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Abstract— The influence of both metal complex
and laser radiation on a ferroelectric polymer
PVDF is studied by means of the thermally
stimulated depolarization current (TSDC)
technique and fourier transformer infrared (FTIR)
analysis. Dicholoro Palladium pyridyl
benzimidazole is added to PVDF in a trial to form
polymer-metal complex composites. Different
concentrations of metal complex (1% and 3% by
weight) are added to PVDF. TSDC experiment is
used to study low frequency relaxations in the
investigated samples. Initial rise and peak shape
methods are the techniques used in determination
of the activation energy followed by detection of
both relaxation time and frequency for different
transitions. Afterwards, different laser energies
are shined on PVDF/metal complex composite of
concentration 1% and TSDC analysis was applied
to investigate the induced changes.

Keywords—PVDF; Benzimidazole; TSDC; Laser
irradiation.

I.  INTRODUCTION:

Dicholoro Palladium pyridyl benzimidazole, is one of the
newest metal complexes have been discovered lately in a
trial of researchers to reduce side effects of cisplatin as
anticancer drug. The benefits of these complexes are
reduced toxicity, increased clinical effectiveness, and larger
spectrum of action, increased solubility and the ability to
combine with other drugs [1]. These complexes can be
added to polymer to produce a new class of polymer
composite material known as; composites of polymer-metal
complexes. Polymer-metal complexes composites can
enhance polymer properties to achieve characteristics that
cannot be achieved by a single polymer system [2]. These
composites can be employed in a variety of applications
including; polymer grafts, organic synthesis, pollution
control, hydrometallurgy, etc. In addition, they offer a lot of
advantages in terms of improving polymer properties [3], [4].

One of the unique ferroelectric polymers which can be
used in these fields is Polyvinylidene fluoride (PVDF). Neat
PVDF is semicrystalline thermoplastic polymer and features
as a one-of a kind combination of mechanical and electrical
properties (i.e., piezoelectricity). Furthermore, it is extremely
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pure, has low water absorption, shows high dielectric
strength, displays good thermal stability, and possesses
high resistance to most chemicals including; solvents, acids,
and hydrocarbons [5]. PVDF comes in five different
crystalline forms; alpha (generated from melt crystallization
in the melting process), beta (result from mechanical
deformation of the specimen via uniaxial or biaxial
mechanical drawing below 70 °C), gamma (appear from
crystallization at temperatures near the melting point of the
alpha phase via melt casting or solution casting), delta, and
epsilon. The most commonly used form is the beta phase,
and together with the alpha and gamma phases they
constitute the major phases [6].

In order to study the change in polymer characteristics
by adding metal complexes, studying of the dielectric
relaxation processes in amorphous and crystalline polymers
constitutes can be used [7], [8]. The experimental method
mostly retained for this analysis is the thermally stimulated
depolarization current (TSDC) technique. TSDC is a flexible
approach for studying material ageing effects. Because of
its high sensitivity, ease of use, low equivalent frequency of
roughly 10 Hz, and ability to resolve complex dielectric
transitions; it is a potent technique [9]-[12]. A lot of factors
are affecting TSDC process such as (i) polarizing
temperature Tp, (ii) polarizing time tp, (iii) polarizing field Ep,
(iv) heating rate, and (v) electrode material [13]. In general,
polymer TSDC spectra are complicated, and single peaks
are usually resolved using either peak cleaning or thermal
sampling techniques.

For decades, researchers have been interested in the
interaction of lasers with polymer materials to produce
surface modification and ablation. Polymeric materials have
been employed in high-performance photonic devices and
engineering applications such as micro/nanofluidics channel
manufacturing, micromachining/microdrilling, splitters,
waveguide gratings, and filters, as well as optical waveguide
fabrication [14], [15].

In a nutshell, we aimed in the present work to study the
relaxations exhibited in newly prepared PVDF/ Dicholoro
Palladium pyridyl benzimidazole composite using TSDC
spectra.
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Il. EXPERMINTAL:
MATERIALS:

PVDF (Mw = 180,000 G moL™, PELLETS) WAS
PURCHASED FROM SIGMA ALDRICH. DICHOLORO
PALLADIUM PYRIDYL BENZIMIDAZOLE WAS SYNTHESIZED
AS MENTIONED ELSEWHERE [1]. DIMETHYL SULFOXIDE
(DMSO) wAs suPPLIED BY ADVENT.

FILM PREPARATION:

1 oM OF PVDF WAS DISSOLVED IN 20 ML OF WARM
DMSO WITH CONTINUOUS STIRRING FOR 1 H.
APPROPRIATE AMOUNTS OF METAL COMPLEX (0%, 1%,
AND 3% BY WEIGHT OF PVDF) WAS DISSOLVED
SEPARATELY IN 10 ML OF DMSO TILL COMPLETE
DISSOLUTION, AND THEN MIXED WITH THE POLYMER
SOLUTION. THE FINAL MIXTURES WAS POURED ONTO
GLASS PETRI DISHES AND LEFT IN OVEN AT 80 °C FOR
72 H.

MEASUREMENT TECHNIQUE:

ATR-FTIR measurements were performed using
Alpha Bruker instrument in the wavenumber region
400-4000 cm™.

A silver paste coated polymer discs was located
between two electrode plates. The sample was heated
by an automatically regulated electrical oven till a
temperature Tp=70 °C, which is usually higher than the
polymer's T4. As the sample reached T,, a DC field of
EP=17KV/cm was applied across the plates of
electrode using a DC power supply (200 V) for a
period of t,=30 min. After t, the sample left to cool till T,
=30 °C, and then the sample was short circuited for a
certain time (15 min) to get rid of any residual static
charges. Finally, the sample was attached to a
Keithley pico-ammeter and heated at a uniform rate of
1 °C/min. Typically, the depolarization current was
monitored as a function of temperature and TSDC
thermograms were extracted.

[ll. RESULTS AND DISCUSSION:
FTIR analysis:

Samples of pure PVDF and with metal complex
loadings of 1% and 3% (by weight) were subjected to
FTIR measurements as well. In Figure (1), it can be
observed that at the first sight all observed peaks
remain almost at the same the locations whereas their
sizes are changed.
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Figure 1(a-d). FTIR of PVDF loaded with (a) 0% (b)
1% (c) 3% and (d) laser irradiated 1% metal complex.

At the moment the absorbance maxima at 840 and
1276 cm™ confirm the 3-phase of the neat PVDF, the
spectral lines for the neat PVDF sample (c.F. Figure
la) are characterized by the upcoming molecular
vibrations [16].

The long trans-sequence of the ferroelectric [3-
phase of PVDF was detected at the spectral range
1240-1400 cm™. Rocking vibration of the pCH2 was
observed at 873 cm™ [17].

In addition, the stretching vibration of —-CF2 and the
twisting CH2 vibration of PVDF were observed at 973
cm-1 and 1070 cm™, respectively [18].

Moreover, the different bands in neat and
composite samples are observed in Figures (1 a-d).
The FTIR spectra of filled PVDF samples do not show
any major changes in bands except some increase in
the intensity of bands were observed. To determine
the percentage of beta crystalline phase in each
sample, the absorption peak of a and R phases,
respectively, at wavenumbers 840 cm™ and 766 cm™
are evaluated. Using equation (1), one can calculate
the percentage of B-crystalline phase R([3), where Sa
and SR are the absorption at 766 cm™ and 840 cm™
and Ca and CB are crystalline rate of the a and
phases [19], [20].

CcR SR
x100 =
Ca+ Cf Sa+ SR

R(B) =

1)

All results are tabulated in Table (1). From Figure
(1a-d), one can see that with increasing metal complex
particles, the percentage of 3-crystalline decreases.
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Table (1): FTIR results of neat and metal complex
loaded PVDF samples.

Metal Absorption
complex peak R(R) R(o)
(Wt%0o) Sa Se
0% 0.006 | 0.014 | 68.67% | 30.34%
1% 0.014 | 0.016 | 52.6% | 47.38%
3% 0.015 | 0.017 | 53.5% | 46.48%
Irradiated
sample 0.016 | 0.018 | 52.9% | 47.05%

TSDC analysis:

Thermal stimulated depolarization current (TSDC)
analyses of PVDF/metal complex composite samples
were carried out under different experimental
conditions (i.e. poling temperature, poling field, poling
time, and laser exposure). Therefore TSDC results will
be discussed in two different sections each for before
and after laser exposure, respectively.

TSDC spectra before laser exposure:
A) Effect of poling field:

The characteristics of TSDC thermograms for
PVDF polarized at constant temperature and different
polarizing fields of (17, 25, and 33 kV/cm) are shown in
Figure (2). Under the effect of an electric field, the
alignment of dipoles and the formation of space charge
or injection of charge carriers from metal electrode
contribute to the polarization of PVDF.
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Figure 2. TSDC spectra for pure PVDF at different
poling fields 17, 25, and 33.3 kV/cm.

One can notice from Figure (2) that two TSDC
peaks are observed for neat PVDF in accordance with
literature [21]. The first one at 325 K (3-peak) and
second one centered at 360 K (a-peak) are due to the
release of charges trapped at crystalline/amorphous

boundaries [22]. With increasing the polarizing field,
the magnitude of peak currents was found to be
increase. Both B and a peaks shift toward lower
temperature side with increasing values of polarizing
field.

209 -
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Figure 3. Peak current Im (a and R) of pure PVDF
against the poling field.

The peak current |, is plotted as a function of the
polarizing field as shown in Figure (3) for virgin PVDF
sample. This peak current is directly proportional to the
polarizing field within the experimental range.

The generated thermal stimulated currents owing to
the motion of the dipole during their reorganization
were analyzed as a function of temperature [23].

During thermally stimulated current measurement, the
current density Jqy at temperature T is shown in
equation (2):

T _
Jry = Aexp {— % - gft exp [K—VTV dT} 2

where B, A are the constant of the process, K is the
Boltzmann's constant, W is the activation energy of the
process, T is the temperature, T, is the initial
temperature and q is the heating rate. The initial rise
method is mostly used to determine the
characterization parameter of the process i.e. the
activation energy and the relaxation time. In this
method, the integral term in equation (2) is low for
T<Tmax and so the first exponential term dominates.
Therefore, the current density has an Arrhenius
formula during the thermal stimulated measurement.

So, from the slope of In (Jm) versus % plot, one can
deduce the activation energy as shown in equation (3):

Jry = Jo €xp () (3)

From the elementary spectrum, the relaxation time
T (m at temperature T can be extracted by using
equation (4):
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_ ko
™= Ty 4)
Where P is the polarization at temperature T, and
can be expressed as shown in equation (5):

Py = 7 Jy J(TAT’ (5)

The relaxation frequency ao(Tma) at the peak
temperature Tmax is described in equation (6):

Thax = ’% (6)

The above Debye formalism in equations (2) - (6)
applies only for a single relaxation process. The low
temperature tail of equation (2) may be written as:

In ]y = Constant — % @)

W may be determined from a semi-log plot of Jg

1000
versusT,

which is the initial rise method of Garlick and
Gibson [24]. By using the calculated value of W and
equation (8):

T= 1, exp% (8)
where,
T o= (K T?)[B W exp(W/KT)] 9)

where R is the heating rate, and the value of T at T, for
both peaks may be calculated as a function of the
applied poling field. The equivalent frequency of the
TSDC thermograms was calculated from equation
(10):

1
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Figure 4. In J versus 1000/T plot for (a) peak 1 and
(b) peak 2 of pure PVDF at different poling fields (17,
25, and 33.3 kV/cm).

Figure (4) represents the In Ji) versus 1000/T, for
each peak, which give a straight line with slope of
(-W/k). The activation energy along with the relaxation
parameters at (Tp=70 °C) are summarized in Table (2)
for different polarizing fields.

The activation energy could be calculated also by a
peak shape method, where three parameters were
used to calculate W [25].

I(A)

feq = m (10) . . 1 . .
T, L T,
T(K)
17kv/cm 25kv/cm H 33.3kwv/cm
-10.7 5 Figure 5. lllustration of the three parameters; Y, &
-10.8 \\ and n.
-10.9 3
-11 ;
-11.1
% -11.2 3 V=Tn-Ti
— -11.3 3 =
114 ] 0=T\Tn
-11.5 o =1.-1;
116 E n T Ti
-11.7 3 where T,, is the temperature corresponding to the
-11.8 3 Ty aa s maximum current, T; and Ty are the low and high half-
1000/T(K) ) intensity temperature, respectively, as illustrated in
() Figure (5).
Wy=[1.51+3.0(g-0.42)|KT*m/Y-[1.58+4.2(jq-
0.42)]2kTm (11)
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We= [0'97+7'3(“9_0'42)]Ksz/6 (12) 17lv/em 25kv/cm —8— 33.3kv/em
W, [2.52+10.2(14-0.42)] KT?m/n-2KTm (13) 12809 7
. . 1.1E-09
where g is equal to ratio &/n. ] I—A_.
The values of uy were predicted by Chen and kirch 1609 3
as 0.42 and 0.52 for first and second order kinetics, = 9E-10 S
respectively [26]. 3
8E-10 1
Following the above method, average values of the ]
obtained activation energies (Wy, W5 and W,) were 7E-10 1
calculated along with the corresponding relaxation 6E-10 : R
parameters, for the peaks of neat PVDF at different 300 350 400
poling fields, and tabulated in Table (2). T(K)
The activation energies obtained by peak shape (a)
method has been found to be higher than that obtained
by initial rise method. This could be due to the more 17lvfem 2Skufem  —m—33.3k/em
accuracy of the initial rise method. The activation
energies estimated by the two methods are ranging 1E-09 T
from 0.3-2.6 eV (at Ep=17kV/cm), 0.18-2.0 eV (at Ep oE-10 ]
=25 kV/cm), and 0.15-1.7 eV (at Ep=33.3 kV/cm) for ._.ﬂ-
the first peak. In addition, the relaxation time for the 1st 8E-10
peak increases with the increase in poling field, while it __ 7E-10 7
decreases for the 2nd peak. = ]
6E-10
Table (2): The activation energy W, relaxation time SE-10 ]
T, and relaxation frequency for two peaks of neat ]
PVDF at different poling fields. 4810 7
3E-10 T T T T T T T T
Initial rise method Peak shape method 300 350 400
T(K)
E (b)
m | w T Folw 2 | K : ,
(kviem) a0 | @0 (10 Figure 6. TSDC spectra of PVDF doped with (a) 1%
V) seq) | MO | @) [ %) a(;; and (b) 3% of metal complex.
v 0.31 L) 6 270 1208 | 480 At the moment the TSDC curves of PVDF show
Peak two peaks at different poling fields, the PVDF/metal
1 25 0.18 278 | 4 193 1259 | 387 complex composites showed only a single peak at
333 015 235 |3 178 | 205 | 339 aroun_d (340-360 K) as shown in Figures (6 a-b). The
' ' ' ' : ' magnitude of the TSDC peak current decreased and
the peak shifted toward lower temperature side as the
7 04 LS 362 | 189 1529 metal complex content in the composite was
Pezak 25 0.24 279 |4 415 | 163 | 6.14 increased.
From the above results one could indicate that
33.3 0.078 838 |1 394 | 168 | 5.96 charge carriers tend to be captured on the upper

surface of the polymer after the addition of metal
complex filler [25].

The space charge formation increases if the
captured charge carriers induce homocharge layers in
the vicinity of the electrode. The origin of space charge

B) Effect of metal complex addition:
The effect of dichloro palladium pyridyl

benzimidazole complex as a filler at different poling
fields (17, 25 and 33.3 kV/cm) and constant poling
temperature (T,=70 °C) on the TSDC spectra of PVDF
composites have been recorded. Due to the presence
of interface between polymer and filler, the TSDC of
composites has been markedly modified.

polarization in tested composites is confirmed by the
following:

i) The linear dependence of peak current on the
poling field.

ii) The values of activation energy for this peak
(Table 2) are approximately the same reported for
space charge polarization in many fluoro —polymers
[26].
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i) The field dependence of higher peak for
composites is also suggestive of space charge
depolarization [27].

By studying the dependence of T« (Figures 2 and
6) on the electric field, one can explore the physical
origin of the TSDC. At constant heating rate, the
current peak temperature shifts in a well-defined
manner with increasing electric field, Tyax can:

a) Shift to lower temperatures when the relaxation
current is associated with trapped charges.

b) Shift to higher temperatures when the physical
origin of TSDC is space charge, and

¢) Remain fixed when the TSDC arises from defect
dipoles [28], [29].

Figures (6 a-b) showed that the single peak
maximum temperature T varies with the applied
poling field in the temperature range (340 - 360 K). So,
Tmax Shifts to higher temperature suggesting that the
origin of the TSDC depolarization peak is associated
with a space charge.

To determine the activation of the TSDC three
different methods were used [30].

17KV/Cm

111
1115
112
11.25
E s
5-1135
114
11.45
ms i
2.8 2.85 2.9 2.95

1000/T (K*)

(@)

25kv/cm M 33.3kv/cm

17kv/cm 25kv/cm ®33.3kv/cm

——————

-11.3
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-11.5

Eie

g
-11.7
-11.8
-11.9

i
2.8 2.85 2.9 2.95
1000/T (K1)

(b)

Figure 7. InJ versus 1000/T plot of PVDF doped
with (a) 1% and (b) 3% of metal complex.

In the first one, the initial rise model, the first
exponential term of equation (2) controls the
temperature rise of the initial current. So, In J versus
1/T gives rise to a straight line and the activation
energy was determined from the slope of this line (c.f.
Table 3 and Figure 7 a-b).

Table (3): The activation energy W, relaxation time T,
and relaxation frequency for PVDF composites at
different poling fields.

Initial rise Peak shape

Metal E, method - method -

complex | (kV/ W T 5 | ( W T 2 | ¢
W) | em) | ey gleoc) 10° | (ev) gle?:) 10°
Hz) Hz)

17 0.05 [ 12.1 |8 197 | 324 |31

1% 25 0.04 | 158 | 6 3.05 | 2.12 | 47
333 | 0.09 [6.71 |1 411 | 153 | 6.5

17 0.14 [ 4.6 2 2.67 | 238 |42

3% 25 0.05 [ 123 | 8 3.19 | 2.02 | 49
33.3 | 0.03 |]185 |5 285 | 223 | 45

In the second method, the FWHM of TSDC peak
(as mentioned before) was used to determine the
activation energy (c f. Figure 6) via equation (14).

W=2.3 KT?nax /AT (14)

where AT, is the FWHM of TSDC peak. All
expressions in equation (14) are related to a single
Debye process.

In the third method, the heating rate dependence of
the TSDC peak position was used. But in our case we
keep the heating rate at constant value. So this
method couldn't apply here.

Important parameters of the molecular motion-
activation energy and pre-exponential factor in
Arrhenius equation-obtained from fitting procedure are
presented in Table (4).
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Table (4): Activation energy (W), temperature peaks
(Tm), and pre-exponential factor in Arrhenius equation
obtained by fitting process.

Metal f(
E, T W T 5
complex wviem) | © | @ | ©) 10
cm e S
(Wt%) Hz)
17 330 | 1.95 | 287 | 3.5
Peak
L 25 319 | 1.59 | 313 | 3.2
33.3 315 | 1.67 | 313 | 3.2
0%
17 364 | 2.38 | 287 | 3.5
Peak
) 25 362 | 235 | 287 | 3.5
33.3 358 | 253 | 261 | 3.3
17 352 | 1.22 | 522 | 1.9
1% 25 351 | 1.77 | 365 | 2.7
33.3 349 | 267 | 235 | 4.3
17 354 | 1.74 | 365 2.7
3% 25 352 | 190 | 339 | 2.9
33.3 351 | 1.87 | 339 | 2.9

TSDC spectra after laser exposure:

The TSDC technique successfully allows the
understanding of the electric dipole relaxation
mechanism present in polymer composites [31]. In
addition, when the test sample is laser excited along
with the electric field, the TSDC technique could also
be used in modified way to analyze on the material
relaxation.

In measurements of the laser-induced TSDC, the
process is quite similar to the normal TSDC one.

After the application of the electric field at a given
polarization temperature, the temperature decreased
rapidly to a temperature close to room temperature.
The laser beam is shined on the sample for a different
given time after removing the applied electric field.
Then the laser beam is removed and the temperature
is increased at a constant rate. One investigates the
different influence in this polarization direction with the
incident of laser beam in the polymer composites.

—i— 10pulse 15pulse 20pulse ——without laser

9.5E-10 -

9E-10 ]
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6.56-10 | E-m—m

6E-10 3
5.5E-10 3
5E-1Q0 F———————— 7
300 320 340 360 380

T(K)

I(A)

Figure 8. TSDC spectra of PVDF doped with 1% of
metal complex different incident laser energies.

The laser —induced TSDC results, for PVDF sample
loaded with 1 wt% of metal complex, can be seen in
Figure (8). An intense peak for normal TSDC curve
with its maximum at round 350k (as detected before) is
observed in Figure (8)

This band around 350k shifted to lower temperature
side and becomes a broad one with increasing incident
laser energy (8x10%J, 12 x102J, and 16 x102J).
Meanwhile the maximum current at Tm decrease
appreciably with laser energy (Figure 9).

8.E-10
8.E-10
7.E-10 ]
7.E-10 ]
7.E-10

Im(A)

7.E-10
7.E-10
6.E-10 ]
6.E-10 ]

6.E-10 ; ; ; ; ;
6.E-02 8E-02 1.E-01 1E01 1E01 2EO01 2E-01

Laser energy ()

Figure 9. Peak current Im of PVDF doped with 1%
of metal complex at different incident laser energies.

Interestingly, it can be seen in these results that
TSDC bands for the test sample are less defined and
less intense at the maximum temperature than for un
laser induced TSDC one. So, the orientation of dipoles
in Tp by the laser light is possible in opposite direction,
because of the non-synergism of the laser energies
together with the applied electric field. So the process
of destruction of TSDC bands occurs more noticeably
with increasing laser poling energy. These results are
in agreement with published work by Scalvi et al. [32].
Following the above mention distinct methods that
used to determine the activation of the TSDC peak by
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using equation (2) and InJ versus 1/T plot, the
activation energy is estimated at different incident laser
energies (Figure 10) and tabulated in Table (5). The
peak temperature of laser induced TSDC is lower than
the dipolar peak (B-peak) of PVDF samples. -peaks
in PVDF mainly arise from the localized rotational
fluctuations of dipoles which are hindered by laser
energy [33], [34].

W8E2() A126-2) - 16E-2())
15 -
-11.55 -
116 7 \
£ :
E -11.65 3 ‘
117 3
1175 1
-11.8 -
‘11.85:||.|.||r|r|r|.||r||||||r
29 2.95 3 3.05 31 3.15
1000/T (K4)

Figure 10. InJ versus 1000/T plot of PVDF doped with
1% of metal complex at different incident laser
energies.

Table (5): The activation energy W, relaxation time T,
and relaxation frequency for PVDF/metal composite
(1%) exposed to different laser energies.

Laser
W T f

ener

-Zgy (eV) (10*sec) | (10°Hz)
(107 J)

8 0.06 1.10 9.07

12 0.05 1.32 7.6

16 0.04 1.40 7.15
CONCLUSION:

From FT-IR spectra we indicated that, band
intensity which belonging to B phase was decreased
with the addition of metal complex. Furthermore, the
percentage of R-crystalline phase decreases with
increasing metal complex content.

From TSDC thermograms, the various noticed
peaks were discussed on the basis of space charge
polarization. We observed that both 3 and a peaks
(detected at 325 K and 360 K respectively) shift toward
lower temperature side with increasing the polarizing
field for neat PVDF sample. Due to the presence of
interface between polymer and filler, the TSDC of
composites has been markedly modified. In addition,
the PVDF/metal complex composites showed a single

peak at around (340 - 360 K). The magnitude of the
TSDC peak current decreased and the peak shifted
toward lower temperature side as the metal complex
content in the composite increased. The temperature
at peak, Tnax Shifted to higher temperature suggesting
that the origin of the TSDC depolarization peak is
associated with a space charge. Two different
methods were used to determine the activation energy.
The activation energies obtained by peak shape
method has been found to be higher than that obtained
by initial rise method. This could be due to the higher
accuracy of the initial rise method. The activation
energies estimated by the two method range from 0.3 -
2.6 eV at Ep=17 KV/cm, from 0.18-2.0 eV at Ep =25
KV/cm, and from 0.15 - 1.7eV at Ep=33.3 KV/cm for
the first peak. TSDC analysis was performed after
sample modification using Nd-YAG laser source,
method called Laser-induced TSDC. Interestingly, it
can be seen in these results that TSDC bands for the
test sample are less defined and less intense at the
maximum temperature than for non-laser induced
TSDC one. So, the orientation of dipoles in Tp by the
laser light is possible in opposite direction, because of
the non-synergism of the laser energies together with
the applied electric field. So the process of destruction
of TSDC bands occurs more noticeably with increasing
laser poling energy. R-peaks in PVDF arise mainly
from the localized rotational fluctuations of dipoles
which are hindered by exposure to laser. The
activation energy decreases slightly upon irradiation
with laser beam.
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