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Abstract The results of computations of spectroscopic
parameters of lowest—lying electronic excited states of
azobenezene derivatives are presented. The analysis of
experimentally recorded spectra was supported by quantum
chemical calculations using density functional theory. The
theoretically determined resonant (two-photon absorption
probabilities) and non-resonant (first-order hyperpolaris-
ability) nonlinear optical properties are also discussed, with
an eye towards the performance of recently proposed long-
range corrected (LRC) schemes (LC-BLYP and CAM-
B3LYP functionals).
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Introduction

The molecule azobenzene and its derivatives have attracted the
interest of numerous research groups in recent decades [1-13].
Due to their peculiar photoswitching properties, these mole-
cules are used in many areas of molecular electronics [8—10].
Therefore, the mechanism of cis-trans isomerisation, as well
as the electronic properties, of azobenzene derivatives remain
extensively studied [2, 3, 5, 7]. It is well known that
electrowithdrawing and electrodonating substituents can
strongly affect the electronic spectra of azobenzene dyes, i.e.
7t — 70% excitation energies. The stronger the influence of the
substituent, the larger the reorganisation of electronic density
that can occur upon photoexcitation. This, however, imposes
some restrictions with respect to the computational techniques
used for theoretical analysis of electronic excitation in
azobenzene derivatives. The relatively large size of the
systems of interest places most ab initio techniques outside
the area of applicability. The configuration interaction with
single excitation (CIS) method as well as time-dependent
density functional theory (TDDFT) seem to be the two most
popular approaches to calculating excitation spectra [14-22].
While the former usually provides values of excitation
energies that are too large, the latter is known to suffer from
incorrect description of charge—transfer and Rydberg states.
An application of exchange-correlation functionals based on
local density approximation (LDA), generalised gradient
approximation (GGA) or even meta-GGA within the DFT
may still lead to improper description of long-range charge
distribution modifications [22].

@ Springer


http://dx.doi.org/10.1007/s00894-008-0436-3

582

J Mol Model (2009) 15:581-590

In order to alleviate the above-mentioned issues, a
Coulomb-attenuated DFT (CAM-B3LYP), applying the
long-range correction recommended by Tsuneda et al. has
been proposed recently [23-25]. In a previous study, we
have shown that both B3LYP and PBEO functionals
provide excitation energies close to experimental values
for a series of trans-azobenzene derivatives [1]. The goal of
the present work was to support experimental data with an
analysis of the nature of the photoexcitation, with an eye
towards assessment of the reliability of predictions of
electronic spectra for cis-azobenzene derivatives calculated
using the frequently applied conventional global hybrid
PBEO and B3LYP functionals, as well as the recently
developed range-separated CAM-B3LYP and LC-BLYP
functionals. In addition to linear electro-optic properties,
nonlinear optical properties will also be considered. In
particular, we will pay attention to the performance of long-
range corrected schemes with regards to predictions of
molecular (hyper)polarisability for both cis- and trans-
azobenzene derivatives. However, the main purpose of this
work remains the analysis of how linear and nonlinear
optical properties are affected upon modification of the
azobenzene core unit. The selected substituents exhibit
different donor—acceptor character.

Experimental methods

The series of three polymethylmethacrylate (PMMA)
derivatives was synthesised by P. Raimond (Commissariat
a I’Energie Atomique, Saclay, France). The azobenzene
side chains were attached to 35% (mm) of the PMMA
units. The investigated copolymers were dissolved in 1,1,2—
trichloroethane (spectroscopic grade, molar concentration
1074 M; Merck, Darmstadt, Germany). The UV-VIS
spectra were measured with a Perkin-Elmer Lambda 20
spectrophotometer equipped with a Peltier thermostat and
an external source of light. Samples were irradiated with a
mercury lamp (200 W Hg, high pressure) and a combina-
tion of appropriate interference filters (UV power /p=1.15x
10 W/m?, VIS power [,=7.0x10"® W/m?). The cis-form

Fig. 1 Structures of the investi-
gated molecules. I Ph-N=N-Ph-
OC(O)CH33, II Ph-N=N-Ph-N
(C,Hs)(CH,),0OC(0)CH;, IIT
NC-Ph-N=N-Ph-N(C,Hjs)
(CH2),0C(O)CH3
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of the studied materials was achieved after irradiation with
UV light of the appropriate wavelength.

Computational methodology

Since, upon irradiation, the excitation in the investigated
copolymers occurs in the side chain, all the calculations
were performed for azobenzene derivatives mimicking the
PMMA copolymers (see Fig. 1). In a recent paper we have
shown that such a choice of model system was reasonable
and gave quantitively correct results [1].

To properly characterise the excitation energies of the
investigated systems, it was essential to choose the level of
theory appropriately. The size of the azobenzene derivatives
studied in the present contribution suggests that DFT
methods be chosen. Careful investigation of the necessary
basis set size and the performance of various functionals
was carried out on the example of molecule cis—I in vacuo
to confirm the reliability of the chosen methodology. The
RI-CC2 technique [26] as implemented in Turbomole
V5.9.1 package [27] was also employed. The basis sets
used in these calculations were 6-311++G(d,p) and
auxiliary QZVPP [28].

The majority of the results presented in this contribution was
obtained with the Gaussian 03 suite of programs [29]. The
geometry optimisation for all the investigated molecules (I-
III) was carried out at the B3LYP/6-311++G(d,p) level of
theory, both in vacuo and with the inclusion of solvent effects
using the value of a dielectric constant corresponding to that
of 1,1,2-trichloroethane. Integral equation formalism for the
polarisable continuum model (IEF-PCM) was applied to
include solvent effects [30]. By means of harmonic vibrational
analysis, all structures were confirmed to correspond to the
minima on the potential energy surface. In order to investigate
the influence of the structure of the analysed systems on UV—
VIS spectra, geometry optimisation of cis—I in vacuo was also
carried out at the MP2/6-311++G(d,p) level of theory.

The wavelengths corresponding to transitions to the
lowest—lying excited states, Anax, and oscillator strengths, f,
for all three investigated cis—azobenzene derivatives were
obtained at the TDDFT/6-311++G(d,p) level. The standard




J Mol Model (2009) 15:581-590

583

hybrid functionals B3LYP and PBEO were employed in
calculations. The solvent effects were likewise considered
by means of IEF-PCM.

Since both hybrid functionals used in this study are
known to suffer from improper long—range description—
which can be critical, particularly for systems with
electronic excited states of significantly different polarity
to that of the ground state—spectral calculations were
additionally repeated in vacuo with the use of CAM-—
B3LYP [23-25, 31] and LC-BLYP [32, 33] functionals.
The dipole moments of excited states were determined by
numerical differentiation of excited state energies with
respect to electric field strength [34].

The B3LYP/6-311++G(d,p) optimised geometries were
used as the starting point for two-photon absorption
(TPA) and non-resonant nonlinear optical properties
(NLO) calculations. TPA probabilities were computed
by applying the response functions at the HF and DFT
(B3LYP, PBEO and CAM-B3LYP) levels of theory, and,
for (hyper)polarisabilities, the MP2 and HF methods
were employed in addition to BLYP and LC-BLYP DFT
functionals. The long-range corrected functionals are
expected to provide significant improvement over the
conventional pure and hybrid functionals in the NLO
properties estimation [25, 33]. All these calculations were
performed with the 6-31+G(d) basis set, as recommended
by Suponitsky et al. [35] as reproducing well the hyper-
polarisability ratios for large organic push—pull molecules.
It should also be noted that, while TPA and non-resonant
NLO calculations are presented for both cis and trans
forms of the investigated compounds, the one-electron
absorption section for cis-conformers is discussed here as
a supplementary part of a former contribution that
presented detailed electron spectra analysis for trans-
azobenzene derivatives [1].

Results and discussion
One-photon absorption spectra

The results of calculations of gas phase spectroscopic
parameters obtained for four different functionals, namely
PBEO, B3LYP, CAM-B3LYP and LC-BLYP, are presented
in Table 1. Two important features of gas phase excitation
spectra are worth highlighting. Firstly, the increase in the
calculated wavelength for the m — 7* transition while
proceeding along the series of the systems with growing
donor—acceptor strength of substituents (from cis—I to cis—
III) should be noted. Going from cis-I to cis—II, one
observes enhancement of the A, for the 3'A state by
45 nm, 44 nm, 37 nm and 34 nm, respectively, for B3LYP,
PBEO, CAM-B3LYP and LC-BLYP functionals. Likewise,
going from cis—II to cis—III, the corresponding wavelengths
are raised further by 19 nm, 18 nm, 11 nm and 11 nm,
respectively, for the above mentioned functionals. It should
be stressed that wavelength differences for the various
systems are similar for B3LYP and PBEO functionals, while
the CAM-B3LYP data deviate from them substantially.
Secondly, comparison of the wavelengths corresponding
to excitation from the ground state to the 3' 4 state of all
the systems studied obtained for different functionals
allows to judge the applicability of the approach adopted
in this study to the further analysis of azobenzene
derivatives. This is an important point, since it has been
proven recently that, even considering only the family of
organic dyes, the quality of the TDDFT results obtained can
be highly system-dependent and data published to date do
not allow generalisation of the conclusions to the universal
case. The PBEO functional has been shown to give very
accurate excitation energies for various types of dye
molecules provided the extended basis set is used in

Table 1 311++G(d,p) level of theory. Excitation energies calculated for MP2/6-311++G(d,p) optimised geometry are given in parentheses

B3LYP PBEO CAM-B3LYP LC-BLYP
Amax f )\max F }\max F Amax f
cis—I
2'A 485 (453) 0.04 478 (445) 0.04 464 0.03 472 0.02
3'A 305 (316) 0.09 294 (305) 0.12 268 0.20 259 0.21
4'A 298 (305) 0.02 287 (294) 0.03 261 0.03 253 0.05
cis—1I
2'A 493 0.08 485 0.07 467 0.06 476 0.04
31A 350 0.27 338 0.31 305 0.42 293 0.47
4'A 312 0.03 301 0.03 276 0.04 273 0.04
cis—III
2'4 501 0.10 492 0.10 465 0.07 479 0.06
314 369 0.27 356 0.31 316 0.47 304 0.53
4'4 316 0.02 303 0.02 277 0.07 273 0.04
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calculations [36-38]. On the other hand, the widely used
B3LYP functional is known to slightly overestimate the
corresponding wavelengths for dyes [39]. Subsequently,
CAM-B3LYP and LC-BLYP were proposed as a remedy
for shortcomings of conventional hybrid functionals, and
have proved more suitable for the description of long—range
phenomena [23-25]. In the particular case of azobenzene
dyes, as well as for some other groups of organic dyes,
global hybrid functionals seem to outperform range-
separated hybrid functionals in terms of the mean average
error; however, long-range corrected functionals have been
shown to better mimic auxochromic shifts. Nevertheless,
large discrepancies still appear in the available surveys and
simultaneously surprising results are constantly reported in
this field [36, 37].

In the present study, the calculated wavelengths for the
7t — 70* transition in all the analysed systems construct the
following sequence:

Amax(LC — BLYP) < Anmax (CAM — B3LYP)
< Amax(PBEO) < Amax (B3LYP).

This trend is consistent with the amount of exact
exchange included in the applied functionals (B3LYP
containing 20% of the HF exchange; PBEO -25% and
CAM-B3LYP varying from 19% at short range to 65% at
long range) and has been reported previously also for a
wide range of organic dye molecules [38]. The CAM-
B3LYP wavelengths are 26 nm, 33 nm and 40 nm smaller
than the corresponding PBEO values for molecules cis—I,
cis—II and cis—III, respectively, and 37 nm, 45 nm and
53 nm smaller than the B3LYP results. It can be seen that
the above-mentioned differences between functionals in-
crease with the growing donor—acceptor strength of
substituents. In other words, the larger the reorganisation
of electron density upon photoexcitation for the system, the
larger its sensitivity to the amount of exact exchange in the
functional. It is worth noting that, for a typical push—pull
molecule such as 4-nitroaniline, the corresponding differ-
ence between B3LYP and CAM-B3LYP A,.. is of the
order of 20 nm [22]. Moreover, results obtained by
Jacquemin et al. [38] for a series of substituted azobenzene
molecules reveal an analogous behaviour of wavelength
values with the increasing charge—transfer character calcu-
lated for various functionals.

It has been shown previously that even the tiny change
in geometry of the investigated system can create large
shifts in the position of the calculated UV—-VIS bands [11].
Particularly important for the correct prediction of the
excitation energy in azobenzene derivatives is the N=N
bond length. To further investigate the reason for the
surprisingly good B3LYP performance in wavelength
prediction in comparison to the new generation CAM—

@ Springer

B3LYP functional, geometry optimisation of cis—I was
carried out in the gas phase at the MP2/6-311++G(d,p)
level of theory. The obtained differences with respect to the
B3LYP/6-311++G(d,p) structure are small, with a change
in N=N distance of 0.03 A, but, as presented in Table 1, this
causes a shift in the corresponding DFT wavelengths of the
order of 10 nm in the case of the more interesting 7t — 7*
transition. The influence of the optimised geometry was
additionally investigated at the RI-CC2 level of theory. The
calculated spectra for B3LYP/6-311++G(d,p) and MP2/6—
311++G(d,p) optimised geometries gave signals
corresponding to the 1'A — 3'A transition at 273 nm and
274 nm, respectively. This shows clearly that RI-CC2
spectra are not as sensitive to geometry differences as DFT
data for the employed basis set. One should also note that
these values are close to the CAM-B3LYP results, and
significantly underestimate the corresponding wavelength.

Figure 2 presents the experimental spectra recorded in
1,1,2—trichloroethane for the photostationary state obtained
by irradiation of a sample containing trans-isomers of the
investigated molecules. The maxima for absorption bands
are located at 308 nm and 441 nm for I, at 367 nm and
415 nm for II, and at 271 nm, 383 nm and 450 nm for III.
Since the sample in each case corresponds to the photosta-
tionary state, in addition to the cis-isomer, the trans-form is
also present in solution. Therefore, one can distinguish
bands in the spectra arising from both isomeric forms. On
the basis of earlier data [1] and present results (summarised
in Table 2), the signals appearing at 415 nm for II and
450 nm for III can be ascribed to trans-conformers. The low-
intensity n — 7t* transition bands are overlapped by m — 7*
transitions signals of much larger intensity.

The wavelengths and oscillator strengths calculated with
inclusion of solvent effects are presented in Table 1. Due to
computational limitations, only the values of B3LYP and
PBEO excitation energies are given. The theoretical values

T
I
II
III

absorbance [arbitrary units]

300 350 400 450 500
wavelength [nm]

Fig. 2 Experimental UV-VIS spectra of investigated molecules in
1,1,2—trichloroethane
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Table 2 Excitation energies (AFE) and oscillator strengths (f)
calculated at the TDDFT/6-311++G(d,p) level of theory with the
inclusion of the solvent effects by the integral equation formalism for
the polarisable continuum (IEF-PCM) model

B3LYP PBEO
Amax f Amax f
I
214 472 0.06 463 0.05
314 313 0.07 301 0.10
44 305 0.06 295 0.06
I
2'4 491 0.12 482 0.11
3'4 361 0.34 350 0.37
4'4 310 0.03 299 0.04
111
2'4 498 0.17 489 0.16
314 383 0.30 370 0.35
414 316 0.13 304 0.09

of B3LYP excitation energies agree very well with the
location of the experimental maxima of the m — m*
transition; the difference does not exceed 5 and 6 nm for
cis—I and cis—II, respectively. In the case of cis—III, the
experimental and theoretical values are identical.

Small solvatochromic shifts can be expected for the
investigated systems in a solvent with a relatively small
dielectric constant such as 1,1,2—trichloroethane. The
incorporation of solvent effects for the 3'4 excited state
brings about a redshift of the calculated absorption bands
from 7 nm (PBEO for cis-I) to 14 nm (B3LYP and PBEO
values for cis—III). Indeed, it has been shown previously
that, for azobenzene derivatives, enhancement of medium
polarity induces only minor solvent shifts in the UV-VIS
spectrum [12, 13]. In order to answer the question of
whether the solvent affects mostly the geometry of the
investigated system, thereby causing a shift in the spectral
bands, or influences mainly the spectrum itself, calculations
of the spectra in vacuo and with inclusion of environmental
effects were performed on both vacuum and solvent-
optimised structures of cis—I. In comparison to the gas
phase spectrum for gas phase geometry (1'4 — 3'4
transition at 305 nm), the signal shift is negligible for the
1,1,2—trichloroethane spectrum calculated for vacuum ge-
ometry (1'4 — 3'4 transition at 306 nm); however, the
shift is significant for 1,1,2—trichloroethane spectrum at
solvent-optimised geometry (1'4 — 3'4 transition at
313 nm). The shift occurring here is of the same order of
magnitude as the shift observed in vacuo at the B3LYP
level for geometries obtained by means of various methods
(see Tables 1, 2). This confirms that an accurate geometry
seems to be crucial for adequate determination of the UV—
VIS spectra at the DFT level of theory. Moreover, one can
distinguish between the n — 7t* transition undergoing a

blue-shift and m — 7t* transitions subjected to a red-shift
upon the inclusion of solvent effects. It should be stressed,
however, that the intrinsic character of the transitions is
more complicated than the conventionally used n — 7t* and
7 — 7% classification. Analysis of the molecular orbital
coefficients indicates clearly that those transitions have a
mixed character.

Two-photon absorption spectra

In addition to the linear spectral calculations presented and
discussed above, two-photon absorption spectra are also of
interest. In this contribution, we report on values of two-
photon absorption probability determined in isotropic
medium with both photons of the same energy, polarised
linearly and with parallel orientation [40]:

1 % %
oF oF ( OF 0F ( GOF
(6 >_E§ ; [S,.,. (Sjj) +25; (S]) ] (1)
where SgF is the second-order transition moment defined as:

57 (¢1.62)

45|

Og — W) Wg — W2

O BRO(KIE AIF) 016 ARG -@FW

(2)
The sum of photon energies 7%w; + fiw, should satisfy the
resonance condition with the final state F, and (K|, - |L) is
the transition moment between electronic states K and L,
respectively. Since, in most experiments, one source of
photons is used, one can substitute 0.5.wy for the angular
frequencies w; and w,. The results of calculations of (§) using
different DFT functionals and HF wavefunction for the low-
lying 3'A excited electronic state are presented in Table 3. It is
now well established that conventional functionals suffer from
an “overshooting” problem for nonlinear optical properties
[41-43]. Hence, it is not surprising that one observes very
large discrepancies between the B3LYP (or PBEO) and the
CAM-B3LYP values of (§). The HF results are the lowest
estimate of (§) due to the lack of electron correlation effects.
Despite the differences in the values at different levels of
theory, the data presented in Table 3 are sufficient to draw the
following conclusion: as the strength of the donor—acceptor
substituents increases, one observes substantial enhancement
of the two—photon absorption probability, i.e. the values of ()
for III are an order of magnitude larger than those calculated
for I
A comparison of the calculated two-photon absorption
cross-section with experimental data may be achieved
based on the following relation:

ey ®) G)
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Table 3 Values (in atomic units) of two-photon transition probability to the 3'4 electronic excited state calculated for isolated systems using

6-31+G(d) basis set

cis-I cis-IT cis-IIT trans-1I trans-11 trans-1I1
HF 95 (235 nm) 2,090 (255 nm) 2,930 (264 nm) 2 (286 nm) 130 (285 nm) 6,310 (317 nm)
PBEO 1,370 (293 nm) 9,130 (337 nm) 13,300 (356 nm) 218 (332 nm) 11,800 (366 nm) 24,500 (401 nm)
B3LYP 1,460 (304 nm) 9,440 (348 nm) 13,800 (365 nm) 296 (343 nm) 14,200 (384 nm) 24,800 (415 nm)
CAM-B3LYP 533 (268 nm) 7,600 (303 nm) 10,600 (315 nm) 37 (314 nm) 2,660 (323 nm) 18,300 (368 nm)

where « is the fine structure constant, /w is the energy of
absorbed photons (assuming a single source of photons), /&
is the lifetime broadening of the final state and g(w) is the
spectral line profile, which is assumed here to be the /-
function.

Unfortunately, we aware of no experimental data
concerning two-photon absorption spectra for the systems
investigated here. However, Antonov et al. reported o
values for a compound similar to IIl, i.e. an azobenzene
molecule substituted with cyano and dimethylamino groups
(denoted as aN=ND) [45, 46]. The experimentally deter-
mined 0 value in DMSO was found to be 77 GM. Values
of 50 GM and 110 GM were reported by De Boni et al. [44]
for Disperse Orange 3 (DO3) and Disperse Red 1 (DR1),
respectively, likewise with measurements performed in
DMSO. The large increase in o® value on going from
the DO3 to the DRI molecule is due solely to the
substituent. For the purpose of critical assessment of the
functionals employed here, we performed additional calcu-
lations of o® for the aN=ND molecule studied experimen-
tally by Antonov et al. [45]. Table 4 presents the values of
0@ for aN=ND calculated according to Eq. 3, with the
value of I+ equal to 2,020 cm™' [45]. We used both the
theoretical excitation energy (see Eq. 3) for the isolated
molecule and the experimental value measured in DMSO. It
is interesting to note that our values of ¢*® are much larger
than those reported by Antonov et al. [45, 46] and even
than those presented by De Boni et al. [44] for DR1. The
use of experimental excitation energy for evaluation of o*
brings a significant improvement, i.e. the CAM-B3LYP

Table 4 Values (in GM) of two-photon absorption cross-section for
aN=ND (see reference [45]) calculated using Eq. 3. The value of [
was taken from [45]. Gas-phase excitation energy determined
theoretically and experimental excitation ener§y measured in DMSO
were employed fi luati 2) 2 i

ployed for evaluation of o4, and o)), respectively

HF PBEO B3LYP CAM-B3LYP
(6) gas 5,550 18,600 18,700 14,900

T 147 312 295 295

Hso 70 236 237 189

@ Springer

value decreases from 237 to 189 GM. We note, however,
that the values of o® evaluated using PBEO and B3LYP
functionals are much larger than those calculated using
CAM-B3LYP. Finally, we would like to point out the
surprisingly good performance of HF wavefunction in
calculations of 0@ for the studied compound.

Excited state dipole moments

The characteristic feature of donor—acceptor molecules is
the existence of electronic excited states of significantly
different polarity than the ground state, which can be
observed experimentally with the aid of UV-VIS spectros-
copy [48, 49]. The excitations to these states are usually of
large intensity (i.e. of large oscillator strength value). The
extent to which reorganisation of electronic density can take
place is determined by the strength of donor and acceptor
substituents and the character of the linkage between them.
This can be described quantitatively by the dipole moment
difference between the ground and excited state (Ax), and
the transition intensity between the ground and excited state
of interest. Although the transition intensity can be
determined experimentally, Au cannot really be estimated
with satisfactory accuracy from the experimental data.
However, the value of Au can be calculated using ab initio
methods with sufficient accuracy. It can be achieved both
analytically (e.g. as the residue of a quadratic response
function or from electron densities in excited states), or
numerically (by differentiation of excitation energies with
respect to the applied electric field). As mentioned in
Computational methodology, the latter approach is adopted
in the present study.

The dipole moments for the ground (1'4) and excited
(3'4) state for the cis-azobenzene derivatives calculated
within TDDFT formalism for all three investigated systems
are presented in Table 5. The corresponding analysis for
trans-conformers was presented in [1]. Functionals B3LYP
and PBEO both provide similar results of dipole moment in
the ground and the excited state. The maximal difference
between PBEO and B3LYP values of ¢ does not exceed 1 D.
The ground state dipole moment increases as the strength of
the donor—acceptor substituents increases, i.e. the smallest u
value of the ground state is observed for molecule cis—I and
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Table 5 Values (in [D]) of dipole moments for two singlet states,
namely 1'4 and 3'4 calculated at the TDDFT/6-311++G(d,p) level of
theory

Gas phase 1,1,2-Trichloroethane
B3LYP PBEO B3LYP PBEO
1
1'4 43 43 5.5 5.5
34 5.0 48 9.1 8.2
11
A 6.2 6.2 7.8 7.7
314 12.1 12.2 13.9 14.1
111
14 8.2 8.2 10.3 10.2
314 15.0 15.5 18.3 18.2
Fig. 3 Molecular orbitals (a)l

involved in the investigated
transitions, generated at B3LYP/
6-311++G(d,p) level of theory
for a cis—I, b cis—II and

¢ cis—11I

the largest for molecule cis—III. The inclusion of solvent
effects leads to values of ground state dipole moments that
are larger by 1.2-2.1 D in all cases analysed.

The gas-phase change in the dipole moment values
occurring during the experimentally observed strong 7w — 70*
transition are of the order of 1 D, 6 D and 7 D for cis—I,
cis—II and cis—III, respectively. This is clear evidence of
the increasing charge-transfer character of the transitions of
interest in the sequence of molecules considered here.
Corresponding values for solutions amount to about 3 D,
6 D and 8D for the given series of systems. The inclusion
of solvent effects has a moderate influence on Ay of cis—II
and cis—III, but leads to significant changes in the Au
value for cis—I: the dipole moment values for both 1'4 and
3'4 states of molecule cis—I are similar in the gas phase, but

(b) 1 (c)

LUMO+1 LUMO+2
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Table 6 Linear and non-linear electro-optical properties calculated using a finite-field approach based on B3LYP/6-311++G(d,p) geometries. All

values are in atomic units

Uy Qixx Qyy ay, Byyy Bxx Brzz
cis—1
BLYP/6-31+G(d) —4.43 182.4 259.1 669.4 =50.1 -27.0 —14,772.1
LC-BLYP/6-31+G(d) —3.83 173.9 244.0 522.4 —43.8 40.4 -9,901.3
HF/6-31+G(d) -3.83 165.3 229.2 470.7 —44.3 83.6 -6,915.4
MP2/6-31+G(d) -3.64 173.6 241.0 519.2 -67.4 -36.1 —13,765.1
cis—II
BLYP/6-31+G(d) —2.54 205.4 298.6 3223 -27.4 -178.2 -3,197.0
LC-BLYP/6-31+G(d) -2.32 197.1 271.3 280.7 -21.7 -74.9 -1,997.7
HF/6-31+G(d) -2.29 187.6 254.5 254.3 -26.8 =791 -1,271.9
MP2/6-31+G(d) -2.31 196.4 266.2 279.5 -21.8 -119.9 -2,364.5
cis—1I
BLYP/6-31+G(d) —3.43 214.6 310.8 389.6 13.0 9.73 —4,591.3
LC-BLYP/6-31+G(d) -2.99 205.9 284.2 330.1 -5.6 20.8 —2,769.8
HF/6-31+G(d) -2.89 196.4 260.5 302.8 24.2 -2.6 -1,716.6
MP2/6-31+G(d) —2.87 204.8 280.9 3244 9.4 88.3 —3,453.4
trans—I
BLYP/6-31+G(d) 1.82 163.2 174.2 361.1 -235.7 -9.8 -1,701.9
LC-BLYP/6-31+G(d) 1.96 147.1 168.3 300.7 -36.2 —5.8 —452.7
HF/6-31+G(d) 2.07 138.8 162.5 279.4 -39.2 —4.5 —321.8
MP2/6-31+G(d) 1.88 145.1 166.1 291.9 —40.1 —6.8 -371.6
trans—1II
BLYP/6-31+G(d) -0.82 340.2 352.2 2339 -2,994.9 —2,164.6 197.1
LC-BLYP/6-31+G(d) -0.93 283.3 299.7 219.9 =727.5 -508.4 717.5
HF/6-31+G(d) -0.99 264.6 278.3 207.3 —428.6 -320.1 65.5
MP2/6-31+G(d) -0.86 277.4 291.8 218.7 —685.0 —483.5 218.7
trans—III
BLYP/6-31+G(d) —4.43 182.4 259.1 669.4 =50.1 -27.0 —14,772.1
LC-BLYP/6-31+G(d) —3.83 173.9 244.0 522.4 —43.8 40.4 -9,901.3
HF/6-31+G(d) -3.83 165.3 229.2 470.7 —44.3 83.6 -6,915.4
MP2/6-31+G(d) -3.64 173.6 241.0 519.2 -67.4 -36.1 —13,765.1

in 1,1,2—trichloroethane the second singlet excited state
becomes considerably more polar than the ground state.
Figure 3 presents the molecular orbitals involved in the
transitions discussed in this contribution calculated for the
gas phase at the B3LYP/6-311++G(d,p) level of theory.
The HOMO-1-LUMO transition corresponds to the most
intensive band in the spectrum. For cis—II and cis—III, a
considerable asymmetric reorganisation of charge occurs
from the amino group to the double N=N bond region,
which corresponds to a significant change in the dipole
moment when passing from the ground state to the excited
3'4 state. However, for cis—I, the shift in the charge
distribution lacks such obvious asymmetry, therefore the
observed dipole moment difference between ground and

excited states is much smaller than in the case of the other
systems.

Nonlinear optical properties

In this section, we shall present and discuss the results of
calculations of electric properties without taking environ-
mental effects into account. In particular, we will focus on
first-order hyperpolarisability (), which is defined as one
of the coefficients appearing in the Taylor expansion of the
energy of a system with respect to the static electric field:

1 1 1
E(F) = E(0) — uFi — z—laiiFiF/ - ﬁﬁg,‘kFiF/Fk _Z!nglFiEFkFl EEERER)

(4)

Table 7 First—order hyperpolarisability of the investigated systems calculated at the MP2/6-31+G(d)//B3LYP/6-311++G(d,p) level of theory

cis-I cis-IT cis-ITI trans-I trans-IT trans-TIT
Blau] -140 1,648 2,600 -279 -486 16,691
B+ 107> [esul -1 14 22 - -4 144
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where E(0) is the field free energy of a molecular system. In
the present study, the tensor components of o and (3 were
evaluated by numerical differentiation of the total energy with
respect to the field strength F [34]. As mentioned above,
traditional functionals tend to overshoot the values of
molecular (hyper)polarisabilities [41-43]. It seems, however,
that successful prediction of a, 3 and v by LRC functionals
depends greatly on the investigated system [47]. Thus, it was
of great interest to investigate the performance of the recently
developed LC-BLYP functional in calculations of 3 in the
studied systems. The values of 3 computed at the MP2/6-31+
G(d) level of theory shall serve here as a reference. Table 6
presents the results of calculations of diagonal components of
the first-order hyperpolarisability together with the values of «
and u. The molecules were oriented in such a way as to make
the dipole moment vector [calculated at the B3LYP/6-311++
G(d,p) level of theory] parallel to the Cartesian z axis. With
the exception of trans—II, we see that the diagonal component
of 3 along the dipole moment vector is dominant. It is clearly
seen that the values of f3,, calculated using the BLYP
functional are significantly larger than the corresponding
values calculated at the MP2 level of theory. This is consistent
with results presented by Masunov et al. for a series of donor—
acceptor m-conjugated systems [35]. However, the LC-BLYP
functional improves substantially upon BLYP for the diagonal
0. component. In most cases, the absolute values of first-
order hyperpolarisability calculated using the LC-BLYP
functional are smaller than those calculated at the MP2 level
of theory. The analogous trend is observed also for a. Similar
to results for 0@, the HF results constitute the lowest estimate
of molecular (hyper)polarisabilities.

It is noteworthy that the electron correlation effects are quite
substantial, i.e. —1,717 a.u. vs —3,453 a.u., and —6,915 a.u.
vs —13,765 a.u. for the cis- and trans-isomers of I, respectively.
In order to relate the properties to the structure of investigated
systems, the rotationally invariant first-order hyperpolarisability
was calculated according to the following expression:

S M
where
1
Bi=35 Z (B + By + Byi) - (6)
J=XVZ

The results of computations (presented in Table 7) are
consistent with what has been observed for two-photon
absorption probabilities, i.e. § increases substantially on going
from I to IIL

Conclusions

The spectroscopic parameters of three cis-azobenzene
derivatives were analysed by means of the TDDFT method

to complement our previously published data [1]. The
results obtained clearly show that the most important
factors in the calculation setup are the proper geometry
and an adequate functional choice for the UV—-VIS spectra
simulation. Even minor N=N bond length variation can
strongly affect the position of the bands in the DFT
spectrum. However, for the most common choice of
methodology—the B3LYP functional—exceptional agree-
ment of computed and experimental data is observed. At
the B3LYP/6-311++G(d,p) geometry, B3LYP seems to
significantly outperform the range-separated CAM—B3LYP
and LC-BLYP functionals in the calculated wavelengths.

Nonlinear optical properties, namely two-photon absorp-
tion cross-sections and first-order hyperpolarisabilities,
were also calculated for both cis- and trans-isomers.
Contrary to conclusions drawn based on the performance
of the functionals employed in calculations of UV-VIS
spectra, the CAM—-B3LYP functional gives values for two-
photon absorption cross-sections that are much closer to
experimental data, outperforming traditional B3LYP and
PBEO functionals. It is noteworthy that the values of first-
order hyperpolarisabilities closely follow the trend observed
for two-photon absorption cross-sections as the strength of
the donor—acceptor character of the azobenzene derivatives
increases.
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