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The structure ofrans-azobenzene (TAB) has been a subject of controversy in experimental and theoretical
studies. To provide the theoretical basis for stable structures and vibrational properties of TAfs-and
azobenzene (CAB), we performed ab initio molecular orbital calculations based on the second-order Mgller
Plesset (MP2) method and density functional theory (DFT). Only the MP2 calculation accounting for the
diffuse basis set (6-31G*) leads to the distorted structure of TAB, which is consistent with the gas-phase
electron diffraction experiment. The HartreEock and DFT (PW91PW91, MPW91, BP86, and B3LYP)
calculations, on the other hand, result in the almost planar structure of TAB. The frequencies of normal
modes of TAB and CAB are calculated most accurately by the PW91PW9#/&8inethod followed by

the BP86/6-31G* method. These results are expected to provide useful benchmark data on the accuracy of
MP2 and DFT methods for describing the structural and vibrational properties of azobenzene-like molecules,

which consist of weakly interacting phenyl rings.

1. Introduction To provide the theoretical basis for stable structures and
vibrational properties of TAB and CAB, ab initio molecular
orbital (MO) calculations based on the second-order Mgller
cis-conformations, and its photoinduced isomerization between Plesset (MPZ) megthod and density fur_1ct|onal theory .(DFT) have
the two conformations has found wide applicability in reversible been _carrled (_)Lﬁ" The MP2 ca_lculatlon fqr TAB using the
optical data storage. Recently, numerous experimental studiesombined basis set 6-31@Gn which the basis set for nitrogens
have concentrated on clarifying the mechanism of the photo- Was changed to 6-31G(d) and carbon and hydrogen atoms
induced isomerizatiort. Azobenzene is also attracting attention Were treated with the 6-31G basis set, led to the result that TAB
as a core part of dendrimers, which are nanosized hyperbranchedas a planar structure witz, symmetry and two imaginary
macromolecules with a regular tree-like structtrtn the vibrational frequencies and that some of the vibrational assign-
experiment by Jiang and Aidaa large aryl ether azodendrimer ments do not match the experimental data. This result seems to
with an azobenzene core was found to undergo cis-to-transcome from the unbalanced nature of the 6-31iGasis set
isomerization upon exposure to weak infrared (IR) light. adopted. On the other hand, the DFT calculations utilizing the
It is necessary to determine the stable structuresanfs- 6-31G* basis sétfor TAB and CAB improved the assignments
andcis-azobenzenes to clarify the mechanism for isomerization of vibrational modes. However, there was given no explicit value
and associated photochromism. However, in experimental of the twist angle of the phenyl ring in TAB, which is a main
studies the structure dfans-azobenzene (TAB) has been a sybject of controversy in the experimental studies. Therefore,
subject of controversy for decades. X-ray diffraction (XRD) tne structure of TAB has not yet been described satisfactorily

experiment$suggested that the TAB molecules are very slightly by the theoretical studies based on MO methods.
distorted from planarity, whereas gas-phase electron diffraction

(ED) experimentsshowed that the phenyl rings of TAB are We believed that it is indispen_sable_to qbtain qccgrate_ stable
twisted by as much as 3@round the N-N—C plane. Raman  Structures of TAB and CAB for investigating their vibrational
measuremenfton TAB and its isotopically substituted deriva- Properties and the isomerization mechanism. As a result, the
tives suggested that TAB has a distorted structure with  following steps were taken in the present study: (1) Obtain
symmetry in solution. Therefore, the twist angle of phenyl rings stable structures of TAB and CAB by high-level MO methods
in TAB has not yet been determined completely by experiments. such as MP2 and DFT with a large and diffuse basis set. (2)
Regarding the structure dfis-azobenzene (CAB), the XRD  Perform the normal-mode analysis for the obtained structures.
study suggested a nonplanar structure consisting of a 2-fold From these calculations, we would obtain benchmark data on
axis of symmetry with the phenyl rings rotated by 538ound  the accuracy of these state-of-the-art MO calculations. We also
the N=N—C plane. performed some semiempirical MO calculations and tested their
accuracy and efficiency for investigating the structural and
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Azobenzene is one of the typical aromatic molecules having
unique photochromic properties. It has two statoéns- and
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2. Details of Molecular Orbital Calculations

The ab initio HF and MP2 as well as DFT calculations for
optimizing the structures of TAB and CAB were carried out
using the GAUSSIAN 98 (G98) (DEC-AXP—OSF/1, Rev.
A.1) program package. We employed the five DFT function-
als: (1) PW91PW91 (the Perdew-Wang91 functiokaisfor
the exchange and the correlation parts), (2) MPW91 (the
modified Perdew-Wang91 excharifplus the Perdew-Wang91
correlatiot?13functionals), (3) BSLYP (Becke's three-parameter
hybrid method® using the LYP correlation functiond), (4)
BP86 (Becke’s 1988 exchange functiofialombined with the
gradient-corrected correlation function of Perd8&wand (5)
SVWNS5 (local spin density approximation by Sldfexrombined
with the correlation function of Vosko, Wilk, and Nus&j
The accuracy of the DFT methods is essentially limited by the
accuracy of the exchange and correlation functionals used in
the calculation. In our previous studyon the conformations
of 1,2-diphenylethane, the PW91PW9313 and MPW912-14
functionals were used because these functionals reduce the
overestimated error of the local density approximation in bond
energy and because they have no adjustable parameter for the
exchange functional. In the present study, we also used both
the functionals, and the other three functionals were used as
well for comparing our results with those by Biswas and
Umapathy? Furthermore, for the purpose of estimating the effect (b)
of basis sets on the stable structures of TAB and CAB, we tested
the four types of basis sets: 6-31G*, 6-31G**, 6-311G**, and Figure 1. Stable structures of (aransazobenzene and (Wis-
6-31+G*. It is noted that the choice of basis set is critical for azobenzene obtained by MP2/6-3G* calculations. Note that the
obtaining stable structures and that the 6-&F basis set, phenyl rings intrans-azobenzene are rotated by 18viith respect to
. . - . . . .. the N=N—C plane.
including diffuse functions, is essential for accurately describing
the interaction between the two phenyl rings in TAB, as will
be shown in the next section.

The semiempirical MO calculations using the MOPAC2000
program packagé were additionally carried out with the
MNDO, AM1, and PM3 Hamiltonians. The accuracy of these
methods was tested through the comparison with the MP2 andC
DFT results.

To clarify the vibrational properties obtained by the IR and
Raman experiments as well as the isomerization dynamics
between TAB and CAB, a detailed analysis of the normal
coordinates is required. We evaluated the vibrational frequencies
and its corresponding eigenvectors of TAB and CAB by the
HF/6-31+G*, MP2/6-31G*, PW91PW91/6-3tG*, MPW91/
6-31+G*, B3LYP/6-31+G*, BP86/6-31G*, SVWN5/6-31G**,
and semiempirical PM3 methods.

with a twist angle of 18.5 The optimized structural parameters
for TAB, that is, the bond lengths, bond angles, and dihedral
angles, are presented in Table 1 along with those obtained by
experiment$® and by the previous calculatioR$.
A noteworthy value in Table 1 is the dihedral angle=N—
—C, which is the averaged value of the two kinds of twist
angles of phenyl rings around thei—C plane and is a main
point of controversy. In the gas ED experimerit,was not
possible to decide whether the phenyl rings are twisted in the
same direction@, symmetry) or in the opposite directioi(
symmetry). All of the present calculations show that the phenyl
rings prefer to rotate in the opposite direction, as shown in
Figure 1a, and the stable structure of TAB has@hsymmetry.
However, the calculated value of this dihedral angle is signifi-
cantly dependent on the MO methods as well as the basis sets.
To obtain the accurate value of this dihedral angle, we
investigated its dependence on the basis set, because we
3.1. Stable Structures oftrans- and cis-AzobenzenesThe considered that the choice of basis set is critical and that the
structure of TAB has been a subject of controversy in basis sets utilized in the previous calculatftere not sufficient
experimental as well as theoretical studies. The XRD résult for describing the long-range interaction between the two phenyl
suggested a slightly distorted but nearly planar structure, whereasings in TAB. At first, the HF and MP2 optimizations were
the gas ED studyshowed that the phenyl ring is twisted by performed with three basis sets: 6-31G**, 6-311G**, and
30° around the ¥=N—C plane. The several DFT and HF 6-31+G*. The last one includes the diffuse functions for both
calculations using the 6-31G* basis $ehowed a slightly the nitrogen and carbon atoms. Only the MP2/6-&F
distorted structure witlZ; symmetry, although the value of the calculation, which should be the most accurate among all the
twist angle of the phenyl ring was not shown explicitly. On the present calculations, resulted in the distorted structure (Figure
other hand, the MP2 calculation with the combined 6-8b@&sis 1a), in which the phenyl rings are significantly twisted by £8.5
sef resulted in a planar structure wi@, symmetry. The present  around the N=N—C plane. This calculated value of the=N
results for the stable structures of TAB and CAB, which have N—C—C angle is comparable to that (27)®f the molecule
been obtained by the MP2/6-3G* calculations, are shown in  with C; symmetry obtained by the gas ED experimeiitis
Figure 1a and 1b, respectively. The most remarkable differenceresult was reproduced irrespective of the initial structure, planar
between the present and previous results is the twist angle ofor nonplanar. Second, to test the efficiency of the DFT methods,
the phenyl rings around the"\N—C plane for TAB. As shown  the structure was optimized by several DFT methods. The
in Figure 1a, TAB has a rather distorted structure from a plane, SVWN5/6-31G**, BP86/6-31G*, and B3LYP/6-31G** results

3. Results and Discussion
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TABLE 1: Structural Data for trans-Azobenzene Obtained from Experiments and Molecular Orbital Calculations

N=N C—N N=N—C N—C—C C—N=N—C N=N—C—C
Semiempirical Calculations
MNDO 1.230 1.437 116.9 124.8,115.4 0.2 35.2
AM1 1.231 1.437 119.6 125.0, 116.0 0.7 15.3
PM3 1.231 1.447 119.8 124.2,115.5 0.2 3.7
DFT Calculations
SVWN5/6-31G** 1.265 1.400 114.3 124.0, 115.7 0.0 "0.0
BP86/6-31G* 1.279 1421 114.0 125.0, 115.2 0.0 h0.0
B3LYP/6-31G** 1.261 1.419 114.8 124.8,115.3 0.0 0.0
B3LYP/6-31+G* 1.258 1.420 115.3 124.7,115.3 0.0 0.0
PW91PW91/6-3+G* 1.273 1.418 114.7 124.9, 115.3 0.0 0.1
MPW91/6-3+G* 1.251 1.413 115.0 124.6,115.4 0.0 0.1
HF & MP2 Calculations
HF/6-31G** 1.220 1.421 115.7 124.4,115.5 0.0 0.0
HF/6-314+-G* 1.218 1.422 115.9 124.4,115.5 0.0 0.1
MP2/6-31G** 1.280 1.422 113.5 124.8,114.8 0.0 "0.1
MP2/6-311G** 1.272 1421 113.6 124.8,115.3 0.0 0.0
MP2/6-3H-G* 1.279 1.423 113.4 124.0, 115.3 2.4 18.5
Experiments
Gas E.D. C, symmetryy 1.259 1.420 116.0 121.2 0.0 30.1
Gas E.D. Ci symmetryY 1.268 1.427 114.5 123.0 0.0 27.9
X-ray diffraction (A site¥ 1.247 1.428 114.1 123.7,115.6 0.0 16.7
X-ray diffraction (B site) 1.245 1.428 1139 124.2,115.8 0.0 6.8
Previous Calculations

MP2/6-31G3¢ 1.275 1.431 —9 —9 0 0
B3LYP/6-31G* 1.260 1.418 114.7 124.7,115.3 -9 -9

aUnits: bond lengths (A), valence and dihedral angles (degre&f 5.¢ Ref 4.9 Ref 8.¢ Ref 9. Assumed value? Values not reported in the
original articles" Averaged values.

are nearly identical to the previous DFT resdle then added 31+G* calculation shows that the -€N=N-—C group is not
diffuse functions in the B3LYP calculation, expecting that the planar, whereas the experimental stutifemssumed the copla-
phenyl rings would twist each other. However, the angte N  narity of this group. To investigate the effect of this nonplanarity,
N—C—C was still found to be almost°0 This trend is also we reoptimized the TAB structure by fixing the-@®I=N-C
observed for the PW91PW91 and MPWO9L1 results, as shown inangle to be 0 by the MP2/6-3%G* method. The optimized
Table 1. Therefore, we concluded that the correction for the N=N—C—C angle was found to be almost @lthough the bond
electron correlation energy by MP2 as well as the diffuse basis lengths and valence angles shown in Table 1 were almost the
set 6-31-G* are essential to obtain the distorted structure of same as the results of full optimization. This result indicates
TAB, which is comparable to that in the gas ED experinfent. that the small change in the-®=N—C angle causes the large
The previous calculatiof8 using the 6-31G* or 6-31Gbasis twist of phenyl rings and that this angle must be examined more
set seem to fail to reproduce the experimental structure becausearefully in experiments.
of the insufficiency of the basis sets employed. Regarding the bond length of=hN, it is elongated about
We considered the reason why the phenyl rings of TAB are 0.06 A due to the inclusion of the electron correlation by MP2,
significantly twisted only in the MP2/6-31G* calculation as and the value (1.279 A) in the MP2/6-3G* calculation
follows. The conformation of TAB is mainly determined by compares well with that (1.268 A) for the molecule with
ther—x and n— interactions of the azo group with the phenyl symmetry obtained by the gas ED experimefn the other
rings and the repulsive interaction of the ortho hydrogens of hand, the &N bond is almost the same in the HF and MP2
the phenyl ring with the lone-pair electrons of the distal nitrogen. methods and agrees with the experiments within the 0.006-A
Thes-r interaction makes the planar conformation more stable, difference. All DFT calculations except for MPW91/6-BG*
whereas the Am and the repulsive interactions make the provide the N=N and C-N bond lengths comparable to the
nonplanar conformation more preferable than the planar one. Itexperimental ones, although theslNl—C—C angle cannot be
can be predicted from the present MP2 results that the well described by the DFT methods. The semiempirical calcula-
calculations with the 6-31G** and 6-311G** basis sets under- tions yield rather distorted structures, which are comparable to
estimate the fror and repulsive interactions, providing the stable the experimental structure, although the=N bond length is
planar structure. On the other hand, by using the diffuse basisunderestimated by about 0.04 A.
set 6-31-G*, the lone-pair electrons of the nitrogen atoms are  In the same way as TAB, the structure of CAB was
described accurately to be more delocalized, so that the n  investigated by several MO methods. The stable structure
and repulsive interactions are estimated with sufficient accuracy, obtained by the MP2/6-3#G* calculation is shown in Figure
resulting in the twisted conformation of TAB. There is also a 1b, and the optimized structural parameters are presented in
repulsive interaction between the ortho hydrogens of two phenyl Table 2 along with those obtained by the XRD experiment for
rings. By adding diffuse functions to the basis set of hydrogen the CAB crystal and by the BP86/6-31G* calculatidnThe
atoms, this repulsive interaction may be described more ac-DFT, HF, and MP2 calculations provide values of the dihedral
curately, so that the twist angles of the phenyl rings are angles G-N=N—-C and N=N—C-C that are comparable to
enhanced, resulting in the calculateekN—C—C angle becom-  those obtained by the XRD experiment, although the calculated
ing more comparable to the value of the gas ED experithent. bond lengths show rather large differences (at most 0.036 A)
It is also noted in Table 1 that the value of the-B=N—-C compared to the experimental values. The main reason for these
dihedral angle must be considered carefully. Only the MP2/6- discrepancies may be ascribed to the crystal-field effect on the
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TABLE 2: Structural Data for cissAzobenzene Obtained from Experiments and Molecular Orbital Calculationd

N=N C—N N=N—C N—C—C C—N=N—C N=N—C—C
Semiempirical Calculations
MNDO 1.210 1.447 126.8 119.7, 119.7 0.0 86.2
AM1 1.204 1.442 129.2 122.5,118.0 2.3 45.8
PM3 1.216 1.453 126.9 120.2, 118.8 0.0 79.9
DFT Calculations
SVWNS5/6-31G** 1.252 1.410 123.4 122.8,116.6 13.0 40.5
BP86/6-31G* 1.264 1.438 124.0 123.1,116.3 12.0 42,5
B3LYP/6-31G** 1.249 1.436 124.0 123.0,116.4 9.8 458
B3LYP/6-31H-G* 1.249 1.437 124.1 122.9,116.5 9.6 46.2
PW91PW91/6-33+G* 1.261 1.434 123.9 122.9,116.4 11.7 482
MPW91/6-3H-G* 1.242 1.428 123.6 122.8,116.5 9.1 46.5
HF & MP2 Calculations
HF/6-31G** 1.217 1.434 123.9 122.6, 116.7 5.1 54.0
HF/6-31+G* 1.217 1.434 123.9 122.6,116.8 49 54.6
MP2/6-31G** 1.272 1.438 121.0 122.1, 116.7 7.2 50.0
MP2/6-311G** 1.266 1.438 120.6 122.1,116.9 6.5 50.6
MP2/6-3H-G* 1.274 1.440 120.4 122.0, 116.8 6.4 5.2
Experiment
X-ray diffractior? 1.253 1.449 121.9 122.5,117.3 8.0 53.3
Previous Calculation

BP86/6-31G* 1.264 1.437 123.9 123.1,116.3 12.0 47.4

aUnits: bond lengths (A), valence and dihedral angles (degre@f 7.¢ Ref 9.9 Averaged values.

CAB molecules. From the comparison between the XRD and TABLE 3: Relative Stability of the trans- and

MPZ/G-B:H—G* resultS, th|s effect can be es“mated as the N cis-Azobenzenes Estimated with the B3LYP, PngPng,

N bond being shortened by 0.021 A, whereas the\Chonds ~ MPW91, HF, and MP2 Methods

are elongated by 0.009 A. Compared with the previous BP86/ total energy (hartree)  rg|ative energy

6-31G* results, the present BP86/6-31G* calculation reproduces method/basis set trans cis (kcal/mol)

the previous results except for thelNl—C—C angle. It is noted DET Calclulations

that we obtained 42%from the average of the two values, B3LYP/6-31+G* —572.78430 —572.75907 —15.8

37.5and 47.8, and the latter value is nearly equal to the PW91PW91/6-3+G* —572.56549 —572.54301 -14.1

47 #obtained by the previous calculation. Therefore, the present MPW91/6-31+G* —572.63829 —572.61410  —15.2

results for CAB are in reasonable agreement with the values HF & MP2 Calculations

obtained by the XRD experimenand the DFT calculatioh. HF/6-31+G* —569.11736 —569.08880  —17.9
In the case of TAB, the interaction between the two phenyl MP2/6-31G** —569.11111 —569.08295 —17.7

R . ; MP2/6-311G** —569.21230 —569.18277  —185

rings is accurately described only by the MP2 method with the \155/6 311G+ —569.10808 —569.07894 183

diffuse basis set 6-32G*. On the other hand, this interaction

in CAB is reasonably described also by the HF and DFT Therefore, the MP2/6-3tG* method is expected to be accurate
methods, as seen for the values of the dihedral angfN enough to investigate this isomerization mechanism.

C—C in Table 2. We considered that the distance between the The total energies and relative stability of TAB and CAB
two phenyl rings of CAB is much shorter than that of TAB, as obtained by the DFT, HF, and MP2 methods are presented in
shown in Figures la and 1b, so that the interaction betweenTable 3. The total energies were obtained for the fully optimized
them is more appropriately described by the HF or DFT methods structures, and the energies relative to the total energies of CAB
with nondiffuse basis sets such as 6-31G* and 6-31G**. were evaluated in a kcal/mol unit. The DFT/643&* calcula-

The comparison of the values in Tables 1 and 2 clarifies the tions show that TAB is about 15 kcal/mol more stable than CAB,
relation between electronic and structural properties of TAB whereas the HF and MP2/6-83G* calculations result in the
and CAB. Because CAB is completely nonplanar, the 18 kcal/mol preference of TAB. The dependence of relative
electrons prefer to localize on thesAN bond compared to the  energy on the basis set in the MP2 calculations is less than 1
largesr-conjugation in TAB. As a result, it is expected that the kcal/mol, resulting in a consequence that TAB is about 18 kcal/
N=N bond in CAB is shorter than that in TAB and that the mol more stable than CAB in a vacuum. An experimental study
C—N bonds in CAB are longer than those in TAB. All the on the heat of combustion of TAB and CABindicated that
calculations in the present study show this trend. The values of TAB is about 10 kcal/mol more stable than CAB at 25.
the N=N—C angle (113.4 and 12C.4for TAB and CAB, Therefore, we concluded that the present DFT, HF, and MP2
respectively) indicate that the nitrogen atoms in CAB have more calculations can describe the relative stability between TAB and
sp character than those in TAB. The most remarkable difference CAB with reasonable accuracy.
between TAB and CAB is the ®"N—C—C dihedral angle, 3.2. Vibrational Properties of trans- and cis-Azobenzenes.
which is the twist angle of the phenyl rings around the=N  The vibrational properties of TAB and CAB were investigated
N—C plane. In the CAB conformation (Figure 1b), the hydrogen by Ramaf and IR* experiments as well as by theoretical
atoms of each of the phenyl groups exist at a shorter distancestudie§?® based on HF, MP2, and DFT methods. In a previous
than those in TAB, so that the phenyl rings in CAB are twisted study by Biswas and Umapat8yBP86/6-31G* was found to
more significantly to decrease the repulsive interaction betweenbe very useful for predicting vibrational frequencies of TAB
the hydrogen atoms. In the analysis of the isomerization processand CAB, and the assignments of various vibrational modes
between TAB and CAB, the relative position of the phenyl rings, obtained by the experiment were made reasonably well based
as well as the structure of the-®I=N—C group, is essential. ~ on the BP86/6-31G* result. In the present study, we carried
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Figure 2. Distribution of the normal-mode frequencies for thens Figure 3. Distribution of the normal-mode frequencies fais-

azobenzene. The density of the states of vibrational modes is obtainedazobenzene. The details are the same as Figure 2.
by assigning the Gaussian distribution with a 20-¢dispersion to
each normal mode and normalizing the sum of the contributions from frequency modes lower than 200 thiAs shown in Figure 2a

all the normal modes to be unity. The calculated results are compared - .
with experimental results (solid in€p (a) HF/6-35-G* (dot line) e HF result shifts by at most 320 cinto higher frequency

and MP2/6-31G* (dash line), (b) PW91PW91/643%* (dot line) and compared with experiment, so that the correction for the electron
BP86/6-31G* (dash line), and (c) SVWN5/6-31G** (dash line) and correlation energy is essential for obtaining accurate vibrational
semiempirical PM3 (dot line) calculations. frequencies. The MP2 result also shows rather large (about 170
cm~1) shifts to higher frequency. This shift may arise from the
out normal-mode analyses for TAB and CAB utilizing the HF, incompleteness of the basis set and could be improved by
MP2, DFT, and semiempirical MO methods, for the sake of introducing diffuse functions in the basis set.
testing the efficiency of these methods for describing the  Among the five DFT results, the PW91PW91/643%* one
vibrational properties of TAB and CAB. The calculated results reproduces the experimental frequencies with the smallest error,
are compared with experimental restift§in Figures 2 and 3, ith a size of at most 26 cn, except for the GH stretching
in which the density of states (DOS) for the vibrational modes modes at around 3000 cth In previous DFT calculation,
is illustrated. The DOS was obtained by assigning the Gaussianthe BP86/6-31G* method was found to be the most accurate.
distribution with a 20-cm* dispersion to each normal mode The present BP86/6-31G* result reproduces the previous fesult
and normalizing the sum of the contributions from all the normal within the 3-cnt? difference, but it has a larger error (32 th
modes to be unity. than the PW91PW91/6-3G* method, as shown in Figure 2b
The HF/6-3%#G* and MP2/6-31G* results for TAB are  and Table 4, in which the vibrational frequencies obtained by
compared with the experimental res&fin Figure 2a. It is the present BP86 and PW91PW91 calculations are compared
noted that the 6-31G* basis set was used in the MP2 normal-with the experimental resulf£* The modes at around a
mode analysis for the optimized structure obtained by MP2/6- frequency of 3000 cmt, which are assigned to the-G
31+G*, due to the limitation of the computational resources. stretching modes, shift significantly (580 cnt!in BP86 and
The normal-mode analysis for the optimized structure by the 70—100 cnt!in PW91PW91) to higher frequency in the present
MP2/6-31G* method was also carried out, and it was confirmed calculations. This large shift seems to arise from the incomplete-
that the frequencies obtained by both the MP2 analyses agreeness of the 6-31G* and 6-31G* basis set, and the polarization
with each other within the 10-crd difference except for the  and/or diffuse functions for hydrogen atoms are necessary for
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TABLE 4: Frequencies (cn?) for the Ag and Au Normal The normal modes of CAB were investigated in the same

Vibrations of trans-Azobenzene Obtained by the way as TAB. The calculated DOS’s by several MO methods
Experiments®** and by the Present DFT Calculations are compared with the IR spectra experirigint Figure 3. (Note
experiments BP86/6-31G* PW91/6-3G* that 31 of 66 normal modes are missing in the experimental
Ag Au Ag Au Ag Au data.) As shown in Figure 3a, the HF/6-8G* and MP2/6-

3085 3081 3144 (59) 3144 (63) 3159 (74) 3159 (78) 31G* re_sults have rather large errors (at most 260 a}nd 73.cm
3073 3065 3133(60) 3132(67) 3148(75) 3148 (83) respectively) in frequency compared with experiment. The
3066 3053 3122(56) 3122(69) 3138(72) 3138(85) PWO91PW91/6-3+G* and BP86/6-31G* calculations have
3060 3036 3112(52) 3111(75) 3128(68) 3128(92)  almost the same accuracy in frequency, as shown in Figure 3b.
3044 3020 3102(58) 3101(81) 3118(74) 3118(98)  The maximum difference in frequencies between the corre-

1595 1585 1??38 ) fggj €1) 115%%6(_6) 1;22)%0) sponding experimental and calculated modes is 191¢mbpth
1493 1486 148548) 1480(6) 1491(2) 1481 (5) the calculations. As for the ¥N stretching and torsional
1473 1456 1465{8) 1451 (5) 1463 (10) 1451 (5) vibrations with the 1511 and 596 crhfrequencies in the
1443 1399 1419<24) 1367 (-32) 1431 (12) 1373 (26) experiment, the PW91PW91/6-8G* calculation reproduces
1379 1300 1363+16) 1299¢1) 1369 (10) 1302 (2) these frequencies within the 13-cherror, whereas the BP86/
ﬁéi ﬁgg ﬁg‘l‘g)l) ﬁg? ((_5%) 111%%8(\1)17) 112135‘;((_121)) 6-31G* result differs by at most 12 cth The other DFT
1158 1152 115741) 1144(8) 1158 (0) 114943) calculations show rather large errors in these frequencies: 138
1146 1072 1131415) 1074(2)  1136410) 1078 (6) (MPW91/6-31+G*), 92 (B3LYP/6-31-G*), and 80 cm* (local
1071 1020 1070<€1) 1017(3) 1074 (3) 1019+1) DFT: SVWN5/6-31G**). As shown in Figure 3c, the semiem-
1023 1000 1017<6) 986(-14) 1019(4) 987 (-13) pirical PM3 result also shows rather large (280 é)nerror.
1003 813  985¢18) 816 (3) 987{16) 819 (6) These results indicate that the PW91PW91/6-Gt and BP86/
913 615 912¢1)  610(5)  913(0) 611 ¢4) 6-31G* methods are reliable for describing the vibrational
670 545 661{9) 528(17) 663(7) 530 (15) . R
614 521 604¢10) 514¢7) 604(-10) 515(6) properties of CAB and that the dependence of the vibrational

297 80 299 81 frequencies of the &N modes on the DFT exchange-correlation
219 985 215{4) 962 (-23) 217 (2) 966 (—19) functional is remarkable. It is expected that the MP2 method
968 962(6) 941 966 (-2) 950 with the 6-3H-G* basis set is more accurate. However, such a
98 g2 o &) 52192%%3 ol (13) gzljggg high-level calculation is often formidable for such medium-sized
836 776 830¢6) 771(5) 825(11) 768(8) molecules as azobenzene. Therefore, we concluded that the
755 689  752{3) 679 (-10) 747 (-8) 676 (-13) accurate DFT method with a large basis set is practically the

545 673 538¢7) 669 539 -6) most efficient for the analysis of vibrational propertiegrais-

471 401 469 401 andcis-azobenzenes.
403 405 (2) 294 407 (4) 294
251 245(6) 58 249(2) 59 .

106 22 109 22 4. Conclusions

@ Values in parentheses are the discrepancies from the experimental To clarify the structural and vibrational propertiestdns
frequencies. azobenzene (TAB) arcs-azobenzene (CAB), molecular orbital
calculations based on the HF, MP2, and DFT methods were
obtaining lower frequencies with respect to thel& stretching carried out using four types of basis sets: 6-31G*, 6-31G**,
modes. Regarding the frequencies of the other modes, both the5-311G**, and 6-3%G*. The most striking finding in the
calculations reproduce the experimental results well. In par- present study is that the MP2 calculation utilizing the diffuse
ticular, the N=N stretching A modes at 1493 and 1443 cin basis set (6-31G*) leads to a distorted structure of TAB, in
are well described by the PW91PW91/6433* method. The which the phenyl rings are rotated by 18\ith respect to the
error in frequency is less than 12 chwhich is half of that N=N-—C plane. This structure is comparable to that obtained

(24 cntl) obtained by BP86/6-31G*. The &N stretching by gas-phase electron diffraction experimen@n the other
modes may play an important role for the cis-to-trans isomer- hand, the HF and DFT (PW91PW91, MPW91, BP86, and

ization of azobenzene, so that the PW91PW91/63@1 method BgLYP) calculations result in almost planar structures for TAB.
seems to be more suitable for analyzing the dynamics of this These results indicate that the correction for the electron
isomerization. correlation energy by MP2, as well as the 6+33* basis set,

is necessary to appropriately describe the interaction between
the two phenyl rings in TAB. The stable structure of CAB and
the relative stability between TAB and CAB are described by
the DFT and MP2 methods with reasonable accuracy.

For the optimized structures of TAB and CAB, the vibrational

We also compared the results of the local DFT (SVWN5/6-
31G**) and semiempirical (PM3) MO calculations with the
experiments in Figure 2c. The former has similar frequencies
for the C—H stretching modes as the BP86 and PW91PW91
methods, although th_e frequencies of the_lwstretchmg n_10des frequencies and its corresponding eigenvectors were calculated.
are ab_out 33 cm' higher compared with the experiments, Because the analysis with the MP2/643&* was impossible
indicating that the effect of the nonlocal part of the exchange- e to the limitations of computational resources, the 6-31G*
correlation energy is considerable for the=N vibrations. On basis set was used for the MP2 analysis. The MP2 results for
the other hand, the PM3 result has about 200 %etror in the TAB and CAB show rather large errors (170 and 70&rin
frequencies between 1500 and 2000 &nalthough the frequen-  frequency compared with experiment, indicating that this MP2
cies of the C-H stretching modes at around 3000 Thare analysis is insufficient for predicting the vibrational frequencies.
well described. Therefore, if the semiempirical MO methods On the other hand, the PW91PW91/6+33* and BP86/6-31G*
are used in the normal-mode analysis for such a large moleculemethods provide vibrational frequencies comparable to experi-
as the azodendriméf,we have to consider that the calculated ment, of which the errors in frequency are at most 26 and 32
normal-mode frequencies falling in these regimes may have cm™, respectively. Therefore, we concluded that the accurate
errors with similar size. DFT method with a large basis set is efficient for the analysis
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of vibrational properties for azobenzene. We expect that the R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;

i ; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K;
present study will provide useful benChm.ark data on the Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, J.
accuracy of MP2 and DFT methods for describing the structural v - stefanov, B. B.: Liu, G.: Liashenko, A.: Piskorz, P.; Komaromi, I.:
and vibrational properties of those aromatic molecules similar Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,
to azobenzene. C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.;
Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.;
Replogle, E. S.; Pople, J. AGaussian 98Revision A.1; Gaussian, Inc.:

References and Notes Pittsburgh, PA, 1998.
; . 12) Perdew, J. P.; Chevary, J. A.; Vosko, S. H.; Jackson, K. A;;

ofe ) Biswas, . Umapathy, S1. Chem. Phys1997 107, 7849, and Pediorson. M. K. Singh, D. 3. Fiolhats, Bhye. Re. B 169 46, 6671

(2) Tomalia, D. A.; Naylor, A. M.; Goddard, W. A., llIAngew. Chem., (13) Perdew, J. P.; Chevary, J. A.; Vosko, S. H.; Jackson, K. A.;
Int. Ed. Engl.199Q 29, 138. Pederson, M. R.; Singh, D. J.; Fiolhais,Rhys. Re. B 1993 48, 4979(E).

(3) Jiang, D.-L.; Aida, TNature 1997, 388 454. (14) Adamo, C.; Barone, \Chem. Phys. Lettl997, 274, 242.

(4) Bouwstra, J. A.; Schouten, A.; Kroon, Acta Crystallogr.1983 (15) Becke, A. D.J. Chem. Phys1993 98, 5648.
C39 1121. (16) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.

(5) Traetteberg, M.; Hilmo, I.; Hagen, K. Mol. Struct.1977, 39, 231. (17) Becke, A. D.Phys. Re. A 1988 38, 3098.

(6) Kellerer, B.; Hacker, H. H.; Brandmuller,lhd. J. Pure Appl. Phys. (18) Perdew, J. PPhys. Re. B 1986 33, 8822.

1971, 9, 903.
(7) Mostad, A.; Romming, CActa Chem. Scand.971, 25, 3561.
(8) Armstrong, D. R.; Clarkson, J.; Smith, W. E.Phys. Cheml995

(19) Slater, J. CThe Self-Consistent Field for Molecules and Solids.
Quantum Theory of Molecules and SojitcGraw-Hill: New York, 1974;
Vol. 4.

99, 17825. e
(9) Biswas, N.; Umapathy, S Phys. Chem. A997, 101, 5555. (20) Vos_ko, S. H.; Wilk, L.; Nusair, MCan. J. PhyleSQ 58, 1200.
(10) Tanaka, S.: Itoh, S.; Kurita, Chem. Phys. Let200Q 323 407. (21) Kurita N.; Ivanov, P. MJ. Mol. Struct.200Q in press.

(11) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, ~ (22) Stewart, J. J. MOPAC2000 Fuijitsu Ltd.: Tokyo, Japan, 1999.
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A_; Stratmann, ~ (23) Corruccini, R. J.; Gilbert, E. Q. Am. Chem. Sod939 61, 2925.
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin, K. (24) Kubler, V. R.; Luttke, W.; Weckherlin, S. ZElektrochem196Q
N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi, 64, 650.



