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The vibrational structures dfans (TAB) and cis-azobenzene (CAB) are of interest due to their importance

in optoelectronic applications as well as due to the unique isomerization mechanism involving the inversion
process (at the nitrogen site). In this paper, we report the equilibrium structures, harmonic frequencies, and
mode assignments for TAB and CAB and their isotopic analogues, using restricted Haxame(RHF),

hybrid Hartree-Fock/density functional (HF/DF), and pure density functional theoretical (DFT) methods
utilizing the 6-31G* basis set. The results of the optimized molecular structure obtained on the basis of RHF
and all the DFT calculations are presented and then critically compared with the experimental electron
diffraction results. It is observed that best structural parameters are predicted by the hybrid HF/DF method,
viz. B3LYP and B3P86 followed by the pure DFT method BP86. In the case of harmonic vibrational
frequencies (unscaled) and the normal modes, it is found that the BP86/6-31G* is the most accurate. The
data obtained here has been used to reassign (in contrast to the previously reported MP2 results) some of the
vibrational frequencies, particularly, for the mairNl and C-N vibrations of TAB. On the basis of BP86/
6-31G* force field, the infrared intensities for both TAB and CAB and their isotopomers have also been
calculated. Moreover, the main differences in the vibrational spectra of the two isomers of azobenzene have

been discussed from normal mode analysis.

Introduction UV —vis absorptiorf?-33 femtosecond time-resolved absorp-
) . tion24infrared (IR)3>3 Ramant*37-48 and NMR* have been

The structure of azo dyes have attracted considerable atte”t'orbxtensively used. In particular, from resonance Raman (RR)
in recent times due to their wide applicability in light-induced jyiensities, ultrafast dynamical information of the isomerization
photoisomerization, and, therefore, their potential use for ocess can also be obtainédAccurate normal mode analysis
reversible optical data storage’. These applications typically o, TAB and CAB is essential to understand the mode-dependent
ut|I_|ze ztar_]e fast isomerization phen_omgnon as a molecular gy cqyral distortions involved during the isomerization phe-
switch##"9 Recently, numerous publications have appeared on o non However, the analysis of vibrational @501

the azoben.zcteneflsom(—z)n_zda_mog p{oceésé’ét. Slnc?hth_e azo  for TAB has been qualitative both in terms of assignments as
group consists o Sghybri 1z€d nitrogen atoms, e ISOMer- o 55 the description of normal modes. In a recent report,
Ization involves two possible mechanisfispne m_volvm_g Armstronget al® have presented the normal mode analysis
rotation about the central#\N bond and the other involving for TAB with the optimized geometry resulting in two imaginary

lrry;??gn"s];/:t:esm'rllh:bﬁu(terg%i ?; ige.SN n"?‘“”:“t"; g I(l)rg)(;?]r ene vibrational frequencies (indicating a transition state structure)
unlik(IaIthe rotat.ion melck\mlanislm Whl?ch IhaL:i, tl)?ettjen We||ZStUdi(§d in,and some of the vibrational assignments not matching the
experimental data.

isoelectronic systems such @s- andtrans-stilbenel6-22 The , i , , ,
mechanism of isomerization, in general, of aromatic azo Density functional theory (DFT) is being widely used for
compounds has not been well undersfctand has drawn the computation of molecular structure and vibrational
interest of various research groups at predett. Regarding  freduencies? ¢ In particular, for polyatomic molecules (typi-
the structure ofrans-azobenzene (TAB) in its ground electronic  Cally normal modes exceeding 50) the DFT methods lead to
state, it is not yet established whether the molecule is planar e prediction of more accurate molecular structure and vibra-
(Can) or slightly distorted from planarityQ).23-25 The crystal tional frequencies than the conventiorad initio restricted
structur@® suggests that TAB is planar whereas gas-electron Hartree-Fock (RHF) and MP2 calculations. Computed fre-
diffraction measuremerfsshow that the phenyl rings are rotated  duencies using MP2 are relatively close to experimental results
by 3C° with respect to the RN—C plane. The absence of (compared to those of RHF) due to the inclusion of electron
unpolarized Raman bands for TAB and its isotopic analogues correlation?® Another widely used method for computing the
led to the conclusion that it haS molecular symmetry in vibrational frequencies of polyatomic molecules is the scaled

solution? X-ray diffraction studies fotis-azobenzene (CABJ quantum mechanical (SQM) force field methodology of Pulay’s
suggest a nonplanar structure consisting of a 2-fold axis of grou_p?o For systems, such asans- andcis-stilbene, which
symmetry with the phenyl rings rotated 53about the ==N—C are isoelectronic to azobenzene, complete vibrational analysis
plane. has been carried out by Arenaisal.”t using this SQM approach.

To elucidate the structural properties of the azo compounds, Since stilbene consists of two benzene rings joined by an
various spectroscopic and photochemical methods including €thylene moiety, the force constants for benzene and ethylene
are first computed using the RHF method, and then using various

. empirical scale factors, these force constants are refined and

* Author to whom correspondence should be addressed. Email: .
suma@hamsadvani.serc.iisc.ernet.in. Fax: 91-80-3316552. subsequently transferred to the parent molecule, stilbene. The
€ Abstract published ilAdvance ACS Abstractdune 15, 1997. scale factors generally remove the anomalies present in the
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calculated frequencies due to neglect of electron correlation
effects, basis set deficiencies, anharmonicity effesits, As a
result, the SQM method reduces the standard deviation of the
calculated frequencies to within 10 cfof the experimental
values’?’® The only disadvantage of the SQM force field
method is that it is very tedious, since separate scaling factors
have to be used for individual internal coordinates (stretching,
bending,etc). Interestingly, DFT calculations have also been
successfully used only for the computation of vibrational
frequencies for polyatomic systems such as flucte@ansist-

ing of 63 normal modes), carbazelé60 normal modes), 2,3-
dimethoxy-1,4-benzoquinoffe (54 normal modes)etc, but
accurate mode descriptions in terms of potential energy distribu-
tions (PEDs) for each mode have not been addressed.

The main objectives for carrying out the present investigation
are as follows: (a) to obtain an accurate force field, which is
necessary to get vibrational mode dependent isomerization
dynamical information of TAB from RR intensitié4,’* (b) to
obtain PEDs and exact normal mode descriptions, which are
not available in the literature for CAB and TAB but are
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necessary for the accurate assignment of the vibrational spectra

of azo dyes’—485051 (c) to clarify the deviations in the
calculated vibrational frequencies for various isotopes of TAB,
with respect to the experimental data, for the main vibrations
such as KN and C-N in comparison to results obtained using
the MP2 method! (d) to evaluate the use of DFT methods in
predicting accurate normal mode descriptions of polyatomic
molecules in addition to vibrational frequencies, and (e) to
compare the calculated IR intensities with those obtained from
experiment$® A comparative study of RHF, hybrid Hartree
Fock/density functional (HF/DF), and DFT methods have been
carried out for TAB and CAB (including their isotopic
analogues), and the results are critically compared with the
available experimental frequencié$® and the previously
published MP2 calculatiorfd. We have also examined the
differences in the vibrational spectra of both isomers of
azobenzene in relation to their respective molecular structures

Computational Details

Theab initio RHF as well as all DFT calculations presented

here have been carried out using the Gaussian 94 set of

programg® on an IBM-RS6000 computer system. The molec-
ular geometries of TAB and CAB are optimized using RHF
and five DFT methods, with the 3-21G, 6-31G and 6-31G* basis
sets. The five density functionals employed in the present study
are (1) Becke's three-parameter hybrid metliddusing the
LYP correlation functiondf (B3LYP), (2) Becke’s three-
parameter hybrid methd®’” using the Perdew 86 expressién
(B3P86), (3) SVWN, which takes into account a local spin
density exchange by Slafércombined with the correlation
function of Vosko, Wilk, and Nusdit, (4) BLYP which includes
Becke's 1988 exchange functiorfdlj.e. the Slater exchange
along with corrections involving the gradient of the density
combined with the correlation function of Lee-Yang and Parr,
and (5) Becke's 1988 exchange functioiaombined with the
gradient-corrected correlation function of Perde{BP86).

Berny’s optimization algorithi§¥ was used to carry out the
complete geometry optimization for both isomers of azobenzene,
and this resulted i€; symmetry for TAB andC, symmetry for
CAB. The normal modes and vibrational frequencies were then

Figure 1. Optimized geometry and atom numbering of (egns
azobenzene and (lgjs-azobenzene.

relative to the experimental values for various density functionals
and the MP32! method were also calculatét®!

Results and Discussion

trans-Azobenzene (TAB). Geometrical Structure. The
structure of TAB has been a subject of controversy for several
years. The X-ray diffraction (XRB$ result suggests a planar
structure. On the other hand, gas-phase electron diffraction
(ED)?" studies suggest a nonplanar structure. ED results show
that the phenyl ring is twisted by 3qC; symmetry) around
the N=N—C plane. This distorted structure is also found to
be present in solution and has been supported by the Raman
measurements on TAB and its isotopom@rsAll our DFT as
well as RHF calculations ado; geometry for TAB. The
numbering of the atoms in TAB is depicted in Figure 1a. The
optimized parameters.e. the bond lengths and bond angles,
of TAB are computed by RHF, B3LYP, B3P86, SVWN, BLYP,
and BP86 using three different (3-21G, 6-31G, and 6-31G*)
basis sets. For the sake of convenience, only the optimized
parameters obtained from the qualitatively superior split valence
and polarized 6-31G* basis set corresponding to each functional
along with the experimental parameters are presented in Table
1. The complete chart containing the optimized parameters
obtained from RHF, B3LYP, B3P86, SVWN, BLYP, and BP86
using the basis sets 3-21G, 6-31G, and 6-31G* is available as
Supporting Information (Tables 1SdSc).

The optimized bond lengths obtained from the DFT methods
are generally overestimated with respect to the XRD values but
are comparable to the ED results. Hence, the calculated bond
distances and bond angles obtained from all density functionals
and the conventionally useab initio RHF method have been
compared with the available ED data. It is interesting to note
that RHF/6-31G* underestimates the=N bond distance by
0.049 A, but the optimized €N, C—C, and C-H bond lengths
deviate only by 0.007 A, 0.010 A, and 0.014 A, respectively.
The C-N=N and C-C—N bond angles calculated by RHF
method are overestimated by 1.&nd 1.4 relative to the ED
values. Since the ED values fo—€—C and C-C—H bond

evaluated at the computed equilibrium geometries by analytic angles are not available, a comparative study of the calculated
evaluation of the second derivatives of energy. PEDs of normal bond angles for the same angles obtained from RHF and the
modes were calculated from the quantum mechanically deriveddensity functionals is not possible. For the three-parameter
Cartesian force constant matrix using MOLWB. The root hybrid HF/DF method B3LYP/6-31G*, the=NN bond length
mean square (RMS) deviation of the computed frequencies varies relative to the ED value by 0.008 A. Similarly, the
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TABLE 1: Optimized Geometrical Parameters of trans-Azobenzene in its Ground State

expt
RHF/6-31G* B3LYP/6-31G* B3P86/6-31G* SVWN/6-31G* BLYP/6-31G* BP86/6-31G* X+tay EDP
Bond Lengths (A)

N?=N? 1.219 1.260 1.257 1.263 1.282 1.279 1.247 1.268

C3—N? 1.420 1.418 1.411 1.396 1.426 1.421 1.428 1.427

c—-C8 1.392 1.405 1.402 1.399 1.418 1.415 1.389 1.396

c’—-C? 1.385 1.401 1.397 1.395 1.413 1.411 1.387 1.396

c-c7 1.386 1.393 1.390 1.387 1.403 1.401 1.384 1.396

cii-C° 1.383 1.395 1.392 1.390 1.406 1.404 1.382 1.396

ct-cu 1.390 1.401 1.397 1.396 1.411 1.409 1.391 1.396

Ci3-C° 1.380 1.389 1.386 1.382 1.398 1.397 1.384 1.396

H-C° 1.072 1.084 1.084 1.095 1.091 1.093 1.088

H"—C7 1.074 1.085 1.085 1.095 1.093 1.095 1.088

H—C° 1.075 1.086 1.086 1.095 1.093 1.095 1.088

H2-C1t 1.075 1.086 1.086 1.095 1.094 1.095 1.088

H%-C13 1.075 1.086 1.086 1.096 1.094 1.096 1.088
Bond Angles (deg)

C8—N1=N?2 115.7 114.7 114.5 114.3 114.4 1141 114.1 114.5

C5—C3—N! 124.4 124.7 124.6 124.0 125.1 124.9 123.7 123.0

C'—C3—N? 1154 115.3 115.3 115.7 115.1 115.1 115.6

C3-C5—-C®3 119.4 1195 119.5 119.5 119.6 119.6 119.1

c-Cc’-C° 120.2 120.2 120.1 120.0 120.2 120.2 119.6

Cc—-Cct3-ct 120.4 120.4 120.4 120.3 120.4 120.4 120.5

c—-Cc3-C7 120.0 119.8 119.9 120.1 119.7 119.8 120.7

cti-cti-C° 119.9 120.0 120.0 120.2 120.0 120.0 119.7

cil-co-Cr7 119.8 119.8 119.7 119.7 119.8 119.8 120.3

H®5-C>—C? 119.6 118.8 118.6 117.5 118.6 118.5

H-C5-C13 120.8 121.5 121.7 122.9 121.6 121.8

H23—-C—-C5 119.6 119.7 119.7 119.9 119.7 119.7

Hz3—-C13-Cc1! 119.8 119.8 119.8 119.7 119.7 119.7

H2l-Cc1—-C13 119.9 119.9 119.9 119.8 119.9 119.9

H2-CH1-C? 120.1 120.0 120.0 119.9 120.0 120.0

H—-C%—-C1 120.2 120.1 120.1 120.1 120.1 120.1

H?—-C—C7 119.9 119.9 120.0 120.0 119.9 119.9

HY—C"-C° 121.0 121.5 121.6 122.3 121.6 121.7

HY7"—C’-C3 118.7 118.2 118.1 117.6 118.0 118.0

aReference 26° Reference 27.

average €SN, C—C, and C-H bond lengths differ from the  and BP86, with 6-31G* (those which yield the best structural
ED data by 0.009 A, 0.005 A, and 0.003 A, respectively. The parameters) have been compared with the experimental Raman
C—N=N and C-C—N bond angles deviate by 0.2and 1.7 and IR spectrd A comparative study of these (unscaled)
from the experimental value. Similarly, the three-parameter computed frequencies along with the previously published MP2/
hybrid HF/DF method B3P86/6-31G* predicts the=N, C—N, 6-31G* dat&! and the experimental frequencie® are given
C—C, and C-H bond lengths quite accurately, and the in Table 2. (All the results using other functional forms and
calculated deviations for the same lengths are 0.011 A, 0.016basis sets are available as Supporting Information, Tables [ISa
A, 0.005 A, and 0.003 A, respectively, and those calculated for 11Sf). It is seen that the hybrid HF/DF methodsz. B3LYP/
C—N=N and C-C—N bond angles are 02@&and 1.6. Hence, 6-31G* and B3P86/6-31G*, show a general trend of overesti-
B3P86 method predicts bond distances and bond anglesmating the calculated frequencies, whereas the computed
comparable to B3LYP, but the calculated bond lengths deviate frequencies from the nonlocal DFT method, BP86/6-31G*, are
considerably for =N and C-N. The calculated bond distances generally underestimated, with the exception of only a few
as well as bond angles using the local DFT method (SVWN/ vibrational modes. The RMS deviations have also been
6-31G*) is relatively good with the exception of the-Gl bond calculated with and without the inclusion of-&1 stretch for
length which deviates by 0.031 A from the experimental bond the unscaled frequencies obtained from the above mentioned
length. The nonlocal DFT methods, BLYP/6-31G* and BP86/ methods. The RMS deviations for B3LYP/6-31G*, B3P86/6-
6-31G*, predict accurate bond distances which are close to the31G*, BP86/6-31G*, and MP2/6-31%G* with the C—H stretch
experimental values; however, the calculatedG-N bond are 72, 79, 29, and 81 crh respectively. Similarly, the RMS
angle deviates considerably for BLYP (2)Jas compared to  deviations without the inclusion of the-H stretch for B3LYP/
BP86 (1.9). Overall, we find that the optimized bond lengths 6-31G*, B3P86/6-31G*, BP86/6-31G*, and MP2/6-31% are
and bond angles calculated from B3LYP/6-31G* gives the best 34, 36, 11, and 58 cm, respectively. It is observed that
structural parameters followed by the B3P86/6-31G* and BP86/ inclusion of the C-H stretch leads to greater RMS deviation.

6-31G* methods. This is expected because all the DFT methods are known to
Fundamental Frequencies of TAB. The 66 fundamentals  overestimate the €H stretching frequenci€®d:62 Maximum
of TAB span the representatidn= 33Ag + 33A, vibrations. deviation is observed for the computed frequencies from the

Due to the presence of the inversion center in TAB, 33nddes MP2 results followed by B3P86, B3LYP, and BP86. Thus, it
are Raman active whereas 33 odes are IR active. The 33 is apparent that usually the DFT methods give better results
Raman active modes of TAB consist of 23 in-plane (ip) and 10 than the MP2 calculation, and minimum deviation is observed
out-of-plane (oop) vibrations. Similarly, 33 IR active modes for the BP86/6-31G* method. Hence, the PEDs have been
consist of 22 ip and 11 oop vibrations. The calculated calculated using the BP86/6-31G* force field and are presented
frequencies and normal mode descriptions of the 66 normal in Table 2 for the ip and oop £fand A, modes. It is observed
vibrations of TAB from the three DFT methods, B3LYP, B3P86, that though TAB is nonplanar, havir§ symmetry (optimized
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TABLE 2: Symmetries, Calculated Frequencies (in cmt), and PEDs for the Ay and A, Normal Vibrations of trans-Azobenzene
Using a Variety of Quantum Mechanical Method$

Ag Normal Vibrations (In-Plane Modeg—v,3, Out-of-Plane Modeszs—v33)

B3LYP B3P86 BP86 MP2®
mode character 6-31G* 6-31G* 6-31G* 6-31G* expt PED (%)
2 v(C—H) 3233 3244 3143 3221 3085 C—H)
V2 v(C—H) 3216 3231 3131 3210 3073 9BC—H)
V3 v(C—H) 3205 3221 3120 3197 3066 9BC—H)
V4 v(C—H) 3194 3210 3109 3187 3060 YC—H)
Vs v(C—H) 3184 3200 3099 3178 3044 9BC—H)
Vg v(C—-C) 1660 1676 1605 1622 74C—C), 166(C—C)
V7 v(C—C) 1645 1661 1589 1614 1595 62C—C), 256(C—-C)
vg v(C—C) 1521 1579 1486 1519 1493 38C—C), 27v(N=N), 176(C—N), 116(C—H)
Vg v(C—C) 1492 1525 1465 1504 1473 48C—C), 216(C—N), 136(C—H), 106(C—C)
V10 v(N=N) 1560 1500 1420 1450 1443 54N=N), 25v(C—C)
V11 v(C—C) 1370 1398 1367 1395 1379 9%C—C)
V12 6(C—H) 1350 1346 1300 1368 1315 39C—H), 245(C—N), 17v(C—C)
V13 v(C—C) 1216 1226 1181 1235 1184 3%C—C), 31v(C—N), 156(C—C), 136(C—H)
V14 O(C—H) 1191 1190 1157 1226 1158 B8C—H), 45v(C—-C)
V15 v(C—N) 1172 1178 1131 1195 1146 38C—N), 24v(C—C), 216(C—C)
V16 v(C—C) 1105 1106 1071 1110 1071 68C—C), 166(C—C), 106(C—N), 106(C—H)
V17 v(C—-C) 1048 1054 1018 1047 1023 72C—C), 226(C—-C)
V18 o(C-C) 1018 1019 986 1024 1003 ‘88C—C), 17v(C—C)
V19 6(C—C) 940 946 912 933 913 5)C—C), 29v(C—C), 106(N=N)
V20 6(C-C) 684 683 662 691 670 TYC—C), 116(C—N)
Va1 o(C-C) 627 624 605 634 614 95C-C)
V22 0(C—N) 307 308 298 307 76(C—N), 100(C—C)
V23 6(C—N) 224 224 216 226 219 68%C—N), 226(C—-C)
Vo4 y(C—H) 1006 1007 962 857 968 58C—H), 477(C-C)
V25 y(C—H) 985 987 941 851 938 50(C—H), 507(C—C)
V26 y(C—H) 948 948 907 825 55(C—H), 437(C—C)
Vo7 y(C—H) 865 864 830 778 836 109 C—H)
V28 7(C—-C) 781 780 752 702 755 68C—C), 34y(C—H)
V29 7(C—C) 699 699 673 444 86(C—C), 13y(C—H)
V30 7(C—-C) 492 490 471 400 79(C—C), 23y(C—H)
V31 7(C—-C) 423 421 405 381 403 9%C—-C)
V32 7(C—C) 260 260 245 213 251 7ZC—C), 177(C—N)
V33 7(C—C) 109 108 105 -85 687(C—C), 277(C—N)
Ay Normal Vibrations (In-Plane Modegs—ves, Out-of-Plane Modesza—va4)
B3LYP B3P86 BP86 MP2
mode character 6-31G* ¢l  6-31G* I 6-31G* I 6-31&* expf PED (%}
Vas v(C—H) 3233 9.0 3244 9.7 3143 13.7 3221 3081 1§E—H)
Vag v(C—H) 3216 36.3 3231 36.8 3131 49.9 3210 3065 v98—H)
Va7 v(C—H) 3205 64.0 3221 47.2 3120 59.8 3197 3053 v98—H)
Vag v(C—H) 3194 28.6 3210 22.2 3109 27.3 3187 3036 v9C—H)
Vag v(C—H) 3183 2.6 3199 3.0 3099 5.6 3178 3020 &—H)
V50 v(C—-C) 1656 3.6 1673 4.0 1603 6.0 1623 7&—C), 166(C—-C)
V51 v(C—-C) 1639 4.7 1655 5.0 1585 3.9 1609 1585m 1§6—C), 260(C—C)
V52 v(C—C) 1534 10.0 1538 10.7 1481 8.1 1524 1486s v@3—C), 266(C—H)
V53 v(C—-C) 1500 11.6 1503 13.8 1452 11.9 1494 1456s vB85-C), 176(C—N), 156(C—C), 136(C—H)
N v(C-C) 1368 8.1 1395 8.4 1364 6.6 1392 1399w 46—-C)
V55 J(C—N) 1343 24 1339 1.6 1295 2.0 1363 1300 m  &B—N), 346(C—H), 23v(C—C)
V56 v(C—N) 1263 23.0 1280 29.1 1228 22.6 1270 1223 m vf2—N), 256(C—C), 23v(C—C)
V57 0(C—H) 1191 0.1 1190 0.2 1157 0.3 1226 1160w  &EZ—H), 46v(C—-C)
Vsg v(C—C) 1185 34.9 1183 31.3 1145 36.9 1211 1152 m vB@3—C), 216(C—C), 216(C—H), 17v(C—N)
V50 v(C—C) 1108 10.9 1110 13.8 1075 13.6 1114 1072 m v@3—C), 166(C—C), 126(C—N), 116(C—H)
V6o v(C—-C) 1048 19.8 1053 11.3 1017 10.3 1047 1020 m v{G—C), 186(C—C)
Ve1 o(C-C) 1018 3.3 1019 3.8 985 4.0 1025 1000w  (€-C), 15v(C—-C)
Ve2 d(C-C) 840 0.6 846 0.7 816 0.8 834 813w 6&—C), 24v(C—C), 12v(C—N)
Ve3 d(C-C) 633 0.6 631 0.7 611 0.7 640 615w 8C-C)
Vea o(C-C) 547 6.6 545 6.0 528 6.9 555 545s &Z—C), 306(C—N)
V65 d(C—N) 530 254 532 25.7 515 23.7 524 521s &E—N), 349(C-C)
Ve6 d(C—N) 86 18 86 1.8 83 1.8 86 7®C—N), 116(N=N)
V34 y(C—H) 1007 1.0 1008 1.1 962 11 860 985w B(C—H), 487(C—-C)
V35 y(C—H) 985 0.0 987 0.0 941 0.1 851 5QC—H), 507(C—-C)
V36 y(C—H) 953 7.8 953 9.4 912 8.1 828 927s PEL—H), 497(C—C)
V37 y(C—H) 864 0.0 863 0.0 829 0.0 775 850 w 1PC—H)
V3g 7(C-C) 800 56.6 800 64.1 771 57.4 708 776s C—C), 27y(C—H)
V39 7(C—C) 706 55.7 705 67.7 679 60.3 542 689 s 7{8—C), 19y(C—H)
Va0 7(C—C) 561 7.1 560 9.5 538 7.9 418 545 s #w8—C), 19y(C—H)
Va1 7(C-C) 420 0.0 418 0.0 401 0.0 387 96C—C)
Va2 7(C-C) 309 0.8 308 0.7 295 0.8 280 8(C—C), 13y(C—H)
Va3 T(N=N) 64 1.2 64 14 61 14 59 5@N=N), 27 7(C—C), 13y(C—N)
Vaa 7(C—N) 25 0.0 27 0.0 25 01 -—20 527(C—N), 367(C—C)

2y indicates stretchy, in-plane bendy, out-of-plane bend; and, torsion.? Reference 51¢ Reference 25¢ PEDs calculated from BP86/6-
31G*. ¢l represents the infrared intensities in km/mol: m, medium; s, strong; and w, Weeference 35.
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TABLE 3: Calculated Frequencies (in cnt?) for Isotopic Derivatives of trans-Azobenzene for the 4 and A, Normal Vibrations
Obtained from the BP86/6-31G* Calculation

Ag Normal Vibrations (In-Plane Modeg—v,3, Out-of-Plane Modeszs—v33)

(CeHsN)2 (CsHs)2NN (CeH55N), (CgDsN)2

mode character expt calc calc expt calc expt calc

2 v(C—H) 3085 3143 3143 3143 2325

Vo v(C—H) 3073 3131 3131 3131 2319

V3 v(C—H) 3066 3120 3120 3070 3120 2298 2307

V4 v(C—H) 3060 3109 3109 3109 2295

Vs v(C—H) 3044 3099 3099 3099 2283

Ve v(C—C) 1605 1604 1603 1586 1573

v7 v(C-C) 1595 1589 1588 1595 1588 1562 1558

Vg v(C-C) 1493 1486 1480 1485 1478 1341 1343

) v(C-C) 1473 1465 1464 1471 1462 1331 1335

V10 v(N=N) 1443 1420 1404 1412 1386 1468 1444

V11 v(C-C) 1379 1367 1367 1366 1353 1366

V12 o(C—H) 1315 1300 1299 1312 1297 1042 1029

V13 v(C-C) 1184 1181 1179 1181 1178 960 946

V14 o(C—H) 1158 1157 1157 1157 1157 861 852

V15 v(C—N) 1146 1131 1128 1141 1125 1134 1125

V16 v(C-C) 1071 1071 1071 1070 1071 844 838

V17 v(C—C) 1023 1018 1018 1022 1018 825 804

V18 6(C-C) 1003 986 986 1002 986 790 789

V19 o(C—-C) 913 912 903 901 894 912 901

V20 o(C—-C) 670 662 661 667 659 632 631

V21 o(C-C) 614 605 605 614 604 588 580

V22 o(C—N) 298 298 298 280

V23 o(C—N) 219 216 216 216 205

Vo4 y(C—H) 968 962 962 967 962 799

V25 y(C—H) 938 941 941 941 761

V26 y(C—H) 907 907 907 746

Vo7 y(C—H) 836 830 830 839 830 550 539

V28 7(C-C) 755 752 752 752 654 646

V29 7(C—C) 673 673 673 627

V30 7(C—C) 471 471 471 412

V31 7(C-C) 403 405 405 405 354 355

V32 7(C-C) 251 245 243 248 241 242 235

V35 7(C—C) 105 105 104 101

Ay Normal Vibrations (In-Plane Modesis—ves, Out-of-Plane Modeszs—vas)
(CSHSN)Z (C6H5)2N15N (C6H515N)2 (C6D5N)2

mode character expt calc [ expP calc | calc | calc |
7 v(C—H) 3081 3143 13.7 3143 13.6 3143 13.7 2325 22.0
Vg v(C—H) 3065 3131 49.9 3131 49.9 3131 49.9 2319 31.8
Va7 v(C—H) 3053 3120 59.8 3120 59.8 3120 59.8 2307 23.3
Vag v(C—H) 3036 3109 27.3 3109 27.3 3109 27.3 2295 11.9
Vag v(C—H) 3020 3099 5.6 3099 5.6 3099 5.6 2283 2.3
V50 v(C-C) 1603 6.0 1603 5.8 1603 6.0 1570 9.2
V51 v(C—C) 1585 m 1585 3.9 1585 1585 3.9 1585 3.9 1550 3.2
V52 v(C-C) 1486 s 1481 8.1 1486 1481 5.7 1480 8.4 1334 4.8
V53 v(C—C) 1456 s 1452 119 1456 1452 119 1452 12.0 1377 1.3
V54 v(C-C) 1399 w 1364 6.6 1399 1364 6.6 1364 6.7 1356 8.4
V55 0(C—N) 1300 m 1295 2.0 1300 1294 2.2 1294 2.2 1022 2.4
Vs v(C—N) 1223 m 1228 22.6 1218 1224 20.8 1220 19.1 1172 21.5
V57 o(C—H) 1160 w 1157 0.3 1160 1157 0.3 1157 0.3 946 0.7
V58 v(C-C) 1152 m 1145 36.9 1152 1144 37.3 1144 38.5 866 0.2
Vsg v(C—C) 1072 m 1075 13.6 1072 1075 13.6 1075 135 839 2.8
V60 v(C-C) 1020 m 1017 10.3 1020 1017 10.2 1017 10.2 818 23.4
V61 o(C-C) 1000 w 985 4.0 1000 985 4.0 985 4.0 804 10.0
V62 o(C-C) 813w 816 0.8 810 812 0.8 808 0.8 752 5.2
V63 o(C—-C) 615w 611 0.7 615 611 0.6 610 0.5 587 0.7
Vo4 4(C-C) 545s 528 6.9 544 525 8.0 522 8.9 513 8.2
V65 o(C—N) 521s 515 23.7 516 510 22.2 505 20.9 496 19.0
V66 6(C—N) 83 1.8 83 1.7 82 1.7 78 15
V34 y(C—H) 985w 962 1.1 985 962 1.1 962 1.1 812 4.1
V35 y(C—H) 941 0.1 941 0.1 941 0.1 762 1.0
V36 y(C—H) 927 s 912 8.1 927 912 8.1 911 8.0 758 3.1
Va7 y(C—H) 850 w 829 0.0 829 0.0 829 0.0 541 32.9
V3g 7(C-C) 776 s 771 57.4 776 770 57.6 770 57.8 649 55
V39 7(C—C) 689 s 679 60.3 689 679 60.2 679 60.1 645 0.0
Va0 7(C-C) 545 s 538 7.9 544 537 7.9 536 7.9 468 25.1
Va1 7(C-C) 401 0.0 401 0.0 401 0.0 351 0.0
Va2 7(C-C) 295 0.8 293 0.7 291 0.7 275 1.2
V43 7(N=N) 61 1.4 61 1.3 61 1.3 58 1.2
Vag 7(C—N) 25 0.1 25 0.1 25 0.1 23 0.0

aReference 25° Reference 35¢ | represents the infrared intensities in km/mol: m, medium; s, strong; w, weak.
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structure is slightly distorted from planarity), the ip and oop
vibrations do not mix significantly. The frequencies for the
isotopic derivatives, (6Hs)2N°N, (CeHs'®N),, and (GDsN)2

have also been computed using BP86/6-31G* and are given in

Table 3. The calculated IR intensities for TAB and its isotopes

have been presented in Table 3 along with the experimental

intensities.

In-Plane (ip) Vibrations of TAB. The ip modes of TAB,
v1—vs andvas—v4g, are in the region of 3000 cm. For these
modes, there is a large shift (800 thupon deuteration of

the phenyl rings, indicating the fact that these modes correspond

to the C-H stretch. The €C stretching vibrations of TAB,
Ve, V7, V50, andvs; undergo no change updbN substitution as
expected, but they do shift to low wavenumbers withy D

Biswas and Umapathy

(a) 1434 cm-!

(b) 1458cm-

substitution as shown in Table 3. These modes are coupled to

the ip C-C bend. The Raman active modes, and vz,
correspond to the symmetric<€C stretch, whereas IR active
modesvso andvs; correspond to the asymmetric-C stretch.
vs1 appears with medium intensity in the IR spectra which is in
agreement with the calculated intensity (Table 8}, vo, vs2,
andvs3 correspond to the €C stretch coupled with the €N,
C—H, and C-C ip bends with the exception afs which
undergoes a shift of 8 cmd upon1°N substitution of both N
atoms, indicating the fact thats has some RN stretching
character too.vs; and vsz are intense in the IR spectfaput
the calculated intensity from BP86/6-31G* shows medium and
strong intensity, respectively. Armstroegal®! have reported
that the Raman active modey (C—C stretch) also has
considerable contributions fromAN stretching character. But

that is not observed in the present study, as shown in Table 2,

instead, it consists of some ip—@ bending character. The
absence of the contribution of thes stretch tovg is supported
by the experimental Raman ddfawhere it has been shown

(c) 1399cm-!

Figure 2. Calculated frequencies (in cf) and atomic displacements
of the N=N stretching mode ofrans-azobenzene and its isotopic
derivatives: (a) (€HsN)z, (b) (CDsN)z, and (c) (GHs'®N).. The
magnitude of displacement for the vibrating atoms is multiplied two

that as the excitation wavelength approaches the maxima of thetimes its true value.

m — a* transition of TAB, only thevg and vio modes are
enhanced in intensityA(term enhancement), implying that these
modes have a considerable amount &£l stretch character.

It is important to note here, that from a low-temperature
absorption study of this transition, progressions of theNN
mode have also been obsen’d.The vio mode of TAB
corresponds to the main azo=MW stretch. The calculated
frequency ofvioreduces by 16 cmt (1420 to 1404 cmt) when
one of the N of the azo group is substitutedM and by 34
cm! (1420 to 1386 cm!) when both the N atoms of the azo
group are substituted byN. Interestingly, the =N stretch
(v10) is also influenced by complete deuteration as evidenced
by the shift of 24 cm! (1420 to 1444 cm!). These results
are consistent with the experimental détayhere shifts of 31
cm~1and 25 cm? are observed for (§is'°N), and (GDsN)a,
respectively. This is in contrast to the results of Armstrehg
al. where the MP2/6-31G results showed only a slight
increase (8 cmt) from 1450 to 1458 cmt for the main azo
stretch ¢10) upon ring deuteration which is three times less than
the experimentally observed shift of 25 chh A comparative
picture for the atomic displacements of the=N stretching
mode for (a) (GHsN)2, (b) (GsDsN)2, and (c) (GHs™N), is

undergo a decrease in frequency upon deuteration. Raman
active modey11, and IR active modeyss, are assigned purely

to the G-C stretch. IR spectfd show a weak intensity for
vs4, but the calculation predicts medium intensity. The modes
V12, V14, @ndvsy mainly consist of the €H ip bend and therefore
show a large shift in frequency upon deuteration as shown in
Table 3. The IR spectra afs7 is observed to be weak from
both calculation and experiment. The main Raman active mode
for the symmetric &N stretch calculated to be at 1131 cn
(v1s) is quite close to that obtained from Raman measurerffents
at 1146 cm'. From the calculations, it is observed that this
mode undergoes a shift of 6 chuponSN substitution of the

azo group, where as the experimentally observed shift isB.cm
The asymmetric EN stretch {s¢) is at 1228 cm! and is
predicted to be intense from calculation while the experimental
IR band appears at 1223 cfwith medium intensity. Upon

15N substitution of one of the N atoms of the azo group, the
shift observed is 4 and 5 crhy from calculation and experiment,
respectively. The atomic displacements for the symmetric and
asymmetric G-N stretching modes for (a) ¢EsN)z, (b)
(CeDsN)2, and (c) (GHs!™N), are shown in Figures 3 and 4,
respectively. Upon deuteration, the observed shifts (as seen

presented in Figure 2. As observed in the figure, the increasefrom Table 3) are 6 ¢t for v15 and 57 cm? for vsg, which is

in frequency upon deuteration for the main azo stretch mode
(v10) is due to the considerable contribution from the-C
stretch to the =N stretch and also the reduced contribution
from the C-D ip bend. From the PEDs (Table 2) it is also
seen that the €C stretch is coupled to the &N stretch.
However, the atomic displacements of thgmode in (GH5!N),

are similar to that in (gHsN), indicating a reduction in
frequency (1434 to 1399 cm) due to the effective increase in

in contrast to the previously reported data of Armstrengl>!
where both modes;s and vs¢ are shown to undergo a large
shift in frequency upon deuteration due to the contribution from
the C-D bend. Figures 3 and 4 clearly depict that the[C
bend does not have a significant contribution to the symmetric
and asymmetric €N stretch. Thewz vibration mainly
corresponds to the -©€C stretch and is coupled to the—®l
stretch, so it undergoes a shift of 3 thupon1®N substitution

reduced mass. All the modes except the main azo stretchof both N atoms in the azo group. The modeg v17, vss—60
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Figure 3. Calculated frequencies (in crf) and atomic displacements
of the symmetric &N stretching mode ofrans-azobenzene and its
isotopic derivatives: (@) (§1sN)z, (b) (GsDsN)2, and (c) (GHs*N)a.
The magnitude of displacement for the vibrating atoms is multiplied
two times its true value.

are mainly C-C stretches combined with the<C ip bend.
vss—go are shown to be of medium intensity from IR spectra,
but BP86/6-31G* predicts these to be strong; andvgs are
purely C-C ip bends. vg3 is found to be weak in IR both from
experiment and calculation. The modess—20, V61, V62, and
vs4 Mainly correspond to the -€©C ip bend. The vibrational
mode vi9 shifts down by 18 cm! upon 15N substitution
confirming the contribution of the &N ip bend. The mode
ve2 also undergoes a down shift of 8 cindue to the GN
stretching contribution. These two modes, andve,, also have
contributions from the €C stretch. The modes, undergoes
a shift of 6 cnT! upon®>N substitution, which is accounted for
the C-N ip bend. ve; andve; are of weak intensity from IR

J. Phys. Chem. A, Vol. 101, No. 30, 199561

(a) 1240 cm-'

7,

(b) 1183 cm-'

¢

(c) 1232cm”

7|

Figure 4. Calculated frequencies (in cf) and atomic displacements
of the asymmetric €N stretching mode ofrans-azobenzene and its
isotopic derivatives: (a) (§1sN)2, (b) (CeDsN)2, and (c) (GHs'*N)..
The magnitude of displacement for the vibrating atoms is multiplied
two times its true value.

that v,7 and v37 correspond to the oop €H bend which
undergoes a shift of about 300 chupon deuteration.vs;
appears to be very weak, both in experiment and calculation.
Thewvg—30, ¥33-40 andvay vibrations are assigned mainly to-C
torsion, coupled to the €H oop bend. These modes almost
remain unchanged in frequency BN substitution; however,
deuteration of phenyl rings results in a shift of about-300
cm~1. vag_40appear as intense bands in IR spectra, which is in
agreement with the calculation only fesg andvsg whereas 4o
shows medium intensity. In the case of, and v33, C—N
torsion is coupled to the €C torsion, as a result it undergoes
a shift of 4 and 1 cm?, respectively upon complete isotopic
substitution of the azo group BYN. The modess; and vy

are also assigned to-€C torsions. The frequencies for these

spectra, but calculation predicts medium and weak intensity for modes reduce by 50 crh upon deuteration as has been

the same modes. Similarlygs is expected to be strong from

experimentally observed (49 c®) from Raman measure-

experiment, but calculation shows medium intensity. The low- ments?5 The vibrationv,s involves twisting about the &N

frequency modesyy, v23, ves, andvggs correspond to the €N
ip bend. Thev,; mode at 216 cmt was assigned to the=xN

bond and is coupled to the-€C torsion and the €N oop bend
andwa4 involves torsion mainly about the-€N bond and also

ip bend33 but from the calculated PEDs (Table 2), we reassign has contributions from the -€C torsion.

this vibration to the &N ip bend. Both in the experiment and
calculation, strong IR intensity is observed fias. Thus, an

The data of Armstronget al5! contains two imaginary
frequencies for the two oop vibrationgs and v44, and the

overall one-to-one correspondence between the experimental andomputed frequencies for these modes also deviate considerably
calculated frequencies (using BP86/6-31G*) has been observedrom the experimental frequenci&s®® They attributed the

for the ip vibrations.

Out-of-Plane (oop) Vibrations of TAB. TAB consists of
10 Ay Raman active and 11 AR active oop vibrations. The
vibrationsv,4-26 andvss—36 mainly correspond to the oop-€H
bend and are coupled to the—C torsion. These show a
decrease of about 150 chupon deuteration. While calculation
predicts medium IR intensities fog, andvse, experiment shows
v3410 be weak anatss to be strong. From the PEDs it is evident

negative value of the frequencies to the choice of the combined
basis set 6-31Gin which the basis set for the nitrogens were
changed to 6-3tG(d) and the carbon and hydrogen atoms were
treated with the 6-31G basis set. In contrast, our results indicate
that BP86/6-31G* is quite accurate in reproducing the experi-
mental frequencies along with a stable geometry.

Further, it has been reporfédhat the modes;o (912 cn1?)
andvys (941 cntl) are due to overtone and combination bands.
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From the present study, it is observed thatis a fundamental
band assignable to the—C ip bend coupled with the €C
stretch and the &N ip bend. The vibratiorng shifts by 18

Biswas and Umapathy

TABLE 4: Optimized Geometrical Parameters of
cis-Azobenzene in Its Ground State, Obtained from the
BP86/6-31G* Calculation

cm™! and 12 cm?, respectively, upoi®N substitution in the BP86 expt
calculated and experimental data. Similarlys is also a 6-31G* X-ray?
fundamental vit.)ration.assignable to theH oop bend, gou.pled Bond Lengths (A)
to the C-C torsion which does not shift due teN substitution, N2=NL 1.264 1.253
and shifts by 180 cmt upon deuteration. Overall, for TAB C3—N2 1.437 1.449
the computed frequencies for fundamental vibrations and the c-cs 1411 1.385
calculated values of isotopic shifts are very close to the g_gi i-igg iggg
experimental dat&®35> Thus, we conclude that the DFT method Clicg 1.406 1374
BP86 with the 6-31G* basis set predicts accurate force fields Cla_cu 1.400 1.378
for both the ip and oop modes of TAB, in contrast to the MP2 cl—cs 1.413 1.410
results®® Though the MP2 results are moderately close to the H-C° 1.095 0.93
experimental frequencies for the ip modes but deviate to a large :g:g 1-882 8-32
extent for the oop modes. The three density functionals predict H2i_ it 1095 0.93
comparable IR intensities as shown in Table 2, but in the present H23_C13 1.094 0.93
investigation we havg compared the calcqlated .IR intensities Bond Angles (deg)
from BP86/6-31G* with the experimental intensities. Thus, C3—N2=N! 123.9 121.9
BP86 predicts reasonable IR intensities, comparable to experi- C5—C3—N? 116.3 117.3
ment for many of the vibrations; while for a few vibrations, C3—-C3—N? 123.1 122.5
the calculated intensities deviate considerably from experiment. c-ec 120.0 120.0
Although in Table 3 we have presented the calculated IR 25:87:§ ﬁg'i ﬁg';
intensities for all the isotopes of TAB using BP86/6-31G* due C5—C3—C13 119.7 119.8
to the unavailability of the IR intensities of various isotopes of C1—Cll-C? 120.5 121.7
TAB, comparison of the calculated and experimental intensities & i 119.7 119.0
has not been possible. :i:_g:_g Efg

cis-Azobenzene (CAB). Geometrical Structure. Since a H23_C13—C3 119.7
comparative study:{de supra of different density functionals H23—C13—Clt 120.5
with various basis sets for TAB led to the conclusion that the H2—CM—C!3 119.4
nonlocal DFT method, BP86 with 6-31G* basis set, provides HP-C—C 120.0
the best descriptions for CAB, only the results obtained from :19:29:8 gg'g
BP86/6-31G* are discussed below. All the data from other H7—C7—C9 1201
functional forms and basis sets are available on request. The H7—C7—C?® 119.7
available X-ray dat® for CAB suggests that the molecule is Dihedral Angles (deg)
severely distorted from planarity, it possesses only a 2-fold axis C*—NI=N2—C3 12.0 8.0
of symmetry with the phenyl rings rotated by53.5 with Co—C*—N!=N2 47.4 53.3

respect to the ¥N—C plane. Complete geometry optimization
carried out using BP86/6-31G* adopt€d symmetry for CAB.

The equilibrium structure and atom numbering of CAB is qf the depolarization ratio values for CAB, both A and B species
depicted in Figure 1. A comparative study of the calculated 4r¢ assigned to the same band wherever calculated frequencies
bond distances, bond angles, and dihedral angles of CAB usingjie very close to each other. The computed (unscaled) frequen-
BP86/6-_3lG* and the experimentally optimized parameters are gies as well as PEDs of the various vibrational modes of CAB
shown in Table 4. The calculated=MN bond distance is  are shown in Table 5. The calculated frequencies and IR
overestimated by 0.011 A compared to the X-ray data, whereasintensities for A and B vibrations for the isotopomers of CAB,
C—N is underestimated by 0.012 A. Average C bond length viz. (CaHs)aN1N, (CeHs!5N),, and (GDsN),, are shown in Table
may be due to the crystal-packing forces. TheNe=N bond 14N 15N—CAB are also given for comparison in Table 6. Apart
angle differs from X-ray values by°2and the G-C—N and from the 14N,15N—CAB IR data3® no experimental data is
C—C—C angles deviate by 0:&nd 0.6, respectively. X-ray  available for other isotopes. Therefore, the discussions are
diffraction shows that the dihedral angle at the=N double  confined mainly to the theoretically calculated isotopic shifts
bond is 8, and the phenyl ring is rotated by about S3about of 14N,15N—CAB, in relation to the experimental values.
the C-N bond relative to a planar ®"N—C arrangement In CAB, it is observed that the vibrations_s and vss_so
whereas theoretically calculated values for these afeah?l shift by 800 cni? upon deuteration of all the H atoms of the
47.4’_, respectively. Thus, the optimized structural parameters phenyl rings. This confirms our assignment of-B stretch.
obtained from the DFT method, BP86/6-31G*, for CAB are in - These modes occur in the same frequency range as that of TAB.
reasonable agreement to the observed X-ray véfes. The atomic displacements for the 29 A vibrations of CAB
Fundamental Frequencies of CAB. Only a few vibrational (excluding highest frequency €H stretching modes) are
spectral studies are available for CEB®>with qualitative available as Supporting Information (Figure 1S). The modes
vibrational assignments. On the basis ©f symmetry, 66 Ve, V7, V11, V16, V17, Vao, Va1, Vaa, Vao, andwvsg at 1600, 1583,
fundamentals of CAB involve 34 A and 32 B type vibrations. 1356, 1078, 1023, 1596, 1577, 1349, 1077, and 10221cm
All fundamental modes are both IR and Raman active. A and respectively, are assigned mainly to the C stretch from the
B type modes can be identified only when they are resolved PEDs as shown in Table 5. These modes have their counterpart
through the depolarization ratio of Raman intensity, since A in TAB with slightly shifted frequencies and are coupled to
and B type modes are expected to be polarized and depolarizeddifferent vibrations. In CAB these modes are coupled to the
respectively, in the Raman spectrum. Due to the unavailability C—H ip bend. These vibrations do not change in frequency

a Reference 28.
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TABLE 5: Calculated Frequencies (in cnt) and PEDs ofcis-Azobenzene for the Normal Vibrations of A ¢;—v34) and B
(vass—ves) Symmetries, Obtained from BP86/6-31G*

mode expt BP86/6-31G* PED (%) mode expt BP86/6-31G* PED (%)
" 3135 99(C—H) Vas 3135 99(C—H)
V2 3129 99(C—H) Vas 3129 99(C—H)
Vs 3121 99(C—H) var 3121 99(C—H)
s 3110 99(C—H) Vag 3110 99(C—H)
vs 3102 99(C—H) V3o 3101 99(C—H)
Ve 1600 650(C—C), 24(C—H) vao 1596 670(C—C), 258(C—H)
v 1585 1583 61(C—C), 235(C—H) var 1575 1577 61(C—C), 256(C—H)
vg 1511 1512 6 (N=N), 126(C—H), 11v(C—C), vz 1477 1475 66(C—H), 28v(C—C)
10v(C—N) vis 1441 1442 58(C—H), 37v(C—C)
ve 1468 596(C—H), 24v(C—C) Vaa 1349 850(C—C), 146(C—H)
vie 1451 1449 5B(C—H), 36v(C—C) vis 1294 1298 83(C—H), 11v(C—C)
v11 1356 87v(C—C), 128(C—H) vas 1178 1175 64(C—H), 200(C—C), 150(C—N)
vi2 1309 1302 8%(C—H)
vz 1178 1176 7®(C—H), 23v(C—C) ver 1152 1158 8%(C—H), 11v(C—C)
vy 1152 1158 8%(C—H), 11v(C—C) Vag 1136 51v(C—N), 226(C—H), 19v(C—C)
V15 1111 51y(C—N), 20v(C—C), 185(C—H) vee 1067 1077 44/(C—C), 466(C—H)
vie 1067 1078 41(C—C), 466(C—H) vso 1023 1022 68(C—C), 246(C—H)
vi; 1023 1023 68(C—C), 235(C—H) Ve1 988 985 345(C—C), 34v(C—C), 168(C—H),
V18 988 984 35(C—C), 34v(C—C), 158(C—H), 146(C—N)
14(C—N) Ve2 968 950 76y(C—H), 237(C—C)
V1 968 950 76y(C—H), 227(C—C) Vss 920 924 90/(C—H)
Va0 920 924 91y(C—H) Vea 891 85y(C—H)
V21 887 95y(C—H) Ves 834 827 3%(C—H), 226(N=N),
Vo 807 818 99/(C—H) 19v(C—N), 107(C—N)
Vs 756 759 59/(C—H), 126(C—C), 10v(C—N) Vss 807 816 96y(C—H)
Vau 741 37y(C—H), 158(C—C), 17v(C—N) V7 756 754 51(C—H), 13v(C—N),
Va5 688 680 58/(C—H), 377(C—C) 1356(C—C)
Vg 609 306(C—C), 186(C—H), 156(C—N), Vsg 700 691 85/(C—H)
107(N=N) Vso 662 674 64r(C—C), 31y(C—H)
v 596 583 36(N=N), 207(C—C), 177(C—N), 126(C—H) veo 606 465(C—C), 276(C—H), 226(C—N)
vas 541 529 40(C—C), 347(C—C), 276(C—H) Vel 492 489 29r(C—C), 28y(C—H),
Vag 411 327(C—C), 30y(C—H), 137(N=N) 10v(C—N)
V30 403 399 51r(C—C), 34y(C—H) Vo2 441 438 47(C—C), 36y(C—H)
Va1 265 247(C—C), 23y(C—H), 18(C—N), Ves 394 537(C—C), 35y(C—H)
147(C—N) Vea 268 320(C—N), 28(C—N),
Va2 168 517(C—N), 267(N=N), 107(C—N) 157(C—N)
Vs 66 42y(C—N), 26 7(N=N) Ves 151 67y(C—N), 11y(C—H)
Vas a7 677(C—N), 116(N=N) Ves 46 847(C—N)

2 Reference 35° v indicates stretchd, in-plane bendy, out-of-plane bends, torsion.

upon 5N substitution, and the shift in frequency due to TAB due to increased nonplanarity in CAB, leading to greater
deuteration is also not very prominent as seen in Table 6. Thedouble bond character in#N. The vibrational modesgy, v10,
vibrational mOdeS’V7, Vie, V17, V41, V49, and V50 have been V1o—14, Va2, Va3, Vas—47 at 1468, 1449, 1302, 1176, 1158, 1475,
observed in IR spectfaand assigned qualitatively on the basis 1442, 1298, 1175, and 1158 chy respectively, are assigned
of the experimentally observed isotopic shift when one N atom mainly to the C-H ip bend. These modes change by 00
of the azo group is substituted B3N. In particular, the modes 300 cnttin frequency upon deuterium substitution, depending

v1e andv,g (Observed at 1067 cm) are assignedto the C-N on the contribution of the €D ip bend in the respective modes.
stretch and’;7 andvsg (observed at 1023 cm) to the C-H ip Only a few of the modesyiz. vi5, v14, and v47, have their
bend. Experimentally$ it has also been observed that these counterparts with similar frequencies and mode descriptions for
modes undergo almost no change in frequencjPhirsubstitu- TAB. Our assignment and calculated IR intensities are in

tion of one of the N atoms, which is consistent with our results. agreement with the experimerifahtensities and the qualitative
Thus, on the basis of calculated isotopic shifts and the PEDs, description for the modes s, v14, v46, andvsz. Further, Kubler

we reassign these vibratiomss, v17, v49, andvsg to the C-C et al3% assignedryg, v12, V42, andvsz modes to the EC stretch.
stretch that is coupled to the-GH ip bend. Further, thes; Hence, we have reassigned these vibrations to thiel (p bend
(1575 cnrl) mode experimentally assigned to the-C stretch as shown by the shifts observed on deuteration. Experiment
is consistent with our results. Computed IR intensities are also results in weak IR intensities forg, v12, andvsz and medium

in agreement with the experimental results #grvie, v17, va1, intensity forv,,. Our calculated IR intensities agree well for
andvsg; however, forvag, strong intensity is predicted in contrast 11, andva; but deviate considerably fatpandvsa. The modes
to the experiment. vis andvgg at 1111 and 1136 cm correspond mainly to the

The vg mode at 1512 crit is assigned to the NN stretch C—N stretch. No IR counterpart of these vibrations has been
both from our results and experimental d&alhe PEDs (given observed. These modes are coupled to theCGstretch and
in Table 5) show that the €H ip bend and &C and C-N C—H ip bend. Both the €N stretching modesyis and vag,
stretches are coupled to the main azo stretch. Thus, theshift by 1 cnmt! upon !N substitution of one of the N atoms
calculated value is very close to the experimentaNNstretch and by 32 and 36 cnt on deuteration, consistent with the PEDs
which appears at 1511 cth From IR spectra, it is observed given in Table 5. The €N stretching modes in CAB have
thatvg appears with medium intensity and undergoes a shift of their counterparts at 1131 and 1228¢rim TAB. This increase
25 cnt! when one N of the azo group is substituted 1B, in frequency indicates greater bond strength ferNCin TAB
whereas computation leads to a strong IR band for tkeNN as compared to CAB. The vibratiomss, v26, V28, v51, andveg
stretch with an isotopic shift of 19 crh. The main azo stretch  at 984, 609, 529, 985, and 606 chare assigned mainly to
for CAB appears at a higher frequency compared to that for the C-C ip bend, all of which have their counterparts in the
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TABLE 6: Calculated Frequencies (in cnm?) for Isotopic Derivatives of cis-Azobenzene for the Normal Vibrations of A and B
Symmetry, Obtained from BP86/6-31G*

(CeHsN)2 (CeHs)2NN (CeHs™N), (CeDsN)2

mode character expt calc P expt calc P calc P calc P

A Symmetry
2 v(C—H) 3135 4.3 3135 4.3 3135 4.3 2323 4.6
V2 v(C—H) 3129 0.8 3129 0.8 3129 0.8 2316 0.4
V3 v(C—H) 3121 25.3 3121 25.2 3121 25.2 2307 13.8
Va v(C—H) 3110 1.9 3110 1.9 3110 1.9 2295 0.5
Vs v(C—H) 3102 0.5 3102 0.5 3102 0.5 2285 0.4
Ve v(C—-C) 1600 2.0 1598 0.8 1597 0.3 1569 8.6
V7 v(C—C) 1585 sh 1583 0.5 1585 1583 0.4 1583 0.3 1549 0.7
Vg v(N=N) 1511 m 1512 55.4 1486 1493 51.3 1481 334 1501 43.3
Vg O0(C—H) 1468 0.1 1464 1.9 1454 5.3 1360 0.0
V10 0(C—H) 1451 w 1449 3.7 1451 1448 55 1445 18.9 1337 1.1
Y11 v(C—C) 1356 0.0 1356 0.0 1356 0.0 1328 0.9
V12 0(C—H) 1309 w 1302 0.1 1309 1302 0.1 1302 0.1 1023 0.0
V13 0(C—H) 1178 w 1176 0.4 1178 1176 0.4 1176 0.4 944 0.5
Via 0(C—H) 1152 w 1158 0.2 1152 1158 0.2 1158 0.2 862 0.4
Vis v(C—N) 1111 0.0 1110 0.0 1109 0.0 1079 0.1
V16 v(C-C) 1067 m 1078 1.0 1066 1078 1.0 1078 1.0 838 0.1
V17 v(C—-C) 1023 m 1023 1.4 1023 1023 1.4 1023 1.4 821 0.5
Vig o(C—-C) 988 w 984 0.2 988 984 0.2 984 0.2 813 0.6
V19 y(C—H) 968 w 950 0.1 968 950 0.1 950 0.0 788 0.2
Va0 y(C—H) 920's 924 0.3 917 924 05 924 0.3 753 1.1
Va1 7(C—H) 887 0.4 887 0.4 886 0.4 745 0.0
V22 y(C—H) 807 w 818 1.6 807 818 1.6 818 1.6 705 33
V23 y(C—H) 756 s 759 12.8 754 758 13.4 757 13.4 643 0.6
Vas y(C—H) 741 0.7 739 05 736 0.3 635 0.3
Va5 y(C—H) 688 s 680 16.3 688 680 16.1 680 15.9 584 0.0
V26 o(C-C) 609 0.1 608 0.0 608 0.0 558 0.1
Vo7 7(N=N) 596 m 583 4.7 592 579 4.9 574 5.0 535 11.8
Vg o(C-C) 541 w 529 0.1 538 527 0.1 524 0.1 485 3.6
Vg 7(C—C) 411 2.4 409 2.4 407 2.3 385 3.4
V30 7(C-C) 403 w 399 0.0 403 399 0.0 398 0.0 350 0.2
V31 7(C-C) 265 0.3 265 0.8 265 0.3 246 0.2
V32 7(C—N) 168 0.2 167 0.2 167 0.2 158 0.2
V33 y(C—N) 66 0.4 66 0.4 66 0.4 61 0.4
V34 7(C—N) 47 0.0 47 0.0 47 0.0 44 0.0

B Symmetry
V35 v(C—H) 3135 7.7 3135 7.7 3135 7.7 2323 13.4
V36 v(C—H) 3129 54.4 3129 54.4 3129 54.4 2316 26.9
V37 v(C—H) 3121 9.4 3121 9.4 3121 9.4 2307 2.9
V3g v(C—H) 3110 15.7 3110 15.7 3110 15.7 2295 6.1
V39 v(C—H) 3101 2.2 3101 2.2 3101 2.2 2285 1.2
Vag v(C-C) 1596 1.3 1596 1.3 1596 1.3 1562 0.6
Va1 v(C—C) 1575 m 1577 4.0 1575 1577 4.0 1577 4.0 1540 1.9
Va2 o(C—H) 1477 m 1475 4.2 1477 1475 4.2 1475 4.2 1353 0.5
Va3 0(C—H) 1441 w 1442 6.4 1441 1442 6.4 1442 6.4 1346 0.7
Vaa v(C-C) 1349 2.4 1349 2.4 1349 2.4 1316 2.8
Vas 0(C—H) 1294 w 1298 1.7 1294 1298 1.7 1298 1.7 1024 0.2
Vag 0(C—H) 1178 w 1175 0.4 1178 1175 0.5 1175 0.5 945 0.5
Vaz 0(C—H) 1152 w 1158 0.0 1152 1158 0.0 1158 0.0 865 0.3
Vag v(C—N) 1136 3.9 1135 3.8 1133 3.7 1100 1.1
Vag v(C—-C) 1067 m 1077 11.4 1066 1076 11.3 1076 11.3 839 3.6
Vs0 v(C—C) 1023 m 1022 3.0 1023 1022 3.0 1022 3.7 829 17.1
V51 o(C—-C) 988 w 985 1.6 988 985 1.6 984 1.6 823 0.3
Vs2 y(C—H) 968 w 950 1.0 968 950 0.9 950 0.9 810 55
Vs3 y(C—H) 920 s 924 0.4 917 924 0.5 924 0.5 775 0.2
Vs y(C—H) 891 21.6 890 20.8 889 20.1 747 4.2
Vss y(C—H) 834 w 827 4.2 834 821 2.5 818 0.4 724 9.9
Vs6 y(C—H) 807 w 816 6.7 807 815 10.3 810 14.8 682 0.6
Vs7 y(C—H) 756 s 754 38.0 754 752 394 750 40.6 636 3.0
Vsg y(C—H) 700 s 691 75.0 699 689 74.5 688 74.0 606 6.7
V59 7(C-C) 662 sh 674 6.4 662 673 3.8 672 1.7 581 0.3
V60 o(C—-C) 606 0.1 606 0.1 606 0.1 533 48.8
V61 7(C-C) 492 m 489 3.8 490 486 3.4 484 3.1 463 18.3
V62 7(C-C) 441'm 438 6.5 439 437 6.5 435 6.5 399 1.5
Ve3 7(C—C) 394 4.4 394 45 394 45 345 25
Vea 0(C—N) 268 6.6 266 5.9 264 6.2 257 6.6
Ves y(C—N) 151 4.1 151 4.1 151 4.1 142 3.6
Ve6 7(C—N) 46 15 46 1.5 46 1.5 43 1.3

aReference 35 | represents the infrared intensities in km/mol: sh, shoulder; m, medium; s, strong; w, weak.
spectra of TAB. From IR studi€®,v,g andvs; (both observed ip bend. On the basis of our results, we have reassigned all
at 988 cnt! as weak bands) were assigned to theHCoop three modesys, v2s, andvs;, to the C-C ip bend. Calculated
bend, and/,g (541 cnTl, weak band) was described as &g IR intensities agree well with the experiment fog and v,s,
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but for vs; medium intensity is predicted where as experiment CAB. The calculated RMS deviation for the computed (un-
reflects weak intensity. scaled) frequencies of CAB (from BP86/6-31G*) is found to
It is observed from the PEDs in Table 5 that due to be 8cnrh. o o
nonp|anarity Of the m0|ecu|e, there is Considerab|e mixing OVera”, the essenﬂal d|fferences be'-:Ween the V|brat|0na|
between the ip and oop vibrations, which is in sharp contrast SPectra of CAB and TAB can be summarized as follows. TAB
to that observed in the case of TAB. Thg mode contains IS Slightly distorted from planarity whereas CAB is completely
contributions from the €H and G-N ip bends and the &N nonplanar. Due to the nonplanarity in the structure of CAB,
torsion3s whereas fom,g, the C-C torsion and G-H ip bend there is considerable mixing of the ip and oop modes.
are coupled to the €C ip bend. All the modesyg, v2s, Vas Moreover, in CAB, ther-electron density is localized on the
vs1, and veo remain unchanged upolN substitution and ~ Central N=N bond as compared to greaterconjugation in
undergo a shift of~40—70 cnT® on deuteration. The modes 1AB, leading to increased double-bond character fer\N As

V1925 at 950, 924, 887, 818, 759, 741, and 680 ¢@mndvsy_ss a. I'ESl:l“, the main azo s.tretch of CAB(N=N) and t(N=N)
at 950, 924, 891, 827, 816, 754, and 691 érre assigned to vibrations appear at a higher frequency as compared to TAB.

the C-H oop bend. Some of these modes are similar to those CAB exhibits more single-bond character for the-R bond,
of TAB in frequency and mode description. Among thess, because of which _the€N stretch appears at I_oyver wavenum-
v25, andvs, have contributions from €C torsion. Experimen- bers for CAB relative to that for TAB. In addition, there is an

tally,35 125, v23, andvss_s; have been assigned to the-8 oop increase in the number of €H bending modes in CAB as

bend as observed in our calculationgzs and vs7 appear as compared to that in TAB.
strong IR bands both in experiment and calculation whereas
V22, V55, andvse are observed to be weak from experiment. These
modes are predicted to be of medium intensity from our A systematic study of the vibrational analysis of TAB and

Summary

calculations. v, andvsz have been assigned to the-N stretch, CAB using RHF and various DFT methods have been carried
andv,s andvsg are reported to be €C torsion by Kubleret out. The RMS deviations for the unscaled frequencies obtained
al.35in contrast to our results. On the basis of the PED results, from various DFT methods giving the best structural parameters
we reassign the modesyg, vzs, vs3, andwvsg to the G-H oop have been calculated. It is observed that the DFT method BP86/
bend. All these bands appear with strong IR intensity in the 6-31G* is very useful in predicting vibrational frequencies for
experiment, but calculation predicts weak bands/fgrandvss polyatomic systems like azobenzene. The frequencies, obtained
and intense peaks fors andvsg. The fundamentalsys, 124, from BP86/6-31G*, show a RMS deviation of 11 chfor TAB

vss, andvsz have complex descriptions and consist of mixed ip and 8 cnit for CAB. These computed frequencies are in good

and oop modes and have no counterpart in TAB. These modesAgreement with the experimental frequencies for both isomers
undergo a shift of 108150 cntt upon deuteration. The of azobenzene. ThUS, we find that the performance of the DFT

vibrationv,; with A symmetry corresponds to the=N torsion approach for polyatomic molecules is comparable to the widely
coupled to the €C, C—N torsion and G-H ip bend. This used SQM approach for which the deviation of the computed
vibration shifts by about 4 cnt (consistent with experimet®) frequencies is about 10 crh of the experimental frequen-

on isotopic substitution of one N atom of the azo groug®y cies’?7® Further, we have clarified the asssignments for various

and it undergoes 9 cm and 48 cmi® shifts with complete  Vibrational modes of both isomers of azobenzene, TAB and

substitution of the azo group B§N and deuterium as is shown ~ CAB, from our calculations in addition to providing normal
in Table 6. Thev,; band appears with weak intensity both in mode des_(_:rlp_tlons and IR intensities for a}ll the normal V|bra_-
experiment and calculation. The vibrational modgs sy, vss, tions, facilitating accurate vibrational assignments of experi-
andvei_es at 411, 399, 265, 674, 489, 438, and 394 éiave mental data. We have also pointed out the main differences in
been assigned to-€C torsion. These modes are coupled to the V|br'at|onal spectra of TAB and CAB on the basis of the
C—H oop modes and change little upBIN substitution butby ~ "€SPective molecular structures.

20-30 cnt? on deuteration.vs; (0bserved at 492 cm) was
assigned to €N torsion which has been reassigned from our
calculations to €C torsion, as shown in table 5. The
assignmerdf of the modevsg (662 cnt?) is similar to our
assignment. Only a few of these vibratiomsg, vsg, V61, and

vg3, have their counterparts in TAB, which is shifted in
frequency but is almost similar in descriptiomg, andvsg are
observed to be weak in IR from experiment but are shown to
be weak and of medium intensity from the calculatior; and

ve2 appear with medium intensity both from experiment and
calculation. vsy, v34, andves modes at 168, 47, and 46 cin
are assigned to €N torsion, and these vibrations hardly shift
upon isotopic substitution dPN and D, The modess; and

ves at 66 and 151 crmt correspond to the €N oop bend and  References and Notes
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