Semiconductor Physics, Quantum Electronics & Optoelectronics. 2001. V. 4, N 3. P. 229-238.

PACS: 42.70.D

Absorption spectra and chromonic phase in aqueous
solution of perylenetetracarboxylic bisimides derivatives

P. Camorani?, M. Furier, O. Kachkovskii', Yu. Piryatinskiy, Yu. Slominskii' and V. Nazarenko

Institute of Physics, NASU, 46 pr. Nauki, Kyiv 03039, Ukraine

'Institute of Organic Chemistry, NASU, 5 Murmanskaya str., Kyiv 02094, Ukraine
2University of Parma, Parco Area della Science, 74 — 43100 Parma, Italy

Abstract. In this article we report the complex investigation of perylenetetracarboxylic
bisimides derivatives in water solution. The results deal with all possible concentration in
wide range of temperature. The experimentally observed of long wavelength maximums in
absorption spectra with increasing of concentration can be attributed to decrease individual
molecules of the dye and to the formation of aggregates. This fact is also responsible for the
shift and form change of emission spectra.
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1. Introduction

Lyotropic chromonic liquid crystals [1-3] (LCLC) are
formed by flat polyaromatic molecules with ionic groups
at the periphery that make them solvable in water. In
water (or in a similar polar solvent such as glycerol), the
molecules associate into aggregates, which then self-as-
semble into structures with long range orientational or-
der, i.e. a liquid crystal. Because of the polyaromatic
molecular structure, many chromonic materials are dyes.
Aggregation involves interaction of the transition dipoles
of the molecules and thus might strongly shift the posi-
tion of the absorption band, as compared to the individual
non-aggregated molecules. LCLCs have attracted con-
siderable attention lately as a completely new type of
liquid crystalline phases, different from the thermotropic
and traditional lyotropic liquid crystals. The chromonic
phases are lyotropic (solvent-based) materials, as opposed
to the thermotropic (temperature-controlled) materials
used in display industry. However, they are not tradi-
tional surfactant materials since they do not possess a
flexible aliphatic (hydrophobic) chains.
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Chromonic liquid crystal is a brilliant example when
instilling a chemical compound into water we obtain the
resulting materials with novel properties. Such self-assem-
bly of dyes in aqueous solution has been proposed to manu-
facture polarizing and orienting films for thermotropic
liquid crystal based display devices [4-6]. This applica-
tion requires materials and processes to be well character-
ized and the same input must always produce the same
output: working polarizers with a predictable specifica-
tion. Before we can use the self-assembly techniques for
making novel optical materials we need to make aggrega-
tion process controllable. In this article we report the com-
plex investigation of perylenetetracarboxylic bisimides
derivatives in water solution. The results deal with all
possible concentration in wide range of temperature.

2. Material and sample preparation

Two types of dye were synthesized. There are Na (2327)
and Ammonium (2334) salts of perylenetetracarboxylic
bisimides. The dye 2327 has been synthesized in accord-
ance with the following scheme:
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Similar approach was used to obtain ammonium salt:
instead of Nal the NH;3I was used. The both dyes have
the same chromophore and thus possess similar absorp-
tion and fluorescence spectra. They possess different solu-
bility in water.

The dyes were dissolved in distilled water by gently
heating to about 40°C. The solubility of this dye was
good and concentration up to 10 wt. % was achieved.
For an each concentration used in the experiment the
separate solution was made. The solutions were allowed
to mature for about 24 hours in the dark. Oxygen was
removed by bubbling nitrogen through them.

Stationary and time resolved fluorescence (FL) spec-
tra were recorded using monochromator SPM-2 equipped
with a photoelectric device. During the measurements,
the accuracy was set at 0.2 nm. The excitation was per-
formed by nitrogen laser: wavelength of excitation was
337.1 nm, duration of pulse was 10 ns, frequency of pulses
was 100 Hz, power in pulse was 5 kW.

The optimized equilibrium geometry of the molecule
of the 2327 in the ground and excited states as well as the
electron transition energies and oscillator strengths were
obtained with the usage of the AM1 approximation
(HyperChem package). Also, the transition energies and
atomic charge redistribution upon excitation were cal-
culated using the PPP approximation taking into consi-
deration only 7Felectrons.

3. Results

The dyes exhibit poor solubility in methanol. The con-
centration of 10* wt. % was hardly achieved. The ab-
sorption spectrum (AB) of 2327 in methanol is shown in
Fig. 1, curve a. The experimentally determined peak
positions 523 nm, 487 nm, 457 nm are in accordance
with CC-bonds vibration shift, that typically lies in the
range 1300-1500 cm™!. FL spectrum demonstrates simi-
lar vibration structure relatively to AB (see Fig. 1 curve
b) and shows mirror image symmetry between longest
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wavelength absorption band and the corresponding emis-
sion band. Remarkable is the small Stoke’s shift between
the FL and AB bends. Thus, the geometry of the Sy and
S states is quite similar. The 2334 demonstrates similar
absorption and fluorescence spectra in methanol solu-
tion. Low temperature absorption spectra have no differ-
ence for the 2327 as well as for the 2334. A dramatic
difference in FL spectra occurs at low temperature. The
maximum emission band becomes shifted to longer wave-
length, A,,.x=650 nm, see curve c in Fig. 1. No visible
changes were observed for the positive temperatures.

In Fig. 2 the absorption spectra of the 2327 in water
solution are plotted. Up to the concentration of about
10 wt. % the spectra of dye are characterized by intense
absorption band near 500 nm (curve a) and additional
molecular peak at 539 nm. Justification of molecular (M)
and H-type dimer bands becomes apparent from the fol-
lowing experiment. The relative intensity of M- and H-
bands can be changed by varying the solvent composi-
tion [7, 8]. Thus, addition of even small amount of alco-
hol diminishes H-band intensity, whereas M-band re-
mains unchanged (see Fig. 3). With growing dye concen-
tration the intensity of absorption is influenced by mo-
lecular aggregation. The aggregation process becomes
more distinguishing for 2334 (see Fig. 4). The pronounced
peaks, additional to molecular peak, at 584, 502, and
485 nm indicate that we can expect a number of aggre-
gates with different lengths and/or of different types. We
did not draw up the dependence of absorption spectra on
temperature, since all these spectra have no distinguish-
ing difference. The fluorescence spectra for aqueous so-
lution of the both dyes become more complicate. These
spectra are shown in Fig. 5 for the 2327. Further we will
refer the 2334 dye only in case when measured param-
eters will become different from those of obtained from
the 2327. The dilute water solution, concentration is
about 107 wt. %, demonstrates molecular emission for
the both dye. The maximum of emission is located at 550
nm that is slightly red-shifted from the absorption of the
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Fig. 1. Absorption and fluorescence spectra of the 2327 in methanol:
a) absorption at 7 = 293K, b) fluorescence at 7' = 293K, c) fluo-

rescence at 7' = 4.2 K.
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Fig. 3. Absorption spectra of the 2327 in water solutions: a) pure
water, b) 3 wt. % of alcohol is added, c¢) 10 wt. % of alcohol is

added. Concentration of dye is 107 wt. %.

molecular band. The excitation spectrum for low dye
concentration is shown in Fig. 6. Further increase in con-
centration leads to remarkable change in emission spec-
tra. The molecular emission is diminished, whereas maxi-
mum of fluorescence appears around 700 nm as a wide
structureless band. The transformation of the emission
spectra occurs at the concentration of about 102 wt. %.
Starting from the concentration of about 102 wt. % one
can observe additional low intensity peak around 600
nm. The emission spectra with maximum at 700 nm were
detected at the low temperature. The long wavelength
emission band at the low temperature was observed for
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Fig. 2. Concentration dependence for the absorption of the 2327

in water at 7 = 293 K:
a) 1073 wt. %, b) 102 wt. %, c)10 wt. %.

1.0

o
&l

Absorption, a.u.

olz
400 700

Fig. 4. Concentration dependence for the absorption of the 2334
in water at 7 = 293 K: a) 10 wt. %, b) 102 wt. %, ¢) 10 wt. %.

all concentrations we measured. So, a transition we ex-
pect from concentration dependence might had the same
origin as we observed from temperature dependence. The
low temperature spectra are plotted in Fig. 7. The transi-
tion that occurs in the emission with temperature corre-
sponds to the temperature of the transition water —ice.

4. Discussion

Now we will proceed to analysis of experimental data.
We will begin from the nature of electron transition in
the individual molecule of the 2327 [9-14]. The calcu-
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Fig. 5. Fluorescence spectra of the 2327 in water solution:
a) 107 wt. %, b) 10" wt. %, c) film.
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Fig. 6. Excitation (a)/fluorescence (b) spectra for 10~ wt. % con-
centration of the 2327 in water.
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Fig. 7. Fluorescence spectra of the 2327 for 107> wt. % concen-
tration in water: a) 7 = 300 K, b) 7= 4.2 K.

lated equilibrium geometry of the dye 2327 is presented
in Fig. 8. It was found that the molecule is practically
planar with the exception of two substituted phenyl
residues which are out of the molecular plane on the equi-
librium angle 6 = 46°. The calculated rotation barrier is
shown in Fig. 9 for the both ground and excited states.
The excitation leads to the practical all bond lengths in-
crease slightly while the torsion angles remain practi-
cally the same. The molecular absorption and emission
are observed for the 2327 in methanol solution, the emis-
sion spectra from low concentration water solution can
also be attributed to molecular emission. The calcula-
tion shows that the molecular absorption band with maxi-
mal intensity as well as the maximum fluorescence band
is induced by 7T — 7* electron transition. Since the hig-
hest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) are almost com-
pletely localized on planar part of the molecules, the sub-
stituted residues do not practically influence on the en-

1.412

1.398

Excited state S;

Fig. 8. Equilibrium geometry of the 2327 molecule in ground state (left part) and in excited state (right part).
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Fig. 9. Energy barrier for rotation of phenyl residues. Solid line
was calculated for molecule of the 2327 that is in ground state,
So, dashed line represents excited state, S;.

ergy of lowest electron transition. This calculation agrees
with our experimental data A,,,=525 nm and data ob-
tained in [9, 10] Ajpax = 523 nm. The second transition in
the 2327 is two times degenerated because the 7Esystem
has D, symmetry. Since the phenyl group rotated from
the place of molecular, it leads to decrease of symmetry
to Cy, or to Cy; and thus degeneration becomes partially
removed. The calculation in both AM1 and PPP approxi-
mations demonstrates that these degenerated (quasi-
degenerated) transitions have a considerable higher en-
ergy than transition Sy — S;. In this case the second and
third peaks positions in absorption spectra might differ
from the maximal absorption band on 80-120 nm. So, the
maxima at 525, 495 and 460 nm, that are observed in
absorption spectra of the 2327 in methanol solution, are
the vibration transitions: 0 - 1', 0 1'...

The distances between maximums, about 1400 cm™,
correspond to frequency of CC-bond oscillation in 7Esys-
tems, 1300-1500 cm™.

The transitions that correspond to the fluorescence
spectra can be calculated in the range of quantum-chemi-
cal approximations at equilibrium geometry of molecule
in an excited state. Since the lengths of chemical bonds
does not significally change for excited state Sy, the
Stoke’s shift, calculated in AM1 approximation (56 con-
figurations), AA;= 16 nm, is close to the experimental
value, AAS*P = 11 nm. The mirror symmetry of absorp-
tion and emission spectra of the 2327 in methanol, where
the dye exists in molecular form, is also evidence of small
geometrical change of the molecules in exciting state.

Proceeding from the methanol to the aqueous solu-
tions of 2327, the absorption as well as emission spectra
considerably change, even for low concentration solu-
tions. Thus, for the concentration of about 107 wt.% the
absorption spectrum is similar to that one obtained in
methanol, but has different intensities of maximums as
well as different distance between them. For example,
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the distance between first two maximumsis 1150 cm™! thatis
less than in methanol solution and less than frequency of
CC-bond oscillation. With increase the concentration, the
absorption band form does not noticeable change, except
the distance between peaks demonstrates small growth. For
high concentration as well as for film the spectra become
wider and long wavelength peak transforms into shoulder.
The additional and very important information on molecu-
lar and associate structures of dye can be obtained from
fluorescence spectra. In our case the excitation of emission
spectra (Fig. 6) registered for both emission peaks, 550 and
592 nm, is almost identical to absorption spectra in metha-
nol, i.e. reflects the molecular absorption.

The correct interpretation of experimental spectra is
possible assuming that even for low concentration solu-
tion the both H-type of dimers and molecular form of the
dye exist simultaneously. To analyze dimer and further
aggregation process let us come back to molecular struc-
ture of the 2327. The phenyl residues which are out of the
molecular plane on the equilibrium angle 8 = 46°, can
almost freely rotate within a certain angle (see Fig. 9).
The rotation of phenyl group plays important role in
aggregation of molecules, since it limits the sliding of
molecules and the only two types of dimer must be con-
sidered: a) the molecules are positioned exactly parallel
with SO3 groups localized at the different side of the mol-
ecule (Fig. 10, parallel dimer); b) the molecules are ro-
tated relative to each other (Fig. 10 rotated dimer). These
dimers have a different ratio of intensities of peaks (see
Table 1). According to the theory, all intensity of transi-
tion in the parallel dimer is concentrated in short wave-
length region, while the long wavelength transition is
strictly prohibited. Inrotated dimers the both short wave-
length and long wavelength transition are possible. Their
intensities, /] and f>, depend on the angle between vectors
of dipole moments of the molecules. As it seen from Ta-
ble 1, increasing the angle up to 90° gives £,/ f»=1. Moreo-
ver, the value of splitting, AA regularly decreases. For
exact perpendicular position of molecules, the transition
becomes degenerated and its energy equivalents to the
energy of transition in monomer. So, the fact, that the
excitation spectra for the 10~ wt. % concentration solu-
tion is similar to the molecular absorption, demonstrates
that solution contains the only parallel dimers (they do
not fluorescent) which are in equilibrium with molecular
form of the dye. It agrees with calculation showing that
the parallel dimer is the most stable associate, since the
molecules have maximal intersection. Additionally the
parallel dimer is also stabilized by hydrogen bonds with
four molecules of water, see Fig. 11. The energy of hydro-
gen bonds is 18 Kcal/mol, that is considerable higher kT.

The growth of concentration accompanies growth of
a dimer number as well as creation of aggregates with a
large number of molecules. The spatial obstacles (big SOz
groups) limit the creation of trimer, tetramer and so on with
equivalent distance between molecules 3.4 A. The only
tetramer or higher associates with 2N molecules and with
alternative distances 3.4 A and 5.5 A are possible. In this
case the translation unit is the parallel dimer (see Fig. 12).
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Table 1. Electron transition splitting (DI) in dimers (AM1, CI 2x2)

Type Distance, A Transition AA,nm f Jfil Fmonomer
Monomer - Sop - S; - 1.176 -
Parallel 3.4 So - Sy +16 0.000 0

So - S, -35 2.273 2

Rotat. ,30° 3.4 So - S; +29 0.140 0.12
So - S, =25 2.344 1.99
45° So - S; +26 0.308 0.26
So - S -18 1.955 1.66
60° So - S; +18 0.546 0,46
So - S, -9 1.614 1.37

90° So - S; 0 1.171 1
So - S, 0 1.171 1

Parallel dimer -

Rotated dimer

Fig. 10. Structure of dimers.
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Fig. 11. Hydrogen bonds between dye and water molecules.

Fig. 12. Structure of parallel tertramer.
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Table 2. Electron Transition Splitting (DI) in Rotated Trimers (AM1, CI 3x3)

Type Angle, §° Transition f AA, nm il fmonomer
Monomer - So - S; 1.176 - -
Helix 15°+15° Sp - Sy 0.026 +49 0.02

So =S, 0.120 +12 0.10

Sp - S35 2.204 -39 1.87

30°+30° So -S4 0.195 +34 0.17

Sp - S, 0.301 +11 0.26

Sp - S35 2.221 -25 1.89

45°+45° So - 4 0.117 +29 0.10

So =S, 0.984 +3 0.84

Sp - S35 1.760 13 1.50

60°+60° So -S4 0.044 +30 0.04

Sp - S, 1.537 0 1.31

So - S3 1.175 -6 1.00

90°+90° Sp - Sy 0.001 +13 0.00

So =S, 0.903 +7 0.77

Sp - S35 2.076 -4 1.76

Altern. 30°-30° So -S4 0.156 +39 0.13
Sp - S, 0.000 +11 0

So - S35 3.393 -38 2.88

60°-60° Sp - Sy 0.585 +24 0.50
So =S, 0.000 +15 0

Sp - S35 2.989 -10 2.54
90°-90° Sp =Sy 0.000 +14 0

Sp - S, 0.945 +6 0.80

So - S;3 2.065 -4 1.76

The rotated aggregates can be formed from separate
molecules (see Fig. 13). Theoretically there are two pos-
sible aggregates: 1) helix, when each molecule turns by
some angle forming a helix; 2) alternative, when an an-
gle of rotation alternates as 8and 8* from one molecule
to another. The calculated wavelength shift and oscilla-
tor strength for such model trimer are shown in Table 2,
for tetramer — in Table 3. One can see that intensity of
long wavelength transition grows with aggregation, par-
ticularly for alternative aggregates with 8 = +60° . Actu-
ally, there is a possibility for creation of rotated aggre-
gates made from parallel dimers, but their long wave-
length transitions are also prohibited.

With growing of concentration the FL spectra also
demonstrate some changes. For high concentration solu-
tion the molecular emission is diminished, whereas maxi-
mum of fluorescence appears at 700 nm as a nonstructural
band that can be approximated by Gaussian profile. The
general feature of experiment in which we observed this
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structureless band is the hardness of surrounding. Thus,
we determined this peak at the low temperature even for
methanol solution. Low concentration water solution dem-
onstrates this emission for all temperatures below zero
whereas the molecular emission immediately appears with
melting of ice. As far as it concerns the high concentration
water solution, the molecules exist there in the form of
aggregates which itself are rigid. It means that vibration
channel to release excitation is partially limited for a sepa-
rate molecule. In this case intermolecular charge transfer
becomes dominant. For our dye molecules the nitrogen
atom has a non-shared electron pair and plays a role of
donor. The rest of molecular skeleton is an acceptor. Fur-
thermore, the shift between absorption and emission
bands, 4267 cm™! is too big to be originated from molecu-
lar aggregation. So, the absent of monomer emission and
energy shift between monomer absorption and emission
peak are related to intermolecular charge transfer [14].

500, 4(3), 2001



P. Camorani et al.: Absorption spectra and chromonic phase in aqueous ...

Table 3. Electron transition splitting (DI) in tetramers (AM1, CI 4x4)

Type Distance, A Transition f AA, nm Silfmomomer
Monomer - So - S; 1.176 - -
Parallel 3.4-6.8-3.4 So - 4 0.000 +49 0
by dimers So - S, 0.000 +44 0
Sp - S3 0.000 -20 0
So — S4 4.499 -38 3.82
Te-rotated 3.4-3.4-3.4 So - 4 0.011 +52 0o
by dimers So - S, 0.010 +45 0o
60° Sp — S3 1.180 -17 1
So — S4 2.340 -33 1.99
Helix 30°+30°+30° So - 4 0.029 +44 0o
by mon. So - Sy 0.007 +23 0o
Sp - S3 1.314 -12 1.12
So — S4 0.453 —41 0.38
Helix 60°+60°+60° So - 4 0.014 +33 o
by mon. So - Sy 0.283 +12 0.24
So - S34 1.391 -10 1.18 x 2
Sp - Ss6 2.327 -10 1.98 x 2
Altern. 60°-60°+60° So - Si2 0.029 +22 0o
by mon. So - S34 0.777 +21 0.66 x 2
Sp - S5 0.306 +4 0.26
So — S¢ 2.333 -19 1.98

Fig. 13. Structure of rotated tetramer.
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Conclusions

The experimental spectra and quantitative comparison
of energy shifts calculated for aggregates do not permit
to make a clear choice between possible structures of
aggregates. The maximum absorption band at 500 nm in
low concentration water solution belongs to parallel or
H-type of dimer, the maximum at 525 nm belongs to the
monomer. The possible existence of rotated dimer prob-
ably leads to uniform wideness of absorption spectra. The
experimentally observed long wavelength maxima in the
absorption spectra of the 2327 and the 2334 with increas-
ing concentration can be attributed to decreasing number
of individual molecules of the dye and to the formation of
the rotated aggregates. This fact is also responsible for
the shift and form change of emission spectra (580-600 nm
emission maximum).
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