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Abstract The UV-Vis spectra of series of polymethyl-
methacrylate (PMMA) copolymers with attached trans-
azobenzene derivatives were measured in 1,1,2-trichloroethane.
In order to gain some insight into the recorded spectra, the
quantum chemical calculations were performed for the
substituted azobenzenes using both configuration interaction
with single excitations method (CIS) as well as density
functional theory (DFT) with B3LYP and PBEO functionals.
The calculations were performed in solvent. In particular, we
found that the PBEO excitation energies are in very good
agreement with the experimental data.
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Introduction

Azobenzenes are a group of molecules extensively studied
both experimentally [1-15] as well as theoretically [14—-22].
The interest in this class of compounds is mainly due to the
photoswitching between cis and ¢rans conformers and
applicability in the field of photonics. Polymeric matrices
with photoactive azobenzenes can be used as surface relief
gratings [23], molecular switches or all-optical memories
[7], just to mention only a few of the possible applications.
Azobenzene molecule is known to undergo a photoisom-
erization from trans to cis conformation upon irradiation by
light. The reverse transformation (from cis to frans conform-
er) occurs either thermally or upon irradiation by light. It is
well recognized that substituents can strongly affect the
barrier to trans—cis isomerization [3, 21]. Additionally, the
rate of the process and the barrier to isomerization depend on
the environment (solvent, polymer matrix, liquid crystal, etc.)
[3, 11]. On the other hand, the polarity of the environment
may induce substantial changes of dipole moment, polariz-
ability and first-order hyperpolarizability of azobenzene
derivatives.

The calculation of electronic spectra of large molecules
is a challenging problem. Simultaneously, most of the
advanced methods of the electronic structure theory which
can be used for accurate calculations of the electronic spectra
of large molecules are very demanding computationally. This
can be taken as a rationale for the use of highly simplified
approaches which permit inexpensive calculations for large
molecules. Among these methods, the configuration interac-
tion approach with single excitations only (CIS) and time-
dependent density functional theory (TDDFT) have become
one of the most frequently used [24]. The CIS method is
known to give too high or much too high excitation energies.
A significant improvement can be gained by using correc-
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tions evaluated in the spirit of perturbation methods for
multideterminantal wave functions [25]. This, however,
considerably increases the computing time.

The aim of the present study is twofold. Firstly, we
analyze different methods of calculations of electronic
excitations of series of polymethylmethacrylate (PMMA)
copolymers with attached azobenzene derivatives by
comparing the results with experimental data. Secondly,
we present the results of calculations of the electric dipole
moments and analyze the nature of the experimentally
observed excitations.

Fig. 1 Schematic representation
of investigated PMMA copoly-
mers with azobenzene
derivatives

Experimental methods

The series of polymethylmethacrylate (PMMA) copolymers
with azobenzene derivatives was synthesized by Paul
Raimond (Commissariat a I’Energic Atomique, Saclay,
France). The four investigated copolymers were dissolved
in 1,1,2-trichloroethane (Merck, spectroscopic grade). The
molar concentration of the solutions was 10~ M. The UV-
Vis spectra were measured with the Perkin Elmer Lambda
20 spectrophotometer equipped with the Peltier thermostat
and the external source of light. The samples were irradiated
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Fig. 2 Geometrical structure of azobenzene derivatives optimized in
tetrahydrofuran at the B3LYP/6-311++G(d,p) level of theory.
a Acetic acid 4-phenylazo-phenyl ester; b acetic acid 2-([4-(4-cyano-
phenylazo)-phenyl]ethyl-amino)-ethyl ester; ¢ acetic acid 2 [ethyl
(4-phenylazo-phenyl)-amino]ethyl ester; d acetic acid 2-(ethyl[4-(4-
nitro-phenylazo)-phenyl]-amino]-ethyl ester

with the use of mercury lamp (200W Hg, high pressure) and
the combination of appropriate interference filters (UV power
o= 1.15-10 W/m?, VIS power 1,=7,0-10"¢ W/m?).

Computational details

All quantum-chemical calculations were performed using
the Gaussian 03 suite of programs [26]. The geometrical
parameters of investigated molecules were optimized at the
B3LYP/6-311++G(d,p) level of theory. All stationary points
were confirmed to be minima by the evaluation of Hessian.
The solvent effects were included during geometry opti-
mizations using IEF-PCM method [27-29]. The IEF
(integral equation formalism) version of the PCM solvation
model was proved to be robust and effective [28].
Excitation energies were calculated using TDDFT [30, 31]
with the 6-311++G(d,p) basis set and two functionals,
namely B3LYP and PBEO. Similarly to the geometry
optimizations, in the TDDFT calculations the solvent
effects were taken into account via the IEF-PCM method.
The analysis of the character of the transitions in terms of
occupied and virtual molecular orbitals was performed
using the transition vectors as the solutions of the finite
dimensional time-dependent Kohn-Sham eigenvalue prob-
lem [32-34].

Additionally, excitation energies were computed using
the CIS method. The CIS calculations were performed
using the direct algorithm. Unfortunately, the current
implementation of the CIS(D) method in the Gaussian 03
program does not allow for inclusion of the solvent effects.

Hence, the results of CIS(D) excitation energies are not
presented in this paper.

In order to estimate the polarity of the excited states, the
dipole moment differences between ground and excited
states were calculated by numerical differentiation of the
excitation energies:

_ AE(+F') — AE(—F")
ge 2Fi
where g and e are indices standing for the ground and
excited state, respectively. The index i denotes the Cartesian
component of the dipole moment difference. The electric
field F of strength 0.001 au was used in all calculations.
The numerical stability of Ap calculations was checked by
comparing analytical dipole moments from the ground state
calculations with the values obtained by numerical differ-
entiation of the ground state energy.

The contour surfaces of molecular orbitals were plotted
using Molden program [35].

Results and discussion

The chemical structure of four polymethylmethacrylate
(PMMA) copolymers with attached azobenzene derivatives
(PI-PIV) are presented in Fig. 1. These copolymers were
dissolved in 1,1,2-trichloroethane. In Fig. 2, we present the
azobenzene derivatives that mimic PMMA copolymers
used in all subsequent calculations of excitation energies
and dipole moments, both in the ground as well as excited
states. In our opinion, it is not necessary to include more
polymer units in simulation of Vis spectra, because the
excitations in this spectral range occur in the side chain
(azobenzene moiety). The geometries of azobenzenes

absorbance [arbitrary units]

300 350 400 450 500 550 600
wavelength [nm]

Fig. 3 UV-Vis spectra of investigated PMMA copolymers with

azobenzene derivatives dissolved in 1,1,2-trichloroethane
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Table 1 The UV-Vis excitation energies (AE) and oscillator strengths (f) for the model molecules calculated at the TDDFT/6-311++G(d,p) level

of theory with the inclusion of the solvent effects by the IEF-PCM m

odel

Model molecules AE and f values

S

S>

S3

I

B3LYP AE=482 nm; =0.000 (n—*)
PBEO AE=479 nm; f=0.000 (n—7*)
CIS (Exp.) (440 nm)

I
B3LYP AE=489 nm; f=0.002 (n—7*)
PBEO AE=483 nm; f=0.001 (n—7*)
CIS (Exp.)

I
B3LYP AE=479 nm; =0.000 (n—*)
PBEO AE=475 nm; f=0.000 (n—*)
CIS (Exp.)

v
B3LYP AE=535 nm; f=1.070 (n—7*)
PBEO AE=507 nm; f=0.116 (n—7*)
CIS (Exp.)

AE=357 nm; f=0.998 (m—7*)
AE=346 nm; f=1.026 (m—7*)
279 nm (321 nm)

AE=461 nm; f=1.334 (m—7*)
AE=447 nm; f=1.375 (m—7*)
330 nm (441 nm)

AE=411 nm; f=0.656 (m—7*)
AE=393 nm; f=0.736 (m—7*)
287 nm (412 nm)

AE=523 nm; f=0.002 (n—7*)
AE=504 nm; f=1.068 (m—m*)
314 nm (470 nm)

AE=316 nm; f=0.034 (m—7*)
AE=304 nm; f=0.033 (m—7*)

AE=314 nm; f=0.023 (m—7*)
AE=302 nm; f=0.013 (m—7*)

AE=331 nm; f=0.036 (m—7*)
AE=318 nm; f=0.362 (m—*)

AE=377 nm; f=0.343 (m—7*)
AE=356 nm; f=0.251 (m—7*)

The values from CIS/6-311++G(d,p) calculations are in the last row for a given molecule. The numbers in parentheses are experimental absorption

band maxima.

presented in Fig. 2 were obtained at the B3LYP/6-311++G
(d,p) level of theory with the inclusion of solvent effects
(see Computational details). However, in all calculations,
instead of 1,1,2-trichloroethane we used tetrahydrofuran
(THF). Both 1,1,2-trichloroethane and THF have virtually
the same dielectric constant, but the former is not parame-
trized in the current implementation of the PCM method in
the Gaussian program. Nevertheless, during the geometry
optimization and calculations of electronic spectra only
electrostatic contributions were included.

In Fig. 3, we present the recorded spectra of four
investigated PMMA copolymers substituted with azoben-
zenes and dissolved in 1,1,2-trichloroethane. Similarly to the
unsubstituted azobenzene molecule, all PMMA copolymers
investigated here exhibit a very intense absorption band
associated with m—7* transition. In the case of unsubstituted
azobenzene molecule, the peak of this band is located near
330 nm in heptane [10]. Values of experimental absorption
band maxima for m—7* transitions are presented in Table 1.

Fig. 4 The plots of orbital contour surfaces for molecule I. The
molecular orbitals were calculated at the PBE0/6-311++G(d,p) level of
theory. The upper plot presents contour surface of HOMO and the
lower presents contour surface of LUMO. Shown are the contour
surfaces of orbital amplitude 0.04 (red) and —0.04 (blue)

@ Springer

Fig. 5 The plots of orbital contour surfaces for molecule II. The
molecular orbitals were calculated at the PBE0/6-311++G(d,p) level of
theory. The upper plot presents contour surface of HOMO and the
lower presents contour surface of LUMO. Shown are the contour
surfaces of orbital amplitude 0.04 (red) and —0.04 (blue)
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Fig. 6 The plots of orbital contour surfaces for molecule III. The
molecular orbitals were calculated at the PBE0/6-311++G(d,p) level of
theory. The upper plot presents contour surface of HOMO and the
lower presents contour surface of LUMO. Shown are the contour
surfaces of orbital amplitude 0.04 (red) and —0.04 (blue)

For I, I, IIT and IV, the band maxima are located at 321 nm,
441 nm, 412 nm and 470 nm, respectively. For molecule I,
the recorded spectra also reveals a much weaker band with
the maximum located near 440 nm. This band is associated
with the n—7* transition.

In Table 1, we compare the theoretically determined
excitation energies of m—7* transition with the experimental
values and present the results obtained using TDDFT method
with B3LYP and PBEO functionals as well as CIS method. As
expected, the CIS method overestimates excitation energy
ofthe m—7* transition for all studied azobenzene derivatives.
The differences between the experimental band maxima and
the CIS values range from 42 nm for molecule I to 156 nm for
molecule IV. Since the CIS results are of a qualitative
character, we included values in Table 1 for the second
singlet state S,(m,w*) only. Recent papers of Perpéte et al.
[36] and Jacquemin et al. [37-39] have shown that the
parameter-free PBEO functional combined with appropriate
basis set can provide very accurate excitation energies. This
observation is consistent with the results obtained in the
present study. The differences between the experimental
band maxima for the S,(w,7*) state and the PBEO excitation
energies for molecules I, II, IIT and IV are =25 nm, —6 nm,
19 nm and —34 nm, respectively. For comparison, the re-
spective differences for the B3LYP method are —36 nm,
=20 nm, 1 nm and —53 nm for molecules I, II, III and IV,
respectively. It is evident that the PBEOQ excitation energies
are more accurate than the B3LYP values. For this reason,
the frontier orbitals analysis of the nature of excitations is
performed using the PBEO method.

Values of excitation energies of lowest singlet states, i.e.
Si(n, m*) and S3(w,w*) are also included in Table 1. As was
mentioned before, the n—7* transition is visible in the

recorded spectra only for molecule I. The difference between
PBEO excitation energy and the band maximum associated
with the n—7* transition is quite large, i.e. 39 nm. As-
suming that the PBEO values of excitation energies to the S
(n, w*) states for other molecules are at least semi-
quantitative, one can conclude that, in the case of molecules
II, IIT and IV, the weak, symmetry-forbidden n—m*
transitions are overlapped by the band arising from the
very intense m—7* transition.

In order to gain some insight into the nature of the
S,(w,m*) excited states for investigated azobenzene deriv-
atives, we performed the analysis in the spirit of the single
excited configurations. In the case of all studied molecules,
we found that the m—m* transition is dominated by the
HOMO—LUMO transition. The expansion coefficients for
this configuration, at the PBE0/6-311++G(d,p) level of
theory, were 0.65, 0.64, 0.67 and 0.62 for molecules I, II,
III and IV, respectively. The plots of the HOMO and
LUMO contour surfaces for all four molecules are
presented in Figs. 4, 5, 6 and 7. The assignments of the
transitions presented in Table 1 were performed based on
the analysis of LCAO MO coefficients. The plots presented
in Figs. 4, 5, 6 and 7 confirm these assignments. For all
investigated molecules, the excitation involves m—bonding
and w*-antibonding orbitals of nitrogen atoms in the
azobenzene moiety. It is interesting to compare the change
of contour surfaces upon excitations (Figs. 4, 5, 6 and 7)
with the calculated dipole moment differences presented in

Fig. 7 The plots of orbital contour surfaces for molecule IV. The
molecular orbitals were calculated at the PBE0/6-311++G(d,p) level of
theory. The upper plot presents contour surface of HOMO and the
lower presents contour surface of LUMO. Shown are the contour
surfaces of orbital amplitude 0.04 (red) and —0.04 (blue)
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Table 2 The dipole moments for the model molecules calculated using the 6-311++G(d,p) basis set with the inclusion of the solvent effects by
the IEF-PCM model. Indices g and e denote the ground and the lowest excited (w,m*) state, respectively

Hg () [au] Ay, [au]
Form (state) B3LYP PBEO B3LYP PBEO
I 5.59 6.21) 5.55 (6.17) ~0.13 -0.12
11 ~13.27 (14.19) ~13.10 (14.01) -3.36 -3.51
il 0.63 (2.93) 0.64 (2.95) ~5.40 -5.10
v ~15.09 (15.92) ~14.69 (15.51) -5.04 -4.07

A,uz,e stands for the dipole moment difference bewteen the ground and the lowest excited (w,7*) state. The values of the total dipole moments in

the ground state are given in parentheses.

Table 2. The longitudinal dipole moment components in the
Sy state are 5.55, —13.10, 0.64 and —14.69 au for molecules
I, II, III and IV, respectively (results from PBEO
calculations). These values agree with the chemical intui-
tion: the largest dipole moment is for molecule IV with
very strong acceptor group (—NO) and the smallest g
value for molecule III. Since molecule II is substituted
with the weaker acceptor group (—CN) than molecule I, the
smaller value of the ground state dipole moment for I than
for II is to be expected. This difference based on PBE0/6-
311++G(d,p) calculations is 1.50 au for the total dipole
moment and 1.59 au for the longitudinal component of the
dipole moment. What concerns the S,(w,m*) state is that in
the cases of all molecules we found the change of the
longitudinal component of the dipole moment. With the
exception of molecule I, the S,(w,n*) state is of signifi-
cantly different polarity than the ground state. The largest
change of 4 is observed for molecule III. Hence, strong
dependence of the absorption band maxima on the solvent
polarity is expected for molecules II, III and IV. More
accurate results of dipole moment differences between the
ground and the charge transfer states could be obtained
using Coulomb-attenuated density-functional theory [40].

Conclusions

In the present study, we reported on the comparison of the
experimental and the theoretical calculations of excitation
energies for substitued azobenzenes. Although the primary
goal of the present study was to analyze the recorded
spectra and the observed excitations, we found that the
PBEO functional with 6-311++G(d,p) basis set satisfactorily
reproduces the experimental data. The B3LYP functional
was less accurate but it gave reliable results. As expected,
the CIS method gave too high excitation energies. It was
found that, in three cases (molecules II, III and IV), the
experimentally observed strong absorption bands correspond
to the transitions to the singlet state S,(w,7*) of significantly
different polarity than the ground state (more than 8 D). The

@ Springer

observed large values of Az, of these molecules make them
attractive objects for various nonlinear optical applications.
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