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Abstract

The second harmonic generation inatactic-PMMA containingpara-nitrosodimethylaniline (NDMA) and in PEO/PMMA blends contain-
ing 2, 6, 16 and 25 vol.% PEO doped with 4-anilino-40-nitroazobenzene (Disperse Orange-3 dye, DO-3), is investigated. This work confirms
an earlier finding that information on the mechanism governing the kinetic characteristics of the second harmonic signal decay in corona
poled polymer systems can be obtained only through the simultaneous measurements of both the second harmonic signal and the surface
potential, published by us. The results of the study concern the dependence of the second harmonic relaxation time on the temperature, the
concentration of the optically non-linear molecules in the polymer matrix and the composition of the blends. The surface potential and second
harmonic signal relaxation time,te, decrease more than 5× 104 times when the amount of PEO in the blend is increased from 2 to 25%, while
the rotational diffusion time always remains less thante. Addition of hole transporting molecules into the optically non-linear composition
based on 2 vol.% PEO speeds up the surface potential decay and strengthens the DO-3 rotational relaxation process. It is established that in
the blends with low PEO concentration molecular alignment increases significantly around the temperature at which the cubic coefficient of
thermal expansion starts to increase.q 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Optical non-linearity and second harmonic generation
(SHG) can be achieved in amorphous polymer systems
(the host) by adding certain molecular dipoles (the guest
chromophores) and then poling the samples in a high elec-
tric field to obtain a preferential orientation of the guest
dipoles. High fields can be obtained by using contact elec-
trode or corona poling. The latter is the most commonly
used technique for polymer systems [1,2]. After the corona
or contact electrode poling residual charges retard ran-
domisation of chromophores and thus hinder the second
harmonic (SH) signal decay in the polymer film [3]. In a
number of studies it is shown that the presence of a trapped
charge can affect the performance of non-linear optical
(NLO) polymers in several ways. The presence of the
trapped charge has been suggested to be a possible reason
for, first, the great difference in orientation relaxation times
in a polymer as measured by SH techniques and by dielec-

tric relaxation [4,5], secondly, the influence of the poling
field magnitude on the relaxation time of polymers [6] and
thirdly, the “memory effect” in which the SH signal relaxa-
tion time of a poled polymer film increases with the number
of poling cycles performed [7–9]. These studies were
carried out without measuring the electrical parameters of
optically non-linear polymers.

Charge effects inpara-nitroaniline doped PMMA thin
films were studied by Pauley et al. [10] using the simulta-
neous measurements of the current through a poling circuit
and the SH signal. The contact electrode poling was used. It
was shown that even after grounding the electrodes after
poling the SH signal decay can be associated with the orien-
tational relaxation of the oriented dipoles. This is strongly
affected by the charge injected by the electrodes and trapped
in the interior of the film [10].

The trapped charge influences the SH signal more
strongly in the case of corona poling. The corona poling
was used to study the SHG in 4-(dimethyl-amino)-40-nitro-
stilbene (DANS) doped PMMA [11]. For the first time elec-
tric field effects were examined by simultaneously
measuring the SH signal (during and following poling)
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and the surface voltage decay (following poling). The resi-
dual electric field was found to increase the temporal stabi-
lity of the SH signal [11]. Similar results were obtained in
studies dealing with Dispersion Orange (DO-3) doped
poly(vinyl acetate) [12], PMMA [13] and poly(ethylene
oxide) (PEO)/atactic-PMMA blends [14] at room tempera-
ture by measuring both the SH signal and the surface voltage
decay. It was also shown that the kinetics of SH relaxation is
entirely determined by the surface potential decay. There-
fore only parallel time-dependent measurements of the SH
signal and the surface potential of poled NLO films allow
evaluation of the real contribution of dopant molecule rota-
tional diffusion to the SH signal decay.

This work concerns the main factors governing the
kinetic characteristics of the decay in SHG efficiency in
two different polymer systems. The first system consists
of PMMA doped with para-nitrosodimethylaniline
(NDMA: (CH3)2N–C6H4–NO) NLO chromophore. The
second one is a PEO/PMMA blend with a rather low PEO
content doped with DO-3 (H2N–C6H4–NyN–C6H4–NO2)
dye. The dependence of the physical characteristics of the
PEO/PMMA blends, namely the glass transition tempera-
ture, Tg, the temperatureTg,vol at which the coefficient of
cubic thermal expansion undergoes changes, the free
volume and some other parameters of the systems were
investigated as a function of PEO content [15–17]. A rela-
tionship between the SH signal relaxation kinetics and the
surface potential for PEO/PMMA blends doped with DO-3
dye at room temperature was described earlier [14]. In the
present work a relationship between the SH relaxation char-
acteristics and the surface potential was analysed after heat-
ing the samples to different temperatures up toTg. Changes
in the relaxation processes are discussed in terms of the free
volume.

2. Experimental

PEO/PMMA blends containing 2, 6, 16 and 25 vol.%
PEO were prepared. The materials, sample preparation,
purification procedures and experimental set-up used in
this work are described elsewhere [12,14–16]. NDMA
was purified by re-crystallisation from ethanol. Acetone
(reagent grade) was purified by distillation. Polymer layers
3–4mm thick were formed on indium–tin-oxide (ITO)
coated glass plates by spin casting from acetone solutions.
The layers were dried by heating for 3 h at 608C and by
storage in vacuum at about 1025 Pa for 24 h.

The specimens were irradiated by pulses of Nd:YAG
laser light at 1064 nm wavelength with a beam diameter
of 0.3 cm, an energy of about 50 mJ pulse21 and a pulse
duration of 10 ns. A negative surface potential,U, produ-
cing a DC poling electric field,E, across the specimen was
applied using the corona discharge [1]. A steel wire held
1 cm away from the polymer surface was negatively biased
at Vc � 4 kV: The ITO substrate was used as a grounded

electrode. Ions deposited on the polymer surface produced
a surface charge. The SH intensity (at a wavelength of
532 nm) generated by the polymer layer was measured
using a photoamplifier and a digital voltmeter. The digital
voltmeter indications (mV) are proportional to SH intensi-
ties,I, whereI0:5 / x�2� andx (2) is the second-order macro-
scopic polarisability. The voltage was recorded after each
laser pulse. The surface potential decay was measured on
the same specimen in parallel experiments. During the
measurements the temperature was changed by an air flow
directed onto the glass substrate. The relative absorption
spectra in the visible region were recorded with a DU-7
(Beckman) spectrophotometer.

3. Results and discussion

3.1. PMMA doped with NDMA

The absorption spectrum for NDMA in PMMA matrix
has a maximum at 420 nm and short and long wavelength
thresholds at 330 and 510 nm, respectively. The com-
position is transparent in the region of the second harmonic
at 532 nm. The following two reasons gave us grounds to
expect SHG for NDMA molecules. Firstx (2) is proportional
to �W2 2 �2"v�2�21 where W is the energy difference
between the ground state and the first excited state for the
NDMA molecule and 2"v is the SH photon energy [18,19].
Since W < 2:66 eV and 2"v � 2:33 eV the difference
W2 2 �2v�2 is small andx (2) is significant. Second, the
NDMA molecule has a sufficiently large dipole moment
in the ground state�m0 , 6:8 debye� to promote alignment
of the optically non-linear molecules in the DC electric
field.

The SH signal arises only upon application of the DC
field E which is defined by the surface potentialU �E �
U=d; whered is the specimen thickness). Fig. 1 shows a
plot of the square root of the SH intensity and the surface
potential (in normalised units) versus the time after switch-
ing off the corona discharge. The (I/I0)

0.5 and U/U0 decay
curves coincide and they can be fit by the same equation:

�I =I0�0:5 �andU=U0� � a exp�2t=te1�1 �1 2 a� exp�2t=te2�:
�1�

HereI0 andU0 are the SH intensity and the surface potential
immediately after switching off the corona discharge andte1

andte2 are the relaxation times for the fast and slow terms.
The coefficienta and the relaxation timeste1 and te2 in
Eq. (1) for different concentrations of NDMA are given in
Table 1. The increase of the coefficienta and the shortening
of the relaxation timeste1 andte2 with increasing NDMA
concentration can be observed in Table 1 and in Fig. 1. The
relaxation timete is related to the conductivity,s , by the
following equation [20]:

s �S cm21� � 8:85× 10214e=te �s�: �2�
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Here e is the dielectric constant of the polymer film. The
conductivity increases with increasing NDMA concentra-
tion. This leads to a decrease in the DC surface potential,
U0, and hence the applied electric fieldE0 � U0=d: In fact, if
one neglects both the surface conductivity and charge emis-
sion from the specimen surface to the surrounding gas phase
then the DC surface charge densityS obeys the expression
dS=dt � I 2 J � 0 whereI �� k�Vc 2 U0��Vc 2 V0 2 U0��
is the corona DC current density on the specimen [21],J ��
U0s=d� the current density through the bulk specimen,
Vc( < 4000 V) the potential applied to the wire (see
above),V0 the threshold potential for the onset of the corona
discharge andk a constant. The value ofU0 is not higher
than 200 V and therefore�Vc 2 U0� < Vc: Hence it follows
that kVc�Vc 2 V0 2 U0�2 U0s=d � 0 and therefore:

U0 � Vc�Vc 2 V0��Vc 1 �s=kd��21
: �3�

The stationary potential is equal toU0 < �Vc 2 V0� whens
is low �Vc @ s=kd� but it decreases with increasings when
Vc # s=kd:

The average distancer between the NDMA molecules at
the concentrations used is 8–15 A˚ . Whenr is less than 15 A˚

hole conductivity with the NDMA molecules as transport
centres can be expected. The bi-exponential decay of the

surface potential shows the presence of two processes.
According to one theory [22] the charge carriers are self-
trapped or localised simply on transport centres by the
polarising influence of the field of their own charge during
the initial fast stage of the decay process. The following
slow decay may arise from a thermal hopping process
under the classical laws of diffusion. Simultaneously the
NDMA molecules serve as NLO chromophores responsible
for the SHG. As mentioned earlier, the close matching of the
(I/I0)

0.5 andU/U0 decay curves after switching off the corona
discharge is an indication that the SH decay characteristics
are entirely defined by the surface potential.

Generally the SH relaxation kinetics results from both the
rotational diffusion of molecules (relaxation timet rot) and
the surface potential decay (relaxation timete). The first
mechanism is observed in the case when the rotational diffu-
sion of the optically non-linear molecules is restricted and
trot . te in a polymer bulk. Then the relaxation process
after switching off the corona discharge is described by
the following bi-exponential dependence [2,23]:

I0:5 � A exp�2t=trot1�1 B exp�2t=trot2�1 C E0g: �4�
HereA, B andC are constants proportional to the concen-
tration of the optically non-linear molecules,CE0g is a
contribution due to the DC electric-field-induced third-
order effect andg the molecular third-order polarisability.
The second mechanism is observed whente . trot and the
surface potential controls the second harmonic kinetic char-
acteristics. Then DC electric-field-induced second harmonic
(EFISH) takes place [24] and:

I0:5 / cE��bm0=5kT�1 g�: �5�
Herec is the concentration of the optically non-linear mole-
cules, andb the molecular second-order polarisability. In
this case the decrease of the surface potential,U, and hence
the DC electric field decay after switching off the corona
discharge causes the SH signal decay according to Eq. (1).

The value ofI0.5 increases by a factor of 2.2 on increasing
the concentration of NDMA from 0.42 to 1.75 M and
remains nearly constant when the NDMA concentration is
further increased to 3.0 M. The absence of a linear depen-
dence ofI0.5 on the NDMA concentrationc in these experi-
ments is caused by the growth ofs with the increase in
the NDMA concentration. In turn, this is accompanied by
a decrease in the DC surface potential and hence by a
decrease in the DC electric fieldE0 according to Eq. (3).

3.2. PEO/PMMA blends containing DO-3 dye

Fig. 2a and b shows the decay of the normalised SH signal
(I/I0)

0.5 and the surface potentialU/U0 for the 2% PEO/
PMMA blend doped with DO-3 in concentration up to
0.5 M after switching off the corona discharge. Samples
became opaque at a DO-3 concentration$0.5 M due to
the formation of a crystalline phase. The temporal decay
of both (I/I0)

0.5 and U/U0 does not depend on the DO-3
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Fig. 1. (1) The normalised second harmonic intensity (I/I0)
0.5 and (2)

surface potentialU/U0 kinetic curves after switching the corona discharge
on and off. PMMA films contain NDMA at molar concentrations of: (I)
0.42, (II) 1.75 and (III) 3.0. The solid lines follow Eq. (1) witha , te1 and
te2 as given in Table 1.

Table 1
Dependence ofa , te1 andte2 in Eq. (1) on NDMA concentration

NDMA (M) a te1 (s) te2 (s)

0.42 0.4 80 1800
1.75 0.8 20 360
3.0 1.0 6



concentration. Thus, the DO-3 dye concentration is so small
that electron–hole transport is not realised. The temporal
decay of these characteristics is determined by ionic
conductivity in the blend. The common bi-exponential
dependence (Eq. (1)) with parametersa � 0:18; te1�
100 s andte2� 4800 s (the solid curves in Fig. 2a and b)
fits both the (I/I0)

0.5 and U/U0 experimental decay curves
well.

In the following section, the basic second characteristics
are given for the 2, 6, 16 and 25 vol.% PEO/PMMA poly-
mer layers containing 0.4 M DO-3. The program for the
SHG measurements consisted of three stages. In stage 1
the SH intensity and the surface potential were measured
on switching the corona on and off. The measurements for
the 2% blend shown in Fig. 2 are referred to below as
“measured before heating”. The measurement results
corresponding to stages 2 and 3 are in Fig. 3. In stage 2,

the SH signal intensity was measured during the corona
discharge during heating to temperatures between 50 and
758C followed by cooling to room temperature. In stage 3
the (I/I0)

0.5 andU/U0 decay curves were registered at room
temperature after switching off the corona discharge. These
measurements are referred to below as “measured after heat-
ing”. In Table 2 the parametersa , te1 and te2 in Eq. (1)
measured before and after heating for different content of
PEO are given. The maximal temperatures are also shown in
Table 2.

Fig. 3 includes the temperature run and the SH signal
intensity for the 2% blend. The SH signal appears immedi-
ately after switching on the corona discharge and does not
change during heating the sample from room temperature to
458C. It sharply increases within the temperature region 52–
578C which is far below the glass transition temperature,
Tg( < 908C, measured calorimetrically, mid-pointTg). The
sharp increase in the SH signal correlates well with the
temperature at which the cubic coefficient of thermal expan-
sion starts increasing strongly and departs from the glassy
asymptote. This was determined by means of mercury-in-
glass dilatometry. PMMA and the 6% blend were slowly
cooled at a rate of20.1 K/min and the external volume was
recorded. Typically for glasses in theirTg-region a charac-
teristic bi-tangential volume–temperature diagram is
recorded and the point of departure was determined. The
point was found to be at 578C and 428C for the PMMA and
the 6% PEO blend, respectively [17]. For the 2% blend this
point is at about 528C. Thus we conclude that it is the
increase in the free volume in the 2% PEO/PMMA blend
that induces the alignment of a considerable portion of the
DO-3 molecules in the DC electric field. This temperature is
near to the secondaryb transition temperature (Tb) for
PMMA [23,25]. This effect can be expected if the average
free volume of a microcavity is near to the van der Waals
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Fig. 2. (a) The (I/I0)
0.5 and (b)U/U0 decays after switching off the corona

discharge. The 2 vol.% PEO/PMMA blend contains DO-3 at molar
concentrations of: (1) 0.1, (2) 0.2, (3) 0.3 and (4) 0.4. The solid lines follow
Eq. (1) witha , te1 andte2 as given in Table 2.

Fig. 3. The temporal dependence ofI0.5 (solid line) after switching the
corona discharge on and off (arrows up and down, respectively). The dotted
line shows the specimen temperature. The 2 vol.% PEO/PMMA blend
contains 0.4 M of DO-3.

Table 2
Values ofa , te1 andte2 in Eq. (1) measured before and after heating toT
(8C) for blends containing different amounts of PEO and 0.4 M DO-3

PEO Before heating T (8C) After heating

Vol.% a te1 (s) te2 (s) a te1 (s) te2 (s)

2 0.18 100 4800 75 0 . 720 h
6 0.5 90 4200 75 0.15 90 . 410 h

16 0.5 45 1200 70 0.5 45 1200 s
25 0.7 20 500 70 0.7 20 500 s



volume of the optically non-linear constituent. The DO-3
molecule van der Waals volume given by Brower and
Hayden [26] is equal to 202 A˚ 3 (the radius of an equivalent
sphere is 3.64 A˚ ). The average radius of the microcavity free
volume in the PEO/PMMA blends is 2.7 A˚ for the 16% PEO
sample and 2.83 A˚ for the 25% PEO content [15,16]. Since
the DO-3 radius is larger than the average microcavity
radius, filling these microcavities with the chromophore is
sterically hindered. The microcavities have been shown to
have a broad distribution of free volume sizes [15]. For
example, the microcavity volume changes from 27 A˚ 3 to
maximal values,Vmax, reaching 204–214 and 244–305 A˚ 3

for 18 and 50 vol.% PEO, respectively [15]. Hence, the
examined compositions contain microcavities of which
only some exceed the DO-3 van der Waals volume. For
this reason one can expect the restriction of the rota-
tional diffusion of optically non-linear molecules at room
temperature.

As can be seen in Fig. 3, following heating at 758C the
value of I 0.5 measured at room temperature does not
decrease after switching off the corona discharge. Neither
doesU decrease. For the same specimenI0.5 andU decrease
by half after storage in vacuum for 30 days at room tempera-
ture.

Like the 2% blend behaviour described earlier, theI0.5

decay measured at 208C for the 6% PEO/PMMA blend
doped with DO-3 after switching off the corona discharge
changed greatly as a result of heating. Fig. 4 shows the (I/
I0)

0.5 and U/U0 decay after switching off the corona
discharge before the heating. TheU/U0 decay was measured
for DO-3 doped and dopant-free samples. Eq. (1) witha �
0:5; te1� 90 s and te2� 4200 s describes the experi-
mentally measured behaviour well. The complete coinci-

dence of theU/U0 temporal dependencies for the DO-3
doped and dopant-free blends in Fig. 4 demonstrates
that the polymer composition rather than the DO-3
dopant is responsible for the bulk conductivity. The
contribution of the slow component�1 2 a� in Eq. (1)
increases from 0.5 before the heating to 0.85 after heat-
ing with the corona discharge at 758C for 5 min
(Table 2). The values ofI 0.5 and U decreased by half
after storage of the sample in vacuum for 17 days at
room temperature.

The heating slightly alters the contributions to the
fast and slow mechanisms of the (I/I0)

0.5 relaxation for
blends containing more than 16% PEO. The SH signals
measured at room temperature for the 16% PEO blend
before and after heating at 708C are shown in Fig. 5 as
well as theU/U0 decay for the DO-3 doped and dopant-
free blends. The (I/I0)

0.5 decay curve measured before
heating lies somewhat above the curve measured after
heating. Both the curves are close to the surface poten-
tial decay curve for the dopant-free blend. The solid
curve in Fig. 5 follows Eq. (1) witha � 0:5; te1�
45 s and te2� 1200 s: The U/U0 decays for the
dopant-free PEO/PMMA blends correspond to an ionic
mechanism of conductivity. TheU/U0 relaxation time
shortens as the PEO content is increased (see Table 2).
This indicates that PEO generates ionic conductivity in
the blends. The explanation of the ionic nature of the
conductivity requires a separate investigation.

TheI0.5 decay of the 25% blends doped with 0.4 M DO-3
is shown in Fig. 6. The SH signal drops to zero at 708C. The
(I/I0)

0.5 decay curves measured at room temperature before
and after heating (see Fig. 6, parts 1 and 2) are identical and
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Fig. 4. (1) The (I/I0)
0.5, (2) and (3)U/U0 decays at room temperature after

switching off the corona discharge. (1) and (2) 6 vol.% PEO/PMMA blend
contains 0.4 M of DO-3 and (3) dopant-free. The solid line follows Eq. (1)
anda , te1 andte2 are given in Table 2.

Fig. 5. The (I/I0)
0.5 decay measured at room temperature: (1) before heating

and (2) after heating (see text). The 16 vol.% PEO/PMMA blend contains
0.4 M of DO-3. (3) TheU/U0 decay in the dopant-free blend. The solid
curve follows Eq. (1) anda , te1 andte2 are given in Table 2.



coincide with theU/U0 decay curve. They also correspond
to Eq. (1) with a � 0:7; te1� 20 s andte2� 500 s (see
Table 2). A reduction in the SH signal on heating is
observed in the blend containing 25% PEO. It is induced
by the sharp decay of the surface potential. This conclusion
is based on the temperature dependence of conductivity of
the 25% PEO/PMMA blends (both undoped and doped with
0.4 M DO-3) as given in Fig. 7. The temperature depen-
dence ofs /s0 is reversible (s0 is the conductivity at
208C), that iss goes back tos0 when the temperature
decreases to room temperature. The conductivity of the
polymer blend increases by two orders of magnitude when
the temperature is increased from 20 to 658C (Fig. 7).
According to Eq. (3) this induces a considerable decrease
in the surface potential,U0, and hence in the poling fieldE0.

Table 2 shows the increased contribution of the fast term
a and shortening relaxation timeste1 andte2 with increas-
ing the PEO content, trends similar to the behaviour of
PMMA containing NDMA.

The bi-exponential decay of the surface potentialU/
U0 (and hence (I/I0)

0.5) may be explained by a process
that is similar to the one for PMMA containing NDMA.
The broad distribution of microcavity free volume sizes
in the PEO/PMMA blends noted above [15] agrees with
the granular texture of the polymer in which the dense
grains are interconnected by less-dense interfacial zones
[23]. The above mentioned growth ofVmax with the
increasing PEO content [15] confirms the relative
increase of the interfacial zone size. Thus the increase
in the fast term contributiona and the shortening oft e1

with the increasing PEO content shown in Table 2 may
be caused by a corresponding increase in the contribu-
tion of the self-trapped charge in the interfacial regions.

The t e2 shortening may be explained by the growth in
ionic conductivity as the PEO content is increased.

In order to reveal the relaxation due to rotation of DO-3
molecules and to establish the possible dependence of this
process on physical ageing it is necessary to decreasete

leavingt rot unchanged. This was achieved by adding mole-
cules promoting hole transport. The 2% PEO/PMMA blend
having the lowest free volume fraction and conductivity was
additionally doped with centrosymmetrical molecules of 4-
diethylamino-benzaldehyde-diphenylhydrazone (DEH) at a
concentration of about 0.7 M. Fig. 8 shows theU/U0 and (I/
I0)

0.5 decay curves for the blend after switching off the
corona discharge. For this composition theU/U0 decay is
distinctly faster than the (I/I0)

0.5 decay. The surface potential
decay corresponds to Eq. (1) witha � 0:73; te1� 10 s;
te2� 200 s anda � 0:65; te1� 10 s andte2� 300 s after
storage for 10 days and 5 weeks, respectively. Fig. 8 shows
considerable slowing of the (I/I0)

0.5 relaxation as compared
with the U/U0 decrease (compare plots 5 and 1). Addition-
ally, the (I/I0)

0.5 decay is slowed down as a result of ageing
at room temperature after a temperature excursion to 758C
for 5 min followed by rather rapid cooling (compare plot 5
with plots 7 and 8).

A study of physical ageing and glass transition for the
present PEO/PMMA blends was reported in a separate
paper [27]. From the present study we may assume thatTg

(determined enthalpically, mid-point construction) is
around 898C for the 2% blend. Also in the above-mentioned
work isothermal volume contraction was carried out at a
temperature slightly belowTg. It was noted that significant
ageing takes place. In the present case, a rather complex
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Fig. 6. The temporal dependence ofI 0.5 (solid line) after switching the
corona discharge on and off (arrows up and down, respectively) for the
25 vol.% PEO/PMMA blend containing 0.4 M of DO-3. The dotted line
shows the specimen temperature.

Fig. 7. The temperature dependence of the DC conductivity,s /s0, for
25 vol.% PEO/PMMA blends, both containing: (1) 0.4 M DO-3 and (2)
dopant-free.s0 is the conductivity at room temperature.



temperature history needs to be considered. There is a
temperature down-jump to room temperature after poling
followed by a temperature up-jump to 758C. This is
followed shortly thereafter by a temperature down-jump to
room temperature. It may be assumed that thermodynamic
equilibrium was not attained during that time. The blend has
a very wide transition region and a broad distribution of
relaxation times leading to possible physical ageing effects
at temperatures fairly distant fromTg compared to pure
polymers. Thus we are dealing with a case where “memory
effects” as reported by Kovacs [28] can play a role as a
result of a multi-step temperature history. The intention in
this work is not to carry out a detailed study of physical
ageing but rather to use the SHG technique to analyse the
short-term trend when an elevated temperature “impulse” is
applied to the optically non-linear system. In addition we
present a free volume interpretation possibly explaining
the observed time-dependence, keeping in mind that this
amorphous system structurally recovers at the temperatures
used.

In Fig. 8 the solid lines (5–8) were calculated according
to:

�I =I0�0:5 � a exp�2t=10�1 �1 2 a� exp�2t=t�: �6�
The fast exponent relaxation time equal to 10 s coincides

with t e1 for the U/U0 decay. EFISH is clearly respon-
sible for the fast component of the (I/I0)

0.5 relaxation. In
Table 3 the coefficienta and the slow exponent time
constant t in Eq. (6) are given as functions of the
ageing time. The relaxation timet is longer thant e2

and hence should be identified witht rot in Eq. (4). The
relaxation timet rot increases in the course of the ageing.
This effect can be associated with the well-known free
volume collapse frequently measured as the external
volume contraction on ageing (see for example Vernel et
al. [27]). The decrease in the free volume in the interfacial
region causes a decrease in the self-trapping charge and
hence also a decrease in the coefficienta . As seen in
Table 3,a is about 0.25 for the composition after 5 weeks
of ageing. It is known that the contribution of the third-order
polarisability to the SH signal equals 0.16 for DO-3 mole-
cules [24]. Thus within the experimental error the third-
order effect mainly contributes to the fast EFISH component
after 5 weeks of ageing.

4. Concluding remarks

The well-known optically non-linear PMMA/chromophore
system has been extended by blending it with poly(ethylene
oxide). Several compositions with 2–25 vol.% PEO in the
blend have been studied. The frequently used measurement
of the time-dependent SH signal has been carried out in
parallel with the surface potential decay measurements in
order to better understand the structural mechanisms
governing the second harmonic generation. Addition of
hole transporting 4-diethylamino-benzaldehyde-diphenyl-
hydrazone molecules (DEH) to the optically non-linear
composition allowed identification and analysis of the
slow mechanism of rotational diffusion.

The dependence of the second harmonic signal strength
on the concentration of optically non-linear molecules, the
temperature and the blend composition has been investi-
gated. It was found that when the concentration of optically
non-linear molecules is high and consequently the mean
distance between the molecules is less than 15 A˚ , these
optically non-linear molecules act as hole transport centres
and govern the relaxation of both the surface potential and
the second harmonic signal. In practical terms the relaxation
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Fig. 8. Effect of ageing time on: (1)–(4)U/U0 and (5)–(9) (I/I0)
0.5 decay

curves measured at room temperature for the composition consisting of
2 vol.% PEO/PMMA, 0.7 M DEH and 0.4 M DO-3. Ageing times were:
(1) and (5) 38 h, (2) 10 days, (6) and (7) 3 weeks, (3), (4), (8) and (9)
5 weeks; (3), (6), and (8) before heating and (4), (7) and (9) after heating.
The heating was carried out at 758C for 5 min.

Table 3
Dependence ofa andt in Eq. (6) on the ageing time. The 2 vol.% PEO/
PMMA blend contains 0.4 M DO-3 and about 0.7 M DEH

Ageing time a t (s)

38 h 0.55 800

3 weeks:
Before heating 0.42 800
After heating at 708C, 5 min 0.35 1000

5 weeks 0.25 3500



time of the second harmonic signal decreases and the decay
quickens as the chromophore concentration is increased.
When the intermolecular distance is greater than 15 A˚

(low chromophore concentration) the PEO/PMMA blend
has ionic conductivity. The ionic conductivity increases
with the increasing PEO content. When the PEO content
is increased from 2 to 25% both the second harmonic signal
strength and the surface potential relaxation time decrease
more than 5× 104 times. The rotational diffusion relaxation
time is always less thante. It has been shown that for a blend
with a small (2%) amount of PEO the alignment of the
chromophores during the corona discharge is dramatically
affected when the temperature is increased to the lower part
of theTg-region, namely to the point where the cubic coeffi-
cient of thermal expansion starts to increase. This tempera-
ture is much lower than the enthalpicTg (by mid-point
construction).

A multi-step temperature history was carried out for one
of the blends (2% PEO). It was found that the rotational
diffusion relaxation time increased after 5 weeks of ageing
at room temperature. Simultaneously, the fast EFISH compo-
nent contribution to the second harmonic signal strength
decreased almost down to the DC electric-field-induced
third-order effect contribution. Based on this work we
conclude that the positive information about a mechanism
governing the kinetic characteristics of the second
harmonic signal decay in the corona discharge poled
polymer systems can be obtained only by the simultaneous
measurements of both the second harmonic signal and the
surface potential.
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