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Abstract

The complex investigation of the cyanine bases, containing benzo[c,d]indole as residue group was carried out by linear and non-linear optical
spectroscopic and quantum-chemical modelling methods. It was found that non-linear optical properties were more sensitive to the nature of the
varied donor terminal group than the absorption spectra; the increase of the donor strength in indolenine, benzothiazole, quinoline, and pyridine
causes an increase of the second and third hyperpolarizibilities by a factor of 3.5, which is qualitatively in good agreement with the experimental

data.
© 2006 Published by Elsevier Ltd.
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1. Introduction

Donor—acceptor conjugated compounds are used inten-
sively as non-linear optical materials [1—3]. Bases of cyanine
dyes are the most suitable molecules for progressive investiga-
tion of the relationship between the structure and NLO proper-
ties. They are comparatively simpler and have high polarizable
m-electron systems in which a donor and/or acceptor strength
could be varied regularly and purposefully to obtain the opti-
mal non-linear characteristics. Numerous advantages of this
type of donor—acceptor molecules in comparison with classi-
cal merocyanines are connected with that the acceptor group
in cyanine bases can be presented by nitrogen heterocycles
with complicated and modified molecular topology, unlike
acceptor residues in merocyanines containing, for example,
one-coordinated oxygen atom [4,5].
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On the other hand, linear and non-linear properties of the
cyanine bases as derivatives of the well-known cationic cya-
nine dyes are readily interpretable and suitable for the estab-
lishment of the general regularities between the chemical
constitution of donor—acceptor conjugated molecules and
their NLO parameters. The most widely investigated com-
pounds of this class are stable styryl bases (see review [6]
and references therein). Upon excitation, they show intramo-
lecular charge transfer process, especially, in polar solvents.
This is why the cyanine bases possess an enormous potential
for the molecular design of fluorescent probes [6] or non-linear
optic materials [7]. As a rule, the studied bases have been con-
structed by a constant donor group (p-dimethylaminophenyl
residue) and varying acceptor group. Until today, wide system-
atic study of cyanine bases with different donor residues has
not been carried out.

In the present paper, the results of the detailed study of the
features of the electron structure, absorption spectra and some
nonlinearities of the series of the cyanine bases with constant
benzo[c,d]indole acceptor residue and various donor groups,
basicity of which regularly changed, are considered.


mailto:iochkiev@ukrpack.net
http://www.elsevier.com/locate/dyepig

196 0.1. Tolmachev et al. | Dyes and Pigments 74 (2007) 195—201

2. Materials and methodology

The bases of the cyanine dyes that were investigated are
presented by the following structural formulas:

Oy

=

Z

1(Py)

Z N/CHs

/)
N

3 (Qu-Me)

2 (Qu-Ph)

5 (In)

Absorption spectra were recorded on a spectrophotometer
(Shimadzu UV-3100).

The laser beam self-action phenomena have been studied in
the dioxane solution of the derivatives of cyanine bases by using
the far field spatial profile analysis technique [8]. In the exper-
iment, the sample was positioned far beyond the focal plane,
3 cm of the focusing lens, f=11 cm, and was illuminated
with a diverging Gaussian beam of a second harmonic Nd:YAG
laser (wavelength 532 nm, duration time of a pulse 30 ps, rep-
etition rate 3 Hz). For each laser shot, the light intensities were
measured for the incident and transmitted laser pulses and for
the pulse transmitted through an on-axis diaphragm in the
far field (42.3 cm from the lens). The total and on-axis trans-
mittances correspond to the photoinduced absorption and
refractive index variation, respectively [9]. The diameter of

the beam spot was 0.17 mm at the sample in order to measure
the NLO response in the range of 2—250 MW/cm? with
a high signal to noise ratio. In addition, statistical averaging
of about 10* laser shots has been performed for measuring
the intensity dependence of the NLO response for one sample.
The measurements were performed at room temperature. The
reversible character of the NLO response has been thoroughly
controlled.

The equilibrium geometry of dye molecules in the ground
state was optimized by the AM1 approximation (with the gra-
dient of 0.01 kcal/mol). The 30 singly excited configurations
were used upon calculation of the election transition
characteristics.

3. Results
3.1. Synthesis

The compounds 1—5 were synthesized as described earlier
in the scheme [10].

O . | + X 1.pyridine/A s
N, Hsc_é,ﬁl) 2. NaOH/DMF

3.1.1. Synthesis of 2-[(1-methylpyridin-4(1H)-ylidene)
methyl]benzo[c,d]indole (1-Py)

A solution of 0.98 g (3 mmol) 2-methylthiobenzo[c,d]indo-
lium iodide and 0.84 g (3.6 mmol) 1,4-dimethylpyridinium
iodide in 3 ml of pyridine was heated at 110—115 °C (the tem-
perature of oil bath) for 3 h and then cooled to the room temper-
ature. In 3 h the precipitate was filtered off and washed by
ethanol. The filter cake was dissolved in 10 ml of DMF at
100 °C and this solution was added to 50 ml of 5% aqueous so-
lution of sodium hydroxide. The resinous product precipitated
was levigated, filtered off, washed by water, and dried in vacuum
desiccator over sodium hydroxide. The resulting product was re-
crystallized from toluene, yield 0.13 g (17%), decomposition
point 208—209 °C. '"H-NMR (DMSO-dg), 6 (ppm): 3.61
(s, 3H, N—CHs;), 591 (s, 1H, CH), 7.12 (d, /= 6.6 Hz, 1H,
CH), 7.28—7.49 (m, 6H, CH), 7.55 (t, J=6.9 Hz, 1H, CH),
7.80 (d,J=7.8 Hz, 1H, CH), 7.86 (d, J/ = 6.6 Hz, 1H, CH). El-
emental analysis of CgH;4N,—calculated: C, 83.69; H, 5.46;
N, 10.85; found: C, 83.75; H, 5.41; N, 11.15.

3.1.2. Synthesis of 2-[(1-phenylquinolin-4(1H )-ylidene)
methyl]benzo[c,d]indole(2-Qu-Ph)
2-[(1-Phenylquinolin-4(1H)-ylidene)methyl]benzo[c,d]indo
le(2-Qu-Ph) was prepared in the same way. The product was re-
crystallized from the mixture of toluene and hexane, yield 42%,
m.p. 212—213 °C. "H-NMR (DMSO-dy), 6 (ppm): 6.83 (d, J =
9 Hz, 1H), 7.12 (s, 1H), 7.28—7.76 (m, 12H), 7.94 (d, J=
7.8 Hz, 1H), 8.35 (d, J=7.8 Hz, 1H), 8.50 (d, / = 7.8 Hz, 1H).
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Elemental analysis of C,,HgN,—calculated : C, 87.54; H, 4.90;
N, 7.56; found: C, 87.98; H, 4.71; N, 7.79.

3.2. Absorption spectra

The absorption spectra of cyanine bases investigated are
presented in Fig. 1. One could see that in all the solvents
the separated comparative intensive band is observed in the
visible part which corresponds to only the first T — 7* elec-
tron transition. The higher transitions manifest themselves in
the spectral region shorter than 400—450 nm. The positions
of the maxima of the long wavelength bands of the dyes
1-5 are presented in Table 1.

Fig. 1 also shows that the position and shape of the bands
are only somewhat sensitive to the nature of the solvents.
Excepting methanol (Fig. 1la), in the polar acetonitrile
(Fig. 1b), non-polar dioxane (Fig. 1c), and toluene (Fig. 1d),
spectral bands are rather wide and structurally defined so
that even the fine vibronic structure is observed, and 0 — 1*
vibronic transition proves to be the most intensive.

It was found that solutions of the cyanine bases 1—5 are not
stable. Upon exposure to air, the intensity of absorption bands
of the base solutions decreases regularly. Study has shown that
stability depends on the chemical constitution of the donor res-
idue. So, the relative drop of the extinction coefficient (in %)
within an hour is as follows: 15.71 (1, Py), 2.45 (Qu), 5.45
(Qu-Ph), 0.55 (BT) and 0.54 (In). After 2 weeks, all the solu-
tions were practically discoloring.

Because of instability, only the freshly prepared solutions
of the cyanine bases were used for the NLO measurements.

3.3. NLO properties

In Fig. 2 the total and on-axis transmittance dependencies
versus input laser beam intensity are presented for the solution
of the bases 2 with concentration 10~" mole cm . At the low-
intensity range (3—10 MW/cm?) the sharp photoinduced dark-
ening is accompanied by a positive refractive index variation,
i.e. an icrease of on-axis transmittance. The induced absorp-
tion saturated at 10 MW/cm? and total transmittance keep
the magnitude with low variation at about 0.5% up to high in-
tensities. On the contrary, on-axis transmittances show the
ranges with alternating refractive index variation.

The same dependencies are presented for the base 4 solu-
tion with concentration 5 x 10~° mole cm™> (Fig. 3). The total
transmittance reveals sharp darkening with an intensity of up
to 8 MW/cm?, but at higher intensities of a photoinduced
bleaching take place at two ranges. The on-axis transmittance
has relatively strong variations at the high intensity region
(150—250 MW/cm®).

3.4. Quantum-chemical data

In Table 2, the calculated energies of some of the lowest
7 — 7* electron transitions and dipole moments of the cya-
nine bases are presented while the wavelengths of the first
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Fig. 1. Absorption spectra of bases 1—5 in different solvents.
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Table 1

Absorption band maxima (A,,,x) and extintion (¢) as well calculated wavelength of the first electron transition of cyanine bases 1—5

Compound Code Dioxane Toluene Acetonitrile Methanol atheor ym
&, 10* Amax, M e, 10* Amax, M e, 10* Amax, M e 10* Amax, NM

1 Py 1.58 569 1.85 567 5.57 571 9.70 523 522

2 Qu-Ph 2.26 574 3.75 574 7.10 572 7.09 589 513

3 Qu-Me 3.57 582 3.21 583 7.01 584 6.76 569 531

4 BT 2.57 525 2.20 526 4.86 523 3.83 515 499

5 In 2.20 519 2.08 520 4.06 515 2.88 508 472

electron transition are tabulated in Table 1 together with the
experimental band maxima, A,,x. Comparison with the exper-
imental data (in methanol) shows that there is an inconver-
gence to some extent between the calculated and spectral
wavelengths; it is a typical imperfection of the AM1 approxi-
mation [11]. Of course, increasing the number of configura-
tions upon the calculations of the energy of the excited state
improves slightly the convergence between the calculated
and spectral results, approximately on 10—15 nm. It was ear-
lier shown [12] that better agreement between the band max-
ima and calculated wavelengths of the electron transitions can
be reached in the PPP method; however, m-electron approxi-
mation (PPP and HMO) is not suitable to calculate state dipole
moments because of g-electrons being neglected. Meanwhile,
the AM1 method reflects correctly the dependence of the energy
of the electron transition on the molecular topology, in partic-
ular, chemical constitution of donor end groups; and hence, it
can also be used for the calculation of such characteristics
as state dipole moments, transitions moments and therefore
for the estimation of the hyperpolarizibilities, i.e. non-linear
optical properties.

4. Discusion
4.1. Electron asymmetry
Similar to other donor—acceptor conjugated systems, the

cyanine bases 1—5 can be presented not only by a neutral
structure, but also by a zwitterionic structure with the
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Fig. 2. Dependencies of transmittances of base 2 on intensity. Base 2,
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separated negative and positive charges. For example, there
are two main valence structures, A and B for the base 1:

The contribution of the structures depends on the so-called
“basicity” of the end group X in the formulae 1—5, which cor-
responds to a donor strength of the terminal residue. It was
shown by Brooker [13] that the heterocyclic compound used
in this article can be positioned in the following way so that
the basicity of heterocyclic residues decreases regularly: pyri-
dine, quinoline, benzothiazole, and indolenine. Also, one
could estimate quantitatively the donor strength of the donor
end group by its topological index @,, which characterizes
the ability of terminal residues to donate the 7t-electron den-
sity to the carbon atoms of the polymethine chain or, more cor-
rectly, to shift the modes of the frontier MOs from their
positions in non-substituted polymethines [14]. It can be com-
pared with the value ADBS (additional double bond stabiliza-
tion) introduced by Brooker [13]. For the molecules with
stable closed electron shell, the parameter @, magnitude is
usually positive and falls within the interval 0° < @y < 90°.
Then, the calculated indices @, for the heterocyclic residues
above are presented in Table 3. One could see that the param-
eter @, decreases in the “Brooker series’: pyridine, quinoline,
benzothiazole, and indolenine.
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Table 2

Calculated characteristics of electron transitions in bases 1—5 (E is energy, u;
is state dipole momentum, w, is transition dipole momentum and Aur=
— Ho)

Base Transition E, eB i, D Hgi, D Au;, D
1 So — 5.787 — -
So — S 2.367 9.011 9.024 3.224
So— S, 2.962 1.173 1.048 —4.614
So— S5 3.385 4.492 3.773 —1.294
So — S4 3.627 6.971 4.339 1.184
So — S5 3.787 3.872 1.135 1.915
23 So — 4.001 - -
So — S 2.329 6.705 9.656 2.705
So— S, 3.171 3.239 1.403 —0.762
So— S5 3.322 2.384 3.783 —1.617
So — S4 3.503 3.744 0.54 —0.257
So — Ss 3.724 3.606 2.4 —0.395
4 So — 3.344 - —
So — S 2477 5.937 8.108 2.593
So— S, 2.757 4.354 0.632 1.01
So— S;3 3.416 2.742 2.903 —0.602
So — S4 3.533 4.895 1.182 1.551
So — Ss 3.636 0.881 1.474 —2.463
5 So — 2411 - —
So — S 2.615 3.948 7.723 1.537
So— S, 3.42 2.87 3.362 0.459
So— S35 3.668 2.845 2.246 0.435
So — S4 3.684 2.233 2.56 —0.178
So — Ss 3.758 3.784 1.559 1.374

Taking into consideration the physical meaning of the index
®, as an ability to transfer an electron density, increase in the
parameter @, should lead to an increase of the contribution of
the valence structure B. This can be estimated by the alterna-
tion of the lengths Al; it is seen from Table 3 that the alterna-
tion is minimum for the base 1, containing high basic pyridine
residue and maximum for the base § containing the indolenine
residue with the lowest index @, (the lowest donor strength).

The considerable alternation of the bond lengths is evi-
dence of the asymmetry in an electron distribution in the chro-
mophore, what becomes apparent, for example, in absorption
spectra: the bases 1 (Py) and 2 or 3 (Qu) with the equalizing
carbon—carbon bond lengths absorb in more long wavelength
region than bases 4 (BT) and 5 (In) with the higher degree of
the asymmetry (Fig. 1).

The electron asymmetry in the ground and excited states
of the cyanine bases determines the magnitudes of the state
dipole moments, u;. Table 2 shows that the momentum for
the ground state, wug, and for the first excited state, ui,
decreases regularly upon decreasing the strength of the donor

Table 3

Carbon—carbon bond lengths in the chain of bases 1—5

Compound R o 1, A L, A Al A
1 Py 76 1.4033 1.4000 0.0033
23 Qu-Ph (Qu-Me) 66 1.4063 1.4015 0.0048
4 BT 50 1.4105 1.3872 0.0233
5 In 40 1.4159 1.3790 0.0369

end group in the series: 1 (Py), 3 (Qu), 4 (BT) and 5 (In).
Also, the same tendency is observed for the change of dipole
momentum upon excitation, Au=pu; — po: 3.224, 2.705,
2.593 and 1.537 D, correspondingly. The last value, Au, is
one of the governing factors for the non-linear properties
(see below, Section 3.3).

4.2. Electron transitions and absorption spectra

The separated spectral band observed in the visible part of
the absorption spectra is connected with the first @ — 7*
electron transition involved mainly with the highest occupied
MO and lowest unoccupied orbital. With the exception of
base 1 containing the piridine end group, all spectra exhibit
the comparative wide band with the vibronic structure in
any solvent, polar (CH;CN, CH30H) and non-polar (dioxane
and toluene). It seems likely that a substantial transformation
of the shape of the long wavelength band in the methanol
solution of the base 1 is caused by the formation of the hy-
drogen bonds between the hydrogen atom of the OH-group
of the solvent molecule, CH;30H, and the two-coordinated ni-
trogen atoms of the benzo[c,d]indole residue. In this case, the
contribution of the zwitterionic valence structure B is maxi-
mum due to the highest donor strength (basicity) of the pyr-
idine residue.

The vibronical transitions manifest themselves as shoulders
on the spectral band. As a rule, the most pronounced vibronic
structure is observed in the non-polar toluene. The approxi-
mate distance between vibronic transitions is found to be equal
to 1100—1400 cm ', which is close to the corresponding value
for polymethine dyes and related compounds [13]. One could
see from Fig. 1 that the O — 1* vibronical transition appears
to be the most intensive (except, of course, piridocyanine
base 1 in the methanol). Then, it enables the comparison of
the positions of the absorption bands using their maxima (tak-
ing into consideration that the band maximum corresponds
just to the most intensive vibronic transition, but not to the
0 — O* transition).

4.2.1. Calculated and experimental data

The calculated and experimental wavelengths of the first
electron transition for the cyanine bases are presented in Table 1.
There exists a comparative agreement between both data.
So, calculations predict bathochromical shift upon going
from piridocyanine base 1 to the quinoderivatives 2 and 3
(+9 nm) and hypsochromical effect upon introducing benzo-
thiazole or indolenine residues instead of the pyridine donor
group (—23 and 50 nm), while the observed shifts of the
band maxima are equal, +5, —44 and 50 m, correspondingly.
Also, it follows from Table 2 that the transition momentum,
u;;, decreases in series: 9.656 D (Qu), 9.024 D (Py), 8.108 D
(BT) and 7.723 D (In) what agreeing with the decrease of the
absorption band extinction in the same order: 1.58 x 10%;
3.67 x 10% 2.57 x 10% and 2.20 x 10*.
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4.2.2. Solvation effect

Comparing the spectra of the bases in different solvents
shows that the band maximum depends only slightly on sol-
vent polarity, except the methanol in which hydrogen bonds
could form. For example, going from the high polar acetonitryl
to the non-polar toluene is accompanied by the small batho-
chromic effect for the bases with the low basic donor groups,
+3 nm (BT) and +5 nm (In), while for the base 1 with the
most basic end group, the solvation effect is opposite in
sign, —4 nm. The bases 2 and 3, containing quinoline residue
prove not practically sensitive to nature of solvent.

4.2.3. The higher electron transitions

Calculations have shown that energy of the second electron
transition should be essentially greater so that the corresponding
spectral bands are shifted hypsochromically, with respect to the
first band, on 141 nm for the base (Qu), 115 nm (Py), 111 nm
(In) and 51 nm (BT). It is seen from Table 2 that the transition
dipole momentum of this electron transition, wgy, is smaller
than value g, for the first transition practically by a factor of
10. Taking into consideration that the oscillator strength is pro-
portional to the square of the dipole momentum, f o uﬁ»/E,j,
where Ej; is a transition energy, then the intensitivies of the first
and second electron transitions should differ hundred fold. Such
conclusion agrees with the absorption spectra of the bases
1-5; one could see from Fig. 1 that only the low intensive bands
are observed in the spectral region at 350—430 nm.

Also, the calculated data show that the transition dipole
moments ; of next electron transitions increase somewhat
with respect to the second transition, Sg — S,, which is in
good agreement with the observed spectra: absorption in the
spectral region at 250—350 nm is more intensive. However,
the spectral bands in the short wavelength part are unseparated
and hence could not be in one-to-one correspondence with cal-
culated energies of the higher electron transitions. Although,
qualitative agreement between them can be observed, conse-
quently, the calculated values E; and u; are likely to be
used for the theoretical estimation of the non-linear properties,
in particularly, hyperpolarizibilities.

4.3. Non-linear optical properties

As it is seen from Figs. 2 and 3 the increase in the intensity
of the incident light beam leads to an appearance of non-linear
phenomena. So, the laser beam with the variable intensity by
Z-scan technique causes firstly decreasing of the transmittance
of the sample (the cyanine base solution) simultaneously with
increasing of the refractive index, n. And thereafter, upon
20—30 MW/cm?, the refractive index decreases to near
100 MW/cm?.

It is known [4] that the change of a refractive index upon
acting on the field of the laser light (a non-linear refractive
index n(J)) is determined by the following formula:

n(J) =ny+naJ, (1)

where J is intensity of the incident beam.

Table 4

Calculated hyperpolarizibilities of the bases 1—5

Compound Dy Bo D N T Yo

1 76° 281 1532 12 001 3526 —12 514
23 66° 279 1296 16 515 2706 —6943
4 56° 167 698 6825 927 —5200
5 40° 80 189 4775 1488 —3098

On the other hand, the value n, is directly connected with
a third hyperpolarizibility, x©:

n =3xY/8 (2)

Figs. 2 and 3 show that non-linear characteristics depend on
the chemical constitution of compounds.

On the molecular level, the macroscopic value of X(3) corre-
sponds to the microscopic characteristic 7., Which can be cal-
culated by the sum-over-states technique (SOS) derived from
perturbation theory [4,5]. The simplified version of the SOS
equations has been identified and provides useful model expres-
sions for the second (8,) and third (y,) hyperpolarizibilities:

Bo [model} — 61 Ap/E2, (3)

vo | model| =242, Au?/E3, — il /E3,

R /ELE] =D N 4T

where the index g corresponds to the ground state, index e de-
notes the first excited state while the index k is related with the
higher excitation and the value Au is the difference between
the state dipole moments in the first excited and ground states,
fe — fg. In the formula (4), the summation runs over a few
excited states.

The calculated magnitudes of the parameters 8, and v, and
its components D, N, T used 5 excited states (k =2—5) for the
investigated cyanine bases 1—5 and are listed in Table 4. One
can see that increasing the donor strength estimated quantita-
tively by a topological index @, causes the regular increasing
of the parameter (3, by a factor of approximately 3.5, from 80
to 281 units.

The uniform regularity in the dependence of the value v,
on the basicity of the donor group is somewhat distorted,
and hence calculation gives the maximum v, for quinoderi-
vatives (Qu) with the @,=66°. This is because the base
exhibits the lowest transition energy while the third hyperpo-
larizibility is just more sensitive to the energy gap, as an Eé

Table 5

Experimental non-linear characteristics of the bases 1—5

Compound Amax, M TRA, cm/GW v x 1077,
C =10""mole/1 esu

1 569 860 5.2

2 574 520 4.2

4 525 336 2.4

5 519 80 —0.8
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(see the formula (4)). Also, one can see that the second
term, N, gives the main contribution in the magnitude 7.
The small magnitude of the term T is connected with the
relatively small transition moments, u,y, for the higher elec-
tron transitions (compare the corresponding data in Table 2).

The experimental non-linear characteristics are collected in
the Table 5.

To compare correctly the experimental and calculated
results, it is necessary to take into consideration the expres-
sions (3) and (4) that become slightly modified when the dy-
namic NLO properties are estimated (as opposed to the
static or model properties when a frequency of the incident
beam is assumed to be equal to zero, hw = 0).

The denominators in the formulae (3) and (4) should be
changed to following terms, correspondingly:

(Ege —2hw — il'y) (Eqe — hw — i) in Eq. (3)
(Ege — 3hw — il'ge) (Ege — 2h0 — il'ge ) (Ege — hw» — iT )

and

(Ege —3hw — il'ge) (Ege — ho» — iT e )
X (Eg +hw — iTg) inEq. (4)

where Iy is the damping factor associated with spectral band
shape (=0.10—0.15eV).

5. Conclusion

The linear and non-linear spectral properties of the cya-
nine bases as donor—acceptor conjugated systems depend
strongly on the asymmetry degree of electron structure in
the ground and excited states. Providing the same acceptor
end group (benzo[c,d]indole residue), asymmetry is deter-
mined by a donor strength or basicity of the another end
group, which can be quantitatively estimated by its topologi-
cal index @,. It is found that increasing the basicity in the

series indolenine, benzothiazole, quinoline, pyridine should
increase the second and third hyperpolarizibilities by approx-
imately a factor of 3.5.

The experimental data show the same tendency and are
qualitatively in good agreement with the results obtained by
the quantum-chemical calculations.
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