99) C—H stretch
1575 1554 29 25 €C(59), G=0(13),0CH(15) G=C stretch
1439 1496 &=0(65), G=C(14),0CH(10) G=0 stretch
1151 1163 323 320 OCH(90) C-H bend
795 C-C(79),0CCC(12) ring breath
428 455 4 2 0CCC(67), C-C(23) ring bend
bag 3137 C-H(99) C—H stretch
1326 1360 C-C(56),0CH(29) C-C stretch
1211 OCH(53), G-C(30) C-H bend
599 0CCC(49),0C0O(28), C-C(12) ring bend
453 0CO(75),0CCC(21) G=0 bend
b1y 3135 C-H(99) C—H stretch
1455 CG=0(90) C=0 stretch
1324 OCH(86),0CCC(11) C-H bend
920 0CCC(49),0CH(16), CG-C(14) ring bend
738 C-C(58),0CCC(27) C-C stretch
by 3151 C-H(99) C—H stretch
1505 G=C(63),0CH(16) G=C stretch
1189 C-C(60),0CH(29) C-C stretch
1025 O0CH(52), G-C(27) C-H bend
371 0CO(80),0CCC(14) G=0 bend

a Frequencies and isotopic shifts are inénP Isotopic shift is for the perdeuterated derivati¢€alculated using the BP86/6-31G(d,p) force
field. ¢ Experimental values of Rosseét al.*4

TABLE 10: Symmetries, Frequencies, and Approximate Descriptions for the In-Plane Normal Modes of-Benzoquinone
Triplet (T 1) As Obtained by Various Methods

frequency (cm?)

approx
sym UHR SVWN BLYP B3LYP B3P86 B3PW91 BP86 expt description
ay 1577 1623 1563 1627 1642 1638 1575 1554 =Qstretch
1396 1523 1408 1480 1509 1504 1439 1496 =Q@stretch
1144 1132 1160 1190 1185 1186 1151 1163 —HCbend
762 822 788 813 822 819 795 ring breath
420 428 433 443 440 439 428 455 ring bend
bag 1333 1340 1331 1374 1375 1373 1326 1360 —stretch

aUHF values are uniformly scaled by 0.89%xperimental values of Rossedf al.*

cm~L. This clearly supports the assignment of this band=+e0C with the experimental values. The isotopic shifts and normal
stretching because deuteration on the ring is expected to showmode descriptions obtained using other DF and HF/DF methods
a significant shift in this frequency as seen in the case of the are found to be similar to those of BP86 calculations. The
ground state. The band observed at 1163%im undoubtedly comparison of the frequencies calculated using the various
the C-H in-plane bend. The calculated value of 1151¢m  methods are summarized in Table 10. The method to method
for this mode compares well with the experimental value in variations in the calculated frequencies are found to be similar
addition to the excellent agreement between the calculated ando those seen earlier for the ground state and radical anion. The
experimental (323 against 320 ch d, isotopic shifts. The BLYP and BP86 methods yield similar results. The frequencies
calculated in-plane ring bend at 428 thtompares well with calculated by the other methods SVWN, B3LYP, B3P86, and
the experimental value of 455 crh None of the calculated B3PW91 are comparable to each other and also in good
totally symmetric (g) fundamental vibrational modes could be agreement with the experimental results.

correlated to the weak band observed at 1360 ‘cmOne Semiquinone Radical BQH In Table 11 are listed the
possibility is that it can be assigned to the-C stretching symmetries, vibrational frequencies, and approximate descrip-
fundamental of i symmetry, since the calculation givesgb  tions for the in-plane normal modes of the semiquinone radical
mode at 1326 cm with a major C-C stretching contribution.  obtained by using various methods. The experimental frequen-
The band observed at 2003 cthncould be assigned to a cies reported by Tripathi and Schuigare also included in the
combination band of 1554 ¢€C stretch) and 455 (ring bend) table for comparison. The isotopic shifts calculated for the
cm L. The band observed at 901 chran be assigned to the  deuterated species using BP86/6-31G(d,p) force field are
first overtone of the ring bend asx2 455. However, there is  summarized in Table 12 along with the available experimental
no calculated gor bzg frequency value which could be correlated values®® As seen from Table 11, after scaling with 0.89, UHF
to the band observed at 947 ch Also, the calculated frequencies are lower than those obtained using other methods.
frequency for the ring breath mode at 795 @dmhas no All three parameter HF/DF methods (B3LYP, B3P86, and
experimental counterpart, but it is interesting to note that the B3PW91) are found to produce similar results. The SVWN
ring breath fundamental in the ground state and radical anion frequencies are also comparable to the HF/DF results. BLYP
are observed at 771 and 831 chrespectively’®4! In general, and BP86 calculations yield frequency values which are
as observed in the case of the ground state and radical anionjntermediate between the UHF and HF/DF frequencies. Tripathi
the frequencies and isotopic shifts for the triplet statg) (T and Schulé® assigned the most intense RR band observed at
calculated at the BP86/6-31(d,p) level are in good agreement1613 cnt! to the CC stretching fundamental. The frequency
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TABLE 11: Symmetries, Frequencies, and Approximate Descriptions for the In-Plane Normal Modes of-Benzosemiquinone
Radical (BQH*) as Obtained by Various Methods

frequency (cm?)

approx
sym UHP SVWN BLYP B3LYP B3P86 B3PW91 BP86 expt description
a 1503 1646 1578 1636 1653 1648 1592 1613 CC stretch
1453 1584 1504 1560 1572 1568 1513 1532 COH ber2O stretch
1400 1544 1484 1526 1551 1543 1504 1511 CO stretch
1374 1496 1430 1475 1486 1482 1441 1432 CC stretch
1282 1459 1406 1456 1470 1466 1414 CC streitd@H bend
1265 1354 1329 1364 1372 1369 1332 1323 CC stretch
1240 1308 1274 1325 1336 1334 1284 CH ben@C stretch
1233 1233 1224 1270 1275 1274 1226 CH ben@C stretch
1116 1148 1158 1185 1187 1186 1156 COH ben@H bend
1079 1116 1138 1165 1162 1163 1131 1162 CH bend
1035 1060 1070 1105 1105 1105 1067 1039 CH bend
937 961 955 986 988 986 954 973 CH behdCC stretch
768 838 798 827 837 834 806 ring breath
733 770 751 780 784 783 755 CC stretch
599 616 611 632 631 630 609 622 ring bend
442 455 452 466 465 464 450 469 ring bend

aUHF values are uniformly scaled by 0.8%xperimental values of Tripathi and Schufér.

TABLE 12: Frequencies, Isotopic Shifts, and Approximate Descriptions for the In-Plane Normal Modes op-Benzosemiquinone
Radical (BQH*)

isotopic shifts

freq
HOGCsH.O* DOGCsH.O HOG:D,O DOGD,O approx

BP86 expt BP86 expt BP86 expt BP86 expt description
1592 1613 1 0 30 25 32 26 CC stretch
1513 1532 22 21 17 48 COH berdCO stretch
1504 1511 -3 -4 23 22 22 21 CO stretch
1441 1432 1 7 74 112 80 CC stretch
1332 1323 31 50 88 CC stretch
1131 1162 0 1 312 327 312 CH bend
1067 1039 -8 —13 275 275 CH bend

954 973 -1 -5 103 118 103 CH beng¢t CC stretch

806 2 27 32 ring breath

609 622 3 20 22 ring bend

450 469 4 6 7 8 ring bend

a Experimental frequencies and isotopic shifts from ref 53.

values calculated for this mode using all of the DF and HF/DF general, the vibrational frequencies and isotopic shifts (hence
methods are in good agreement with this experimental value.the mode descriptions) obtained using the DF and HF/DF
The isotopic shifts for this mode obtained using the BP86 methods are in excellent agreement with the experimental results
method (Table 12) are comparable to the corresponding reported by Tripathi and Schulét.

experimental value¥ The weak band observed at 1532¢m Overall, for all of the transient species, the calculations show
was assignédto the in-plane COH bend coupled with the CO 3 definite trend in the structural parameters (particulasyGs
stretching mode. The strong band at 1511 &émas assigned C=C, and C-C bond distances) on going from the ground state
to the CO stretching fundamental. The corresponding frequency (S) to the triplet state () and then to the radical anion (BQ.
values calculated by all of the DF and HF/DF methods show |n spite of this, the calculated as well as experimentziGG
good agreement with these experimental values. The excellentC=C, and G-C stretching Raman active vibrational frequencies
agreement between the calculated and observed isotopic shiftsio not show a systematic variation on going from one species
for these modes (Table 12) also supports these assignmentsio another. This is attributed to the fact that these modes show
The calculated CC stretching frequencies compare well with significant coupling of &0, C=C, and G-C stretching with

the experimenté&? frequencies observed at 1432 and 1323tm  the C-H in-plane bend.

The bands observed at 1162 and 973 tmere assigned to

CH bend modes. The calculated frequencies and isotopic shiftssymmary

support these assignments. The experimentally observed band

at 1039 cm? was assignéd to the ring breath mode. But,as ~ The calculations performed op-benzoquinone and its
given in Table 11, the calculated frequencies using various transient species predict very similar results for both 6-31G(d)
methods show that the normal mode which can be correlatedand 6-31G(d,p) basis sets, which implies that the addition of
to the observed band at 1039 chis the one with the polarization functions on H atoms does not seem to improve
predominant CH bend. Moreover, the calculated frequency the accuracy of the calculated values significantly. Hence, for

values for the ring breath mode are in the 7830 cnr region, larger and similar systems containing H atoms, the 6-31G(d)
similar to the ground state and other transients discussed earlierbasis set can be used.
Thus, we assign the band at 1039dnto the CH bend rather Comparison of the calculated structural parameters for the

than to the ring breath mode. The calculated frequencies for ground state using various methods shows that the DF method,
the ring bend modes are in good agreement with the corre- SVWN, and the three parameter hybrid HF/DF methods B3LYP,
sponding experimentd values of 622 and 469 crh In B3P86, and B3PW91 give results in excellent agreement with
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