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The study reported herein is focused on measuring, as well as on modeling
numerically, the positions and intensities of the absorption bands in the electronic
spectrum of benzene ring-based mono-azo dyes, while preserving their potential
mesogenic ability. Both non-polar structures, as well as highly polar push-pull
structures, of azo dye molecules were designed and studied.

Keywords: azobenzene; liquid crystals; molecular design; UV-VIS spectrum

1. INTRODUCTION

Azobenzene-based liquid crystalline (LC) materials have been the focus
of many studies because of their potential applications in modern
photonic technologies. The reason for their popularity is the ability of
azo compounds to reversibly change their shape upon illumination by
light (photoisomerization) resulting in strong changes of the optical
properties of the materials. Azo chromophores are considered to be
in one of three spectral classifications depending on the energetic
ordering and appearance of the n-7* and n-n* bands [1]. These are
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the “azobenzene” type, the “aminoazobenzene” type and the “pseudo-
stilbene” type. “Azobenzene” type molecules possess a low intensity
n-7* absorption band in the visible region and a high-intensity n-7*
band in the UV region. Electron donating group substitutions on
the benzene ring such as —-NH, lead to the “aminoazobenzene” type
where the n-7* and n-7* bands are very close together or overlapping in
the violet or near UV region. In the “pseudo-stilbene” azos, with the
substitutions of push/pull electron donor and electron acceptor pairs,
the n-7* band appears in the visible range with an n-n* band in the
UV. Typically azo LCs are of the “azobenzene” type. Expanding the
absorption range, i.e., obtaining azo LCs with a red shifted =-7* band,
would be very helpful for increasing their photosensitivity to visible
electromagnetic radiation and broadening their application potential.

Azo compounds are the largest class of industrially synthesized
organic dyes, and the absorption bands of azo dyes intended for coloring
technologies cover the entire visible spectrum. However, these dye
molecules are based on structures that are too cumbersome, or have
other features that are prohibitive for the formation of a liquid crystal-
line phase. Use of such non-mesogenic azo dyes in mixtures with azo
LCs for broadening of their absorption range is very limited due to
the poor solubility of non-mesogenic azo dyes in LC media. Since the
orientational order of LLC materials stays high in the presence of meso-
genic azo dopants, the effect of their photoisomerization on the material
can be expected to be stronger than that of non-mesogenic dopants.

In this paper we have carried out a systematic study of the wave-
length domain of the visible spectrum that can be covered by the
absorption bands of benzene rings-based mono azo dyes possessing
potential mesogenicity. The molecules based on such low molecular
weight structures usually form substances with relatively low melting
points. This consideration is the second significant circumstance
from a practical point of view; low molecular weight mesogenic azo
compounds are preferred as components of azo LC compositions with
a practically useful temperature range.

2. RESULTS AND DISCUSSION

We studied the position of absorption bands in the UV-VIS spectrum of
benzene rings-based mono-azo dyes, represented by the formula
depicted below:
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varying the chemical origin of terminal pendants R and R;, and some-
times inserting additional lateral electron withdrawing pendants R,
aimed at varying their peak absorption wavelength while preserving
potential mesogenic ability. Over 30 molecular structures were
synthesized, tested, and modeled numerically. The molecules studied
include non-polar structures as well as highly polar ones in which
the electron-donating and electron-withdrawing groups are placed
on the opposite ends of the azobenzene core (push-pull structures).

Such R substituents as alkyl, -C,Hj,,;; alkoxy, -OC,Hs,,1;
alkylthio, -SCHjs; dimethylamino, -N(CHjz)s; and ethylpiperazinyl,
-N(CH3)4N-CoH5 were chosen as electron donor pendants. R, consisted
of alkyl, -C,Hy,,1; alkoxy, -OC,Hs,1; and electron acceptor groups
such as cyano, -CN; nitro, -NOy; fluoro, -F; trifluoromethyl, -CFs;
trifluoromethoxy, -OCF3; and isothiocyanato, -NCS groups. Mesogenic
ability of azobenzene derivatives is well-recognized and there are
mesogenic molecules incorporating lateral acceptor pendants that
are not very bulky [2,3]. We can assume therefore that the presence
of small lateral pendants in azobenzene structures should not appreci-
ably affect the mesogenic ability of azobenzene derivatives.

As can be seen from Table 1, the experimentally obtained maxima
5% of the n-n* absorption bands of the azobenzenes studied range
between 334 (C4-azo-CF3) [9] and 483 nm (C2N-azo-NO2) [21]. (The
azobenzene dyes listed in Table 1 are each labeled by a bold number
in square brackets.) Electronic spectra were recorded with an Ocean
Optics UV-VIS spectrometer for dye solutions in chloroform at
2x10°mol -1 concentration. Melting points and phase transition
points shown in Table 1 were determined with a polarizing microscope
equipped with a thermo stage or in an open capillary. All phase tran-
sition points are uncorrected.

Table 1 allows comparison of these experimental values with the
results of density functional theory (DFT) predictions. Figure 1 allows
a visual comparison of the absorption bands of some of the azo dyes
studied and Figure 2 provides a graphic comparison of the experimen-
tally measured absorption bands and the DFT predicted absorptions.
The molar extinction coefficients of these dyes are in the range 17,000
t0 37,000 L - mol - ecm ™. This spectral range appears to set the limits
of n-n* absorption band positions for potentially mesogenic azo dyes
designed as simple structures on the basis of only two benzene rings.
These limits may vary due to the solvatochromic effect in different sol-
vents. The absorption bands of these materials will be further shifted
towards red in liquid crystalline compounds due to their high polarity.

The structures possessing the shortest wavelength absorption
include those based on alkyl pendants R even if the opposite end of
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FIGURE 1 UV-VIS spectra of several azo dyes.

the azobenzene core is occupied by such acceptor groups R; as -F,
-CF3, -OCF3, and -CN. Even the presence of the second similar group
Ry in the acceptor part of the molecule does not shift the absorption
band towards the red. Only such a strong acceptor as the -NOy group
is able to counteract the alkyl pendant. The replacement of the alkyl

500

Wavelength (nmj

Dye Humber

Experimental & ., Calculated X jyy

FIGURE 2 Comparison of experimental and calculated Ap.x. Experimental
solvent is chloroform compared to molecular modeling predictions for single
isolated azobenzene dye molecules.
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group by the alkoxy pendant and, what is more, by the thioalkyl pen-
dant, causes a red shift of the absorption bands.

The red shift of the 7-7* band maximum caused by alkoxy pendants
against alkyl ones is from 14nm (the pairs CH30/C4Hg [1] and
CHj3/C4Hy [2]) to 28nm (the pairs C¢H130/CN [4] and CgH13/CN
[3]). Replacement of O by S leads up to a 23 nm additional red shift
(the pairs CHgs/OCFg [19] and C4H90/OCF3 [12], CHgs/NOQ [18]
and C4H90/N02 [6], CH38/CF3N02 [22] and 03H70/CF3N02 [24],
CH3S/CN [23] and C¢H130/CN [4D).

It is interesting that the presence of a single lateral acceptor sub-
stituent such as -F and, especially, -CF3 in the o-position relative to
the —N=N- bond leads to an appreciable bathochromic shift of an
absorption band. The pair C4Hg/2F [15] vs. the pair C4Hy/F [7] is
bathochromically shifted only by 5nm, whereas the bathochromic
shifts of the pairs C4;Hy/FCF3 [16] vs. C4Hy/F [7], C3H;0/CF35NO,
[24] vs. C4.HoO/NO; [6], and S/CF3NO, [22] vs. S/NOy [18] are 3,
14, and 15 nm, respectively. In contrast, the increase of the acceptor
—F substituents leads to hypsochromic shifts; compare the pairs
CHy/F [7] vs. C4Ho/3F [13] (12nm hypsochromic shift) and
C4Hy/4FCN [17] vs. CgH13/CN [3] (1 nm hypsochromic shift).

Also it is interesting to note that the presence of electron withdrawing
halogens Cl and Br instead of an electron donating alkyl group R in the
structures with R; = -CN leads to a bathochromic shift. The shift of the
absorption band for 4F-2Br-azo-NO, [27] vs. C4Hg/NO; [5] is slightly
hypsochromic, see Table 1. This observation can be explained by
attributing halogens a dual role in electron distribution in the aromatic
molecules; possessing electron negativity they can serve at the same time
as electron donor pendants in the presence of strong acceptors R; due to
participation of their nonbonding electrons [4].

The presence of nitrogen (as amine group nitrogen) in the electron
donor part of the azo dye molecule simultaneously with the presence of
electron acceptor groups —-NO, and —NCS leads to a significant red
shift of the maximum of the z-n* band (azodyes incorporating
(CH3)oN/NOg [21] and (CH3)oN/NCS [20] pairs). The largest red
shifted spectra were observed for 4-dimethylamino-4'-isothiocyanatoa-
zobenzene and 4-dimethylamino-4’-nitroazobenzene with maxima at
444 and 483 nm. Replacement of RoN by an N-ethylpiperazinyl pen-
dant causes a smaller red shift.

The donor-amino and acceptor-nitro pair induces the strongest red
shift of the absorption band in the azobenzene molecules. This fact
has theoretical confirmation. The absorption maximum shifts towards
longer wavelengths with increasing strength of the donor and the
acceptor. The strength of accepting and donating properties of the
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pendants can be estimated by the value of Hammett’s substituent
constant |g| [5]. The values of |g| for tertiary amino group >N-and nitro
group —NOs are 0.83 and 0.78, respectively. For comparison, the values
of |o| for alkoxy group RO- and cyano group —CN are 0.27 and in the
range 0.63-1.00, respectively [6-8]. The sums of the values || are the
largest for the tertiary amino group —nitro group and tertiary amino
group — cyano group pairs. The values of |g| for other accepting groups
are considerably smaller; for example |o| = 0.54 for the —CF5 group.

Mulliken charges on various prototypical azos are shown in
Figure 3. For the 4-dimethylamino-4’-nitroazobenzene molecule [21],
we see that the amino nitrogen has a negative charge and the nitro
nitrogen has a positive charge, which is a consequence of their electron
donor and acceptor characteristics, respectively. Note the relative
charges of the carbons at the 1, 1/, 4, and 4’ positions. For [21], those
carbons have a positive charge at all four positions unlike the other
molecules. A study of the correlation between the charges on the atoms
and the absorption energy of the n-7* band revealed that the charge
difference between the 1 and 1’ carbons and their neighboring nitro-
gens is well correlated to the absorption energy. The greater the aver-
age charge difference between the two paired nitrogen-carbon charges,
the lower the energy of the n-7* band. These qualitative characteristics
provide us a method to narrow the search for molecules possessing
lower energy n-n* absorption energies.

Note that almost half of the compounds studied here possess meso-
genicity; in most cases their mesophases are monotropic and smectic
(see Table 1). Most of the homologs of C4-azo-C1 [2] and some of the

azobenzene 4-dimethylamino-azobenzene
- (]
¥ of 90d° , 00
°Q ?"Q. é oo o("')-. b 0, ‘°°
o’::.o -9 o’ ! ® o

] b’ (] ) 9
o9 9 od o [ Y
RS S RS S e
- =1 9 : > e e o
° . 9 oo = O
4-nitro-azobenzene 4-dimethylamino-4'-nitroazobenzene

FIGURE 3 Atomic Mulliken charges of different types of azo molecules.
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4-alkoxy-4'-nitroazobenzenes [9] are nematics. The ability of 11 out of
25 potentially mesogenic compounds to form mesophases confirms the
potentially high mesogenic ability of these azobenzene derivatives.

The mesogenic ability of homologs of such azo dyes as C4-azo-OC1
[1], C4-azo-C1 [2], C6-azo-CN [3], C60-azo-CN [4] has been studied
before [10,11]. Such dyes as C40-azo-F [8], C4-azo-CF3 [9], C40-azo-
CF3 [10], C4-azo-OCF3 [11], C40-azo-OCF3 [12], and S-azo-OCF3
[19] could serve as future candidates for the study of mesogenic ability
in their homologous series. For mesogenic azo dyes intended for long
wavelength absorption we can consider only structures based on
RS- and Ry;N- electron donor pendants.

A practical disadvantage of the azo compounds based on push-pull
structures is that they have, as a rule, high melting points due to
the presence of groups with high local dipole moments (3.3 Debye
for —CN, 2 Debye for -NCS). However, a wide choice of suitable mole-
cules that can be designed based on the proposed structures should
allow the development of multicomponent mixtures possessing suit-
able thermal and optical properties. Such compositions unavoidably
require the presence of lower melting components even if they do
not have absorption at suitable wavelengths. Low melting azoben-
zenes with fluorinated terminals, provided nematic homologs can be
found among them, may be useful for development of room tempera-
ture compositions because they may have better miscibility with polar
azo components than azobenzenes with non-polar molecules.

3. SYNTHESIS

Usually, azo dyes are obtained through the reaction of azo coupling of
diazotized aromatic amines with phenols or amines and subsequent
modification of hydroxy- or aminoazobenzenes. However, such azo
compounds as dialkyl azobenzenes cannot be obtained through the
reaction of azo coupling. Therefore, the reaction of aromatic C-nitroso
compounds with aromatic amines was used for obtaining most of the
azo dyes in this study.
The schematic of the two step reaction is depicted below:

: > oxone, DCM < > //O
R N, "7 5 R N
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The typical protocol of the syntheses is described below. All
chemicals and solvents were purchased from Sigma-Aldrich and used
without purification.

3.1. C-Nitroso Derivatives

R-substituted aniline (10 mmol) was dissolved in a sufficient volume
of dichloromethane (DCM). Oxone (12.3g, 20 mmol), dissolved in
100 mL of water, was added to this solution. The reaction mixture,
depending on the specific compound, was stirred for 2 to 72h at
0°C or at room temperature. After separation of the layers, the aque-
ous layer was twice extracted with DCM. The combined green colored
organic layers were washed with 1N HCI, saturated sodium bicar-
bonate, water, and brine, and dried over anhydrous sodium sulfate.
After filtering and removal of the solvent the pale yellow or light
green solid or dark green liquid product was used further without
purification.

3.2. Azo Dyes

The nitroso derivative obtained from the appropriate aniline in the
previous step was dissolved (sometimes not totally if the nitroso com-
pound was a solid powder) in 60 mL of glacial acetic acid. To this green
solution (or light-green suspension) R;-substituted aniline (12 mmol)
was added. The reaction mixture was stirred at room temperature
overnight. Then it was diluted with 200 mL of 2% aqueous NaCl and
150 mL of DCM was added. The organic layer was separated and the
water layer was extracted with DCM (2 x 40mL). The combined
organic layer was washed with water, saturated sodium bicarbonate,
water, brine, and dried over anhydrous sodium sulfate. After removal
of the solvent with a rotary evaporator the product was purified by col-
umn chromatography (silica gel, the eluents used, viz. DCM, ethyl
acetate, and acetone). Final yields of the products were in the 6 to
70% range.

Attempts to obtain two of the azo dyes, 4-butyl-4’-fluoro-2'-nitroazo-
benzene and 4-butyl-4'-cyano-2'-nitroazobenzene, were unsuccessful
due to the high solubility of the starting nitroanilines in water. The
reaction of formation of the nitroso compounds proceeds on the inter-
phase boundary between the organic and water layers; therefore, high
solubility of the starting compound in water obstructs this reaction.
Surprisingly, the reverse reaction of these 2-nitroaniline derivatives
with the test nitroso compound, 4-ethyl-4’-nitrosoazobenzene, also
was unsuccessful. This is likely to be caused by the presence of such
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a bulky substituent as the —-NOy group in the ortho-position that
creates strong steric hindrance for the coupling reaction. The reaction
of anilines with ortho-substituted di-fluoro or trifluoromethyl nitroso
compounds occurs easily. Such obstruction as the presence of
intramolecular H-bonds in ortho-nitroanilines [12] seems to be less
probable because intramolecular H-bonds most likely are transformed
into intermolecular H-bonds in a protic solvent such as acetic acid.
This reaction of obtaining azo compounds through nitroso deriva-
tives, straightforward in many cases, needs further study and
improvement.

4. MODELING

Geometry optimizations were conducted for all dyes for both the ¢trans
and cis isomers using the B3LYP/6-31G* method and basis set. UV/VIS
VIS absorptions and oscillator strengths were predicted for single iso-
lated molecules based on the optimized geometries using time-dependent
density functional theory TD-DFT. These calculations and the Mulliken
charge calculations were performed with the Gaussian 03 electronic
structure program [13]. The wavelengths for the first two vertical

Sy > Sy
%, 509 nm (0.0) J 4
——
n n
So > S,
444 nm (0.9)
_
So— S3
3 4 340 nm (0.0)
—_—

n

FIGURE 4 Electron attachment—detachment plots of 4-dimethylamino-4'-
nitroazobenzene [21] with theoretical excitation wavelength and oscillator
strengths in parentheses. The isosurface on the left represents the electron
density that is removed from the ground state (detachment), and the isosur-
face on the right represents that electron density (attached) in the excited
state.



Downloaded by [University of Haifa Library] at 15:04 09 August 2012

270/[596] U. A. Hrozhyk et al.

transitions for both the trans and cis isomers are provided in Table 1
along with the associated oscillator strengths for each transition. The
longest wavelength predicted transition for the trans isomers have a very
small or zero oscillator strength suggesting that this corresponds to an
n-n* type transition. The next trans isomer transition for each dye is
strong with a large oscillator strength suggesting a n-7* type transition.
This transition was compared to the experimentally measured Apax
values. TD-DFT electron attachment-detachment plots [14,15] support
these assignments. Figure 4 shows such plots for the three lowest singlet
transitions of C2N-azo-NO2 [21]. In additional cases where electron
attachment—-detachment plots were made, there is an n-n* transition
with zero oscillator strength lower in energy than the n-n* transition with
a large oscillator strength. Based on the comparison of the calculation
with the experimental results, the contribution of the cis form of the
dyes to the spectra is quite small and perhaps only noticeable in the
n-7* bands.

A graphical comparison of the theoretically estimated and exper-
imentally measured band peaks is provided in Figure 2. The UV/VIS
absorptions for the dye 4-dimethylamino-4'-nitroazobenzene have
been studied with quantum chemical methods by Poprawa-Smoluch
et al. [16] and our results reported here for ¢rans and cis isomer
absorption wavelengths and oscillator strengths for this azobenzene
dye are in agreement. The difficulty for TD-DFT to accurately repro-
duce excitation energies with significant charge transfer is well
known and may be improved with newer functionals. However, for
the trends we observe in this work using the B3LYP functional is
adequate.

Additional calculations of the electronic excitation energies and
oscillator strengths of azobenzene and amino azobenzene show a
low-energy dark n-n* excitation exists in agreement with those mole-
cules included in Table 1. In the case of azobenzene, this band is
observed [1] even though the absorption is not electronically dipole
allowed as shown by the theoretical calculations. For C2N-azo-NO2
[21], the n-7* S1 band is close in energy to the n-7* S2 band, and it
is not observed as a separate band. The S3 n-7* band shown in the
electron attachment—detachment chart (Fig. 4), accounts for the
experimentally observed UV band. Note that it is not a change in
the order of the orbitals or even a change in the order of the states
relative to the azobenzene ordering that accounts for the observed
high-energy n-n* band [1], but rather the reasons are more complex
and likely have to do with rovibronic interactions, which are not
included in the theoretical calculations, or contributions from cis azo
conformations.
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5. SUMMARY

This study suggests specific principles for designing mesogenic azo
dyes with absorption bands covering a wide spectral range. The poten-
tially mesogenic azo dyes under investigation exhibit n-7* absorption
bands in the spectral range between 334 and 483nm in chloro-
form. The ability of 11 out of 25 of the compounds studied to form
mesophases indicates high mesogenic ability of the azobenzene deriva-
tives. For mesogenic azo dyes intended for longer wavelength absorp-
tion the push-pull structures based on alkylthio and alkylamino as
donor pendants and isothiocyanato and nitro groups as acceptor
pendants appears to be most useful.

Molecular modeling predictions provided good agreement with
experimentally measured trends when comparing the absorption
bands of the azobenzene dyes evaluated here as shown in Figure 2.

Structures such as 4-alkyl(alkyloxy)-4'-fluoroazobenzenes, 4-
alkyl(alkyloxy)-4'-trifluoroazobenzenes, 4-alkyl(alkyloxy)-4’'-trifluoro-
methoxyazobenzenes, 4-alkylthio-4'-trifluoromethoxyazobenzenes are
candidates for the future study of mesogenic ability in their homolo-
gous series to obtain low melting polar LC azo dyes. The results sug-
gest that further progress in red shifting of the absorption bands of
mesogenic azo dyes can be achieved with structures containing hetaryl
moieties replacing benzene rings. It should be expected that such
structures will be more bathochromic than the corresponding non-
hetarylazo derivatives.
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