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The UV absorbance spectra of trans-stilbene ((E)-1,2-diphenylethene, DPE) and (E,E")-1,4-diphenyl-1,3-butadiene
(DPB) are investigated by Synchrotron Radiation Linear Dichroism (SRLD) spectroscopy using stretched poly-
ethylene as an anisotropic solvent. The investigation covers the range 58,000-25,000 cm™ (172-400 nm). The
observed polarization data provide information on the transition moment directions of the observed spectral
features. The wavenumbers, intensities, and polarization directions of the observed spectral bands are compared
with the results of quantum chemical calculations using the semiempirical all-valence-electrons method LCOAO

and Time-Dependent Density Functional Theory (TD-DFT) with the functional CAM-B3LYP.

1. Introduction

The  photochemical and  photophysical properties  of
a,0-diphenylpolyenes have been studied for decades [1,2]. The consid-
erable interest in the photochemistry (E/Z photoisomerization) of these
compounds may be attributed to their similarity to biologically impor-
tant chromophores such as visual pigments (retinal) and carotenes [3].
Much effort has been devoted to studies of the two lowest excited
electronic states, which in some environments appear to be nearly
degenerate [4]. For recent investigations and entries to the literature,
see Refs. [4-7].

In the present publication we report the results of a study of the
electronic states of trans-stilbene ((E)—1,2-diphenylethene, DPE) and (E,
E)—1,4-diphenyl-1,3-butadiene (DPB) (Scheme 1), the first two mem-
bers of the o,w-diphenylpolyene series. Their absorbance spectra are
investigated by UV Synchrotron Radiation Linear Dichroism (SRLD)
spectroscopy on molecular samples aligned in stretched polyethylene
(PE). With synchrotron radiation [8,9] the investigated spectral range
can be extended to about 58,000 c¢m™! (172 nm). The measured LD yields
information on the polarization directions of the observed transitions
[10-15].

The experimental energies, intensities, and polarization directions
are compared with the results of theoretical calculations using the Linear
Combination of Orthogonalized Atomic Orbitals (LCOAO) model [16,

* Corresponding author.
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17] and Time-Dependent Density Functional Theory (TD-DFT) [18-21]
with the functional CAM-B3LYP [22]. The semiempirical
all-valence-electrons LCOAO procedure was specifically developed for
prediction of the electronic absorption and MCD [23] spectra of conju-
gated hydrocarbons [16,17] and is recommended for large © systems
[18]. In a recent investigation [24], the combined results of LCOAO and
TD-CAM-B3LYP calculations provided an adequate description of the
related chromophore 1,4-distyrylbenzene (DSB, Scheme 1).

Additional information is provided as Supplementary data, referred
to in the ensuing text as S1 - S12.

2. Experimental
2.1. Sample preparation

The hydrocarbons DPE [CAS 103-30-0] (97%) and DPB [CAS
538-81-8] (98%) were purchased from BDH Chemicals and Sigma-
Aldrich, respectively. The spectroscopic purity of the substances was
checked by comparison with reference spectra available online [25].
Low-density polyethylene (PE) was obtained from Hinnum Plast,
Denmark, as pure 100 pm sheet material. PE samples with DPE and DPB
for LD spectroscopy were produced in the following way: A piece of the
PE sheet was submerged into a saturated solution of the hydrocarbon in
chloroform (Merck Uvasol) at room temperature for several days.
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Scheme 1. (E)—1,2-diphenylethene (trans-stilbene, DPE), (E,E’)—1,4-diphenyl-
1,3-butadiene (DPB), and 1,4-distyrylbenzene (DSB).

Subsequently, the chloroform was allowed to evaporate from the doped
sample, and crystalline deposits on the surface were removed with
methanol (Merck Uvasol). The PE sheet sample was finally uniaxially
stretched by ca. 500%. Samples without solutes were prepared in the
same manner for use as references. Further details on stretched PE
samples can be found in the literature [10-15].

2.2. Linear dichroism (LD) spectroscopy

Synchrotron Radiation Linear Dichroism (SRLD) spectra of DPE and
DPB were measured in the range 58,000-27,800 em™! (172-360 nm) on
the CD1 beamline [8,9] at the storage ring ASTRID at the Centre for
Storage Ring Facilities (ISA). The LD spectrum of DPB in the region
33,300-25,000 em! (300-400 nm) was recorded on a UV-2101 PC
Shimadzu spectrophotometer equipped with rotatable Glan-Taylor
prism polarizers in both sample and reference beams. Two absorbance
curves were recorded at room temperature with the electric vector of the
sample beam parallel (U) and perpendicular (V) to the stretching di-
rection of the PE sample. The observed baseline-corrected LD absor-
bance curves Ey(v) and Ey(v) are shown in Figs. 1 and 2; the curve
3Eis0(V) = Ey(V) + 2Ey(v) is three times the absorbance that would have
been measured in an isotropic experiment on the same sample [10,11].
Wavenumbers and relative intensities of the main band systems A, B, C,
and D for DPE and DPB are listed in Tables 1 and 2. A version of the
observed spectra with indication of all peak wavenumbers and absor-
bances is provided in S1.

3. Calculational details

The electronic transitions of DPE and DPB were computed with the
semiempirical all-valence-electrons method LCOAO [16,17] and with
TD-DFT using the functional CAM-B3LYP [22]. The LCOAO calculations
were performed with the computer program published in Ref. [26], the
CAM-B3LYP calculations with the Gaussian 16 software package [27].

The LCOAO calculations included interaction between all singly
excited singlet configurations generated by promotion of an electron
from occupied = to unoccupied n* molecular orbitals (MOs), comprising
49 and 64 n-n*configurations for DPE and DPB, respectively. In addition
to transition energies, intensities, and polarization directions, these
calculations provided predictions of MCD B-terms [17,23] for the
computed electronic transitions. The input geometries for the LCOAO
calculations were taken as those optimized in the gas phase under the
assumption of planar Cy, molecular symmetries with the B3LYP [28,29]
density functional and the basis set cc-pVTZ [30,31], corresponding to
the geometry adopted for DPB in a previous study [32]. The main
transitions obtained with LCOAO are listed in Tables 1 and 2, complete
listings of all LCOAO results are provided as S4 - S7.
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CAM-B3LYP and TD-CAM-B3LYP calculations were carried out with
the basis sets cc-pVTZ and AUG-cc-pVTZ (that is, without and with
diffuse functions) [30,31]. The isotropic influence of the solvent was
approximated by the Polarizable Continuum Model IEFPCM [33-36]
using solvent = n-hexadecane [27]. Ground state Cy, molecular geom-
etries were optimized with CAM-B3LYP with the respective basis sets,
representing dispersion effects by the model by Grimme [37] (empiri-
caldispersion = gd3bj [27]). Frequency analyses (59,5S10) indicate that
the molecular equilibrium geometries may deviate slightly from
planarity. The stretched PE medium is known to exhibit a marked pla-
narization effect for this class of molecules [38-41] and in the following,
the DPE and DPB chromophores are described under the assumption of
planar Cyy molecular symmetry. The TD-CAM-B3LYP calculations
considered vertical transitions to the lowest 70 and 100 excited singlet
states for DPE and DPB, respectively. Complete listings of all transitions
computed with TD-CAM-B3LYP/AUG-cc-pVTZ are provided as S11 and
S12.

4. Results and discussion
4.1. Linear dichroism: orientation factors and polarization directions

The observed LD absorption curves Ey(v) and Ey (V) are shown in
Figs. 1 and 2 (top). For a uniaxial sample the curves can be written as
[10-15]

Ey(v) = ZKK'A:’(D) ™

E@) =Y 50 -K)A®)

i

The sum is over all transitions i contributing to the observed spectrum,
A;(D) is the absorbance due to the i’th transition, and K; = (cos?(M;, U))
is the orientation factor for this transition. Here (M;, U) is the angle of
the dipole moment vector M; of transition i with the polymer stretching
direction U [10-15]. The pointed brackets indicate the average over all
solute molecules in the light path. A large orientation factor indicates
that the transition moment is efficiently aligned with the stretching di-
rection, and vice versa. We estimate the K; values by considering the
‘reduced’ absorbance curves rx(v) = (1 —K)Ey(v) — 2KEy(v) [12]. The
contribution from transition i vanishes from the linear combination r¢(v)
for K = K;. If a spectral feature due to transition i can be identified in
both Ey(v) and Ey(v), the K; value may thus be determined by visual
inspection [12]. Families of curves r¢(v) for DPE and DPB with K ranging
between the limits 0 and 1 are shown in Figs. 1 and 2 (bottom). The
orientation factors K for the observed absorbance bands are listed in
Tables 1 and 2.

According to the Cy, molecular point group, dipole allowed transi-
tions in DPE and DPB are either polarized along the molecular C,
symmetry axis z or in the molecular x,y plane. We shall assume that the
observed absorbance is primarily due to n—=n* transitions and thus
polarized in the molecular plane (this assumption is supported by the
calculated results (S6,57,511,512)). But infinite moment directions are
possible for in-plane polarized transitions. We thus need to determine
the angles ¢; formed by the moments of the observed transitions i with a
specific, well-defined axis in the molecular plane. This axis is tradi-
tionally chosen as the “orientation axis” [10,11], the molecular axis x
corresponding to the largest value of the average cosine squared, (cos?(x,
U)) = Ky, also called the “long axis” of the molecule. We shall assume
that the orientation axes for DPE and DPB correspond to the longest
molecular dimensions [32,43] as indicated in Scheme 2. The in-plane
“short axis” y perpendicular to x corresponds to the lowest average
cosine squared among directions in the plane, (cos?(y, U)) = K, [10,11].
The C, symmetry axis z is perpendicular to x and y, and we have K, +
Ky 4+ K; = 1. For a transition i polarized in the molecular x,y plane, the
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Fig. 1. Top: Linear Dichroism (LD) absorbance curves for DPE in stretched polyethylene. Ey and Ey indicate the absorbance curves measured with the stretching
direction U parallel and perpendicular to the electric vector of the radiation. 3Ejso = Ey + 2Ey is three times the absorbance that would have been measured in an
isotropic experiment on the same sample. Bottom: Family of reduced absorbance curves rx = (1 —K)Ey — 2KEy with K varying from 0 to 1 in steps of 0.1.

following relation holds [10]:

|p;| = tan”! (K — Ki)/(Ki - K\) (2)
Provided the orientation factors K, and K, for the in-plane axes x and y
can be derived, the numerical values of the individual transition
moment angles ¢; can thus be estimated from the observed K; values.

4.1.1. Transition moment angles for DPE

Tanizaki et al. [42], Uznanski et al. [43], and Gudipati et al. [44]
have previously performed polarization spectroscopic investigations of
the electronic transitions of DPE. An investigation of the 4,4"-dimethyl
derivative was carried out by Yogev and Margulies [45]. Tanizaki et al.
[42] investigated the LD of the bands A and B in the near UV region

using samples of DPE aligned in stretched poly(vinyl alcohol) (PVA).
Gudipati et al. [44] performed photo-selection experiments with syn-
chrotron radiation on matrix-isolated DPE, including also the higher
bands C and D. Uznanski et al. [43] considered the bands A and B for
DPE aligned in stretched PE, applying an approach similar to the one
used in the present study.

On the basis of a careful analysis of UV and IR polarization data
Uznanski et al. [43] determined the orientation factors (Ky,Ky,K;) =
(0.70, 0.17, 0.13) for the three molecular axes of DPE partially aligned
in stretched PE (adopting the present labeling of the axes). They found
that the first strong band A is polarized along the orientation axis x,
yielding Ky = Ka = 0.70. In the present experiment we
obtain K4 = 0.73 (Fig. 1), and we shall assume a slightly more efficient
molecular alignment in the present PE sample, corresponding to (Ky,Ky,
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Fig. 2. Top: Linear Dichroism (LD) absorbance curves for DPB in stretched polyethylene. Ey and Ey indicate the absorbance curves measured with the stretching
direction U parallel and perpendicular to the electric vector of the radiation. 3Ejso = Ey + 2Ey is three times the absorbance that would have been measured in an
isotropic experiment on the same sample. Bottom: Family of reduced absorbance curves rx = (1 —K)Ey — 2KEy with K varying from O to 1 in steps of 0.1.

K;) = (0.73, 0.15, 0.12). The moment angles |¢;| estimated from Eq.
(2) with K, = 0.73 and K, = 0.15 are listed in Table 1. With Kz = 0.40
we derive |¢p| = 49. This is in close agreement with the result of
Uznanski et al. [43]. Tanizaki et al. [42] and Gudipati et al. [44] ob-
tained similar results for band A, but derived a somewhat larger moment
angle for band B, |¢5| ~65°.

With K¢ close to 0.7 we have |¢¢| ~0° for band C, indicating an
essentially long axis-polarized transition. The |¢.| value derived by
Gudipati et al. was close to 21° [44]. The peak D in the vacuum UV
region has a K value around 0.2, suggesting predominantly short
axis-polarized absorbance, in reasonable consistency with the results of
Gudipati et al. [44]. These authors observed an additional band E to-
wards higher wavenumbers, outside the region investigated in the pre-
sent work.

4.1.2. Transition moment angles for DPB

Tanizaki et al. [42] and Kawski and Gryczynski [46,47] investigated
samples of DPB aligned in stretched PVA. Tanizaki et al. investigated the
LD of bands A and B, while Kawski and Gryczynski studied the emission
and absorption anisotropies of band A. Hansen et al. [32] performed an
IR polarization spectroscopic investigation of DPB in a thick sample of
stretched PE. These authors obtained the orientation factors (Ky,Ky,K;)
= (~0.55, ~0.25, 0.17). In the present experiment using a thin PE
sample the molecular alignment is much more efficient, as evidenced by
the large K equal to 0.80 observed for band A (Fig. 2). Similar to pre-
vious workers [42,46,47] we shall assume that band A is polarized along
the molecular orientation axis x, yielding K, = K4 = 0.80. We shall
further assume that the orientation distribution of DPB in the present
stretched PE sample is effectively “rod-like”, K, >K, =K, [10,11],
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Table 1
Observed spectral features and calculated electronic transitions for (E)—1,2-diphenylethene (trans-stilbene, DPE).
Experimental LCOAO
v 350 " K* ] ¢ Term © v f! ¢ B® Leading configurations "

A 32.1 1.34 0.73 0°) 11Bu 31.7 1.37 0°) +0.47 98% [4au—>4bg]
ZlBu 35.9 0.01 +19° -0.49 42% [4au—>5bg], 36% [3au—>4bg]
2'A, 36.0 0 - 0 42% [4a,~5a,], 34% [3bg—4b,]
3'A, 44.3 0 - 0 80% [4a,~6a,], 10% [2bg—4b,]
41, 45.3 0 - 0 50% [2bg—4b,], 26% [3b,—4b,]

B 43.1 0.72 0.40 49° 3!B, 46.7 0.74 +67° +0.56 50% [3a,—4b,], 47% [4a,—5b,]
5'A, 46.8 0 - 0 32% [1bg—5b,], 27% [3by—4bg]

C 49.3 0.88 0.7 0° 41Bu 51.7 0.62 -1° +0.84 41% [Bau—>5bg], 38% [3bg—>5au]
5!B, 54.5 0.03 —24° +0.24 28% [4a,—6b,], 23%[2a,—4bg]
6'A, 54.6 0 - 0 33% [3a,~6a,], 26% [2bg—5b]
6'B, 54.7 0.01 -69° -0.98 26% [4a,—6b,], 18% [3by—6ay]
714, 55.5 0 - 0 41% [3a,~5a,], 38% [3bg—5b,]
8'A, 59.7 0 - 0 48% [2b,—5b,], 41% [3a,~6a,]

D 56.6 1.52 (0.2) (73°) 7B, 60.0 1.07 +70° +6.42 43% [1a,—5bg], 37% [3by—6a,]
8'B, 61.2 0.87 —34° -6.34 60% [2b;—6a,], 11% [2a,~4b,]
9'A, 63.1 0 - 0 49% [3by—5bg], 49% [3a,~5a,]
9'B, 63.1 1073 -52° +0.03 50% [3a,~5bgl, 45% [3bg—5a,]
10'B, 63.3 0.39 -80° -0.43 40% [2a,—4bgl, 27% [2bg—6ay]

2 Peak wavenumber in 1000 cm™.

b 3Eis0 = Ey + 2Ey (Fig. 1, top).

¢ Orientation factor (Section 4.1).

d In-plane transition moment angle (Scheme 2).

€ 18 lowest terms, full listing provided as S6.

f Oscillator strength.

8 MCD B-term in 10°° Be D%/cm™ (Be = Bohr magneton, D = Debye).
" MO surface diagrams are shown in Fig. 5.

Table 2
Observed spectral features and calculated electronic transitions for (E,E’)—1,4-diphenyl-1,3-butadiene (DPB).
Experimental LCOAO
v 350 " K¢ |p| ¢ Term © v ff ¢ B*® Leading configurations "

A 29.9 1.29 0.80 0°) 1'B, 28.7 1.92 0°) +0.32 97% [4bg—5a,]
214, 35.6 0 - 0 36% [4bg—6bg], 30% [3a,~5a,]
2'B, 35.6 3102 +29° -0.30 38% [4bg—6a,], 31% [3bg—5a,]
3la, 39.8 0 - 0 77% [4bg—5bg], 12% [4a,—~5a,]
41, 41.2 0 - 0 80% [4a,—5a,], 13% [4bg—5b,]

B 41.7 0.38 0.3 58° 31Bu 45.3 0.61 +62° +0.50 49% [Bbg—>5au], 46% [4bg—>6au]
51A, 45.3 0 - 0 48% [3a,~5a,], 46% [4bg—6b,]
41B, 48.7 0.05 +31° +0.83 67% [4bg—7ay,], 20% [2b,—5a,]

C 47.8 0.44 0.8 0° 51Bu 50.1 0.21 +9° -0.79 33% [Zbg—>5au], 23%[3bg—>6au]
6'Ag 52.5 0 - 0 21% [4a,—~6a,], 19% [3bg—5by]
6'B, 52.5 21072 +2° +0.09 22% [3ay—5bgl, 22% [4a,—6b,]
71, 53.6 0 - 0 42% [3a,~6a,], 38% [3bg—6b,]
8'A, 56.3 0 - 0 60% [4bg—7b,], 28% [2a,~5ay]
7'B, 56.8 0.34 -44° +2.09 73% [4a,—5b,], 6% [3a,—6b,]

D 54.1 1.00 0.4) (50°) 8'B, 57.6 0.78 -14° +2.57 28% [2bg—5ay], 19% [4by—7ay]
9'A, 58.1 0 - 0 44% [3a,~6a,], 40% [3by—5by]
9'B, 58.6 1.36 +78° -4.27 35% [4a,—6b,], 30% [3a,—5b]
10'A, 63.1 0 - 0 37% [4a,~7a,], 32% [2bg—5b,]

2 peak wavenumber in 1000 cm™.

b 3Es0 = Ey + 2Ey (Fig. 2, top).

¢ Orientation factor (Section 4.1).

d In-plane transition moment angle (Scheme 2).

¢ 18 lowest terms, full listing provided as S7.

f Oscillator strength.

8 MCD B-term in 10~ . D>/cm™ (B, = Bohr magneton, D = Debye).
" MO surface diagrams are shown in Fig. 5.

consistent with the elongated shape of the molecule: (Ky,K,,K;) = (0.80,

0.10, 0.10). The moment angles |¢;| estimated from Eq. (2) with Ky, =
0.80 and K, = 0.10 are listed in Table 2. Like in the case of DPE, the
bands A and C are essentially long axis-polarized, while the polarization
directions of bands B and D deviate significantly from this axis. The
results are consistent with those previously obtained for bands A and B
by Tanizaki et al. [42] and for band A by Kawski and Gryczynski [46,
47].

4.2. Electronic transitions

4.2.1. Calculated transitions

The 18 lowest transitions for DPE and DPB predicted with LCOAO are
listed in Tables 1 and 2, complete listings are provided as S6 and S7. The
transitions obtained with TD-CAM-B3LYP/AUG-cc-pVTZ are provided
as S11 and S12. Convolutions of the predicted transitions were per-
formed by assigning a Gaussian function to each excitation wavenumber
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with an area proportional to the oscillator strength of that transition,
using a constant standard deviation, 6 = 1500 cm™. Results obtained
with LCOAO, TD-CAM-B3LYP/cc-pVTZ, and TD-CAM-B3LYP/AUG-cc-
pVTZ are compared in S2 and S3. In the convolutions shown in Figs. 3
and 4, components corresponding to the absorbance of U- and V-
polarized radiation are indicated. The components were obtained by
multiplication of the oscillator strength by the pertinent orientation
factors according to Eq. (1): K; for U-polarized and 1 /2 (1 — K;)) for
V-polarized radiation. The K; values were derived from the theoretically
predicted moment angles ¢; by using the relation

K; = (K: + Kytan’¢,) /(1 + tan’¢p;) 3)

with (K, Ky) equal to (0.73, 0.15) for DPE and (0.80, 0.10) for DPB.

4.2.2. Assignment of electronic transitions for DPE

The very strong band A has an onset at 30,600 cm™ (327 nm) and a
maximum at 32,100 em™! (312 nm) (Fig. 1, Table 1). The transition must
be assigned to the 1B, state predicted by LCOAO at 31,700 cm ™! (315
nm). It is well described by the HOMO-LUMO excitation, 4a, — 4bg
(Fig. 5), and is polarized along the long axis x (Scheme 2). Similar results
are obtained with TD-CAM-B3LYP (S11).

The next band B with onset at 41,700 cm™! (240 nm) and maximum
at 43,100 em™ (232 nm) can be assigned to the 3B, state computed by
LCOAO at 46,700 cm™! (214 nm). This transition is essentially due to the
promotions 3a, — 4bg and 4a, — 5b; (SHOMO-LUMO and HOMO-
SLUMO). The computed moment angle is ¢ = + 67°, indicating a po-
larization direction deviating significantly from the long axis. The pos-
itive sign agrees with previous predictions [42-44], but the numerical
value obtained with LCOAO is 18° larger than the experimental estimate,
|¢| = 49° (Table 1). The TD-CAM-B3LYP calculation predicts ¢ = +49°
(S11), in excellent agreement with the present experimental evidence.
On the other hand, the LCOAO result ¢ = +67° agrees with the value
|¢| ~ 65° obtained for band B by Gudipati et al. [44].

Band C with maximum at 49,300 cm™! (203 nm) can be assigned to
the 41Bu state predicted by LCOAO at 51,700 cm™? (193 nm) (Table 1).
This transition is primarily due to the promotions 3a, — 5b, and 3b; —
5a,, thus involving the orbitals next to the frontier region (Fig. 5). It is
predicted to be long axis-polarized (¢ = — 1°), in agreement with the
experimental moment angle. Similar results are obtained with TD-CAM-
B3LYP (S11).

The intense band D peaking at 56,600 cm™! (177 nm) in the vacuum
UV region is predominantly short axis-polarized. It is predicted to be due
to several overlapping transitions, such as 71Bu, 81Bu, and 101Bu pre-
dicted by LCOAO with moment angles + 70°, — 34°, and —80° (Table 1).
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The resulting convolutions are shown in Fig. 3 (top). However, calcu-
lation of electronic states in the high-wavenumber region is problematic.
The LCOAO and TD-CAM-B3LYP results differ significantly (Fig. 3), and
those obtained with TD-CAM-B3LYP depend on whether diffuse func-
tions are included in the basis set (S2). With diffuse basis functions,
CAM-B3LYP computes relatively low-energy virtual n-type MOs with
significant non-valence character (S8), thereby complicating the pre-
dicted spectrum in the high-wavenumber region.

As discussed by Improta et al. [48] and Angeli et al. [49], the nature
of the two lowest !B, states of DPE has been a matter of controversy.
LCOAO and TD-CAM-B3LYP predict the 21B, state at 35,900 em! (279
nm) and 39,900 em™! (251 nm), respectively (Tables 1, S11). The
leading configurations are 4a, — 5bg and 3a, — 4bg, similar to the 31,
state giving rise to band B. The 2!B,, and 3'B,, states are essentially minus
and plus combinations of the two configurations, a consequence of the
approximate pairing symmetry [50] of the DPE n-system. Due to the
minus character, transition to the 2'B, state is predicted to be weak
(“parity forbidden”). The analysis of the polarization spectrum of 4,
4'-dimethyl-DPE by Yogev and Margulies [45] indicated a fairly intense,
short axis-polarized feature close to 32,400 cm! (310 nm) which might
be due to the 2!B,, state. But the transition predicted for DPE is essen-
tially long axis-polarized (Tables 1, S11) and it is likely to be buried
under the tail of the strong, long axis-polarized absorbance due to the
1B, state (band A). The transition may possibly be observed directly in
the MCD spectrum of DPE, since positive and negative B-terms are
predicted for 1'B, and 2'B, (Tables 1, S5).

The calculations predict a number of additional ‘B, states, which are
optically weak and not easily observed in the present spectra. The 5'B,
and 6!B, states may provide minor contributions to the absorbance in
the region of band C (Tables 1, S11). LCOAO predicts relatively large
MCD B-terms for these states, and they can possibly be observed by MCD
spectroscopy (Tables 1, S3).

4.2.3. Assignment of electronic transitions for DPB

The intense, long axis-polarized band A with onset at 28,200 cm™
(355 nm) and maximum at 29,900 em™! (334 nm) must be assigned to
the 1B, state predicted by LCOAO at 28,700 cm ™ (348 nm) (Table 2).
This state is well described by the HOMO-LUMO excitation, 4by — 5ay
(Fig. 5), and is polarized along the long axis x (Scheme 2). Similar results
are obtained with TD-CAM-B3LYP (S12).

Band B peaking at 41,700 cm™ (240 nm) can be assigned to the 3!B,
state computed by LCOAO at 45,300 cm™! (221 nm) (Table 2). The
experimental moment angle |¢| = 58° is in good agreement with the
angles predicted by LCOAO (¢ = + 62°) and by TD-CAM-B3LYP (¢ = +
50°) (S12). The computed 3B, state is due primarily to the configura-
tions 3b; — 5a, and 4by — 64y, involving promotions similar to those
describing the corresponding state of DPE (Fig. 5). The calculated
wavenumber of the 3'B,, state seems to be relatively overestimated, for
DPB (Tables 2, S12) as well as for DPE (Tables 1, S11).

Band C with a maximum at 47,800 cm™? (209 nm) is long axis-
polarized, similar to band A. According to LCOAO this band is primar-
ily due to the 51Bu state computed at 50,100 em™ (200 nm) with
oscillator strength f = 0.21 and moment angle ¢ = +9° The 4'B, state at
48,700 cm™! (209 nm) is predicted to provide a minor contribution, f =
0.05 (Table 2). In contrast, the 41Bu and 51Bu states computed with
TD-CAM-B3LYP at 48,600 and 50,800 cm™! (206 and 197 nm) have
similar optical intensities, f = 0.15 and 0.16 (S12), resulting in the
prediction of a more diffuse nature of band C with no well-defined peak
in the convolution (Figs. 4, S3). This result depends on the inclusion of
diffuse functions in the basis set: With the AUG-cc-pVTZ basis, the
calculated 4'B, and 5'B, states involve promotions to virtual orbitals
with large non-valence character, primarily 7a, (S8,512). The spectrum
predicted without inclusion of diffuse functions is more similar to the
one obtained with LCOAO (S3), apparently in better agreement with
experiment. Additional experimental information may be obtained by
MCD spectroscopy, since the B-terms for 4!B, and 5!B, are predicted by
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Fig. 3. Gaussian convolutions of calculated electronic transitions for DPE with indication of components corresponding to the absorbance of U- and V-polarized
radiation (Section 4.2.1).

LCOAO to have different signs (Tables 2, S2).

The vacuum UV region exhibits a strong band D with a maximum at
54,100 em™! (185 nm) (Fig. 2). The estimated experimental moment
direction deviates considerably from the long axis, |¢| ~ 40° The band is
expected to be due to several electronic transitions, such as 7'By, 8'By,
and 9'B, predicted by LCOAO at 56,800, 57,600, and 58,600 cm™! (176,
174, and 171 nm) with moment angles — 44°, — 14°, and +78°
(Table 2). The resulting convolutions are shown in Fig. 4 (top). But as
discussed above for DPE, prediction of electronic transitions in this re-
gion is not straightforward. Different results are obtained with LCOAO
and TD-CAM-B3LYP (Fig. 4), and those with TD-CAM-B3LYP depend on
the inclusion of diffuse functions in the basis set (S3). As for DPE, CAM-
B3LYP/AUG-cc-pVTZ predicts relatively low-energy virtual MOs with
large non-valence character (S8). This leads to the prediction of addi-
tional electronic states, but not to an obvious improvement of agreement
with experiment.

Several additional 1Bu states are calculated, which are weak and not

easily observed in the present spectra. The 4B, state was mentioned
above as a possible contribution to the intensity of band C. The 2'B,
state is predicted by LCOAO (Table 2) to give rise to a weak transition at
35,900 em! (279 nm). TD-CAM-B3LYP (S12) computes this state at
39,600 cm? (253 nm). The predicted transition is nearly long axis-
polarized and it is probably hidden under the tail of the strong absor-
bance due to the 11Bu state (band A). Like in the case of DPE, transition
to the 2!B, state may be observed by MCD spectroscopy, since positive
and negative B-terms are predicted for the 1'B, and 2'B, states. A
relatively large negative B-term is predicted for the optically weak 6'B,
state and it may thus be observed in the MCD spectrum (Tables 2, S5).

5. Concluding remarks
The absorbance spectra of DPE and DPB have obvious similarities,

characterized by four characteristic bands A, B, C, and D in the region
58,000-25,000 cm™? (172-400 nm) with similar polarization directions.
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Oscillator strength
o

Wavenumber (1 0° cm'1)

Fig. 4. Gaussian convolutions of calculated electronic transitions for DPB with indication of components corresponding to the absorbance of U- and V-polarized

radiation (Section 4.2.1).

According to the present results, bands A and C can be characterized as
long axis-polarized, while the moment directions of bands B and D form
considerable angles with this axis.

The observed bands A, B, and C of DPE and their polarization di-
rections are well predicted by calculations using the LCOAO and
TD-CAM-B3LYP models. In the case of DPB, the two procedures provide
similar results for band A and B, but differ in the prediction of band C.
According to LCOAO, this band is predominantly due to one electronic
state, while TD-CAM-B3LYP predicts two states in the region of this
band with similar optical intensity (this prediction depends on the in-
clusion of diffuse functions in the basis set). Both theoretical procedures
tend to compute band B at relatively high wavenumbers, resulting in the
prediction band B and C somewhat too close together. A similar situation
was observed for DSB [24].

The prediction of electronic transitions in the region of band D in the
vacuum UV is difficult. The presently applied theoretical methods differ
in the prediction of individual transitions in this region, but the

convolutions reproduce quite well the overall appearance of the
observed LD spectra.

Several optically allowed transitions are predicted with too low in-
tensity to be observed in the present experimental spectra. The MCD B-
terms predicted by LCOAO suggest that some of them may be observed
by MCD spectroscopy.
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