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Abstract: We report accurate geometries and harmonic force fields for trans- and cis-azobenzene
determined by second-order Mgller—Plesset perturbation theory. For the trans isomer, the planar structure
with C;, symmetry, found in a recent gas electron diffraction experiment, is verified. The calculated vibrational
spectra are compared with experimental data and density functional calculations. Important vibrational
frequencies are localized and discussed. For both isomers, we report UV spectra calculated using the
second-order approximate coupled-cluster singles-and-doubles model CC2 with accurate basis sets. Vertical
excitation energies and oscillator strengths have been determined for the lowest singlet nz* and mz*
transitions. The results are compared with the available experimental data and second-order polarization
propagator (SOPPA) and density functional (DFT) calculations. For both isomers, the CC2 results for the
excitation energies into the S; and S; states agree within 0.1 eV with experimental gas-phase measurements.

1. Introduction vertical excitation energies dfans- and cis-azobenzene. To

During the past decade, an increasing interest in azobenzenéichieve this, we used second-order MgtiBtesset perturbation
dyes emerged, accompanied by research activities in varioustheory (MP2) and the second-order approximate coupled-cluster
fields. The reason for this is that polymer films with azobenzene Singles-and-doubles model CC2 together with large basis sets,
dyes in their side chains are found to be promising materials which give results close to the basis set limit of these methods.
for digital data storagé:® The storage process exploits the Higher-order correlation effects on the vertical excitation
photochemical reactivity of azobenzenes and their capability €nergies are estimated by coupled-cluster singles-and-doubles
to undergo reversible cis/trans isomerizations. The understandin CCSD) calculations in a small atomic natural orbital (ANO)
of the latter process requires a reliable model for the ground Pasis set. Also, density functional (DFT) methods were em-
and the lowest excited states of azobenzenes and their opticaPloyed for both equilibrium geometries and excitation energies
properties. Quantum chemical calculations will be of valuable but found to be inferior to the former methods. The results of
help for this, if able to describe accurately the electronic structure the present MP2/cc-pVTZ and CC2/aug-cc-pVTZ calculations
of the states involved in the photochemical process. A recentShould provide a reliable comparison for investigations of the
ab initio study using the second-order polarization propagator €ffects of substitution on geometry, optical properties, and
approximation (SOPPA) could reproduce the experimentally photochemical reactivity and can serve as benchmarks for more
observed trends for shifts of the lowest singlet excitations upon @PProximate calculations on azobenzenes and a better under-
substitutiot but was found to give unreliable results for the Standing of experimental measurements of the structure and the
absolute values of the vertical excitation energies and the Vibrational and electronic spectra of these molecules.
separation of the individual state€©ne reason for this was the
use of nonoptimized geometries and of rather small basis sets,
which allowed only a qualitative but not a quantitative descrip-  If not mentioned otherwise, all calculations presented in the following
tion of the electronic structure. were carried out with the TURBOMOLE program packdgeThe

The purpose of the present communication is to provide equilibrium structures dfrans-andcis-azobenzene were optimized at

accurate ab initio data for the equilibrium geometry and the the MP2level using the cc-pVTZ basi$?A frozen core approximation
(1 at C and N) was employed, and the resolution-of-the-identity (RI)

! Universitd Karlsruhe (TH). variant of MP2! was used to make the calculations feasible. Triple-

* Forschungszentrum Karlsruhe. . L . .
@ Rasmussgn P. H.; Ramanujam, P. S.; Hvilsted, S.; Berg, R. Am. basis sets, as the cc-pVTZ basis, give MP2 geometries and harmonic
Chem. Soc1999 121, 4738. frequencies close to the basis set limit. Larger basis sets usually do
(2) Viswanathan, N. K.; Kim, D. Y.; Bian, S.; Williams, J.; Liu, W.; Li, L.;
Samuelson, L.; Kumar, J.; Tripathy, S. K.Mater. Chem1999 9, 1941.
(3) Natansohn, A.; Rochon, P.; Meng, X.; Barrett, C.; Buffeteau, T.; Bonenfant, (6) Ahlrichs, R.; Ba, M.; Haser, M.; Horn, H.; Kémel, C.Chem. Phys. Lett.

2. Computational Details

S.; Peolet, M. Macromolecules1998 31, 1155. 1989 162, 165.
(4) Astrand, P.-O.; Ramanujam, P. S.; Hvilsted, S.; Bak, K. L.; Sauer, S. P. A.  (7) Héser, M.; Ahlrichs, RJ. Comput. Cheml989 10, 104.

J. Am. Chem. So@00Q 122, 3482. (8) von Arnim, M.; Ahlrichs, R.J. Comput. Chenil99§ 19, 1746.
(5) Hatig, C.; Hald, K.Phys. Chem. Chem. PhyZ002 11, 2111. (9) Dunning, T. H.J. Chem. Phys1989 90, 1007.
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not lead to more accurate results since the remaining error is then H21 H(20)
dominated by higher-order electron correlation contributiénghe
harmonic force fields were obtained by numerical differentiation of
the RI-MP2 gradient using the same basis sets; infrared intensities were
calculated using the double harmonic approximation.

The vertical excitation energies were calculated at the optimized
MP2/cc-pVTZ equilibrium structures using the C€&hodel. The latter
is an approximation to CCSD, which gives excitation energies for single
excitations correct through second order in the electron fluctuation
potential. It is best understood as part of the hierarchy CCS, CC2,
CCSD, CC3, ..!5If the wave function of the excited state is dominated
by single replacements out of the reference determinant, CC2 gives Figure 1. transAzobenzene (TAB).
vertical excitation energies typically correct within 0.3 8&¢For these
calculations, again the frozen core and the resolution-of-the-identity
approximation (RI-CC¥) were used. The calculations were carried
out in the aug-cc-pVTZ basis sét&18These are expected to give for
the investigated states excitation energies close to the CC2 basis set
limit, since calculations in the aug-cc-pVDZ basis showed that already
the changes from DZ to TZ are modest. To estimate the effect of higher-
order correlation contributions, we performed CC2 and CCSD calcula-
tions in a small [3s2pld/2s] contraction of the ANO basis set by
Widmark et al*® These calculations were carried out with the Dalton
program packag®.

For the RI approximation, the auxiliary cc-pVTZ and aug-cc-pVTZ
basis sets from ref 21 were used. With these, the error introduced by
the RI approximation in MP2 and CC2 is negligil¢? while such
calculations are about an order of magnitude faster than conventional
MP2 and CC2 calculations and thus make it possible to apply MP2/
cc-pVTZ and CC2/aug-cc-pVTZ to molecules with more than 10 non-
hydrogen atoms.

For the DFT calculations on the harmonic frequencies, we used the
BP86 functionaP?*and TZVE>26basis sets and equilibrium structures
obtained with the same functional and basis sets. These calculations
were carried out using the DFT programs reported in ref2Y and
the analytic second derivative program AOFORCind employed the

H(22)

H(23)

Figure 2. cis-Azobenzene (CAB).

RI-J approximatior?® The DFT-BP86 calculations for the excitation

(10) Extensible computational chemistry environment basis set database, version, ; ; ;
1.0, as developed and distributed by the molecular science computing energies were performed with the ESCF progfafi using a TZvP

facility, environmental and molecular sciences laboratory which is part of basis set augmented by a (1s1p2d2f/1s2p2d) set of primitive functions
the Pacific Northwest Laboratory, P.O. Box 999, Richland, Washington with the exponents taken from the most diffuse functions of the aug-

99352, USA, and funded by the U.S. Department of Energy. PNL is a . - . L . “ "
multiprogram laboratory operated by Battelle Memorial Institute for the CC-PVTZ basis. This basis set is in the following denoted “aug-TZVP".

U.S. Department of Energy under Contract de-ac06-76rlo 1830. For the RI-J approximation, we used the TZVPP fitting b&%Ehese
88 \,f'v;g’;?edr‘ -'; Elﬁrs‘ijT-'ﬁ?geﬁgng'pAcgggﬁ (%Zéﬁ?lbhy <1997 106 calculations were carried out at the DFT-BP86/TZVP optimized
6430. o o R ' equilibrium structures.

(13) Neugebauer, J.; Reiher, M.; Kind, C.; Hess, BJAComput. Chen2002
, 896. 3. Structures
(14) Christiansen, O.; Koch, H.; Jgrgensen,ahem. Phys. Lett1995 243

(15) ?(%%h H.; Christiansen, O.; Jgrgensen, P.; Olse@hé@m. Phys. Letl.995 .The structures ofrans- and cis-azobenzene are Sho.v.vn.m
244 75." T " Figures 1 and 2. The MP2/cc-pVTZ results for the equilibrium

(18) e ey sen. O Kach, H. Jorgensen, P.; Olsebdm. Phys. Letl99 geometries are given in Tables 1 and 2 in comparison with the

(17) Hatig, C.; Weigend, FJ. Chem. Phys200Q 113 5154. available experimental d&fa®® and DFT-BP86/TZVP results.

as) gfé‘ga”' R. A.; Dunning, T. H.; Harrison, R. J. Chem. Phys1992 96, The structure of the trans isomer has been the object of some

(19) Widrﬁirk, P.-O.; Malmquist, P.-A.; Roos, B. Dheor. Chim. Acta99Q discussion in the literature, since first X-ray diffraction re-

) . . 5 8,40 i ;
(20) Helgaker, T.; Jensen, H. J.;Algrgensen, P.; Olsen, J.; Ruud, Kgrén, sults’ suggested thatrans-azobenzene is planar witBzn

H.; Auer, A. A.; Bak, K. L.; Bakken, V.; Christiansen, O.; Coriani, S.;
Dahle, P.; Dalskov, E. K.; Enevoldsen, T.; Fernandez, BttigleC.; Hald, (29) Eichkorn, K.; Weigend, F.; Treutler, O.; Ahlrichs, &Aheor. Chem. Acc.
K.; Halkier, A.; Heiberg, H.; Hettema, H.; Jonsson, D.; Kirpekar, S.; 1997 97, 119.

Kobayashi, R.; Koch, H.; Mikkelsen, K. V.; Norman, P.; Packer, M. J.; (30) Deglmann, P.; Furche, F.; Ahlrichs, Rhem. Phys. Let2002 362 511.

Pedersen, T. B.; Ruden, T. A,; Sanchez, A.; Saue, T.; Sauer, S. P. A;; (31) Bauernschmitt, R.; F&r, M.; Treutler, O.; Ahlrichs, RChem. Phys. Lett.
Schimmelpfennig, B.; Sylvester-Hvid, K. O.; Taylor, R. P.; Vahtras, O. 1997, 264, 573.
Dalton — an electronic structure progranrelease 1.2; 2001. (32) Bauernschmitt, R.; Ahlrichs, RChem. Phys. Lettl996 256, 454.
(21) Weigend, F.; Kbn, A.; Hatig, C. J. Chem. Phys2002 116, 3175. (33) Bauernschmitt, R.; Ahlrichs, R. Chem. Phys1996 104, 9047.
(22) Hatig, C.; Kohn, A.J. Chem. Phys2002 117, 6939. (34) Weiss, H.; Ahlrichs, R.; Hger, M.J. Chem. Phys1993 99, 1262.
(23) Becke, A. D.Phys. Re. A 1988 38, 3098. (35) Furche, F.; Ahlrichs, R.; Wachsmann, C.; Weber, E.; Sobanski, Aytl&,0
(24) Perdew, PPhys. Re. B 1986 33, 8822. F.; Grimme, SJ. Am. Chem. So@00Q 122, 1717.
(25) Schiger, A.; Huber, C.; Ahlrichs, RJ. Chem. Phys1994 100, 5829. (36) Furche, F. Dichtefunktionalmethodeir Rlektronisch angeregte Ziiatie.
(26) The turbomole basis set library is available by ftp from ftp://ftp.chemie.uni- Ph.D. Thesis, UniversitKarlsruhe, 2002.
karlsruhe.de/pub/basen auxiliary basis sets for RI-MP2, and RI-CC2 (37) Tsuiji, T.; Takashima, H.; Takeuchi, H.; Egawa, T.; KonakaJ.SPhys.
calculations are available from ftp:/ftp.chemie.uni-karlsruhe.de/pub/cbasen. Chem. A2001, 105, 9347.
(27) Treutler, O.; Ahlrichs, RJ. Chem. Phys1995 102 346. (38) Bouwstra, J. A.; Schouten, A.; Kroon,Alcta Crystallogr., Sect. @983
(28) Eichkorn, K.; Treutler, H.; ®m, O.; Haer, M.; Ahlrichs, RChem. Phys. 39, 1121.
Lett. 1995 240, 283. (39) Mostad, A.; Remming, CActa Chem. Scand.971, 25, 3561.
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Table 1. Geometry of trans-Azobenzene? in the present work, and we found that the planar structure is

MP2 DFT-BP86 indeed a minimum, at least in the gas phase. The lowest
ce-pvTZ TZvP expt(GE)”  expt (X-ray)® vibrational frequency is found at 21 cry for a torsion of the
Bond Lengths, pm benzene rings. Calculations for the structure and the vibrational
N((;))—N((f)) 126.8 126.7 126.0(8) 1247 frequencies ofrans-azobenzene have been reported before at
g(z):'(\‘:(3) igé:; iig:g 12(2)1(8) igg:g the MP2/6-31G*3 level and for DFT using different function-
c@—cw 140.0 140.9 1405 138.7 als# The basis sets employed in these studies have, however,
CR—-HS) 108.1 109.1 110.2(7) been too small to give conclusive results (vide infra). When
CH-HY 108.0 109.0 110.2(7) the reliability of MP2/cc-pVTZ for such well-behaved organic
Angles, deg molecules is considered, this strongly confirms the experimental
gg:(N;((Z)):“S)) ﬁgz ﬂgg 113.6(8) 1156 result of ref 37. Further evidence comes from the vibrational
CO—CO-ND 124.6 124.8 123.7 spectrum (see section 4) where very good agreement is obtained
CH—Cc@—-C® 120.3 119.8 120.7 for the lowest experimentally observed bands.
gg:gg:gg Egi Eg'g ﬂg'é Of particular importance for the calculation of excitation
CO—CO-HI 1183 1182 ' energies is the length of the=AN double bond, since the
C@—-Cc—H19 119.1 118.8 excitations into the Sand S states are sensitive to the electronic

« Selected bond lenaths and andles of the MP2/ce.ovT2 eauilii structure at the azo group. The MP2 result for threNNbond
geomZt?)(/:tﬁ\ co?T?par?srl?rg tsoetler:(p;?n%::t; éég& and I(D:lC:Tp—BPSGC}CT]%I\I/P”um Iength_ of 126.8 pm is within . the error bar of the GED
results. The experimental error is given in parenthesis. The dihedral angle €Xperiment. DFT-BP86/TZVP gives for the=MN bond length
C—N—-N-C is 180; the point group isCon. a very similar result (126.7 pm), while DFT-B3LYP/cc-pVTZ
gives an almost 2 pm shorte=MN bond length (124.9 pm).
For all other bond lengths, the DFT-BP86/TZVP results are-0.3
1.0 pm larger than the MP2 values. With B3LYP/cc-pVTZ, most
bond lengths (apart from thes®\N distance) are obtained within
+0.2 pm of the MP2 values. When the present results are

Table 2. Geometry of cis-Azobenzene?

MP2 DFT-BP86 expt®
cc-pvVTZ TZVP X-ray

Bond Lengths, pm

ND—N® 126.1 125.5 125.3 ) . v i ; )
CO—NO 143.2 143.7 144.9 compared with calculations carried out in smaller basis sets, it
CE;;—Cg; 139.7 140.6 138.5 becomes apparent that triptebasis sets are essential for an
Cl_ce 139.4 140.5 141.0 accurate description of the azo group: BP86/6-3%Gjives
cO—-Cc® 139.1 139.5 137.7 X o
Cc6—C®) 139.4 140.0 138.9 with 127.9 pm a N=N bond length which is more than 1 pm
H@H—Cc® 108.1 109.0 longer than the results obtained with the TZVP basis.
H@3)—-C® 108.1 109.2 ; . ; ;
When comparing the ab initio results with the experimental
Angles, deg data, one has to keep in mind that these calculations refer to
Co-NT-N® 120.8 124.1 121.9 the equilibrium structurer hile experimental results for
CO-CO-N 117.0 116.4 117.3 quilibriu ucturerg), while experiment u
CO—C@—-N 1222 122.9 1225 azobenzene are only available for the vibrationally averaged
CS;*CEQ*CEE; 120.0 120.1 121.7 structures. This leads to an additional uncertainty of about 0.5
o et o R o8 119.0 pm. Note that the experimental studies also had to use some
H(O—CE)—C 118.9 1187 results from more approximate ab initio calculations to fit all
Dihedral Angles, deg bond d|_stan_ces gnd ang.les to the observedﬂéﬁa. N
C@O—-NO—-N®©—-C©) 7.3 11.4 8.0 Considering this, we find the experimental and the ab initio
NO—N®—CO—-ca4) 53.6 48.4 53.3

results for the &N and C-C distances agree within the

2 The MP2/cc-pVTZ equilibrium geometry in comparison to experimen- unc?rt.amtles of the calculations and the experiment. Larger
tal® and DFT results. The point group@. © Reference 39. The estimated ~ deviations are only found for the-cH (1—-2 pm) and the KN
standard deviation in the distances between non-hydrogen atoms-is 0.3 (1 pm) bond lengths. However, for the latter, the experimental
0.4 pm, and that in angles involving carbon or nitrogen atoms 15 0.3 result carries a large uncertainty of 0.8 pm, while t& bond
lengths are in general difficult to determine experimentally,
which is reflected by the large uncertainty of the GED values.
The angles are described well by both methods. The largest
deviations to the experimental values are abdufdt both
methods.

symmetry while a later reinvestigatithhshowed that the
symmetry oftrans-azobenzene in the crystal is or®y. On the
other hand, early gas electron diffraction (GED) measurerffents
indicated that in the gas phase the geometry is slightly nonplanar

with G symmetry. A very recent GED measurement by Tsuji For the structure o€is-azobenzene (CAB), we find similar

et al.3” however, led to the conclusion that the structure in the . : ;
gas phase is planar wit, symmetry. Possibly, the equilibrium trends. But, since the only available experimental results are
) ' from an X-ray diffraction experiment for the solid state, they

structures differ between the solid state and the gas phase. In a . .
S - do not have the same comparative quality as the GED results
recent communication, Hiég and Hal@ also obtained a planar

. - for the trans isomer. In general, the MP2 results for the cis
structure withCz, symmetry from an MP2/cc-pVTZ optimiza- . .
. . - . - isomer are expected to have the same quality astréors-
tion but did not verify, by calculating the harmonic force

constants, if the structure was really a minimum. This is done azobenzene. Both, MP2 and DFT give largerNibond lengths
’ y ' than those measured for the crystal. Considering the other bond

(40) Brown, C. JActa Crystallogr.1966 21, 146.
(41) Harada, J.; Ogawa, K.; Tomoda, Acta Crystallogr., Sect. B997, 53,

662.

(42) Traetteberg, M.; Hilmo, I.; Hagen, K. Mol. Struct.1977, 39, 231.

(43) Armstrong, D. R.; Clarkson, J.; Smith, W. &. Phys. Chem1995 99,
17825.
(44) Biswas, N.; Umpathy, Sl. Phys. Chem. A997 101, 5555.
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Table 3. Vibrational Spectrum of trans-Azobenzene (some

Table 4. Vibrational Spectrum of cis-Azobenzene (some selected

selected modes)? modes)?2

DFT-BP86 MP2 DFT-BP86 MP2 expt>
mode v A, | v A, | v A, mode v A, | v A, | v A,
1hy 82 0 20 87 1 18 8 5b 431 3 4.9 437 4 1.0 441 4
lay 216 O 225 0 218219 4¢ 6a 412 5 3.4 442 5 2.4 441 4
2by 239 4 247 4 250,251° 6° 6b 490 7 6.0 500 4 3.6 492 4
2h, 516 9 248 524 9 17.9 52523 7°100 8a 583 9 4.1 599 8 3.8 596 8
3h, 532 6 59 538 6 3.4 527 4d 8b 646 1 4.0 680 3 0.5 662 0
5a 525 3 8.9 553 3 13.4 5435544° 545 1c2d3p 10a 665 0 20.1 699 1 17.0 688 0
6a 651 0 64.6 695 1 64.9 68%IC ocd 9b 691 4 106.5 713 2 944 700 2
7a 760 0 90.0 790 1 80.6 7F47¢ 04d1c 11a 740 5 2.5 764 4 2.1
5h, 816 7 0.6 835 8 0.4 83483¢ 2¢ 10b 751 4 41.0 773 4 518 756 4
58 912 18 931 18 918914 12,52 16° 12 a 754 3 15.6 789 3 10.3 e 4
8hy 903 O 935 0 935,938 7.5P 8 11b 815 10 6.4 850 1 0.7 834 0
9a, 906 0 7.5 940 1 7.3 926927 1c0d 12b 822 6 3.6 882 13 0.8 866 12
6b, 988 0 3.7 1013 0 6.0 1000 ocd 13b 887 1 17.9 934 6 216 920 0
7h, 1014 0 15.8 1041 0 15.4 102Q,02r 04d1¢° 16a 933 0 0.1 969 0 0.2 988 0
8h, 1072 0 16.4 1098 0 12.0 10FQ07291097 12P(Qcd 17b 1019 0 5.6 1045 0 4.0 1023 0
9h, 1140 1 33.7 1172 1 23.3 1182155¢115% 0d1p2° 18a 1020 0 2.8 1045 0 1.9 1023 0
11g 1175 2 1211 4 121812239122% 4c10¢ 18 b 1072 1 15.0 1099 1 12.3 1067 2
11h, 1218 6 18.8 1265 8 22.1 1243,295¢1300' 0d2¢ 19a 1074 0 1.3 1099 0 0.5 1067 2
12g 1297 2 1330 4 13M 20a 1102 2 0.0 1166 3 0.1 1093 0
13 g 1413 32 1419 41 14391440¢ 1442.% 2327830 20b 1126 2 2.5 1182 1 1.6 1152 0
13k, 1346 0 7.0 1472 0 2.6 1453,454°1456' (O°e 23b 1333 0 19 1462 0 5.0 1451 0
14h, 1443 0 12.3 1483 0 15.6 143@,484¢ 1e0¢°d 24 a 1504 32 52.6 1469 45 13.0 1511 50
16a 1479 10 1508 1 1540 25a 1340 0 0.0 1473 2 3.9 1477 0
15h, 1469 0 9.9 1515 1 10.0 1534560 od 27 a 1456 11 0.5 1507 0 135 1575 0
16h, 1572 0 3.7 1629 1 5.0 158358591586 1r°0de 25b 1464 0 5.0 1507 0 4.4 1585 0

aDFT-BP86/TZVP and MP2/cc-pVTZ harmonic frequencies in com-
parison with experimental fundamental bands. Wavenumbgrand 15N
isotopic shifts J,) are in cnT?, and intensitiesl} are in km/mol.” Reference
46. Raman spectra, recorded in @CIReference 47. Raman and IR spectra,
recorded in solvent Reference 48. IR spectra, recorded in KBr. Experi-
mental 1°N isotopic shifts for substitution of one nitrogen multiplied by
two for better comparison with other experimental results and the ab initio
calculations® Reference 49. IR spectra, recorded in KBr.

aDFT-BP86/TZVP and MP2/cc-pVTZ harmonic frequencies in com-
parison with experimental fundamental bands. Wavenumbegrand 15N
isotopic shifts A\,) are in cn1?, and intensitiesl} are in km/mol.° Reference
48. IR spectra, recorded in KBr. ExperimentaN isotopic shifts for
substitution of one nitrogen multiplied by 2 for better comparison with other
experimental results and the ab initio calculations.

tions to the spectrum of benzene, which arel40 cnt? for

lengths, we find DFT gives again larger values than MP2 and in-plane and= 22 cnt for out-of-plane modes:

the tendency proceeds that the calculations giv@ pm larger 4.1, V|br§t|ongl Spectrum .Of trans-Azobenzene. The
bond lengths than measured experimentally. This discrepancyabsence of imaginary frequencies for the MP2/.cc-pVTZ struc-
can only be attributed to the comparison of experimental data tu_re_shows that the plan&, symmetry presents indeed a Iocfal
for the solid state with calculations for isolated molecules. When MMimMum on the energy surface. Th_us, the present calculations
bond angles are considered, the most interesting ones are thgern‘y the result of_ref 5 that MP2 gives a p_Ianar structure for
dihedral angles for &—NM—NE—C©® and N)—N®—CO)— trans-azobenzene in the gas phasg, which is also corroborated
C9, MP2 gives for these coordinates a remarkably good by the very gooq agreement W'.thm a few Tirfor the lowest
agreement with the experimental results: the deviations are onIyOb_Ser_V_ed vibrational frequenme; - When the accuracy and
0.7 and 0.3, respectively, while the DFT results deviate by reliability of MP2/cc-pVTZ calculatlons for _str_uctures of organic
3.4 and 4.9. These angles might, however, be sensitive to c_Iosed-sheII mole_cules are considered, this is a strong confirma-
packing effects in the crystal. Therefore, care must be taken 1" 9f the expenmgntal result of ref 37 .

when comparing experimental and calculated results for these  With @ few exceptions, agreement within a few cris found
coordinates. for all ban_ds up to 1000 cm, that is, the out-of-plane-mpdes.
The exeptions are a band observed at-38@8 cnt,4647which

has no counterpart in the calculated harmonic frequencies and

In Tables 3 and 4, we give the MP2/cc-pVTZ and DFT-BP86/ is probably an overtone, and three bands in the spectrum from
TZVP results for the harmonic frequencies and intensities of ref 48 at 458, 659, and 813 crh which were npt observed in
trans- and cis-azobenzene for some selected modes in com- € SPectra recorded later and cannot be assigned to one of the
parison to the available experimental data. In addition, also the MP2/cc-pVTZ harmonlc frequencies. .

15N isotopic shifts are listed. The MP2 frequencies are ordered N The N='\1] §tretch!ng frequencylzﬁobserved experimentally at
according to increasing frequencies, while the DFT-BP86 results ”1f1140 cms, 1S Iocah;ed at1413c (D'_:T'BP86) and at_ 1419_
have been assigned such that maximum overlap with the Mp2¢m (Mpﬂ_ For th!s pand, we_also find the _Iargest |s_otop|c
normal coordinate was obtained. These calculations were doneS/t UPON™N substitution both in the calculations and in the
within the harmonic approximation for the vibrational frequen- experiment. Another characteristic band is the asymmetric

cies and the double harmonic apprquaﬂon for the intensities (45) Christiansen, O.: Stanton, J. F. Gauss, Them. Phys1998 108 3987.
and refer to the gas phase. The deviations caused by the neglegus) Kellerer, B.; Hacker, H. H.; Branditier, J. Indian J. Pure Appl. Phys.

4. Vibrational Spectra of trans- and cis-Azobenzene

it ibrati i : 1971 9, 903.
of anharmonicities for the vibrational frequencies of the azoben (47) Gruger. A.: CalteN. L.; Dizabo, P.J. Chim. Phys. Phys.-Chim. Bidl972,
zenes can be estimated roughly from the anharmonic contribu- 69, 291.
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Table 5. UV Spectrum of trans-Azobenzene?

SOPPA* DFT-BP86 cc2 CCSDS
[3s2p(1d)/2s] aug-TZVP aug-cc-pVTZ %T1 extrapolated expt

11Bgn—a* 2.49 2.19 2.84 94 2.95 2.822.95¢2.80
1By 7 — a* 3.90(0.61) 3.35(0.56) 4.04(0.85) 92 4.36 471286¢ 3.89
2B, 7 — a* 4.24(0.02) 3.48(0.19) 4.44(0.02) 91 4.63

2Ag T — 7* 4.25 3.46 4.45 90 4.62

31Agm— 7* 5.07 4.16 5.15 91 5.53

3B, 7 —a* 5.82(0.27) 4.72(0.10) 5.79(0.35) 91 6.13 5%8.41¢5.43
41Ag T — 7* 5.86 4.76 5.80 92 6.14

2Bgn—x* 6.07 3.82 5.64 94 6.40

1A, 0—0* 6.13(0.00) 3.88(0.00) 5.78(0.00) 90 6.49

21A,0— o* 6.24(0.00) 4.22(0.00) 5.97(0.00) 91 6.57

aCalculated CC2/aug-cc-pVTZ vertical excitation energies (in eV) in comparison to CGEIPPA? TDDFT/BP86, and experimental data. For dipole-
allowed transitions the oscillator strengths (calculated in the length gauge) are given in pareAtRea®nce 52, recorded in gas phasReference 50,
recorded in ethanof Reference 51, recorded in ethanol. The oscillator strengths are 0.56'Byrahd 0.24 for 3'B,.

Table 6. UV Spectrum of cis-Azobenzene?

SOPPA/* TDDFT CC2 CCSD
[3s2p(1c)/2s] aug-TZVP aug-cc-pvVTZ %T1 Au extrapolated expt
1B n—ana* 2.52(0.01) 2.34(0.05) 3.00(0.03) 94 0.61 3.17 2gc 2.8
2B 7 — a* 4.30(0.03) 3.44(0.02) 4.49(0.06) 91 1.95 4.67 ap4
21A 17— 7* 4.51(0.02) 3.55(0.00) 4.65(0.02) 92 2.26 4.83
3Bz —a* 4.66(0.09) 3.57(0.01) 4.79(0.07) 92 1.15 5.09 458
3A 7 —a* 3.68(0.00) 4.82(0.00) 91 0.21 5.02

a Calculated CC2/aug-cc-pVTZ vertical excitation energies (in eV) in comparison to CCSD, SOPPRBP86, and experimental déThe oscillator
strengths are given in parentheses for the length representatids.the difference of the dipole moment between the ground state and the excited state (in
debye).P Reference 52, recorded in gas phadReference 50, recorded in ethanbReference 51, recorded in ethanol; a third band was observed at 5.10
eV, but the assignment of this band is unclear. The oscillator strengths are 0.28f@ntl 0.17 for 2B. ¢ Assignment unclear; the observed band covers
probably 2'A and 31B.

C—N stretching mode, which gives rise to one of the most the same trends as those for the trans isomer. For the region up
intensive bands (11 jp at 1295-1300 cnTl4748 and its to 1000 cnt?, the MP2 and DFT-BP86 spectra agree well with
symmetric counterpart (1X)ewhich is observed at 12181225 the experiment. In particular, the MP2 results are for all bands
cm~146-48 |n the MP2/cc-pVTZ spectrum, these modes are within 20 cnT® of the experimental results. Above 1000 ¢
found at 1265 and 1211 crh respectively, while the DFT-  the deviations become slightly larger and the assignment is less
BP86 results are 1218 and 1175diiThese three bandsy—y, certain. Nevertheless, the agreement is quite satisfactory for most
symmetric and asymmetriec—n) and the mode 12gawhich observed frequencies apart from two bands observed at 1575
also has some contribution from—y, are the only vibrations and 1585 cm?,*8 which are difficult to assign to any of the

in the region 10061500 cnTt! where the MP2/cc-pVTZ harmonic frequencies.

harmonic frequencies are more than a few trbelow the The N=N stretching frequency is found at 1469 ch{MP2)
experimental fundamental bands. For most of the bands, theand 1504 cm?! (DFT). As for the trans isomer, this mode has
MP2 results are about 20 cthabove the experimental values,  the largestN isotopical shift. In the experimental spectrum,
as it is expected for a comparison of calculated harmonic the N=N stretching mode is assigned to the band at 1511'cm
frequencies with fundamental bands. The DFT-BP86 results The G-N stretching modes are obtained at 1102 and 1153 cm
show the usual tendency to underestimate the harmonic frequenin the DFT-BP86 spectrum and at 1166 and 1177 & the
cies. o _ MP2 spectrum. The experimental assignment of these modes
As expected for this kind of molecules, MP2 describes the s uncertain, but most likely they have to be assigned to the
vibrational spectrum consistently more accurate than DFT, pands observed at 1093 and 1152 énfor most bands, the
which, however, requires much less computational effort. MPp2 frequencies are above the experimental values, as expected
Typically, the deviations between the MP2 harmonic frequencies for a comparison of harmonic frequencies with fundamental
and the experimental results are about half of the deviations hands, while the DFT-BP86 frequencies are below the experi-
found for DFT. An exception is, however, the_y stretching mental results. On the average, MP2 gives a somewhat better

modes, for which anharmonic effects are large, as can beagreement with experiment than DFT, which is, however,
concluded from results for benzeffeSince we have not computationally much less demanding.

considered aharmonicities, one cannot expect a very close
description of all experimental bands. Nevertheless, the presents. UV Spectra of frans- and cis-Azobenzene
harmonic MP2/cc-pVTZ frequencies lead to a comparatively
good agreement.

4.2. Vibrational Spectrum of cis-Azobenzene.The vibra-
tional spectrum oftis-azobenzene is difficult to assign since
fewer experimental data are available. We find, however, mostly

The lowest vertical singlet excitation energiesti@ns- and
cis-azobenzene were calculated at the CC2/aug-cc-pVTZ and
the DFT-BP86/aug-TZVP level. The results are listed in Tables
5 and 6 in comparison with available experimental data and
the results from SOPPA calculatioh&or the dipole-allowed
(48) Kibler, R.; Littke, W.; Weckherlin, SZ. Elektrochem196Q 64, 650. transitions, the oscillator strengths are given in parentheses.
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These values were obtained in the length representation of theconclusions. Forcis-azobenzene, we calculated at the CC2/
dipole operator; velocity and mixed representations lead to aug-cc-pVTZ level also the change of the dipole moment upon
similar results. Note that the experimental results refer to band excitation (A\u), which provides a measure for the charge-
maxima in absorption spectra, while ab initio results are for transfer character of the transition. The* transition (21B) is
vertical electronic excitations, which limits the comparability. found in the CC2 calculation at 4.49 eV and the* transition
For CC2, also the percentage contribution of single excitations (1 1B) at 3.00 eV, while the SOPPA values are 4.30 and 2.52
(%T1) is given. This value should be betweeB0 and 100%; eV and the DFT-BP86 results are 3.37 and 2.33 eV, respectively.
otherwise CC2 gives less reliable results. The differences between the dipole moments of the ground state
5.1. Electronic Spectra oftrans-Azobenzene.The most and the excited state clearly show the charge-transfer character
prominent feature in the experimental absorption spectum of for the 21B state. The CC2/aug-cc-pVTZ result for thessate
trans-azobenzene is constituted by the* excitation into the of 3.00 eV agrees, as for the trans isomer, very well with the
S, state (11B,). The calculated results for this transition are experimental gas-phase result from ref 52 of 2.92 eV. Again,
4.04 eV (CC2),3.90 eV (SOPPA), and 3.29 eV (DFT). Allthree DFT-BP86 gives rather unsatisfactory results, strongly red
methods give for this excitation the largest oscillator strength. shifted compared to the experimental values.
Since the experimental results from refs 50 and 51 were recorded
in ethanol as solvent, they are only comparable up to a certain & Summary

degree with the theoretical results, which refer to the gas phase. e geometries dfans-andcis-azobenzene were optimized
The only available experimental gas-phase results are those fromy; 1he MP2/cc-pVTZ level and compared with the available
ref 52. The latter agrees for all three observed states very well experimental da#& 3% and DFT-BP86 results. Our calculations
with the CC% valules, with aldewatlon of only 0.02, 0.08, and  ¢onfirm the planaCar-symmetric structure, which was found
9,15 eV for 1'By, 11B,, aqd3 By, respectively. This agreemen} in a recent gas electron diffraction experin@nfior trans-

is somewhat fortunate since the average error of CC2 vertical o, openzene. Both quantum chemical methods reproduce the
excitation energies is usually larger than 0.1 eV. This accuracy experimental results within the expected accuracy. tFas

is first obtained at the CCSD or a higher level of the CC 5;4henzene, BP86/TZVP and MP2/cc-pVTZ give very similar
hierarchy. With accurate basis sets, such calculations arestryctures, in particular aimost the sameN bond length, while

prohibitive for molecules as large as azobenzene. We can, 31 yp/cc-pVTZ gives a 2 pmshorter result for the &N bond
however, estimate the correction of higher-order correlation length. For cis-azobenzene, all three methods are in close
contributions from the difference between the CC2 and CCSD agreement for the &N bond length. The MP2/cc-pVTZ

values calculated in a smaller basis set. When adding theoptimized geometries are the most accurate ab initructures

difference between the CC2 and CCSD vertical excitation g\ qjjaple for the azobenzenes. These structures should allow
energies calculated in the [3s2p1d/2s] ANO basis to the CC2/ ¢4, 4 refined analysis of the GED experiments which are

aug-cc-pVTZ values, one obtains the “CCSD/extrapolated” hresently based on less accurate DFT calculations.

result$ listed in Table 5. For § the correction is negligible, For both trans-andcis-azobenzene and théfN isotopomers
b.Ut’ for the $ and 3'B, states, the CCSD result_s ard.3 ev . harmonic frequencies were evaluated at the MP2/cc-pVTZ and
hlgher_ and are, as (_axpected for a comparison of ve_rtlcal the DFT-BP86/TZVP levels and compared with the experimen-
excitation energies Wlt.h band maxima, slightly blue shifted tal results from various studié&-4° In comparison to the
compared o the experimental values. . experiment, the MP2 frequencies tend to be blue shifted, while
For SC.)PPA and, even more, for DFT-BP86, the deviations the DFT results show a tendency for a red shift. These deviations
are considerably larger. While the SOPPA results fé8Jand are most likely caused by the harmonic approximation. Fur-

N : . :
SVBdu are Itr'] acc?hptable_tagt;_reement W'fth ttme egxpierlTl?O_(Z thermore, the DFT method shows in this case a systematic
eV devivation), the excitation energy for the Sate (1'B,) is underestimation of the force constants.

too low by ~0.3 eV and the DFT-BP86 results are red shifted The vertical excitation energies and oscillator strengths for
for all states between 0.6 {Bg) and 1.8 eV (2By). In addition, . 9 9
. : . . the lowest singlet states were calculated by CC2/aug-cc-pVTZ
we tried the B3LYP hybrid functional (aug-cc-pVTZ basis and and DFT-BP86/aug-TZVP. For the, @nd S state intrans.
the BP86/aug-cc-pVTZ geometry), but this calculation also gave g - For the, intra
azobenzene and the; State incis-azobenzene, we find a

considerably red shifted results©.3—0.4 eV compared to the . .
. y 0 P fortuitous agreement between the CC2 results and experimental
experimental values).
results from gas-phase spectra. Because of the charge-transfer

T.hu.s, from the methods which can pe applled.to calculate character of these states, DFT-BP86 gives strongly red shifted
excitation energies to molecules of this size, CC2 gives the most~ " o - . b
vertical excitation energies which exhibit large errors between

accurate results. The excitation energies obtained from DFT ey 6 and 1.8 eV. The red shifts are somewhat smaller with the

for all states distinctly more red shifted compared to the - . .
experimental band maxima than the CC2 and SOPPA vaIuesB?’I‘,YP functional, but the rgsults remgln un§at|sfactory. .
Since MP2 and CC2 are, in connection with the resolution-

and, thus, are less appropriate for this class of molecules. i i - < . -
5.2. Electronic Spectra ofcis-AzobenzeneThe investigation of-the-identity approximation, apphcabl_e to_ systems with 20 and
of the UV spectrum of the cis isomer leads to similar more non-hydrogen atoms, the combination of MP2 geometry
optimizations and CC2 calculations for the electronic spectra

(49) Smréki, V.; Baranovic G.; Keresztury, G.; MéicZ.; Holly, S. J. Mol. turns out as the method of choice for the investigation of

(50) ?gf“rét#937-' f}gﬁMS? J4_O%ar dner, R. WL Mol, Spectrosci958 2, 120 substituent effects on the structure and the optical properties of

(51) Birnbaum, P. P.; Linford, J. H.; Style, D. W. Grans. Faraday Sod953 azobenzenes. DFT methods are found to be less appropriate,
49, 735. ;

(52) Andersson, J-A Petterson, R.: TegneL. J. Photochem1982 20, 17. while more accurate coupled_—cluster methods, as fqr e_xample

(53) Beveridge, D. L.; JaffeH. H. J. Am. Chem. Sod.966 88, 1948. CCSD, are today too expensive for molecules of this size.
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