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�Monomers of trans- (TS) and cis-
stilbene (CS) were isolated in
cryogenic argon and xenon matrices.
� TS and CS infrared spectra were fully

assigned and interpreted.
� In situ broadband UV irradiation of

the matrix-isolated CS led to its
isomerization to TS.
� TS appears in the photolysed matrices

in both non-planar and planar
configurations.
� Chemometrics was used to assign the

structure of the non-planar TS form.
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Monomers of trans- (TS) and cis-stilbene (CS) were isolated in cryogenic argon and xenon matrices, and
their infrared (IR) spectra were fully assigned and interpreted. The interpretation of the vibrational spec-
tra received support from theoretical calculations undertaken at the DFT(B3LYP)/6-311++G(d,p) level of
theory. In situ broadband UV irradiation of the matrix-isolated CS led to its isomerization to TS, which
appeared in the photolysed matrices in both non-planar and planar configurations. The non-planar spe-
cies was found to convert into the more stable planar form upon subsequent annealing of the matrices at
higher temperature. TS was found to be photostable under the used experimental conditions. The struc-
ture of the non-planar TS form was assigned based on the comparison of its observed IR spectrum with
those theoretically predicted for different conformations of TS. Chemometrics was used to make this
assignment. Additional reasoning on the structure of the studied stilbenes is presented taking as basis
results of the Natural Bond Orbital analysis.

� 2013 Elsevier B.V. All rights reserved.
Introduction

Stilbene exists as two possible stereoisomers about the double
bond, trans (TS) and cis (CS) (Scheme 1). Being the simplest
1,2-diarylethylene, stilbene has been extensively used as a model
system for investigation of the photochemical dynamics concern-
ing the cis ? trans isomerization about a C@C bond. This type of
photoisomerization is of fundamental importance in many areas
of chemistry, physics, biochemistry and materials science, and
along the years there has been a continuing interest in this topic
[1–28].

CS is well-known to present a non-planar structure [29–32],
due to the stress imposed by the presence of the two large phenyl
substituents in the some side of the double bond. On the other
hand, the structure of TS has been a source of controversy, because
the two phenyl groups can rotate with a very low energy cost
[33–44]. Electron diffraction and photoelectron spectroscopy stud-
ies on gaseous TS [33,34] suggested the molecule to be non-planar
with phenyl groups rotated by �30� around the C–phenyl bonds, in
line with some theoretical results [43,44]. However, the most
recent theoretical data favor the idea that TS has, as its minimum
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TS CS

Scheme 1. Trans- (TS) and cis-stilbene (CS). Atom numbering adopted in this study.

2 O. Ünsalan et al. / Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy xxx (2013) xxx–xxx
energy structure, a strictly planar form [40,41]. This is in agree-
ment with experimental results for the compound in molecular
beams [45] (in solid state TS molecules were also found to exhibit
a planar configuration [36,46–49], while in solution and liquid
phase appear to be non-planar [50–52]). The better available esti-
mations of the relative energies of the planar and �30� distorted
geometries of TS, undertaken at CCSD/cc-pVDZ and Møller–Plesset
levels of theory in conjunction with Dunning’s correlation consis-
tent polarized valence basis sets [40,41], yielded values from 2 to
�0.4 kJ mol�1, favoring the planar form. Moreover, it was also
recently shown that zero-point-vibrational corrections are compa-
rable to the energy increase between the planar and non-planar
forms, so that this effect (‘‘vibrational quasi-planarity’’ [40]) can
be used to explain the controversy on the planar/non-planar con-
formational preferences of TS. A general consensus exists regarding
the low energy – large amplitude nature of the C–phenyl torsional
vibrations in TS [33–49].

As mentioned above, the cis ? trans photoisomerism in stilbene
has been an area of intense study [1–28]. The photoisomerization
has been explained as proceeding with the intermediacy of a
non-planar excited state minimum and relaxation to the ground
state through a conical intersection. A recent matrix isolation
(argon, krypton and N2 matrices) study of the cis ? trans photo-
isomerism in stilbene [53], successfully allowed observation of a
non-planar form of the photoproduced TS.

In the present study, one intended to investigate in further
detail the structure and vibrational spectra of matrix-isolated
trans- and cis-stilbenes, and characterize better structrally and
spectroscopically the non-planar TS form resulting from cis ? trans
photoisomerization of stilbene in a cryogenic matrix. The studies
were undertaken for the compounds isolated in argon matrices
and, for the first time, also in xenon matrices.
Experimental and computational methods

Matrix isolation FTIR and photochemical experiments

Trans-stilbene (TS; trans-1,2-diphenylethylene) and cis-stilbene
(CS; cis-1,2-diphenylethylene) were purchased from Sigma–
Aldrich, purity P96%. To prepare the cryogenic matrices, the va-
pors of the studied compounds were deposited, together with a
large excess of argon (N60) or xenon (N45) (both supplied by Air
Liquide), onto a cryogenic CsI window, which was used as optical
substrate. During deposition of the matrices, the temperature of
the substrate was kept at 15 K. The temperature was directly
Please cite this article in press as: O. Ünsalan et al., Trans- and cis-stilbene iso
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measured at the sample holder by a silicon diode sensor connected
to a digital controller (Scientific Instruments, Model 9650-1), with
an accuracy of 0.1 K. TS was sublimated (T � 50 �C) from a minia-
ture glass furnace placed in the vacuum chamber of the cryostat.
CS was evaporated from a glass tube connected to the cryostat
through a needle valve. Before cooling the cryostat, the glass tube
was degassed to remove remaining air and volatile impurities. This
allowed additional purification of the compound immediately be-
fore the experiment. The inert gases were used as supplied.

The matrices were irradiated for about 90 min through the
outer KBr window (k > 225 nm) of the cryostat, with a HBO200
high-pressure mercury lamp. This lamp was fitted with a water
filter to remove IR radiation. After irradiation, the matrices were
annealed, with temperature steps of 3 K, up to 39 K (Ar), or steps
of 5 K, until 80 K (Xe).

The low-temperature equipment was based on a closed-cycle
helium refrigerator (APD Cryogenics) with a DE-202A expander.
The IR spectra were recorded in the range 4000–400 cm�1, with a
resolution of 0.5 cm�1, using a Thermo Nicolet 6700 Fourier-
transform infrared (FTIR) spectrometer, equipped with a KBr beam
splitter and a deuterated triglycine sulfate (DTGS) detector.

Theoretical calculations

All theoretical calculations were performed using the Gaussian
03 program package [54] at the DFT(B3LYP) level of theory [55,56],
with the 6-311++G(d,p) basis set [57]. Natural bond orbital (NBO)
analysis was performed according to Weinhold and co-workers
[58,59] using NBO 3 as implemented in Gaussian 03. Calculated
harmonic vibrational wavenumbers were scaled down by a single
factor of 0.978, to correct them for the systematic shortcomings
of the applied methodology (mainly for anharmonicity). The theo-
retical normal modes were analyzed by carrying out the potential
energy distribution (PED) calculations, as described by Schach-
tschneider and Mortimer [60]. Chemometrics analyses were
undertaken using R package ‘‘stats’’ (version 2.15.3) [61].
Results and discussion

IR spectra of TS and CS monomers isolated in argon and xenon
matrices

Infrared spectra of matrix-isolated TS and CS are shown in
Figs. 1 and 2, where they are compared with the corresponding
DFT(B3LYP)/6-311++G(d,p) calculated spectra. The detailed
lated in cryogenic argon and xenon matrices, Spectrochimica Acta Part A:
aa.2013.10.050
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Fig. 1. Top: Infrared spectrum of trans-stilbene isolated in argon matrix (T = 15 K;
1650–450 cm�1 range); Bottom: B3LYP/6-311++G(d,p) calculated infrared spectrum
of trans-stilbene (wavenumbers scaled by 0.978; the bands were simulated using
Lorentzian functions with full widths at half-maximum-height (fwhm) of 2 cm�1

centered at the scaled wavenumbers; the calculated intensities correspond to the
area below the peaks).
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Fig. 2. Top and middle: Infrared spectra of cis-stilbene isolated in xenon and argon
matrices (T = 15 K; 1650–450 cm�1 range); Bottom: B3LYP/6-311++G(d,p) calcu-
lated infrared spectrum of cis-stilbene (wavenumbers scaled by 0.978; the bands
were simulated using Lorentzian functions with full widths at half-maximum-
height (fwhm) of 2 cm�1 centered at the scaled wavenumbers; the calculated
intensities correspond to the area below the peaks).
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assignment of these spectra and the results of the normal mode
analyses are given in Tables 1 and 2. The definitions of the symme-
try coordinates used in the normal coordinate analyses are pro-
vided in Table S1 (Supporting Information).

As it can be noticed in Figs. 1 and 2, the theoretical calculations
reproduce very well the experimental data. This allows a reliable
assignment of the experimental IR bands. The sets of bands
observed in the 3130–3000 cm�1 and 2000–1650 cm�1 wavenum-
ber ranges originate in CAH stretching vibrations of both phenyl
rings and ethylenic group and overtones/combination modes,
respectively. As usually observed for matrix-isolation IR spectra,
intensities of the CAH stretching bands are generally smaller than
predicted by the calculations, making difficult a detailed assign-
ment of the bands in the 3130–3000 cm�1 range. Because of that,
these bands were not used either in the scaling of the calculated
intensities shown in Tables 1 and 2 or in the chemometrics studies,
described in the next section, which were performed to establish
similarities between the observed spectra of the photoproducts
of CS and the calculated spectra for different non-planar TS config-
urations. Below, we will center our discussion on the most promi-
nent observed fundamental bands appearing below 1650 cm�1.
IR spectrum of matrix-isolated trans-stilbene (C2h)
Planar trans-stilbene belongs to the C2h point group, so that only

Au and Bu symmetry type vibrations are infrared active.
The three most intense bands observed in the 1650–1400 cm�1

wavenumber range, whose maxima are located at 1605, 1500 and
1456 cm�1 (in argon matrix; 1602, 1498 and 1454 cm�1 in xenon)
are due to vibrations of the phenyl rings, the first being a CC ring
stretching mode [m(CC)3b; see Table 1] and the two last corre-
sponding mostly to in-plane CH ring deformations [d(CH)4b;
d(CH)5b] and exhibiting multiplet structure due to matrix-site
splitting. The ethylenic C@C stretching belongs to the Ag symmetry
species and is IR inactive.
Please cite this article in press as: O. Ünsalan et al., Trans- and cis-stilbene iso
Molecular and Biomolecular Spectroscopy (2013), http://dx.doi.org/10.1016/j.s
In the 1400–800 cm�1 wavenumber range several low intensity
bands appear. The most intense band in this spectral region is
predicted by the calculations at 964 cm�1 and was observed as a
site-splitted multiplet with main components at �960 cm�1 in
argon matrix, and as a doublet of bands at 960/958 cm�1 in xenon.
These features are assigned to the out of plane symmetric mode of
the ethylenic moiety [cs(@CH)]. Two additional bands with med-
ium intensity were predicted to occur in this spectral region at
1078 cm�1 [ring stretching m(CC)5b] and 980 cm�1 [ring out of
plane c(CH)5a]. The corresponding observed features are observed
at 1073 and around 980 cm�1 (the last as a triplet) in argon matrix,
and at 1075/1070 and 979 cm�1 in xenon.

The two strong calculated bands at 768 and 687 cm�1 are asso-
ciated with the all-in-phase symmetric out of plane c(CH)1a phenyl
bending mode and the s(Ph)1a torsional mode that distorts the phe-
nyl rings towards cyclohexane chair-type conformations, respec-
tively. Experimentally, these vibrations were found to give rise to
the two most intense observed IR bands of TS, the first one as a trip-
let of bands (argon: 766/764/763 cm�1; xenon: 771/765/761 cm�1),
and the second as a doublet (argon: 690/689 cm�1; xenon: 695/
687 cm�1). For frequencies below that of the s(Ph)1a torsional mode
only two bands were observed, corresponding to a deformational
lated in cryogenic argon and xenon matrices, Spectrochimica Acta Part A:
aa.2013.10.050
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Table 1
Observed (argon matrix; 15 K; xenon matrix; 15 K) and calculated (B3LYP/6-311++G(d,p)) IR spectra and potential energy distribution of the normal modes (PED,%) for trans-
stilbene (C2h).a

Approximate
description

PED Symmetry Calculated Observed (Ar)b Observed (Xe)b

m I m I mgc Igc m I mgc Igc

m(CH)1a S2[86] Ag 3121.0 0.0
m(CH)1b S38[86] Bu 3120.8 37.4 3112.9 1.0 3109.0 2.0 3102.9 3.2 3102.9 3.2

3105.0 1.0
m(CH)3b S40[74] Bu 3113.4 52.8 3094.0 2.1 3089.5 7.7 3078.5 7.5 3078.5 7.5

3090.8 2.9
3084.6 2.7

m(CH)3a S4[74] Ag 3113.2 0.0
m(CH)5a S6[67] + S3[23] Ag 3104.4 0.0
m(CH)5b S42[67] + S39[23] Bu 3104.1 23.4 3069.5 3.4 3069.5 3.4 3054.7 5.0 3054.7 5.0
m(CH)2b S39[50] + S40[20] + S42[14] + S41[10] Bu 3094.6 0.3 n.obs.
m(CH)2a S3[53] + S4[24] + S6[14] Ag 3094.2 0.0
m(CH)4a S5[81] Bu 3087.7 22.8 3037.7 6.4 3037.7 6.4 3024.1 2.3 3024.1 2.3
m(CH)4b S41[78] + S39[13] Ag 3087.6 0.0
mas(@CH) S43[91] Bu 3075.8 23.1 3014.9 3.8 3014.9 3.8
ms(@CH) S7[94] Ag 3067.2 0.0
m(C@C) S1[55] + S24[22] Ag 1647.9 0.0
m(CC)3b S46[66] + S53[21] Bu 1606.1 25.4 1605.0 9.8 1605.0 9.8 1602.0 11.2 1602.0 11.2
m(CC)3a S10[63] + S17[21] Ag 1597.3 0.0
m(CC)4b S47[66] + S52[17] Bu 1579.5 3.0 1584.3 2.9 1584.3 2.9 1581.2 8.1 1581.2 8.1
m(CC)4a S11[63] + S16[19] Ag 1574.1 0.0
d(CH)4b S54[59] + S49[32] Bu 1496.4 29.0 1509.5 3.2 1501.9 20.0 1505.5 0.6 1498.1 8.1

1500.4 16.8 1497.5 7.5
d(CH)4a S18[63] + S13[32] Ag 1488.2 0.0
d(CH)5b S48[26] + S55[23] + S52[15] + S51[13] Bu 1450.7 10.1 1456.3 13.3 1455.6 18.0 1453.6 30.3 1451.8 36.8

1454.6 4.0 1451.5 1.4
1449.7 0.4 1445.7 1.8
1442.6 0.3 1438.8 3.3

d(CH)5a S19[26] + S12[20] + S15[17] + S9[13] + S16[11] Ag 1442.6 0.0
d(CH)1b S51[45] + S60[35] Bu 1341.1 4.5 1340.5 2.2 1340.5 2.2 1338.6 3.9 1338.6 3.9
d(CH)1a S15[58] + S24[19] Ag 1334.9 0.0
m(CC)2b S45[60] + S51[32] + S55[12] Bu 1325.4 2.6 1327.5 1.7 1327.5 1.7 1326.3 5.4 1326.3 5.4
ds(@CH) S24[42] + S9[28] + S15[14] + S1[14] Ag 1320.0 0.0
m(CC)2a S9[41] + S11[19] + S25[10] Ag 1299.8 0.0
mas(CAC) S50[34] + S48[12] + S45[10] Bu 1261.4 1.5 1267.3 0.5 1265.1 0.9 1265.8 1.8 1265.8 1.8

1262.3 0.4
das(@CH) S60[35] + S50[14] + S45[10] Bu 1223.6 1.8 1224.5 0.4 1222.7 1.7 1223.9 1.9 1223.9 1.9

1222.2 1.3
ms(CAC) S14[23] + S17[13] + S8[11] + S21[10] Ag 1184.7 0.0
d(CH)3a S17[62] + S10[16] Ag 1179.6 0.0
d(CH)3b S53[73] + S66[21] Bu 1178.0 0.2 1183.5 0.3 1181.2 0.6 1178.4 1.3 1178.4 1.3

1179.5 0.3
d(CH)2a S16[42] + S19[38] + S9[12] Ag 1156.5 0.0
d(CH)2b S52[40] + S55[40] + S45[12] Bu 1156.1 0.4 1159.1 0.7 1158.5 1.3 1155.4 1.4 1155.4 1.4

1157.7 0.6
m(CC)5a S12[48] + S19[22] + S16[17] Ag 1081.1 0.0
m(CC)5b S48[56] + S55[21] + S52[17] Bu 1078.3 11.4 1072.6 4.7 1072.6 4.7 1075.0 2.8 1071.0 11.2

1069.7 8.4
m(CC)6b S49[52] + S54[23] + S44[20] Bu 1027.0 7.6 1034.2 1.8 1034.2 1.8 1031.5 4.6 1031.5 4.6
m(CC)6a S13[48] + S8[23] + S18[21] Ag 1025.3 0.0
d(Ph)1b S57[67] + S44[32] Bu 991.7 0.2 988.4 0.2 988.4 0.2 n.obs.
d(Ph)1a S21[61] + S8[37] Ag 990.9 0.0
c(CH)5a S30[65] + S32[49] Au 980.1 19.4 982.0 2.7 981.3 6.3 978.8 13.9 978.8 13.9

981.1 2.9
979.6 0.7

c(CH)5b S66[100] Bg 972.6 0.0
cs(@CH) S32[52] + S30[49] + S27[10] Au 964.3 20.8 966.3 4.0 961.5 61.7 960.3 6.5 958.0 43.7

964.4 5.5 957.6 37.2
963.6 6.8
961.4 9.0
960.4 16.5
959.9 19.7

c(CH)4a S29[100] Au 957.3 0.8 n.obs. n.obs.
c(CH)4b S65[100] Bg 956.7 0.0
c(CH)2b S63[56] + S68[26] + S67[14] Bg 910.3 0.0
c(CH)2a S27[86] Au 900.7 1.7 904.6 0.5 904.6 0.5 906.1 0.9 906.1 0.9
m(CC)1a S25[30] + S8[20] + S14[13] + S21[11] Ag 861.7 0.0
cas(@CH) S68[45] + S63[39] + S64[12] Bg 860.6 0.0
c(CH)3a S28[99] Au 827.1 0.2 833.5 0.2 833.5 0.2 821.7 0.5 821.7 0.5
c(CH)3b S64[83] Bg 825.9 0.0
m(CC)1b S44[31] + S50[27] + S57[16] + S58[11] + S49[10] Bu 814.7 0.1 812.9 0.1 812.9 0.1 808.6 1.9 808.6 1.9
c(CH)1a S26[37] + S34[32] + S31[23] + S27[10] Au 767.5 63.1 766.0 8.6 763.7 86.3 771.0 6.5 762.6 75.3

(continued on next page)
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763.7 40.7 764.6 9.3
763.1 37.0 761.4 59.5

c(CH)1b S62[60] + S69[22] Bg 733.4 0.0
s(Ph)1a S34[62] + S26[48] Au 686.9 90.2 690.1 35.3 689.5 87.6 694.7 1.9 687.4 64.2

689.1 52.3 687.2 62.3
s(Ph)1b S69[88] + S62[27] Bg 684.0 0.0
d(Ph)2a S22[63] + S25[21] Ag 640.6 0.0
d(Ph)3b S59[85] Bu 622.1 0.02 n.obs. n.obs.
d(Ph)3a S23[86] Ag 618.6 0.0
d(Ph)2b S58[78] Bu 539.5 20.3 541.4 13.3 541.4 13.3 540.5 13.9 540.5 13.9
cs(PhAC) S31[33] + S34[23] + S36[19] + S33[16] Au 530.4 20.4 528.3 13.3 528.3 13.3 526.4 23.2 526.4 23.2
s(Ph)3b S71[42] + S67[38] + S70[12] Bg 465.6 0.0
was(PhAC) S56[57] + S61[24] + S48[11] Bu 463.4 2.2 467.2 0.7 467.2 0.7 n.obs.
s(Ph)2a S35[78] + S36[36] Au 402.9 0.006
s(Ph)2b S70[85] + S71[29] Bg 402.4 0.0
ws(PhAC) S20[48] + S14[13] + S22[13] Ag 281.3 0.0
s(Ph)3a S36[50] + S33[28] + S35[25] Au 279.3 0.02
cas(PhAC) S67[37] + S71[30] + S70[16] Bg 215.3 0.0
ds(CAC@C) S20[35] + S25[28] + S14[19] Ag 200.4 0.0
das(CAC@C) S61[72] + S56[26] Bu 78.8 0.2
sas(CAC) S72[82] + S71[11] Bg 75.8 0.0
s(C@C) S33[56] + S31[34] Au 58.1 0.5
ss(CAC) S37[96] Au 16.0 0.001

a See Table S1 (Supporting information) for definition of symmetry coordinates; m, stretching; d, in-plane bending; w, wagging; c, out-of-plane bending; s, torsion; s,
symmetric; as, asymmetric; Ph, phenyl; n.obs., not observed; calculated wavenumbers (cm�1) were scaled by 0.978; calculated infrared intensities in km mol�1; PED’s
smaller than 10% are not given.

b Observed absorbances were normalized so that the total infrared intensity of the experimental bands (excluding those of the CH stretching bands) equals the corre-
sponding calculated intensity (for experimental CH stretchings intensities, the same normalizing factor obtained was applied); the gravity centre (gc) of a given band was
calculated as the intensity averaged mean wavenumber for the band components ascribed to a given vibration.
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phenyl ring mode [d(Ph)2b] (�540 cm�1) and the butterfly-type
vibration of the molecule [cs(PhAC)] (ca. 530 cm�1).
1 As discussed in detail later on, the most intense bands of this set of new bands do
in fact correspond to very low intensity bands observable in the spectra of as-
deposited TS. Interpretation for this will be given in another section of this article.
IR spectrum of matrix-isolated cis-stilbene (C2)
Cis-stilbene belongs to the C2 point group and all vibrations are

IR active. However, in spite of the different symmetries of TS and CS
(and considerably larger number of IR active bands in CS), the spec-
tra of both isomers are very similar, since in CS most of the vibra-
tions appear as closely located pairs (with a B and an A symmetry
type component resulting from symmetric and anti-symmetric
combinations of similar vibrations of the two phenyl rings).

As for TS, the m(CC)3b, d(CH)4b and d(CH)5b vibrations are pre-
dicted to give rise to relatively intense bands in the 1650–
1400 cm�1 wavenumber range. The calculated frequencies for
these modes are 1604, 1493 and 1448 cm�1, which have experi-
mental counterparts at 1605, 1498 (with 3 more weak components
at slightly higher frequencies) and 1454/1452 cm�1 in argon, and
at 1603, 1502/1496 and 1450 cm�1 in xenon, respectively. In this
spectral range, CS also shows a relatively intense band due to the
anti-symmetric in-plane CH ethylenic bending mode [das(@CH)],
which is predicted to occur at 1408 cm�1 and was observed as a
triplet of bands at 1411/1409/1406 cm�1 in argon matrix and as
a doublet at 1409/1406 cm�1 in xenon.

In the 1400–800 cm�1 wavenumber range, the IR spectrum of
CS is (like for TS) composed essentially by bands of very low inten-
sity. In this range, only four bands have medium intensity. These
bands are predicted by the calculations at 1080 [phenyl stretching
m(CC)5b], 1026 [phenyl stretching m(CC)6b], 922 [phenyl out of plane
c(CH)2b] and 855 cm�1 [phenyl stretching m(CC)1b]. In argon ma-
trix, they were observed at 1077/1075, 1029, triplet in the 925–
923 range, and 864 cm�1, while the corresponding bands in xenon
appear at 1075/1073, 1029, triplet in the 924–916 range and
862 cm�1. Contrarily to what happens for TS, the out of plane sym-
metric mode of the ethylenic moiety [cs(@CH)] is predicted by the
calculations to have a low IR intensity (0.5 km mol�1) and was not
observed experimentally.

The most intense IR bands of CS are calculated to occur at 782
and 692 cm�1. They correspond to the out of plane anti-symmetric
mode of the ethylenic moiety [cas(@CH)] and to the all-in-phase
anti-symmetric out of plane c(CH)1b phenyl bending. The last
Please cite this article in press as: O. Ünsalan et al., Trans- and cis-stilbene iso
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mode is also predicted to be almost coincident with the relatively
intense band due to the s(Ph)1a torsional mode in CS. The theoret-
ical predictions fit the experimental observations quite well.
Accordingly, the cas(@CH) mode was found to give rise to the
intense multiplet-type band between 786 and 778 cm�1 (in argon
matrix; between 788 and 777 cm�1 in xenon), and the c(CH)1b

vibration was found to be in the origin of the most intense exper-
imental band, observed as an overlapped triplet feature at 702/
699/697 cm�1 and 698/697/695 cm�1 in argon and xenon matrices,
respectively. In turn, s(Ph)1a can be ascribed to the shoulders at
695 and 693 cm�1, respectively in the argon and xenon matrix
spectra. For frequencies below these last, only two mid intensity
bands were expected at ca. 502 [d(Ph)2b] and 446 cm�1 [s(Ph)3b].
In argon matrix, these bands were observed at 503/500 and
449 cm�1, while in xenon they correspond to site-splitted multi-
plet-type bands in the 505–498 and 447–442 cm�1 ranges.
In situ UV irradiation and annealing of the matrices

The Ar and Xe matrices containing either TS or CS were submit-
ted to in situ broadband irradiation in the UV (k > 225 nm). TS was
found to be photostable under these experimental conditions. On
the other hand, not unexpectedly [53], CS was found to convert
into TS. Upon 90 min of irradiation of CS in both argon and xenon
matrices, �70% of the compound was consumed.

One of the main advantages of the matrix isolation technique is
that, because of its high spectral resolution and the very small fre-
quency shifts caused by the matrix media (taking as reference those
of the molecule in gas phase), it is as a very powerful tool to detect
subtle structural changes, guided by results of calculated spectra for
the studied molecule in vacuo. A first look to the spectra of the irra-
diated CS matrices immediately allows to conclude that, as reported
first by Kar et al. [53], in addition to the decreasing IR peaks due to
reactant (CS) and the growing ones matching the IR spectrum of TS
discussed in the previous section, additional new features can be
observed which cannot be assigned to either of these species.1
lated in cryogenic argon and xenon matrices, Spectrochimica Acta Part A:
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Table 2
Observed (argon matrix; 15 K; xenon matrix; 15 K) and calculated (B3LYP/6-311++G(d,p)) IR spectra and potential energy distribution of the normal modes (PED,%) for
cis-stilbene (C2). a

Approximate
description

PED Symmetry Calculated Observed (Ar) b Observed (Xe)b

m I m I mgc Igc m I mgc Igc

m(CH)1a S2[57] + S4[41] A 3125.8 4.6 3100.9 1.0 3100.9 1.0 3106.7 0.9 3106.7 0.9
m(CH)1b S38[60] + S40[38] B 3125.2 4.2
m(CH)3a S4[39] + S2[33] + S6[22] A 3116.7 3.8 3088.5 3.6 3088.5 3.6 3082.0 3.4 3082.0 3.4
m(CH)3b S40[41] + S38[30] + S42[22] B 3116.4 48.7
m(CH)5a S6[45] + S3[45] A 3105.0 26.9 3066.0 3.3 3066.0 3.3 3058.8 4.3 3058.8 4.3
m(CH)5b S42[46] + S39[44] B 3104.9 15.8
m(CH)2a S3[44] + S5[29] + S4[14] A 3095.3 1.2
m(CH)2b S39[44] + S42[28] + S40[15] B 3095.1 0.1

m(CH)4a S5[82] + S3[11] A 3087.5 9.2 3055.4 2.6 3055.4 2.6 3053.7 3.0 3053.7 3.0
m(CH)4b S41[83] + S39[11] B 3087.4 2.1
ms(@CH) S7[99] A 3068.4 22.4 3031.4 5.9 3029.2 10.2 3025.5 4.8 3019.7 8.3

3026.1 4.3 3011.8 3.5
mas(@CH) S43[100] B 3047.5 0.1 n.obs. n.obs.
m(C@C) S1[65] + S14[33] + S24[11] A 1639.4 1.0 n.obs. n.obs.
m(CC)3b S46[66] + S53[21] B 1604.2 8.4 1604.8 7.5 1604.8 7.5 1602.8 3.1 1602.8 3.1
m(CC)3a S10[66] + S17[21] + S22[10] A 1601.0 0.1 n.obs n.obs.
m(CC)4b S47[67] + S52[17] B 1577.5 1.7 1580.6 1.3 1580.6 1.3 1578.9 1.2 1578.9 1.2
m(CC)4a S11[64] + S16[18] A 1574.6 0.01 n.obs. n.obs.
d(CH)4b S54[58] + S49[33] B 1492.9 9.7 1505.6 1.6 1500.2 12.5 1501.5 2.1 1497.7 7.7

1503.5 1.6 1496.3 5.6
1500.9 2.0
1498.1 7.3

d(CH)4a S18[60] + S13[32] A 1488.2 5.2 1493.1 8.5 1493.1 8.5 1491.0 6.6 1491.0 6.6
d(CH)5b S48[24] + S55[23] + S52[14] + S60[13] + S51[12] B 1447.6 9.3 1453.6 5.2 1452.4 12.1 1449.6 6.9 1449.6 6.9

1451.5 6.9
d(CH)5a S19[26] + S12[21] + S15[17] + S16[12] + S9[11] A 1440.8 6.9 1446.7 9.8 1446.7 9.8 1444.6 9.1 1444.6 9.1
das(@CH) S60[65] B 1408.3 8.9 1411.2 1.6 1408.9 4.6 1408.9 1.2 1407.7 2.2

1408.6 1.6 1406.2 1.0
1406.3 1.3

d(CH)1a S15[73] + S24[10] A 1329.5 1.0 1336.9 0.6 1336.9 0.6 1334.5 0.5 1334.5 0.5
d(CH)1b S51[72] + S45[22] B 1324.5 0.7 1324.8 0.5 1324.8 0.5 1320.2 0.3 1320.2 0.3
m(CC)2a S9[64] + S24[21] A 1314.7 0.6 1316.1 0.5 1316.1 0.5 1315.3 0.4 1315.3 0.4
m(CC)2b S45[51] + S48[19] B 1292.2 0.1 n.obs. n.obs.
ds(@CH) S24[44] + S12[14] + S9[10] A 1237.1 0.1 n.obs. 1237.6 0.3 1237.6 0.3
mas(CAC) S50[32] + S60[15] + S44[13] + S54[13] + S57[11] B 1198.5 0.2 1204.9 0.3 1204.9 0.3 1204.0 0.2 1204.0 0.2
d(CH)3a S17[75] + S10[25] A 1177.9 1.0 1183.4 0.9 1183.4 0.9 1181.4 1.0 1181.4 1.0
d(CH)3b S53[76] + S46[23] B 1176.4 1.3 1179.8 0.9 1179.8 0.9 1178.1 0.6 1178.1 0.6
d(CH)2a S16[41] + S19[38] + S9[11] A 1156.1 0.001 n.obs. n.obs.
d(CH)2b S52[41] + S55[39] + S45[12] B 1155.0 0.002 n.obs. 1155.5 0.7 1155.5 0.7
ms(CAC) S14[20] + S21[16] + S8[14] + S1[12] + S18[12] A 1145.7 0.03 n.obs. n.obs.
m(CC)5b S48[42] + S55[24] + S52[18] B 1080.4 10.0 1077.0 3.9 1076.4 5.9 1075.0 3.3 1074.1 5.8

1075.1 2.0 1072.9 2.5
m(CC)5a S12[51] + S19[24] + S16[16] A 1076.5 2.2 1073.2 1.3 1073.2 1.3 1070.5 1.5 1070.5 1.5
m(CC)6b S49[51] + S54[22] + S44[18] B 1025.7 5.8 1028.6 4.9 1028.6 4.9 1029.2 1.5 1029.2 1.5
m(CC)6a S13[47] + S8[20] + S18[20] + S21[12] A 1025.2 2.5 1030.6 2.6 1030.6 2.6 1032.0 4.2 1032.0 4.2
d(Ph)1b S57[61] + S44[38] B 993.0 0.2 1011.9 0.3 1011.9 0.3 1001.4 0.2 1001.4 0.2
d(Ph)1a S21[57] + S8[42] A 992.6 0.1
c(CH)5a S32[63] + S30[59] A 982.0 0.4 n.obs. n.obs.
c(CH)5b S66[100] B 978.9 1.1 981.7 0.7 981.7 0.7 979.5 1.0 979.5 1.0
cs(@CH) S32[57] + S30[54] A 976.2 0.5 n.obs. n.obs.
c(CH)4a S29[100] A 964.7 0.01 n.obs. n.obs.
c(CH)4b S65[100] B 964.6 0.6 966.4 0.5 966.4 0.5 963.6 0.7 962.4 1.4

961.1 0.7
c(CH)2b S63[74] + S67[11] B 922.5 20.5 925.1 8.9 924.2 23.9 923.7 9.4 922.8 20.8

924.1 7.5 922.3 11.1
923.1 7.5 911.3 0.3

c(CH)2a S27[90] A 910.7 0.2 n.obs. 911.3 0.6 911.3 0.6
m(CC)1b S61[24] + S63[19] + S44[14] B 855.4 8.0 864.4 2.9 864.4 2.9 862.5 2.7 862.5 2.7
c(CH)3a S28[100] A 836.5 0.1 n.obs. n.obs
c(CH)3b S64[100] B 835.5 0.4 n.obs. 839.2 0.5 839.2 0.5
cas(@CH) S68[37] + S62[15] + S67[11] B 782.0 60.3 786.1 15.1 783.0 62.4 787.6 6.5 781.6 67.3

784.7 11.5 785.6 10.3
783.5 11.5 782.3 13.4
782.6 11.5 781.0 14.4
777.9 12.8 779.0 14.4

776.7 8.3
c(CH)1a S26[27] + S34[22] + S31[16] A 767.8 5.7 772.5 5.6 771.9 13.5 769.8 4.9 769.8 4.9

771.4 7.9
m(CC)1a S22[21] + S14[18] + S26[15] A 748.2 2.1 752.7 4.3 752.7 4.3 751.6 3.3 751.1. 5.6

750.4 2.3
das(CAC@C) S68[32] + S61[15] B 729.6 6.5 734.6 1.0 731.9 5.3 731.7 2.2 730.4 6.2

(continued on next page)
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731.3 4.3 730.5 2.3
728.7 1.7

c(CH)1b S62[60] + S69[34] B 692.5 83.1 701.7 13.0 698.5 87.4 697.6 38.8 696.6 106.2
699.0 25.6 696.9 39.7
697.3 48.8 694.5 26.7

s(Ph)1a S34[68] + S26[44] A 691.6 16.4 695.1 17.2 695.1 17.2 693.0 12.3 693.0 12.3
s(Ph)1b S69[67] + S61[14] + S68[10] B 681.7 0.8 684.9 2.2 684.9 2.2 683.7 3.1 683.3 4.7

682.4 1.6
d(Ph)3a S23[85] A 620.2 0.01 n.obs. n.obs.
d(Ph)3b S59[87] A 619.3 0.4 618.9 0.3 618.9 0.3 618.8 0.9 618.8 0.9
s(C@C) S33[53] + S34[19] + S31[17] A 564.1 3.7 561.4 2.6 561.4 2.6 560.0 2.9 559.3 4.4

557.9 1.5
d(Ph)2a S22[47] + S20[11] A 516.4 1.5 519.4 1.8 519.4 1.8 518.1 0.9 518.1 0.9
d(Ph)2b S58[52] + S50[14] B 501.6 13.6 502.6 3.3 501.1 6.6 504.7 2.1 501.10 7.7

499.5 3.3 500.9 3.3
497.9 2.3

s(Ph)3b S71[40] + S67[23] + S70[16] B 446.1 10.1 449.4 3.3 449.4 3.3 447.4 2.1 445.3 8.6
446.5 2.5
444.8 1.9
442.0 2.1

s(Ph)2a S35[93] + S36[19] A 405.7 0.1
s(Ph)3a S36[42] + S33[25] A 402.5 0.2
s(Ph)2b S70[83] + S71[15] B 402.3 0.5
ds(CAC@C) S20[25] + S36[23] + S25[18] + S33[11] A 257.0 0.5
was(PhAC) S56[51] + S71[17] + S67[10] B 244.6 2.5
ws(PhAC) S37[59] + S20[25] + S25[10] A 156.2 0.04
cas(PhAC) S67[32] + S71[20] + S66[17] + S61[14] B 153.7 0.8
cs(PhAC) S31[43] + S33[25] + S25[17] A 74.7 0.05
sas(CAC) S72[100] B 31.6 0.01
ss(CAC) S37[46] + S25[39] + S20[12] A 29.2 0.001

a See Table S1 (Supporting Information) for definition of symmetry coordinates; m, stretching; d, in-plane bending; w, wagging; c, out-of-plane bending; s, torsion; s,
symmetric; as, asymmetric; Ph, phenyl; n.obs., not observed; calculated wavenumbers (cm�1) were scaled by 0.978; calculated infrared intensities in km mol�1; PED’s
smaller than 10% are not given;

b Observed absorbances were normalized so that the total infrared intensity of the experimental bands (excluding those of the CH stretching bands) equals the corre-
sponding calculated intensity (for experimental CH stretchings intensities, the same normalizing factor obtained was applied); the gravity centre (gc) of a given band was
calculated as the intensity averaged mean wavenumber for the band components ascribed to a given vibration.
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These new bands could be easily evidenced upon annealing of the
irradiated matrices to higher temperatures, since they reduce inten-
sity till disapearance in favor of the features due to TS.

Figs. 3 and 4 show the difference spectra (in argon and in xenon
matrices, respectively) resulting from subtracting to the spectra
obtained immediately after irradiation of the matrices the spectra
after annealing of the irradiated matrices. As shown in Figs. 3 and
4, the species produced after irradiation that convert into TS upon
annealing of the matrices has an IR spectrum compatible with the
suggestion of Kar et al. [53], which assigned it to a non-planar form
of TS. In order to characterize structurally in more detail this non-
planar TS form, the IR spectrum of TS was calculated (at the B3LYP/
6-311++G(d,p)) as a function of the lowest energy C–phenyl sym-
metric torsional vibration [ss(CAC)]. In TS-type structures, this
vibration corresponds to a well-localized vibration (see Table 1)
so that calculation of the vibrational spectrum for different values
of the torsional coordinate are meaningful (forces along other
coordinates are null for a full relaxed structure along the torsional
coordinate). Non-planar structures where only one of the phenyl
groups were moved out of the molecular plane were also consid-
ered in these calculations. The calculated spectra were then com-
pared with the observed ones using standard chemometric
methods, as described in detail in the next section. Among all the
investigated structures, the one where the two phenyl groups are
placed out of the plane of the ethylene moiety by 30� (designated
here as 30–30) gives the best fits to the experimental data. In Figs. 3
and 4, the calculated spectrum of this non-planar TS form is
compared with the experimental results. A simulated difference
spectrum (non-planar TS minus planar TS) is also shown in these
figures to make the comparison between the experimental and cal-
culated spectra easier. As it can be seen, the reproduction by the
theoretical calculations of the experimentrally observed spectrum
of the non-planar TS form is excellent. Table 3 shows the complete
Please cite this article in press as: O. Ünsalan et al., Trans- and cis-stilbene iso
Molecular and Biomolecular Spectroscopy (2013), http://dx.doi.org/10.1016/j.s
assignment of the spectra of the non-planar TS in both argon and
xenon matrices.

Chemometrics similarity analyses for identification of the non-planar
TS form

The determination of the most probable geometry of the non-
planar TS form experimentally observed upon UV-induced isomer-
ization of matrix-isolated CS was based in a series of comparisons
between the calculated spectra for different non-planar configura-
tions of the molecule and the experimental spectra. As references,
either the spectra of CS and planar TS were used.

A first, simpler comparison was made by calculating the dis-
tances (d) between vectors built from absolute wavenumbers (m),
absolute intensities (I) and wavenumber shifts in relation to the
reference CS or planar TS structure for all vibrations whose exper-
imental bands allowed reliable wavenumber and intensity
determinations:

da ¼
X ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðmcal � mexpÞ2 þ ðIcal � IexpÞ2 þ ½ðma � mÞcal � ðma � mÞexp�
2

q� �
;

where a ¼ CS or planar TS ð1Þ

The results are shown in Table 4, where it can be seen that
among all structures considered the one where the two phenyl
groups are placed out of the plane of the ethylene moiety by
30� (of C2 symmetry, according to the deformations correspond-
ing to the lowest energy vibration, ss(CAC)) gives the best fits
to the experimental data, both when the reference structure is
CS or planar TS.

The same information was then used in a principal component
analysis. The obtained results are depicted in Figs. 5 and 6, where
graphs of PC2 vs. PC1 are shown to reveal the proximity of the
different structures in relation to the chosen reference structure
lated in cryogenic argon and xenon matrices, Spectrochimica Acta Part A:
aa.2013.10.050
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Fig. 3. From top to bottom: B3LYP/6-311++G(d,p) calculated infrared spectrum
(1650–450 cm�1 range) of non-planar trans-stilbene (30–30 conformation); infra-
red difference spectrum (spectrum of the irradiated matrix minus spectrum of the
irradiated and annealed matrix) obtained in argon; simulated non-planar TS minus
planar TS difference IR spectrum; calculated infrared spectrum of trans-stilbene. In
the calculated spectra, wavenumbers were scaled by 0.978; the bands were
simulated using Lorentzian functions with full widths at half-maximum-height
(fwhm) of 2 cm�1 centered at the scaled wavenumbers.
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Fig. 4. From top to bottom: B3LYP/6-311++G(d,p) calculated infrared spectrum
(1650–450 cm�1 range) of nonplanar trans-stilbene (30–30 conformation); infrared
difference spectrum (spectrum of the irradiated matrix minus spectrum of the
irradiated and annealed matrix) obtained in xenon; simulated non-planar TS minus
planar TS difference IR spectrum; calculated infrared spectrum of trans-stilbene. In
the calculated spectra, wavenumbers were scaled by 0.978; the bands were
simulated using Lorentzian functions with full widths at half-maximumheight
(fwhm) of 2 cm�1 centered at the scaled wavenumbers.
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(CS or planar-TS) in what concerns to wavenumbers, intensities,
wavenumber shifts (Fig. 6), or to all these descriptors simulta-
neously (Fig. 5). In all cases the 30–30 structure appears as the
nearest non-planar TS structure compared to the reference exper-
imental data. Very interestingly, in all graphs it is clear that
among those structures with equal values of the two dihedral
angles about the C–Phenyl bonds (i.e., the structures appearing
along the lowest energy ss(CAC) vibration; connected by the lines
Please cite this article in press as: O. Ünsalan et al., Trans- and cis-stilbene iso
Molecular and Biomolecular Spectroscopy (2013), http://dx.doi.org/10.1016/j.s
in Figs. 5 and 6), those where the dihedral angles are smaller
than 30� and those where the dihedrals are larger than 30� di-
verge towards different directions in the plots from the position
of the best 30–30 structure. This is a clear indication of the sin-
gular nature of the 30–30 structure in relation to the observed
non-planar TS species from a similarity point of view, and can
be considered an additional piece of information sustaining the
assignment of the 30–30 structure to the experimentally ob-
served one.
lated in cryogenic argon and xenon matrices, Spectrochimica Acta Part A:
aa.2013.10.050
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Table 3
Observed (argon matrix; 15 K; xenon matrix; 15 K) and calculated (B3LYP/6-311++G(d,p)) IR spectra and potential energy distribution of the normal modes (PED,%) for trans-
stilbene (non-planar; C2). a.

Approximate description PED Symmetry Calculated Observed (Ar) b Observed (Xe) b

m I m I m I

m(CH)1a S2[86] A 3119.8 0.04 n.obs. n.obs.
m(CH)1b S38[85] B 3119.6 38.0 3117.4 2.3 n.obs.
m(CH)3b S40[70] + S39[24] B 3110.2 41.7 3092.3 4.3 3086.4 10.2
m(CH)3a S4[69] + S3[23] A 3110.1 13.1
m(CH)5a S6[78] + S3[12] A 3103.3 1.3 n.obs. n.obs.
m(CH)5b S42[78] + S39[11] + S38[10] B 3103.1 16.7 3081.7 4.9 3065.1 16.9
m(CH)2b S39[46] + S40[28] + S41[18] B 3093.6 0.2 n.obs. n.obs.
m(CH)2a S3[48] + S4[30] + S5[16] A 3093.4 0.01 n.obs. n.obs.
m(CH)4a S5[76] + S3[16] A 3088.1 0.2 n.obs. n.obs.
m(CH)4b S41[73] + S39[19] B 3088.0 15.0 3041.4 5.6 3033.4 18.1
mas(@CH) S43[98] B 3069.3 27.9 3029.2 3.7 3018.5 11.3
ms(@CH) S7[99] A 3061.5 0.1 n.obs. n.obs.
m(C@C) S1[59] + S24[20] A 1644.5 0.02 n.obs. n.obs.
m(CC)3b S46[66] + S53[21] + S58[10] B 1605.0 22.0 1604.0 15.0 1601.0 16.8
m(CC)3a S10[65] + S17[21] + S22[10] A 1599.7 0.0 n.obs. n.obs.
m(CC)4b S47[67] + S52[17] B 1577.6 1.7 1581.5 1.4 1576.2 3.0
m(CC)4a S11[64] + S16[18] A 1574.4 0.5 n.obs. n.obs.
d(CH)4b S54[59] + S49[33] B 1493.4 28.1 1498.6 14.7 1498.8 15.6
d(CH)4a S18[62] + S13[33] A 1487.1 0.05 n.obs. n.obs.
d(CH)5b S48[26] + S55[24] + S52[15] + S51[14] B 1446.6 6.8 1447.0 10.1 1455.7 11.0
d(CH)5a S19[26] + S12[22] + S15[17] + S16[12] + S9[11] A 1441.6 2.1 1436.7 2.6 n.obs.
d(CH)1b S51[63] + S60[24] B 1332.5 0.5 n.obs. n.obs.
d(CH)1a S15[71] + S9[19] A 1325.9 0.2 n.obs. n.obs.
m(CC)2b S45[70] + S51[12] + S60[12] B 1318.7 1.5 1306.0 2.5 n.obs.
ds(@CH) S24[50] + S9[28] + S1[15] A 1310.5 0.01 n.obs. n.obs.
m(CC)2a S9[29] + S24[16] + S12[16] + S25[11] A 1294.4 0.001 n.obs. n.obs.
mas(CAC) S50[37] + S54[10] B 1261.6 1.2 1272.4 2.0 1275.3 2.2
das(@CH) S60[47] + S50[11] B 1208.4 1.2 n.obs. n.obs.
ms(CAC) S14[27] + S8[13] + S21[12] + S18[11] A 1186.5 0.003 n.obs. n.obs.
d(CH)3b S53[76] + S46[22] B 1175.4 0.2 n.obs. n.obs.
d(CH)3a S17[72] + S10[20] A 1175.1 0.1 n.obs. n.obs.
d(CH)2a S16[43] + S19[38] + S9[11] A 1155.6 0.0 n.obs. n.obs.
d(CH)2b S52[41] + S55[40] + S45[11] B 1155.5 0.1 1141.4 0.9 n.obs.
m(CC)5a S12[46] + S19[24] + S16[16] A 1078.4 2.2 1078.3 4.9 1072.7 5.2
m(CC)5b S48[53] + S55[22] + S52[16] B 1075.7 7.9 1074.6 7.9 1067.3 5.5
m(CC)6b S49[52] + S54[23] + S44[18] B 1025.8 8.6 1032.6 5.7 1032.6 7.7
m(CC)6a S13[50] + S18[22] + S8[19] A 1024.9 0.05 n.obs. n.obs.
d(Ph)1a S21[59] + S8[37] A 992.2 1.3 983.2 6.8 980.1 13.6
d(Ph)1b S57[64] + S44[35] B 992.2 0.05 n.obs. n.obs.
c(CH)5a S30[100] A 977.9 4.7 968.3 6.3 962.1 11.5
c(CH)5b S66[100] B 975.8 0.02 n.obs. n.obs.
cs(@CH) S32[81] + S29[13] A 961.8 29.7 955.2 23.7 954.2 24.4
c(CH)4a S29[100] A 960.5 3.8 n.obs. n.obs.
c(CH)4b S65[100] B 960.4 0.05 n.obs. n.obs.
c(CH)2b S63[74] + S68[15] + S67[11] B 912.8 3.3 913.4 3.4 912.2 6.2
c(CH)2a S27[76] A 910.5 1.7 n.obs. n.obs.
m(CC)1a S25[25] + S8[17] + S27[14] + S14[10] + S21[10] A 859.8 0.6 860.0 2.4 862.0 1.3
cas(@CH) S68[68] + S63[21] B 855.1 3.7 848.2 4.0 840.5 3.9
c(CH)3a S28[99] A 832.2 0.2 n.obs. n.obs.
c(CH)3b S64[94] B 831.8 0.1 n.obs. n.obs.
m(CC)1b S44[28] + S50[26] + S57[16] + S58[12] B 811.8 0.1 n.obs. n.obs.
c(CH)1a S26[42] + S34[29] + S31[18] A 755.2 50.0 760.3 55.4 759.2 45.4
c(CH)1b S62[56] + S69[25] B 735.4 18.5 736.5 23.0 734.1 19.3
s(Ph)1a S34[69] + S26[42] A 690.6 61.6 695.5 55.3 692.8 48.5
s(Ph)1b S69[84] + S62[31] B 688.4 15.8 693.3 24.0 689.8 24.3
s(Ph)2a S22[61] + S25[19] A 639.2 0.8 n.obs. n.obs.
d(Ph)3b S59[86] B 621.2 0.01 n.obs. n.obs.
d(Ph)3a S23[87] A 619.1 0.1 n.obs. 620.3
d(Ph)2b S58[77] + S50[11] B 533.4 15.9 538.4 16.8 537.1 13.2
cs(PhAC) S31[33] + S36[22] + S33[18] + S34[16] A 522.2 14.9 525.4 11.7 523.2 17.8
cas(PhAC) S67[27] + S71[21] + S56[15] + S61[15] B 498.7 5.9 501.9 7.1 497.4 7.8
was(PhAC) S56[37] + S71[23] + S61[14] + S67[10] B 421.9 1.0
s(Ph)2b S70[84] + S71[30] B 404.8 1.3
d(Ph)2a S35[85] + S36[28] A 404.4 0.0
ws(PhAC) S20[37] + S36[27] + S33[19] A 341.3 0.1
s(Ph)3a S36[23] + S14[20] + S22[14] + S25[10] A 253.1 0.1
s(Ph)3b S71[29] + S67[27] + S72[20] + S70[15] B 219.8 1.1
ds(CAC@C) S20[31] + S25[23] A 167.9 0.1
sas(CAC) S72[77] + S56[10] B 124.4 0.02

(continued on next page)
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Table 3 (continued)

Approximate description PED Symmetry Calculated Observed (Ar) b Observed (Xe) b

m I m I m I

das(CAC@C) S61[60] + S56[18] + S67[11] B 61.7 0.2
s(C@C) S33[58] + S31[30] A 54.5 0.5
ss(CAC) S37[100] A 34.9 0.01

a See Table S1 (Supporting Information) for definition of symmetry coordinates; m, stretching; d, in-plane bending; w, wagging; c, out-of-plane bending; s, torsion; s,
symmetric; as, asymmetric; Ph, phenyl; n.obs., not observed; calculated wavenumbers (cm�1) were scaled by 0.978; calculated infrared intensities in km mol�1; PED’s
smaller than 10% are not given;.

b Observed absorbances were normalized so that the total infrared intensity of the experimental bands (excluding those of the CH stretching bands) equals the corre-
sponding calculated intensity (for experimental CH stretchings intensities, the same normalizing factor obtained was applied.

Table 4
Calculated similarity distances (according to Eq. (1)) for calculated and observed non-
planar TS forms in reference to planar TS and CS.

Form a dTS dCS

5–5 220.5 306.4
15–15 211.7 284.3
20–20 181.6 241.7
25–25 170.4 220.8
30–30 164.2 204.3
60–60 228.9 344.4
90–90 201.7 373.8
0–30 179.2 236.0
0–60 184.9 208.6
0–90 215.6 253.4
30–60 201.8 276.7
30–90 197.6 251.8
30–120 188.7 268.7
30–150 210.5 318.8
60–90 181.3 307.2
60–120 201.3 360.5
60–150 191.4 277.8

The bold numbers indicate data for the form (30-30) which is proposed to corre-
spond to the non-planar observed form of trans-stilbene.

a The structures are designated by the values of the two dihedral angles defined
around the two C–Phenyl bonds.
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3.4. Non-planar vs. planar TS

As mentioned in the Introduction, the ground state structure of
TS has been a subject of continuous discussion [33,44]. It is now ac-
cepted that in gas phase the planar geometry is the global mini-
mum energy conformation [40,41], but evidence has also been
presented that non-planar conformations may easily be stabilized
by intermolecular interactions (e.g., in solutions and the pure liquid
TS [50–52]). Even for the isolated molecule, these non-planar
conformations were concluded to be stabilized in relation to the
planar form by zero-point vibrational effects [40], so that the pos-
sibility of existence of a stable non-planar conformation with
energy close to that of the planar structure and a low energy bar-
rier separating these forms appears as a real possibility. Very
unfortunately, theory has produced contradictory results [40,44]
regarding this point, with the obtained data being very much
dependent on the level of theory and basis sets used. Under these
circumstances, experimental evidence gains additional relevance.
The present investigation is a strong indication of the existence
of a second (non-planar) experimentally relevant conformer of
TS, even in gas phase. This conclusion can be extracted based on
the following observations: (a) As shown in the previous sections,
the non-planar TS form can be easily produced upon UV-photolysis
of matrix-isolated CS. According to the relative intensities of bands
in the matrices IR spectra collected immediately after irradiation
ceased, the amount of the non-planar TS form was found to
constitute about 26% of the photoproduced species. The fact that
in the matrix media this non-planar form is a minimum energy
Please cite this article in press as: O. Ünsalan et al., Trans- and cis-stilbene iso
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conformation is clearly shown by the observation that its conver-
sion to the most stable planar TS form requires the temperature
of the matrix to be increased (i.e., there is an energy barrier
separating the two forms, which must be surpassed during the
non-planar TS ? planar TS conversion). (b) On the other hand, a
detailed inspection of the spectra of the as-deposited matrices of
TS shows that bands due to the non-planar TS form can also be
observed in those spectra, thought as a very low intensity features.
Such observation requires that the non-planar TS form does exist
in the gas phase prior to deposition. Note that the amount of the
non-planar form in the as-deposited matrices of TS is only �5%, a
value which would be compatible with a difference of energy
between the non-planar and planar TS forms of ca. 9 kJ mol�1.
However, this energy difference shall indeed be much smaller. In
fact, extensive conformational cooling during deposition of the
matrices can be expected to take place in the present case, since
the very low energy barrier separating the two forms can be easily
overcome at the time of landing of the TS molecules (carried on the
high temperature gaseous beam) onto the cold substrate of the
cryostat. Conformational cooling during cryogenic matrices depo-
sition is a common phenomenon and has been addressed in detail,
for instance, in Ref. [62].

The conditions used to populate the non-planar TS form in the
present experiments (in situ photoisomerization of matrix-isolated
CS) appear to be particularly favorable for the stabilization of this
species. First of all, because the isomerization reaction takes place
under restricted volume conditions and, compared to planar TS,
the molecular volume of the non-planar TS form (the 30–30 form,
as shown above) is more similar to that of CS: the B3LYP/6-
311++G(d,p) calculated spatial extents for CS, non-planar TS and
planar TS are 3225, 4294 and 4327 a.u., respectively (a superposi-
tion of the calculated structures for non-planar and planar TS with
CS yielded a normalized root-mean-square-deviation ratio of
structures similarity of 1:0.92, favoring the non-planar TS form).
Hence, rearrangement of the host matrix atoms defining the pri-
mary CS occupied matrix cages is less energetically demanding
for CS ? non-planar TS than for CS ? planar TS transformation.
Secondly, because the mechanism for UV isomerization of CS into
TS implies mediation of the S1 minimum where the two phenyl
rings are nearly perpendicular to each other [1,5,6,14–20]; hence,
the ground state non-planar form can be reached firstly than the
planar structure. Finally, because of the low work temperature
(15 K), the probability of the non-planar form to survive the energy
relaxation processes following its immediate production in a vibra-
tionally excited state can be expected to be significant, and once
vibrationally relaxed it is kept stable; as observed, a temperature
increase was required to allow overcoming of the energy barrier
separating this form from the most stable TS planar form.

3.5. Natural bond interactions and electronic effects in stilbenes

Since besides the above mentioned zero-point vibrational
effects [40] electronic resonance effects can be expected to be
lated in cryogenic argon and xenon matrices, Spectrochimica Acta Part A:
aa.2013.10.050
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Fig. 5. Principal component analysis, PC2 vs. PC1 graphs, showing the relative similarities of the calculated non-planar TS structures compared to experimental data for the
observed non-planar TS form, using as reference the planar TS form (top panel) or CS (bottom). Data used in the analysis were absolute wavenumbers, absolute intensities and
wavenumber shifts for all vibrations whose bands allow doubtless measurement of both wavenumber position and intensity (for multiplet-like observed bands, band gravity
centers were used; see Tables 1 and 2). The structures are designated in the legend of the figure by the values of the two dihedral angles defined around the two C–Phenyl
bonds; those with equal values of the two dihedral angles occur along the lowest energy ss(CAC) coordinate and are connected by a line in the figure.

O. Ünsalan et al. / Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy xxx (2013) xxx–xxx 11
essential in determining the relative energies and properties of the
different structures of stilbene, an analysis of the electronic struc-
tures of CS and both planar and non-planar conformers of TS was
carried out, by examining the orbital interactions in the different
molecules with help of the natural bond orbital (NBO) method
[58,59]. According to the calculations, the most relevant NBO inter-
actions for the different molecules are listed in Table 5. Orbital
interaction energies, E(2), between filled (donor) and empty
(acceptor) NBOs are obtained from the second-order perturbation
approach [59],

Eð2Þ ¼ DEij ¼ qiF
2
ij=ðej � eiÞ ð2Þ

where F2
ij is the Fock matrix element between the i and j NBO orbi-

tals; ej and ei are the energies of the acceptor and donor NBOs; and
qi is the occupancy of the donor orbital. In Table 5, NBO interactions
of types A to F (together with the equivalent ones involving the
second phenyl ring) are related with the mesomerism within the
phenyl rings, while interactions G and H express the electron dona-
tions from the ring to the central double bond and vice versa, which
describe the conjugation involving the phenyl ring and the
ethylenic bond. The sums of interactions A to F amount to 503.9,
495.8 and 502.4 kJ mol�1 (per ring) in CS, non-planar TS and TS,
respectively, and show that the delocalization within the phenyl
rings is, as could be anticipated, slightly more important in the bent
CS and non-planar TS than in the planar TS, while, on the contrary,
the conjugation between the phenyl rings and the central ethylenic
bond follows the order: planar TS > non-planar TS > CS (as
Please cite this article in press as: O. Ünsalan et al., Trans- and cis-stilbene iso
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expressed by the sums of G and H type NBO interactions of 117.2,
93.6 and 72.6 kJ mol�1, respectively; see Table 5). It is also interest-
ing to note that the phenyl rings appear as effective charge donors
to the ethylenic moiety, since in all cases the type-G NBO interac-
tion (which transfers electron charge from the phenyl ring to the
ethylenic fragment) is more important than type-H NBO interaction
(which produces the opposite effect).

A simple approximate estimation of the resonance energies
within the phenyl rings in the stilbene molecules and those associ-
ated with the ring/ethylenic conjugation in these molecules can
also be made, assuming that the sum of the NBO interaction ener-
gies describing resonance effects in TS (shown in Table 5) are
roughly proportional to the experimentally determined resonance
energy for this molecule. The resonance energy for TS was deter-
mined from thermochemical data as being �394.6 kJ mol�1 [63].
A scaling factor of 3.1 is then obtained as the ratio between the
total NBO interaction energy for TS and the experimental reso-
nance energy. By applying this scale factor to the remaining calcu-
lated NBO interaction energies expressing the different fractional
resonance effects, the following values for the resonance energies
within each phenyl ring and associated with the ring/ethylenic
conjugation in CS, TS and non-planar TS can be obtained: �163,
�160 and �162 kJ mol�1, and �23, �38 and �30 kJ mol�1, respec-
tively. The first set of values are all slightly smaller than the exper-
imental resonance energy for benzene (�175 kJ mol�1 [64]), and
can be explained by the competitive delocalization effect due to
the conjugation between the phenyl rings and the ethylenic moiety
in the stilbenes. On the other hand, the ring/ethylenic resonance
lated in cryogenic argon and xenon matrices, Spectrochimica Acta Part A:
aa.2013.10.050
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energy is estimated by this way as being slightly smaller in CS than
in butadiene (�27 kJ mol�1 [64]), but somewhat larger than in this
molecule in case of the TS structures (in particular for planar TS, as
it could be anticipated).
4. Conclusions

Monomers of cis- (CS) and trans-stilbene (TS) (planar and non-
planar structures) isomers were isolated in cryogenic inert gas
matrices (Ar and Xe). The identification/characterization of these
species was done by IR spectroscopy and extensive theoretical
calculations undertaken at the DFT(B3LYP)/6-311++G(d,p) level of
Please cite this article in press as: O. Ünsalan et al., Trans- and cis-stilbene iso
Molecular and Biomolecular Spectroscopy (2013), http://dx.doi.org/10.1016/j.s
approximation. Full assignment of the infrared spectra of the stilb-
enes in argon and xenon matrices was undertaken.

In situ broadband UV irradiation of the matrix-isolated CS led to
its isomerization to TS, which appeared in the photolysed matrices
in both non-planar and planar configurations. The non-planar spe-
cies was found to convert into the more stable planar form upon
subsequent annealing of the matrices at higher temperature. The
structure of the non-planar TS form was assigned based on the
comparison of its observed IR spectrum with those theoretically
predicted for different conformations of TS. Chemometrics was
used to make this assignment. The conditions used to populate
the non-planar TS form in the present experiments (in situ photo-
isomerization of cage confined CS isolated in a cryogenic inert
lated in cryogenic argon and xenon matrices, Spectrochimica Acta Part A:
aa.2013.10.050
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Table 5
Stabilization energies for selected NBO pairs as given by second-order perturbation theory analysis of the Fock matrix in the NBO basis for CS, TS and non-planar TS (30–30) form,
obtained from the B3LYP/6-311++G(d,p) calculations. a

Pair name Donor NBO Acceptor NBO �E(2)/kJ mol�1

CS TS Non-planar TS (30–30)

A p(C1AC2) p�(C3AC4) 87.3 87.8 88.6
B p(C1AC2) p� (C5AC6) 81.5 78.8 80.0
C p(C3AC4) p� (C1AC2) 84.2 83.0 83.3
D p(C3AC4) p� (C5AC6) 82.4 83.1 84.2
E p(C5AC6) p� (C1AC2) 83.7 81.6 83.4
F p(C5AC6) p� (C3AC4) 84.8 81.3 82.6
G p(C1AC2) p� (C12AC14) 40.3 63.4 49.9
H p(C12AC14) p� (C1AC2) 32.3 53.8 43.7

a See atom numbering in Scheme 1. Values only presented for half of the molecule; equal stabilization energies result for the symmetrically equivalent second half of the
molecule.
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matrix) appeared to be particularly favorable for the stabilization
and experimental characterization of this species. Observation of
the non-planar TS form in the as-deposited matrices of TS allowed
also concluding on the experimental relevance of this species in
the gas phase.

Aditional reasoning on the structure of the studied stilbenes, in
particular related with electronic conjugation on CS, TS and non-
planar TS, was also presented, taking as basis results of the Natural
Bond Orbital analysis and available data on resonance energies for
the relevant systems.
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