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This paper describes the synthesis, spectroscopic characterization and quantum mechanical calculations of three
azo-azomethine dyes. The dyes were synthesized via condensation reaction between 4-
(dimethylamino)benzaldehyde and three different 4-aminobenzene azo dyes. Quantum chemical calculations
on the optimized molecular geometry and electron densities of the trans (E) and cis (Z) isomers and their vibra-
tional frequencies have been computed by using DFT/B3LYP density-functional theory with 6-311++G(d,p)
basis set in vacuo. The thermodynamic parameters such as total electronic energy E (RB3LYP), enthalpy Hagg

Keywords: . . - > |
Azo-azomethine dyes (sum of electronic and thermal enthalpies), free Gibbs energy G5 (sum of electronic and thermal free Gibbs en-
Schiff bases ergies) and dipole moment pwere computed for trans (E) and cis (Z) isomers in order to estimate the AEqns . cis,

Alrans — cis, AHerans — ciss AGerans — cis a0d ASgans . cis Values. After molecular geometry optimization the electronic
spectra have been obtained by TD-DFT calculations at same basis set and correlated with the spectra of vapour
deposited nanosized films of the dyes. The NBO analysis was performed in order to understand the intramolec-
ular charge transfer and energy of resonance stabilization. Solvatochromism was investigated by UV-VIS spec-
troscopy in five different organic solvents with increasing polarity. The dynamic photoisomerization
experiments have been performed in DMF by pump lasers N = 355 nm (mostly E — Z) and N\ = 491 nm (mostly
Z — E) in spectral region 300 nm - 800 nm at equal concentrations and times of illumination in order to inves-
tigate the photodynamical trans-cis-trans properties of the —CH=N— and —N=N— chromophore groups of
the dyes.
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1. Introduction electron donating (ED) groups in ortho or para position to the chromo-

phore groups lead to unsymmetrical electron distributions (“push-pull”

The photochemistry of the azo —N=N— and azomethine
—CH=N— groups has attracted much attention in recent years, be-
cause of their photodynamic properties related to the reversible trans-
cis-trans isomerization cycle [1,2,3,4,5]. Azo-azomethine (AAM) dyes
contain two photosensitive functional groups: azo —N=N— and
azomethine —CH=N—, which determine their spectral and photochro-
mic properties. The electronic absorption spectra in polar protic or apro-
tic solvents exhibit two absorption maxima \p.x ~ 365 nm for m — m*
electron transitions and \,ax > 400 nm for n — m* electron transitions
[6,7,8,9,10]. The spectral properties of AAM dyes depend on the nature
of substituents in aromatic rings. Electron withdrawing (EW) and
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effect), which decrease the electron transition energy [11,12,13,14,15].
The photoisomerization trans-cis-trans cycle is the main feature of
both chromophore group extensively used for light driven optical
switches, non-linear optical elements, reversible optical storage and
other photonics applications. The trans (E) isomer is more thermody-
namically stable than the cis (Z) isomer, due to the higher energy of
cis (Z) twist conformation related to the orbitals repulsion between ar-
omatic rings and forbidden orbital symmetry [16,17]. There are many
works on photochemistry and applications of azobenzene and
azomethine (Schiff base) dyes, but there is little information on
photoisomerization properties of both chromophore groups in the
AMM dyes [1,2,9,18,19]. The E — Z photoconversion for unsubstituted
azobenzene and N-benzylideneaniline occurs upon illumination with
UV light at A = 355 nm, 10-15 nm higher in energy, where the
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Fig. 1. Schematically illustration of trans-cis-trans photoisomerization of the azobenzene and N-benzylideneaniline.

chromophore groups absorb. The reversible Z — E occurs spontaneously
in the dark or under VIS light or by thermal relaxation (Fig.1).

The energy of Z — E relaxation and stability of cis (Z) isomer mainly
depend on the properties of aromatic ring substituents and the geome-
try of molecule. The —CH=N— group is structurally similar and is iso-
electronic with —N=N— group, however aniline ring is twisted by 41-
55°in regard to the plane of phenyl ring and azomethine bond is caused
by the conjugation between benzene ring and nitrogen lone pair. In con-
trast, the azobenzene is planar. Theoretical calculations also confirm the
nonplanar conformation of azomethine derivatives and planar one for
azobenzenes [18,20,21]. The kinetic of the relaxation process is deter-
mined by activation energy (E,) barrier: around 90 kj mol~! for
azobenzene and 70 k] mol ™! for N-benzylideneaniline, the latter value
being considerably lower [18]. From practical point of view, this “dou-
ble” (via azo and azomethine bonds) isomerization of AMM dyes can
be applied for nanoscale molecular motors, optical storage devices and
light driven photoswitches [19,22,23,24].

Many researches have studied the mechanisms of photoisomerization
cycle of the aromatic azo and azomethine dyes [18,20,25,26]. Ying Luo et
al. have investigated trans-cis-trans isomerization of several N-
benzylideneaniline derivatives by theoretical calculations and experi-
mental spectroscopy [18]. The relatively low activation energy of Z — E
conversion of unsubstituted imines results in thermally unstable
compounds at room temperature. However, the ortho and para substitut-
ed m-donors in the aniline ring increase considerably the relative stability
of cis (Z) isomer. The lower activation energy barrier of the thermal Z — E
isomerization of the azomethines compared to those of the azobenzenes,
may be advantageous because it allows for rapid, reversible geometrical
changes in light-driven molecular devices [18]. By using density-
functional theory (DFT) on ground state and time-dependent DFT (TD-
DFT) on excited state supported by experimental spectra, A. Gaenko
et al. have been studied mechanisms of isomerization of the N-
benzylideneaniline [20]. The DFT potential energy surface on 6 and ¢ co-
ordinates suggests that the C-N-C inversion is the preferred path for E — Z
excited state and Z — E ground state isomerization [20]. It is well
known that the position and nature of EW and ED lead to different
isomerization pathway due to unsymmetrical electron distributions
and symmetry of frontier orbitals [16,17,27,28]. Four mechanisms are
proposed and proved by time resolved spectroscopy and theoretical
calculations: (i) rotation; (ii) inversion; (iii) concerted inversion;
(iv) inversion-assisted rotation. Multiple isomerization pathways have
often been involved to explain the experimental photochemical behavior
[16,17].

In our previous investigation three 4-aminoazobenzene dyes have
been theoretically and spectrally characterized in order to understand
their photochromic behavior [29]. In the present work we have synthe-
sized and investigated three AAM dyes containing donor and acceptor
parts. Due to the presence of two chromophore groups in the molecular
backbone, the synthesized AAM dyes exhibit interesting and potentially
useful physical and chemical properties. The ground state structure and
electronic absorption spectra of the dyes as trans (E) and cis (Z) isomers
were investigated by DFT and TD-DFT calculations in order to under-
stand their photochromic and photodynamic properties. The experi-
mental UV-VIS spectra of vapour deposited nanosized films and
solvatochromism of the dyes were correlated with quantum mechanical
calculation results. The photoinduced trans-cis-trans isomerization was

performed by lasers illumination at A\ = 355 nm (E — Z) and \ =
491 nm (Z - E).

2. Experimental
2.1. Used Materials

The starting 4-aminoazobenzenes (Azo-1, Azo-2 and Azo-3)
were synthesized according to our previous work [29]. 4-
(dimethylamino)benzaldehyde (98%) was purchased from Sigma
Aldrich. The solvents were supplied from local supplier Valerus Ltd.
and Sigma Aldrich. For the spectral investigation all solvents were
spectroscopy grade purity.

2.2. General Methodology for Synthesis of the Azo-Azomethine Dyes

A solution of 2,2 mmol (0.33 g) 4-(dimethylamino)benzaldehyde,
2 mmol 4-aminoazobenzene dye and acetic acid (1 mL) in absolute eth-
anol (25 mL) was refluxed for 24 h. After cooling and solvent evapora-
tion, the crude product was isolated and recrystallized two times in
ethanol, after then dried in vacuum oven for 24 h. The synthesis of
azo-azomethines are presented on the Scheme 1.

2.2.1. Preparation of 2-((1E)-(4-((4-(Dimethylamino)Benzylidene)Amino )-
2-(Hydroxymethyl)Phenyl)Diazenyl )-5-Nitrobenzonitrile, AAM 1

The AAM 1 was synthesized from 2 mmol (0.59 g) Azo-1 and
2.2 mmol (0.33 g) 4-(dimethylamino)benzaldehyde, yield 45%, m.p.
194-196 °C. ATR-FTIR cm™': 3406 and 3327 (v —OH), 3231 (ve_y
—CH=N—), 2234 (v —C=N), 1642 (vc—ny —CH=N—), 1493 and
1317 (v —NO,), 1438 (v —N=N—). 'H NMR (DMSO-dg) &; ppm:
3.04 (d, 6H), 3.43 (d, 2H), 4.35 (s, 1H -OH), 6.85 (d, 2H), 7.50 (d, 2H),
7.68 (d, 1H), 7.83 (d, 1H), 8.13 (dd, 2H), 8.61 (s, 1H), 9.67 (s, 1H
—CH=N—). Elemental analysis calculated for C;3H;9NgO3: C, 64.48;
H,4.71; N, 19.62; O, 11.20, Found: C, 64.85; H, 4.11; N, 19.79; O, 11.76.

2.2.2. Preparation of (5-((4-(Dimethylamino)Benzylidene )Amino )-2-((E)-
(2,4-Dinitrophenyl)Diazenyl) Phenyl)Methanol, AAM 2

The AAM 2 was synthesized from 2 mmol (0.63 g) Azo-2 and
2.2 mmol (0.33 g) 4-(dimethylamino)benzaldehyde, yield 48%, m.p.
123-126 °C. ATR-FTIR cm™': 3446 and 3333 (v -OH), 3195 (vcn
—CH=N—), 1625 (vc—y —CH=N—), 1522 and 1496 (v** —NO,),
1328 (1® —NO,), 1424 (v —N=N—). 'H NMR (DMSO-dg) &y ppm:
3.01 (d, 2H), 3.04 (d, 6H), 3.76 (s, 1H -OH), 6.78 (d 2H), 7.12 (d, 2H),
7.68 (d, 2H), 8.18 (d 1H), 8.40 (s 1H), 8.49 (s 1H), 8.80 (s, 1H), 9.66 (s,
1H —CH=N—). Elemental analysis calculated for C;H,oNgOs: C,
58.92; H, 4.50; N, 18.74; 0, 17.84, Found: C, 58.61; H, 4.96; N, 18.94;
0,17.21.

2.2.3. Preparation of 4-((1E)-(4-((4-(Dimethylamino)Benzylidene)Amino )-
2-(Hydroxymethyl)Phenyl)Diazenyl)-3-Nitrobenzonitrile, AAM 3

The AAM 3 was synthesized from 2 mmol (0.59 g) Azo-3 and
2.2 mmol (0.33 g) 4-(dimethylamino)benzaldehyde, yield 50%, m.p.
271-275 °C. ATR-FTIR cm™': 3457 and 3343 (v -OH), 3217 (ve_n
—CH=N—), 2232 (v —C=N), 1680 (vc_y —CH=N—), 1501 and
1335 (v —NO,), 1438 (¥ —N—N—). 'H NMR (DMSO-dg), 8y ppm:
2.99 (d, 2H), 3.04 (d, 6H), 4.43 (s, 1H —OH), 6.78 (d, 2H), 7.08 (d,
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Scheme 1. Synthetic pathway for preparation of the azo-azomethine dyes (AAM 1, AAM 2 and AAM 3).

1H), 7.19 (d, 2H), 7.31 (s, 1H), 7.68 (d, 2H), 7.81 (s, 1H), 8.09 (s, 1H),
8.44 (d, 1H), 9.66 (s, 1TH —CH=N—). Elemental analysis calculated for
Ca3H20NgO3: C, 64.48; H, 4.71; N, 19.62; 0, 11.20, Found: C, 64.34; H,
435; N, 19.36; O, 11.09

2.3. Quantum Chemical Calculations

The optimization of molecular geometry and electronic structure of
studied molecules were performed by GAUSSIAN 09 W software pack-
age using density-functional theory DFT/B3LYP functional combined
with the standard 6-3114++G(d,p) basis set in vacuo [30]. The TD-
DFT and Natural Bonding Orbital (NBO) were performed on optimized
geometry of trans (E) and cis (Z) azo-azomethine dyes at the same
basis set in vacuo. The frequency analysis was made at the same level
of theory to characterize the stationary points on the potential surface
and to obtain thermodynamic parameters such as absolute enthalpy
(H) and Gibbs free energy (G) at 298 K. The precomputed vibrational
scaling factor 0.967 was used according to the CCCBDB (Computational
Chemistry Comparison and Benchmark Data Base) of National Institute
of Standards and Technology, U.S. Department of Commerce [31].

2.4. Vapour Deposition of Nanosized Films

The thin films of AAM dyes were prepared by evaporation from
Knudsen type vessels on quartz substrates with vacuum pressure 6
x 10~ °® mbar. The temperature of evaporation was kept between 80
and 100 °C. Temperature of substrate was 11 °C, controlled by thermal
regulator with Peltier element. The evaporation rate was 0.2-0.5 nm
per sec. Sample thickness was 100 nm, as measured by Talystep
profilometer with 10 nm accuracy.

2.5. Spectral Characterization
ATR-FTIR spectra of the compounds were recorded on a Bruker Ten-

sor 27 FTIR spectrophotometer in the range 4400-600 cm™ ! with reso-
lution 2 cm™ ! at room temperature. The external reflection diamond

crystal has been used and the samples were scanned 128 times. The
NMR spectra were collected on Bruker Avance I+ spectrometer with
frequency 600 MHz in DMSO-dg. The UV-VIS spectra have been mea-
sured on the Cary 5E-UV-VIS-NIR spectrophotometer. The calibration
curves of the dyes were plotted by several points of absorption mea-
surements in different concentrations and molar extinction coefficients
(€max) in DMF were calculated.

2.6. Laser Induced Photoisomerization

The laser induced trans-cis-trans photoisomerization experiment
was performed in DMF solution at room temperature on custom build
optical setup equipped with high resolution spectrometer HR4000
(Ocean Optics) operating in the range 200-1100 nm. The light source
is a halogen lamp (HL-2000). Its light is directed to the sample and
then from the sample to the spectrometer by optical fibers. Special
care is taken to eliminate all possible sources of stray light. The pump la-
sers at A = 355 nm (output power 20 mW) and A = 491 nm (output
power 35 mW) were directed at small angle to the probe beam. After
laser illumination the probes were relaxed 30 min in the dark. The spec-
tra were collected at every 30 s during the entire experiment - illumina-
tion and dark relaxation. Before the experiments the solutions of the
dyes were stored in the dark overnight.

3. Results and Discussion
3.1. Background of Interpretation of the Results

Three azo-azomethine (AAM) dyes were synthesized (see Scheme
1) containing donor and acceptor parts in order to investigate their pho-
tochromic and photodynamic behavior. The electron withdrawing
(EW) and electron donating (ED) groups lead to unsymmetrical
electron (“push-pull”) distribution on the molecular backbone. The
AAM-1 was synthesized by condensation reaction between 4-
aminoazobenzene dye (Azo-1) with EW —C=N at 2’-, —NO, at 4'-
positions and 4-(dimetylamino)benzaldehyde. The AAM-2 was
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designed with 4-aminoazobenzene dye (Azo-2) containing two EW
-NO, groups at 2’- and 4'- positions via condensation reaction with 4-
(dimetylamino)benzaldehyde. Finally, AAM-3 was synthesized with re-
versed positions of EW groups: 2’- NO, and 4'—C=N. The optimized
molecular geometry and thermodynamic parameters of the trans (E)
and cis (Z) isomers were computed at DFT/B3LYP/6-311 ++G(d,p)
level of theory in vacuo. The NBO (natural bond orbital) analysis was
performed to evaluate the charge transfers (CT) and resonance energy
on molecular backbone of trans (E) and cis (Z) of the dyes. The electron
transitions spectra and excitation energies of trans (E) and cis (Z) iso-
mers were calculated by TD-DFT in vacuo in order to understand the
electron transitions and molecular contributions, which are referred to
the experimental spectra of nanosized films of the dyes. The E; (optical
band gap energy) that defines the transition energy between frontier
HOMO (highest occupied molecular orbital) and LUMO (lowest unoccu-
pied molecular orbital) were computed and experimentally estimated
by UV-VIS spectroscopy in nanosized films. The solvatochromic behav-
ior was investigated in five different solvents with increasing polarity:
1,4-dioxane (non polar), THF (polar aprotic), n-BuOH (polar protic), ac-
etone (polar aprotic) and DMF (polar aprotic) to estimate the influence
of the polarity on electron transitions energy. The photoisomerization of
the AAM chromophores was performed at room temperature with
pump lasers at A = 355 and 491 nm and in dark relaxation at equal con-
centrations and irradiation time.

A A
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3.2. Molecular Geometry, Quantum Mechanical TD-DFT Calculations and
Solvatochromism

In order to find the structures with minimal energy E (RB3LYP), the
different conformers of the AAM dyes were optimized as trans (E) and
cis (Z) isomers. The optimized structures of the dyes are presented on
Fig. 2. The synthesized dyes contain central phenyl rings, which is para
substituted by —N=N— group with acceptor part and —CH=N—
group with donor part. The hydroxymethylene (—CH,0H) group in
ortho place to the —N=N— group has a capacity to form an intramolec-
ular six-membered ring hydrogen bonding with nonbonding electron
pairs by the one of azo nitrogens. The molecular geometry of trans (E)
isomers is linear non-planar, depending on the two chromophore
groups. The —N=N— has near planar conformation with respect to
the phenyl rings with dihedral angles N(10)=N(11)—C(12)—C(13)
~15-16° for AMM 1, ~30° for AAM 2 and AMM 3 due to the steric
effect of ortho -NO, groups, while the —CH=N— has non-planar con-
formation with dihedral angle —C(4)—C(6)—N(25)=C(32) ~ 40°
(Table 1). The geometry of cis (Z) isomers shows perpendicular orienta-
tion of —CH=N— and 4-(dimethylamino)phenyl rings to central phe-
nyl rings with dihedral angles ~ 82-95°. The dihedral
—N(10)=N(11)—C(12)—C(13)— angles for the three dyes are ~62-
65°. However, the dihedrals —C(1)—N(10)=N(11)—C(12)— for
AAM 2 and AAM 3 are ~17°, while for AAM 1 is ~10° due to the steric

Cis (Z)

AAM3

Fig. 2. Optimized molecular geometry of the AMM dyes as trans (E) and cis (Z) isomers by DFT/B3LYP/6-311+ +G(d,p) level of theory in vacuo.
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Table 1

Theoretically calculated geometrical and bond parameters by DFT/B3LYP/6-311 4 +G(d,p) level of theory in vacuo of the azo-azomethines.

Dihedral angle via —N=CH— bond [°] Intramolecular H-bonding [A]

Compounds Dihedral angle via —N=N— bond [°]

trans (E) AAM 1 —C(1)—N(10)=N(11)—C(12)—
178.08
—N(10)=N(11)-C(12)-C(13)—
—15.84

cis (Z) AAM 1 —C(1)—N(10)=N(11)—C(12)—
10.73
—N(10)=N(11)—C(12)—C(14)—
65.38

trans (E) AAM 2 —C(1)—N(10)=N(11)—C(12)—
176.33
—N(10)=N(11)—C(12)—C(13)—
—30.46

cis (Z) AAM 2 —C(1)—N(10)=N(11)—C(12)—
—17.52
—N(10)=N(11)—C(12)—C(13)—
—62.23

trans (E) AAM 3 —C(1)—N(10)=N(11)—C(12)—
176.86
—N(10)=N(11)—C(12)—C(13)—
—28.69

cis (Z) AAM 3 —C(1)—N(10)=N(11)—C(12)—
16.19
—N(10)=N(11)—C(12)—C(13)—
63.69

—C(6)—N(25)=C(32)-C(34)— 2216
175.03

—C(4)—C(6)—N(25)=C(32)—

—41.88

—C(6)—N(25)=C(32)—C(34)— 2.141
3.64

—((4)—C(6)—N(25)=C(32)—

82.16

—C(6)—N(25)=C(33)—C(35)— 2.279
17427

—C(4)—C(6)—N(25)=C(33)—

—41.91

—C(6)—N(25)=C(33)—C(35)— 2.243
—044

—C(4)—C(6)—N(25)=C(33)—

95.23

—C(6)—N(25)=C(30)—C(32)— 2.192
175.02

—C(5)—C(6)—N(25)=C(30)—

—40.65

—C(6)—N(25)=C(30)—C(32)— 2.158
1.79

—C(5)—C(6)—N(25)=C(30)—

88.34

effect of ortho nitro groups of AAM 2 and AAM 3 (Table 1). The length of
intramolecular hydrogen bonding is shorter in cis (Z) compared to the
trans (E) isomers. In the cis (Z) isomers the n-m conjugation of non-
bonding azo nitrogens electron pair with aromatic m-systems is de-
creased and it has great capacity to donate the electron density, as we
will further discuss by NBO analysis.

Through DFT molecular geometry optimization and vibrational en-
ergy can be obtained important information to understand the photo-
chromic and photodynamic behavior of the dyes. Table 2 presents the
calculated total electronic energy E (RB3LYP) and dipole moment 1 as
well as thermodynamic parameters - absolute enthalpy Hzgg (sum of
electronic and thermal enthalpies) and free Gibbs energy G,gs (sum of
electronic and thermal free Gibbs energies) of the AAM chromophores
in trans (E) and cis (Z) isomers. The AEqans — ciss AMerans — ciss
AHgrans = cis and AGans — cis Were defined as difference between final
state (f) cis (Z) isomers, which are products of the photochemical reac-
tion and initial state (i) trans (E) isomers, which are reactants. The
AHrans  cis > 0 and AGrans — ¢is > 0 show that E — Z isomerization is re-
versible photochemical reaction and does not occur spontaneously
without UV irradiation to a less stable cis (Z) isomer. The ASgans — cis
of AMM 1 and AMM 2 decreases, while for AAM 3 increases. The

Table 2

ASirans - cis 1S Telated to the order of the macroscopic system and prob-
ability of photoisomerization reactions to cis (Z) isomers. For AAM 3 the
change of entropy has a positive value because of higher AH.qns - cis
compared to the AGgqns — ¢is- This indicates that AAM 3 is more stable
in trans (E) isomers, while for AAM 1 and AMM 2 the
photoisomerization to cis (Z) isomer is favored by the kinetic factor.
These theoretical results have been confirmed later by experimental
laser induced trans-cis-trans photoisomerization cycle. The molecular
dipole moment is a vector sum of bond dipole moments and mainly de-
pends on molecular geometry. Lower dipole moments in cis (Z) com-
pared to trans (E) isomers means that the bonds polarity are
decreased and the direction of vector dipoles of the bonds are opposite
and canceled each other. The Aplyans — cis values of AMM 1 and AAM 3
show significant decrease compared to the AAM 2 due to the polariza-
tion of the molecular backbone by the two EW -NO, groups. The com-
puted and experimental values of vibrational bands of the
chromophores are given in Supplementary Information Tables S.1, S.2
and S.3 and Figs. S.2, S.3 and S.4. The frequencies of the IR bands of v
—CH=N— for cis (Z) isomers are higher compared to the trans (E) iso-
mers and synthesized dyes due to the decrease n-m and -1t conjugation
with aromatic systems and increased force constant of the double bond.

Theoretically calculated total electronic energy E (RB3LYP), dipole moment pand thermodynamic parameters of trans (E) and cis (Z) isomers of the azo-azomethine dyes by DFT/B3LYP/6-

311 + G(d,p) level of theory in vacuo.

Compounds E (RBBLYP) [kcal B H298 G298 AEtmns — cis A”{rans — cis AHtmns — cis [kcal Ac'tmns — cis [kcal aAStmns — cis
mol '] [D]  [kcalmol™']  [kcalmol™']  [kcal [D] mol '] mol~'] [cal K~!
mol 1] mol ]
trans(E) AAM  —905,426.6974 1496 — — 18.8455 —8.56 18.8309 19.1183 —0.9639
1 905,158.0715  905,217.9215
cis (Z) AAM'1  —905,407.8519 6.40 — —
905,139.2405 905,198.8031
trans(E) AAM  —975,888.9671 15.01 — - 16.9591 —2.70 16.9509 17.1693 —0.7324
2 975,617.5794  975,679.4425
cis (Z)AAM 2 —975,872.008 1231 — —
975,600.6285 975,662.2731
trans(E) AAM  —905,421.7562 1391 — — 16.5141 —4.01 16.5210 16.0680 1.5195
3 905,153.1148  905,212.8474
cis (Z) AAM 3 —905,405.242 990 -— -
905,136.5937  905,196.7794

3 AS = BHAC
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The calculated bands of v —N=N— for trans (E) isomers are in good
agreement with the experimental spectra, whereas for the cis (Z) iso-
mers are not or very weak registered due to the symmetric vibrations,
where (%)ro =0.

The natural charges of atoms in functional groups provide informa-
tion about molecular polarizability, electronic structure and charge af-
fects on dipole moment. The natural bond orbitals (NBO) analysis and
second order Fock matrix are carried out by considering all possible in-
teractions between (donor) Lewis NBOs and (acceptor) non Lewis
NBOs. The intramolecular charge transfers (CT) or conjugations on mo-
lecular backbone are the main features of photochromic properties of
the molecules. For each donor NBO (i) and acceptor NBO (j), the reso-
nance stabilization energy associated with i — j delocalization can be
evaluated as (Eq. 1),

E(2) = A8y = (1)

where ; is the donor orbital occupancy, g; and g; are diagonal elements
and F; is the off diagonal NBO Fock matrix element [32,33]. The natu-
ral charges and NBOs analysis of azo-azomethine dyes are presented on
Fig. 3 and Table 3.

The stabilization energy E(2) indicates the intensive interaction be-
tween electron donors and electron acceptors and increases with the
extent of conjugation of the whole system in trans (E) isomers. The CT
from 1 donor C32-C34 to m* acceptor N25-C30 and from 1 donor C1-

Acceptor

0.073

Acceptor
0.071

Acceptor
0.087

Table 3
Second order perturbation theory analysis of Fock matrix in NBO basis of azo-azomethine
dyes calculated by DFT/B3LYP/6-311+4-G(d,p) level of theory in vacuo.

Compounds Donor NBO Acceptor NBO E(2) E()-E(i) F(ij)
(i) @) [kcal [a.u] [a.u]
mol 1]

trans (E) AAM 1 C1-C2 m* N10-N11 26.76 0.24 0.068
1 mN10-N11 m* C12-C14 10.23 0.34 0.059
mN25-C30 m* C4-C6 1135 0.381 0.032
mC32-C34 m* N25-C30 23.14 0.21 0.067
cis (Z)AAM1 mCl1-C2 m* N10-N11 246 131 0.052
mN10-N11 m* C12-C14 1.82 0.36 0.046

mN25-C30 m* C4-C6 091 141 0.03
m C32-C37 m* N25-C30 2.54 1.39 0.061
trans (E) AAM 1 C1-C2 m N10-N11 27.82 0.21 0.071
2 mN10-N11 m* C12-C14 9.90 0.39 0.023
mN25-C33 m* C5-C6 11.65 0.35 0.062
m C35-C37 m* N25-C33 23.17 0.027 0.075
cis (Z) AAM2  mCl1-C2 m N10-N11 241 135 0.051
mN10-N11 m* C12-C14 0.76 0.21 0.012
mN25-C33 m* C5-C6 0.51 0.89 0.056
m C35-C37 m* N25-C33 0.76 135 0.029
trans (E) AAM 1 C1-C2 m N10-N11 27.22 0.21 0.071
3 mN10-N11 m* C12-C14 11.06 0.38 0.063

m N25-C30 m* C4-C6 11.52 0.36 0.04

mC32-C34 m* N25-C30 23.11 0.27 0.74
cis (Z) AAM3  m(Cl1-C2 m N10-N11 2.75 1.27 0.053
mN10-N11 m* C12-C14 273 0.38 0.032
mN25-C30 m* C4-C6 0.94 144 0.033
m C32-C37 m* N25-C30 2.76 1.32 0.054

-0.448  0.350
cis (Z) AAM 1

——CH
0448  0.348
cis () AAM 3

Fig. 3. NBO charges of trans (E) and cis (Z) isomers of the AAM dyes calculated at DFT/B3LYP/6-311 4+ +G(d,p) level of theory in vacuo. Charge transfer on molecular backbones is presented
by summing the atoms charges in different colored part in molecules. The charges distribution are marked as donor and acceptor parts of the dyes connected via azo and azomethine

bridges with central phenyl ring.
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C2 to m* acceptor N10-N11 is characterized by high resonance energy,
which shows effective m-m conjugation of —CH=N— and —N=N—
groups in trans (E) isomers of the dyes. In the cis (Z) isomers the reso-
nance energy significantly decreases, because of changes of the geome-
try (two phenyl rings are twisted in respect to the C—N=N—C and near
perpendicular orientation of —CH=N— and 4-(dimethylamino)phenyl
rings to the central phenyl ring) and orbital symmetry of the molecule,
which indicate strong decrease of -1 conjugation. This shows that the
AAM dyes are more stable in trans (E) isomers, because of higher energy
of resonance stabilization and effective m-m conjugation (Table 3). The
summing of the atoms charges on acceptor, donor and central phenyl
rings indicated great donor-acceptor electron transfer of the trans (E)
isomers (Fig. 3). The AAM 1 and AAM 2 with para substituted -NO,
groups have stronger accepting properties compared to the AAM 3
with para -CN group. Due to the increasing electron flow from donor
to acceptor the dipole moment (p) is higher one (Table 3). The cis (Z)
isomers are characterized by significant decrease of electron density

UV-VIS spectra of the AAM 1:
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on acceptor parts. The non-effective conjugation is also confirmed by
decrease of atomic charges of chromophore groups.

The investigation of the electronic spectral features of the AMM dyes
is important in order to estimate the electron transitions energy, optical
band gap and HOMO-LUMO energy levels of frontier orbitals. Quantum
mechanics determines the properties of nanomaterials with one dimen-
sion in the range 1 to 100 nm, and calculation methods to deal with
nanomaterials are being developed. When one or more dimensions of
a material are below 100 nm, especially below 20 nm, dramatic changes
can occur in the optical, electronic, chemical, and other properties com-
pared with those of the bulk material [34]. The reason is behavior of the
materials close to the properties of single molecule in vacuo. The elec-
tronic spectra (vertical transition and excitation energy) of trans (E)
and cis (Z) AAM dyes calculated by TD-DFT after geometry optimization
by B3LYP/6-311 ++G(d,p) level of theory in vacuo and experimental
spectra of the vapour deposited nanosized films with 100 nm thick-
nesses are presented on Fig. 4. The electron transitions energy and

UV-VIS spectra of the AAM 2:
Experimentally as vapour deposited nanosized film!
----- Theoretically calculated as trans (E) by TD-DFT

Theoretically calculated as cis

457
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Fig. 4. TD-DFT calculated UV-VIS spectra of the trans (E) and cis (Z) azo-azomethine dyes by B3LYP/6-311 ++G(d,p) level of theory in vacuo. The theoretical spectra were correlated with
the spectra of the vapour deposited nanosized films with 100 nm thickness of the synthesized AAM 1, AAM 2 and AAM 3.



270 A. Georgiev et al. / Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 192 (2018) 263-274

molecular contributions are given in Supplementary Information Tables
S4,S.5,S.6,5.7,5.8,S.9.

The TD-DFT spectrum of AAM 1 as trans (E) isomer shows strong
electron transitions, which refers to the N\,.x = 609 nm HOMO
— LUMO (n - m*) and \jpax = 446 nm HOMO-1 — LUMO (1 — ).
The spectrum of the nanosized vapour deposited film is characterized
by two absorption maxima in the UV range at Nmix = 352 and
424 nm. It can be assumed that \;,.x = 352 nm refers to the HOMO
— LUMO + 1, where in the theoretical spectrum this transition appears
at Nmax = 405 nm with small f (oscillator strength) compared to the
HOMO — LUMO and HOMO-1 — LUMO transitions (Table S.4.). In the
VIS range of the experimental spectrum broad absorbance band is ob-
served with Njpax = 520 nm. The hypsochromic (blue shift) and hypo-
chromic effects are observed in the computed electronic spectrum as
cis (Z) isomer (A\pmax = 561 nm HOMO — LUMO for —N=N— n — 1%,
Nmax = 519 nm HOMO-1 — LUMO for —CH=N— n — m* and \ax
= 441 nm HOMO-2 — LUMO, n — 1*). These indicate the forbidden
symmetry of the frontier molecular orbitals and the other indirect tran-
sition are allowed HOMO-2 — LUMO, HOMO-1 — LUMO + 1 (Table S.5).
The AAM 2 as trans (E) isomer of calculated UV-VIS spectrum has ab-
sorption maximum with strong f in the VIS range \j.x = 601 nm
HOMO — LUMO (n — m*). The UV range is characterized by absorption
maximum at \pax = 441 nm HOMO — LUMO + 1 and HOMO-1
— LUMO for m — * with shoulder at \,,ax = 406 nm HOMO — LUMO
+ 1 and HOMO-3 — LUMO for m — 1* of ortho NO, group (Table S.6).
The experimental spectra of nanosized film of AAM 2 has splitting
band in VIS range at A\ ,2x = 630 and 669 nm probably due to m-r stack-
ing. The Njnax in UV range 457 and 382 nm have a good fit with calculat-
ed spectrum of the trans (E) isomer. The cis (Z) TD-DFT spectrum is also
characterized with blue shift and hypochromic effect compared to the
trans (E) spectrum (Table S.7). The theoretical spectrum of the trans
(E) AAM 3 mainly is characterized by two vertical electron transitions
HOMO — LUMO, n - T (Amax = 563 nm) and HOMO - LUMO + 1,
— Tt (Amax = 424 nm). The other transitions have insignificant contribu-
tion on the absorption spectrum (Table S.8). The experimental spec-
trum has long absorption tail in the VIS range with Njpax = 617 nm.
The UV range has one broad band at \,,x = 420 nm with shoulder at
Nmax = 368 nm. The correlation between TD-DFT calculated and exper-
imental spectra of nanosized films of the AAM dyes is useful to under-
stand the energy of electron transitions of the frontier orbitals. From
practical point of view this can be applied for development of light driv-
en optical switches, reversible optical storage, solar cell materials and
others photonics applications.

In organic molecules, the energy levels of the electronic states corre-
spond to the energy carried by UV or VIS radiation. At resonance, the
molecules can absorb quantified energy transported by the electromag-
netic radiation, and promote an electron from the low energy molecular
orbital to the higher one [35]. These transitions can be measured using a
UV-VIS spectrophotometer, where E, corresponds to the energy of the
long wavelength edge of the excitation absorption band [36,37]. The
longest absorption wavelength Noyse¢ is used to calculate the optical
gap energy, Eg, according to the eq. 2 [35]:

he 1242
Eg =hw=-"=-5 2)

Table 4
Theoretically calculated HOMO and LUMO energy levels of frontier orbitals and experi-
mentally determined Eg as nanosized films of the trans (E) AAM compounds.

Compounds Theoretically Absorption Experimentally
calculated [eV] edge [nm] determined E; [eV]
HOMO LUMO E,

AMM 1 —591 —3.67 224 796 1.56

AAM 2 —591 —3.61 227 798 1.55

AAM 3 —5.87 —343 243 794 1.56

Table 5
Experimentally calculated solvatochromic shifts (AN), molar extinctions in DMF (&p,x) of
the AAM chromophores in different polar solvents.

Compounds Ny [nm] AN Emax [Lmol !
1
14-Dioxane THF n-BuOH Acetone DMF (™™ M ]
in DMF
AAM 1 334 340 339 337 361 27 205,551.94
431 421 501 495 504 73 (Nmax 361
nm)
AAM 2 332 334 336 335 342 10 43,027.64
384 392 390 389 394 10 (Nmax 342
468 485 556 483 502 34 nm)
AAM 3 330 332 341 335 338 8 28,246.87
372 379 387 386 382 10 (Auax 338
480 490 531 513 529 49 nm)

The theoretically calculated HOMO and LUMO energy levels and E,
of the dyes are close, which determines the absorption maxima in VIS
range. The experimentally determined E, of nanosized films are also
similar, but approximately 0.7 eV lower in energy compared to the the-
oretical (Table 4).

Solvatochromism was also assessed by UV-VIS absorption spectra in
five different solvents (1,4-dioxane, THF, n-BuOH, acetone and DMF)
with increasing polarity (Table 5 and Fig. 5). The AAM 1 and AAM 2
dyes exhibit a red (bathochromic) shift, which shows a decrease of elec-
tron transition energy as solvent polarity increases. The AAM 3 has
highest shifting in n-BuOH (polar protic) due to the intermolecular H-
bonding between solvent and dye (Apa.x = 341, 387 and 531 nm). The
extinction coefficient €,,x were determined in DMF, which decrease
in order AAM 1 > AAM 2 > AAM 3. The AAM 1 has biggest
solvatochromic shift, while the AAM 3 smallest (Table 5). The AAM 2
and AMM 3 show significant absorption (hyperchromic effect) in ace-
tone in the VIS range, where the n — m* transitions appear (AAM 2
Nmax3 = 483 nm, AAM 3 N\ax3 = 513 nm). The shoulder at Njax2 =
384 nm (in 1,4-dioxane for AAM 2) and N\hax2 = 372 nm (in 1,4-diox-
ane for AAM 3) is due to the competitive electron resonance distribu-
tions between azo m system and ortho nitro groups related to the
indirect electron transitions (Table S.6 and S.8). The electron transitions
1 — m* and n — 1" bands of all dyes are well separated due to the un-
symmetrical electron distributions (“push-pull”) of ED and EW groups
(Fig. 5).

3.3. A Laser Induced Trans-Cis-Trans Photoisomerization.

In order to observe the photodynamic properties of the dyes, a laser-
induced trans-cis-trans photoisomerization experiment was performed
in DMF solution, in which the dyes exhibit strong solvatochromism, re-
spectively low optical band gap (direct HOMO-LUMO transition ener-
gy). The photoisomerization is an important characteristic of azo-
azomethines and the energy of this conversion depends on the previ-
ously discussed parameters - solvatochromism, E,, and by energy and
intensity of the UV light and time of irradiation. The experiments were
conducted at identical concentrations and time of illumination in
DMF. The aim was to evaluate the photodynamic properties of the chro-
mophores in relation to the energy of the electron transitions. The de-
gree of photoisomerization at the photostationary state, R, was
evaluated according to the equation (Eq. 3) [38]:

(Ag—Ax)

R==0p

x 100 3)

where Ap is the initial absorbance and A.. is the absorbance at the
photostationary state.

The degree of E — Z photoisomerization was measured by real time
UV-VIS absorption during illumination with laser pump at 355 nm for
30 min, while for the reversible Z — E relaxation with laser pump at
491 nm for 30 min. Finally, the spectra in dark relaxation for 30 min
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Fig. 5. Normalized UV-VIS spectra of the azo-azomethine dyes in 1,4-dioxane, THF, n-BuOH, acetone and DMF solutions.

have been measured. The representation of photoisomerization is given
on Fig. 6 as function of the time and wavelength in the VIS range, where
the changes are related to the direct HOMO-LUMO electron transitions
(n — ) of the dyes.

During the initial exposure at 355 nm fast E — Z conversion is regis-
tered for 600 s of the AAM 1. The photostationary states of conversion of
the AAM 2 was achieved for 2000 s illumination, while for AAM 3 was
2150 s. Due to the photostationary equilibrium and thermodynamically
more stable trans (E) isomers, a complete cis (Z) conversion cannot be
achieved, although AAM 2 attained a degree of photoisomerization as
high as 70%. The degree of E — Z photoisomerization of the AAM 1
and AAM 3 is 22 and 30%. The reversible Z — E relaxation at 491 nm ex-
posure was achieved after 1500 s for AAM 1 and 300 s for AAM 3. The
complete Z — E conversion of the n — m* transitions of the AMM 1
(Amax = 504 nm) and AAM 3 (Amax = 529 nm) was achieved in the
dark. The results also show that on 491 nm laser illumination and in
the dark, the Z — E relaxation of the AAM 2 occurred at a significantly
slower rate than in the other dyes, therefore it was possible to retain
its predominant cis (Z) isomer for an extended period of time. The ab-
sorption of the n — m* transitions in the VIS range in polar DMF solvent
increases during conversion from trans (E) to cis (Z) isomer by pump
laser at 355 nm for AAM 1 and AAM 3. For AAM 2 this change is insignif-
icant, because of small change of dipole moment and large polarization
effect of the two -NO-, groups. The reversible Z — E reaction by exposure
at491 nm and in the dark shows the decrease of absorption (AAM 1 and
AAM 3) due to the symmetry-forbidden transition and six-membered
intramolecular hydrogen bonding [39]. The results are in good agree-
ment with theoretical calculated thermodynamically parameters,
where the ASians — cis Of AMM 1 and AMM 2 has negative values,

while for AAM 3 is positive. This indicates that AAM 3 is more stable
in trans (E) isomer, while for AAM 1 and AMM 2 the photoisomerization
to cis (Z) isomer is favored by the kinetic factor. The kinetic of trans-cis-
trans photoisomerization cycle describes the photochromic and photo-
dynamic properties of the dyes. As a result, azo and azomethine contain-
ing dyes have become an object of research interest and have been
incorporated in various applications. The fast Z — E conversion can be
applied as nanoscale molecular switches, while the slower rate of con-
version can be used as optical data storage and dynamic holography.

4. Conclusions

Three azo-azomethine dyes (AAM 1, AAM 2 and AAM 3) containing
donor and acceptor parts with existing intramolecular hydrogen bond
between the -CH,OH and —N=N— groups have been synthesized.
The optimized molecular geometry of trans (E) and cis (Z) isomers
was computed at DFT/B3LYP/6-311++G(d,p) level of theory in
vacuo. In the trans (E) isomers, —N=N— has near planar conformation
with respect to the phenyl rings, while the —CH=N— has non-planar
conformation. The perpendicular orientation of —CH=N— and 4-
(dimethylamino)phenyl rings to the central phenyl rings of cis (Z) iso-
mers has been found with minimal energy. The NBO analysis has
shown that the charge transfer from 1 donor to m* acceptor is character-
ized by high resonance energy, which indicates effective -1 conjuga-
tion of —CH=N— and —N=N— groups in trans (E) isomers of the
dyes. In the cis (Z) isomers the resonance energy significantly decrease,
because of changes of the geometry and orbital symmetry of the mole-
cule, which indicate strong decrease of m-1 conjugation.
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Fig. 6. Photoinduced trans-cis-trans photoisomerization cycle by pump lasers at X = 355 (E — Z), 491 nm (Z - E) and relaxation in dark. The degree of photoisomerization was presented

as function of the time of illumination and wavelength.

The TD-DFT calculated electronic spectra and energy of electron
transitions of the frontier orbitals were correlated with the experimen-
tal UV-VIS spectra of the vapour deposited nanosized films. The experi-
mental spectra are in good agreement with theoretically calculated
trans (E) isomers. Solvatochromic behavior was investigated by UV-
VIS absorption spectra in five different solvents (1,4-dioxane, THF, n-
BuOH, acetone and DMF) with increasing polarity. The AAM 1 and
AAM 2 dyes exhibit a red (bathochromic) shift, which shows a decrease
of electron transition energy as solvent polarity increases. The AAM 3
has highest shifting in n-BuOH (polar protic) due to the intermolecular
H-bonding between solvent and dye.

The calculated thermodynamic parameters AEqans — cis, Abtrans — cis,
AHprans = ciss AGpans — cis and ASgans — ¢is have shown that E — Z
isomerisation is reversible photochemical reaction and does not occur

spontaneously without UV irradiation to a less stable cis (Z) isomer.
The ASirans — cis of AMM 1 and AMM 2 decreases, while for AAM 3 in-
creases. Through laser induced trans-cis-trans photoisomerization
cycle the photochromic and photodynamic properties of the dyes have
been describes. The degree of E — Z photoisomerization by laser
pump at 355 nm is highest for AAM 2 (70%), while for AAM 1 and
AAM 3 is 22 and 30%. The reversible Z — E relaxation at 491 nm expo-
sure was achieved after 1500 s for AAM 1 and 300 s for AAM 3. The re-
sults was also shown that in 491 nm laser illumination and in the dark,
the Z — E relaxation of AAM 2 occurs at a significantly slower rate than
the other dyes, therefore it was able to retain its predominant cis (Z) iso-
mer for an extended period of time. The results are in good agreement
with theoretically calculated thermodynamic parameters, where the
ASrans - cis 0f AMM 1 and AMM 2 has negative values, while for AAM
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3 is positive. This indicates that AAM 3 is more stable in trans (E) iso-
mers, while for AAM 1 and AMM 2 the photoisomerization to cis (Z) iso-
mer and reversible reaction is favored by the kinetic factor.
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