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Second harmonic generation in polymers containing
dithiosquarylium dye
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Polymer layers containing the dye 2,4-bis(1,3,3-trimethyl-2-indolinylidenemethyl)-1,4-
dithiosquaraine display second-order nonlinear optical properties. Depending on conditions
of preparation of the layers, the monomer form of the dye or the intermolecular charge
transfer complex between two dye molecules are responsible for the second harmonic

generation.

Key words: 2,4-bis(1,3,3-trimethyl-2-indolinylidenemethyl)- 1 ,4-dithiosquaraine, poly(vinyl
acetate), poly(vinyl ethylal), second harmonic generation, surface potential.

Polymer compositions are materials on the basis of
which transmission media, active optical elements, and
devices for duplication of laser radiation frequencies
compatible with modermn microelectronic instruments
can be developed.

As known,'—3 polarization (A(E)) of the medium
occurs in the electric field of laser radiation E(w), and
donor-acceptor systems exhibit nonlinear effects:

AB = xVEw) + (P EXw) + xPENw) + ..., 4}

where y(VE(w), YPEXw), and xPEXw) are volume
polarizations; and x{!, @, and x are polarizabilities
of the first, second, and third orders, respectively. The
%@ and % values are aiso named hyperpolarizabilities
of the first and second orders. When the E(w) vector
changes direction to —FE(w), it can be obtain from
Eq. (1) that in centrosymmetrical media, i.e., where
P(+E) = ~P(—E), the second-order susceptibility
¥ = 0. Molecules with intramolecular charge transfer
and the structure of D—(x-conjugation system)—A (D is
a donor and A is an acceptor group) are noncentro-
symmetrical. As a result, the E(w) field induces
anharmonic polarization, and the radiation of oscillating
dipoles can be presented by the sum of Fourier com-
ponents with frequencies ®, 2, 3, erc. The intensity
(D) of the second harmonic (SH) measured experimen-
tally is related to the susceptibility by the equation

195Q2w) - ¥ = A2w)/ EXw) = M A )R 2m)<cos’e>, (2)

where N is the number of donor-acceptor groups in the
polymer unit volume; fw) = [n¥(w) + 2]/3 and N2w) =
[n2(2w) + 2]/3 are dimensionless coefficients relating
the external electric field and the internal electric field
acting upon the molecule (n{w) and n(2cw) are refractive
indices of laser radiation with the main and doubled

frequencies, respectively); and 0 is the angle between
the main axis of an individual molecule and perpendicu-
lar to the plane of the polymer layer. The molecular
hyperpolarizability of the first order'— is described by
the equation

9e%a? W
Am (W - ()W ~ (he)?)

where e and m are the electron charge and mass, respec-
tively; A = h/(2n) (h is Planck’s constant); W is the
difference of energies between the ground state of the
donor-acceptor system y, = ay(D,A) + by(D*A™) (a >
b) and the charge transfer state Ww(CT) = cy(D,A) +
dy(D*A™) (d > ¢); Ap is the difference between the
dipole moments of the chromophore molecule in the
ground and excited states; fis the strength of the oscilla-
tor of the optical charge transfer transition (see, e.g.,
Ref. 5): f = 4.32- 107%,, AV, 5 (€, is the maximum
extinction coefficient, and Av, ,/cm™! is the half-width
of the charge transfer band); and fw and 24 are the
energies of quantum of the main frequency (1064 nm)
and SH, respectively.

In polymer compositions, due to disordered orienta-
tion of dissolved D—A molecules, the average value of
<cos’e> in Eq. (2) is equal to 0. Noncentrosymmetry is
created by the application to the polymer layer of the dc
electric field E, which provides orientational polariza-
tion, i.e., rotation of molecules resulting in the predomi-
nant arrangement of donor-acceptor groups along the
field direction. In this case, the average value <cos?6> =
uE/(5kT),} from where

B(=Bcr) =

SAu, 3

1935Q0) ~ x@ = NFU)fQo)f (O EBWSKD + 4], (4

where fz(O) = (g +2)/3 (¢ is the dielectric constant of
the polymer matrix), and v is the second-order molecu-
lar hyperpolarizability. This contribution of the third-
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order nonlinearity is due to the action of fields Ex E¥w).
Unlike the second-order polarizability, the dc electric
field £ does not exert an orientation effect, but polarizes
the molecule without changing the direction of molecu-
lar axes.

The works®*—® on studying the second-order suscepti-
bility in Langmuir—Blodgett films of squarylium dyes
have been published recently. The high x@ value was
established in films consisting of 2,4-bis[4-(N,N-
dibutylamino)phenyl}squarainc molecules (1, for the
monomeric form, A = 656 nm).

o

Bu",N—CgH; CgH,—NBUY,

o 1

Comparison with the structural analysis data shows
that the appearance of SH is due to the formation of

noncentrosymmetrical intermolecular donor-acceptor
complexes of the "T-form™ in which the donor amino
group of one molecule is oriented to the central four-
membered acceptor fragment (—C,0,—) of another mol-
ecule. The optical absorption

of these complexes comresponds 7

to A, = 694 nm.

The nonlinear properties of x Q 0 o
organic crystals of substituted
cyclobutynediones®!? with the 5
nonsymmetrical structure were Y
studied.

For these compounds, at X = Me,N, Y =H, and Z =
NHCH,CH(OH)Me, the x? value obtained is 64 times
higher than that of the urea crystal (¥~ 3 pm V™! at
1064 nm™ and a thickness of 100 pm).

This work is devoted to the study of SH generation
(SHG) of laser radiation by polymers containing the
squarylium dye. We used the thiosquarytium dye (TSD)
2,4-bis(1,3,3-trimethyl-2-indolinylidenemethyl)-1 4-
dithiosquaraine (2, Scheme 1), whose synthesis and
spectral parameters have been discussed previously.12.13

It is known" that the Langmuir film of a similar
indoline-containing squarylium dye (3) with O atoms
instead of S in the central group is decomposed upon
compression. This effect is explained by the nonplanar
structure of molecule 3 due to the twist-turn of the
indoline group about the HC—C bond (of the central
square), which is characteristic of crystals of this dye!s
and induced by the mutual repulsion of O atoms and
methyl groups. The enhancement of this repuilsion on
going to TSD 2 should be expected due to the great
volume of the C=S group (19.7 A}!¢ as compared to
that of C=0 (5.85 A3).1¢

Experimental

Layers consisting of polymer matrices, poly(vinyl acetate)
(PVA), poly(vinyl ethylal) (PVE), poly(viny! chloride) (PVC),
and cresol-formaldehyde novolac resin (NR), and additives of

Scheme 1
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TSD 2 were deposited on transparent electrodes of ITO by
stretching out from a viscous solution in chloroform. For
comparison, a layer of NR and TSD 2 was also deposited from
a solution in acctone. Solvents (reagent grade) were addition-
ally purified by distillation. Prior to measurements, layers were
stored in vacuo for ~20 h at room temperature (freshly pre-
pared layers).

The simplified scheme of measurement of SHG is pre-
sented in Fig. ! {the detailed scheme is presented in Ref. 17).
A sample consisting of a glass support, a grounded transparent
electrode of ITO, and a supported polymer layer (J) was
irradiated by single pulses of an Nd:YAG laser (2) (A =
1064 nm, 50 mJ pulse™!, a pulse duration was 15 ns, and a
beam diameter was ~0.3 cm). The sampic was placed at an
angle of 45° to the laser beam direction. A portion of the laser
radiation with the main frequency was directed through a
light-dividing plate (3) to a photoamplifier and a digital volt-
meter (4) to estimate the stability of the laser. The intensity of
polymer layer-generated radiation with the wavelength of
532 nm (/3,/mV), which was picked out by an iaterferential
light filter (S) at the wavelength A/2 nm, was measured using a
photoamplifier and a digital voltmeter. A negative potential
was applied on the polymer layer surface by the corona
discharge method: ionization of the gas upon application of a
high voltage (from a source (&) to a steel needle (7). This
method is well developed in electrophotography.!® The tem-
perature of the sample was controlled by a heated nitrogen jet
directed to the sample in a reservoir (9).

The surface potential and its decrease after switching off
the high-voltage source was estimated in parallel experiments
by measuring dark xerographic discharge curves. The negative
charge was applied to the polymer layer surface within 10 s in
a coronator. A potential close to the saturation potential was
achieved within this time period. The sample was removed
from the coronator into a measuring cell within less than
10 ms. The decrease in the surface potential in time was
measured on a vibration-snap electrommeter.

Optical spectra were recorded on a Beckman DU-7 spec-
trometer. The thickness of layers was measured on a MIi-4
Linnek microinterferometer.

Results and Discussion

The changes in the second harmonic intensity, /gy, in
the freshly prepared layer of PVA containing TSD 2

(sample A) under conditions of switching on and
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switching off the corona discharge (see Fig. 1) and upon
increasing the measurement temperature are shown in
Fig. 2, a. In the absence of TSD, the polymer matrices
irradiate no SH. It is seen that the [, value decreases to
0 when the orenting field E is switched off (in region A)
and due to the increase in the temperature of the sample
(in region B), and decreases gradually during measure-
ment of SH. The curve of (J/[)* decrease in region A
(Fig. 2, a) is compared in Fig. 2, 5 to the curve of surface
potential (U/U,) obtained under similar conditions. Here
I, and U, are the initial values measured in the moment
of switching off the corona discharge. At 18°C, the
surface potential is U, = 136 V (the layer thickness is
11 pm, hence, the orienting permanent field is £ =
0.124 MV cm™). The similar run of these curves indi-
cates that the decrease in SH is controlled by the de-
crease in the £ field. The decrease in the (J/7)°5 value is
compared in Fig. 2, ¢ to the decrease in the surface
potential U due to the increase in the temperature of the
sample (see region B in Fig. 2, a). The activation energy
of the temperature decrease in SH, AE = 0.2fA(log/ %))/
{A(10/ D)) = | eV, exceeds the activation energy of the
decrease in the surface potential I/ (AE = 0.66 eV). The
sharp decrease in SH and potential U begins near the
glass transition temperature of the polymer (7; ~ 30—
32 °C), from which we can conclude that the temperature
decrease in SH intensity is determined, as shown below,
by both the decrease in the content of the active form of
the dye and the decrease in the surface potential.

It has been shown previously for poly(isobutyl meth-
acrylate) containing the chromophore dimethylamino-
nitrostilbene!? that traces of chloroform (the dipole mo-
ment of the molecule (i) is 1.01 D) are retained in the
freshly prepared layers. Under the action of the orient-
ing field £, CHCI, molecules are selectively accumu-
lated around dipolar chromophore malecules due to
diffusion from the nonpolar polymer. As a result, a
"heterogeneous” structure is formed, in which the inter-
nal electric field weakening the effect of the orenting

7]

5

Fig. 1. Simplificd scheme of measurement of SH of laser
radiation with A = [064 nm: [, sample; 2, Nd:YAG tlaser;
3. light-dividing plate; 4, 6. photoamplifiers and digital volt-
meters; 5, interferential light filter at the wavelength 3/2 nm;
7. steel needle: 8, high-voltage source; and 9, reservoir.
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Fig. 2. a. Change in the second harmonic intensity /g, in
sample A during orientational polarization (/); change tn the
signal of the main frequency /o, in channel 3--4 Fig. 1 (2);
and change in the temperature of the sample (3). Switching on
and switching off the corona discharge are shown by the
dashed line. b. Comparison of the decrease in ([/10)0-5 () in
regiont A in Fig. 2, a with a decrease in the surface potential
(UrUy) (2) after switching off the corona discharge. ¢. Tem-
perature dependence of the decrease in (//1;)% in region 8 in
Fig. 2, a ([} and surface potential UG, (2).
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field E is created around the chromophore, which re-
sults in a decrease in the SH intensity according to Eq.
(4). In our system, this effect is disguised by the de-
crease in the optical density of chromophores. This is
shown in Fig. 3, g, which presents the aptical spectra of
the starting freshly prepared sample A before measuring
SH, after completion of the measurements (see Fig. 2),
before the repeated measurement of SH after storage of
sample A for 15 days (sample A!), and after 30-day
storage (sample A?) before and after measurements of
SH. The maximum of optical absorption of TSD 2 in
freshly prepared samples corresponds to 662 nm. The
spectra were recorded in the region of the corona dis-
charge effect. As can be seen in Fig. 3, a, keeping the dc
electric field and heating of the sample led to a decrease
in the optical absorption density at 662 nm and appear-
ance of a new band with a maximum at 637 nm and an
additional long-wave shoulder in the region of 680—
750 nm. During all transformations of the spectrum, the
optical density at 590 nm remains unchanged. In the
spectrum of dye 3 close in structure to TSD 2, this band
is assigned to dimers due to dipole-dipole interactions of
central C—QO groups, and the absorption with a maxi-
mum at 662 nm corresponds to the monomeric form of
the dye.!420

Figure 3, & shows the optical spectrum of the layer of
PVA and TSD 2 (sample B) heated at 42°C for 4 h,
which before heating had the optical density in the
maximum D, = 0.75. As can be seen, heating results in
the disappearance of the maximum at 662 nm, appear-
ance of a band with a maximum at 637 nm, and a
decrease in the optical density in the maximum to
Dq;;, = 0.2. The spectrum also exhibits a shoulder at
680—750 nm. In addition, Fig. 3, 6 presents the optical
spectrumn of the freshly prepared composition (sample
C) consisting of the novolac resin and TSD 2 obtained
from an acetone solution. (The low optical density is
determined by a poor solubility of the dye in acetone.) It
is seen that the spectrum contains bands assigned to the
absorption of dimers in the 560—620 nm region and
monomers with a maximum ~640 nm and a band in the
region of 680—750 nm. This band can be compared to
the long-wave absorption with a maximum at 694 nm in
the Langmuir—Blodgett films of dye 1.-® This absorp-
tion, as mentioned above, is due to the formation of
noncentrosymmetrical intermolecular complexes with
the "T-form" responsibie for efficient SHG.

The change in the second harmonic intensity in
sample B during polarization in the dc electric field £
and after its switching off differs considerably from that
observed for the freshly prepared samples. As shown in
Fig. 4, unlike the freshly prepared sample (see Fig. 2, a,
b), after heating of the layer of PVA and TSD, the /,,
value does not decrease, but increases somewhat during
polarization, and the decrease in [, becomes more
protonged after switching off the dc electric field.

The dependence of the maximum intensity 3 on
the optical density in the absorption maximum of the

361
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Fig. 3. a. Optical spectra of the starting freshly prepared
sample A before measurement of SH (/) after completion of
measurements illustrated in Fig. 2 (2}, after 15-day storage of
the sample (3), after 30-day storage (4) and after measurement
of SH (35). b. Spectra of the layer of PYA and TSD 2 prepared
from a solution in chloroform and heated at 42°C for 4 h
(sample B) (/) and a freshly prepared composition consisting
of novolac resin and TSD 2 obtained from an acetone solution
(sample C) (2).
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Fig. 4. Dependence of the second harmonic intensity /g, on
the duration of orientational polarization in sample B. Switch-

ing on (T) and switching off () the corona discharge are
shown by arrows.

freshly prepared samples is presented in Fig. 5 along
with the /%3 values for samples A, A!, and Al It is seen
that for the samples with the predominant monomeric
form of TSD 2, a similar linear dependence of /%3 on
the optical density in the absorption maximum of the
dye in the region of Dy, < 2.4 is observed for both
freshly prepared layers and after a considerable decrease
in Dy, due to polarization, heating (see Fig. 2, a), and
prolonged storage (within 15 and 30 days).

The linear dependence of %3 on the optical density
of the monomeric form of TSD 2 indicates that the
optical transition at 662 nm is determined by the in-
tramolecular electron transfer and, hence, the TSD form
presented in the lower part of equilibrium in Scheme 1
predominates. It is established?! by NMR spectroscopy
that dye 1 forms, with chloroform, associates respon-
sible for the bathochromic shift of the optical spectrum
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Fig. 5. Dependence of the maximum intensity %% on the
optical density Do, in the absorption maximum of freshly
prepared samples. The /%3 values of samples A, A, A, B, and
C are shown (see text).

of the monomeric form. It can be assumecd that the
optical absarption of TSD 2 with A, = 662 nm is due
to the formation of associates between the dye and
CHCI,, and the hypsochromic shift to 637 nm can be
related to complete evaporation of solvent traces.

The /%3 values in samples B and C are presented in
Fig. 5. As can be seen, they are close and exceed
substantially the /° values corresponding to the run of
the lincar dependence /%5 ~ D, Since the optical
densities in the 680—750 nm region for samples B and C
also have close values (see Fig. 3, b), it can be assumed
that the above-mentioned intermolecular charge transfer
complexes of the "T-form™ responsible for this optical
absorption make the main contribution to the second
harmonic.

When the layers are obtained from a solution in
chloroform with replacement of PVA by PVE, PVC, and
NR, both the position of the maximum in the optical
spectrum in the freshly prepared samples (A, = 662 nm)
and its hypsochromic shift upon heating accompanied
by a decrease in the optical density are retained. In all
polymer matrices, when the temperature increases, SH
decreases sharply to zero in the region of 7. The next
decrease in the temperature to values <T8 results in the
appearance of SH, whose intensity is lower than the
initial one and proportional to the optical density at
662 nm. The specific features of SH generation by TSD
2 molecules in the PVE matrix are shown in Fig. 6. The
measurements were carried out {8 h after 2-s polariza-
tion of the sample in the dc electric field £ at room
temperature. The presence of SH at the beginning of
measurements without the electric field indicates that
orientational ordering of dye molecules due to pre-
orientation in the electric field £ is retained in this
matrix. Figure 6 shows the subsequent increase in [,
both upon switching on the E field and during orienta-
tion of TSD molecules at increased temperatures. A
sharp decrease in [, is observed when the temperature
approaches 7, (68 °C). After orientation at increased
temperatures, the SH signal was also observed in the
absence of the electric field during ~30 days.

These changes in the SH parameters on going from
PVA to PVE can be related to the dependence of the
rate of rotational diffusion of TSD 2 molecules on the
nature of the polymer matrix. According to the concept
of free volume, the movement of a molecule in amor-
phous media becomes possible in the case where a
microcavity whose volume (V) exceeds that of a dif-
fusing molecule appears near a diffusing molecule due to
the thermal redistribution of the free volume. The mo-
lecular volume (¥ ) caiculated by the increment method!®
for TSD is equal to 340 A3, which corresponds to the
van der Waals volume of ~0.14 cm?® in | cm? of polymer
at the concentration of 0.06 moldm™ (D, = 4,
the thickness of the sample is 7 pm, ¢, =
0.95- 105 dm? mol~'cm™"). In PVA, the free volume at
room temperature is ~0.35 cm? in | ¢cm? of polymer.'6
The free volume of PVE calculated without taking into
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Fig. 6. Change in the [, value (1) in TSD 2 in the PVE
matrix under the action of the electric field and changing the
temperature of the sampie (2). Switching on and switching off
of the corona discharge are shown by the dashed line.

account the formation of hydrogen bonds is close to this
value. However, PVE contains vinylethytal (79—
83 mol.%) and vinyl-alcohol units (~18—14 mol.%),
which can form intermolecular hydrogen bonds and thus
restrict the volume of an individual microcavity V_.
Most likely, this is the reason why orientation of TSD
molecules in PVE is "frozen™ after heating in the orient-
ing field E, and SH is observed for a long time and in
the absence of polarization in the dc electric field.

*

Thus, it is shown in this work that polymer layers
containing TSD exhibit second-order nonlinear optical
properties. The TSD molecules oriented in the dc elec-
tric field E are responsible for generation of second
harmonic (532 nm) of laser radiation with the funda-
mental frequency of 1064 nm. The TSD molecules exist,
depending on conditions of layer preparation, either in
the monomeric form with optical absorption at & =
662 nm, or as intermolecular complexes having absorp-
tion in the region of 680—750 nm. In the PVA layers,
the kinetics of SH relaxation is determined completely
by the kinetics of the decrease in the dc electric field.
Unlike PVA, in the PVE matrix containing vinylethylal
and viny!-alcohol units, SH and, hence, ordered orien-
tation of TSD molecules are retained for a long time
after the action of the electric field E ceased. This
occurs most likely due to the formation of hydrogen
bonds, which restrict the volume of microcavities of
polymer and thus decrease the rate of disordering of dye
molecules.
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