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ABSTRACT: The dynamic properties of ultrathin Langmuir-Blodgett (LB) films of side chain liquid
crystalline copolymers were studied by dielectric relaxation spectroscopy (DRS). The technique is sensitive
in detecting relaxation phenomena and transitions of these multilayers. The activation energy (Ea) of
what we designate as the â-relaxation in copolymers with different spacer length, copolymer composition,
and chromophore was measured. Incorporating the nitrobiphenyl (NBP) group in the side chain causes
a disruption of the packing which resulted in a reduction in the activation energy of the â-relaxation.
The substitution of a nitrostilbene group (NSB) for NBP and methoxy biphenyl (OMe) for a methoxy
ethoxy methoxy biphenyl (MEMBP) resulted in a change in the relaxation spectra which is related to the
difference in the packing of the multilayer films. The dielectric loss over the entire frequency range of
the copolymer with shorter spacers showed similar behavior in the high-frequency region as the long
spacer. An anomalous peak in the capacitance and dielectric loss was observed around room temperature.

Introduction

There is considerable interest in thin-film technolo-
gies, e.g., optical applications, as well as properties of
ultrathin polymeric films.1-5 The Langmuir-Blodgett
(LB) technique is one method of fabricating ultrathin
films with a well-defined thickness and molecular
orientation. A complete understanding of the properties
of films prepared by the LB technique is often limited
by the characterization techniques that can be applied
to these films. These limitations are mainly caused by
the thickness of the LB sample. There are several
techniques that have been successfully applied for LB
film characterization:1-6 among them FTIR, UV-vis,
contact angle, AFM, SEM, X-ray, and electron diffrac-
tion. However, only a few techniques are capable of a
dynamic study of the films, e.g., FTIR-ATR. This work
deals with the application of dielectric spectroscopy to
the study of the dynamics of LB films.

Dielectric spectroscopy is the study of the response
of material to an applied electric field with special
emphasis on the permanent dipoles. This technique has
proven to be very useful in dynamic studies since it
covers a wide frequency range of 10-4-109 Hz.7-11 It
also allows a direct observation of the dynamics of the
thin film without introducing any probe species into the
film. Moreover, this technique has also been proven to
be a powerful tool for investigating molecular dynamics
of both polymers and liquid crystalline polymers.7-9,12-14

Dielectric and electrical properties of metal/LB/metal
films have been subjected to extensive study by several
research groups. Jonscher et al.11 applied dielectric
spectroscopy to the study of stearic acid multilayers on

a gold or aluminum substrate. The intrinsic voltage of
Al/barium stearate/Al was also investigated by Singal
et al.15 Nonlinear dielectric properties of Al/calcium
behenate/Al were investigated by Marc and Messier.16

Some other materialssphospholipid17 fatty acids, o-
phenanthroline,18 and stearic acid19,20swere also inves-
tigated.

Our objective is to apply dielectric spectroscopy to
study the dynamics of side chain liquid crystalline
copolymers having a noncentrosymmetric structure
(Figure 1).

Experiment
Glass slides from Corning (Corning, NY) were cleaned by

boiling in a mixture of 30% hydrogen peroxide and 70% sulfuric
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Figure 1. List of all materials that were used in this study.
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acid at 90 °C for 1 h, rinsing with deionized water throughout,
and drying with dry nitrogen. Aluminum electrodes were
deposited onto the glass slide by evaporation using a Denton
vacuum system, a DV-502 high-vacuum evaporator with
DEG-2 power supply. The deposition pressure was 10-5 Torr.
The aluminum wire, 1.5 mm in diameter, was obtained form
Alfa AESAR (Ward Hill, MA) with 99.999% purity. The
aluminum electrode is designed so that an electrical clip can
be attached directly to the sample. The sample was heat sunk
to the copper base of the temperature controller system with
a silicone heat sink compound (CT40-a) from Chemtronics,
Inc., Kennesaw, GA.

The measurements were carried out under a vacuum of
200-300 mmHg. The temperature was controlled by a Lake-
Shore Cyrotronics DRC 82C temperature controller.

Dielectric loss (G/ω), where G is conductivity, and capaci-
tance (C) were measured at 17 frequencies (10 Hz-100 kHz,
in a linear log ratio) using a ratio arm transformer bridge at
1 K temperature interval. The high-precision three-terminal
capacitance bridge used is the model CGA-83, C. Andeen and
Associate, Cleveland, OH. The entire system is controlled by
a personal computer operation over the IEEE 488 bus.

Curve fitting was performed using Igor Pro 3.1 (Wave
Metrics, Inc., Lake Oswego, Oregon). No data will be reported
for frequencies above 103.5 Hz since they are dominated by the
effective series resistance of the electrodes.

Materials. All the synthesis and characterization of the
materials were reported in previous publications.21-23 All the
variations of the structure that were used in this study are
shown in Figure 1. The annotation for copolymer will be
referred to as “Cop”, followed by the spacer length, copolymer
composition, and the chromophore type. For example, Cop11/
50% NBP is a copolymer with an 11-methylene spacer having
a copolymer composition of 50% NBP and 50% MEMBP
(Figure 1).

Sample Deposition. The aluminum-coated slide was
cleaned with chloroform, dried in dry nitrogen, and kept in a
desiccator saturated with hexamethyldisiloxane (HMDS) vapor
for at least 24 h prior to deposition. Thus a hydrophobic surface
was created.

The monolayer and multilayer deposition technique was a
layer-by-layer horizontal deposition21,22 (Figure 2).

Results and Discussions

The multilayer samples had a head-to-tail polar
structure with a net dipole (Figure 2). X-ray diffraction
indicated a noncentrosymmetric structure.21-23 The
layer thickness calculated from X-ray diffraction meas-
urements is in agreement with the measurement from
X-ray reflectivity.22

The dielectric measurement was done using a capaci-
tance bridge, and the data were obtained as capacitance
and loss (in picofarad, pF), which were converted

to ε′ and ε′′ by the following equations

M is the area (in m2), R is the sample thickness (in m),
and ε0 is the vacuum permittivity10 where the sample
geometry was unknown; a comparison was made by
comparing the geometry-independent dissipation factor.

It was observed that the capacitance and loss showed
a lower value under vacuum compared to air. Backfilling
with dry nitrogen or argon showed no change from the
vacuum results. This difference was suspected to be an
effect of the moisture in the air absorbed into the film.
A similar observation was also reported in several
metal/LB/metal samples.16,17 Therefore, all the meas-
urements were carried out after the sample was held
under vacuum until there was no longer any measurable
change (3 h) in the capacitance and loss.

The measurements were made in the direction of
increasing temperature. A check on two samples showed

Figure 2. Picture illustrating the x- and z-type structures of
the LB films.

Figure 3. ε′ of 15 layers of (a) Cop4/50% NBP, (b) Cop5/50%
NBP, (c) Cop10/50% NBP, and (d) Cop11/50% NBP first run
at (s)10, (‚ ‚ ‚) 20, (- - -) 31.25, (- - ‚) 50, (- ‚ -) 100, (- ‚ -) 200,
(-‚ ‚ -) 312.5, and (- - -) 500 Hz.
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no difference in the measured results between increas-
ing and decreasing temperature runs in the K-phase.

To clarify the growth of aluminum oxide at high
temperature, the aluminum coated on the glass slide
was heated to 430 K and maintained at that tempera-
ture overnight. There was no significant change in the
resistance of the aluminum. It was found that the
aluminum did not further oxidize; however, if silver
paint contacts were used, the sample tended to show a
very high resistance once the sample was held at high
temperatures for a few hours. This is because of the
degradation of the binder within the silver paint.
Contact with the aluminum electrode was made with a
copper electrode.

This work will be focused on the effect of basic
chemical structuresspacer length, composition, and
chromophore typeson the dielectric response of the LB
films.

Effect of Spacer Length. To examine the effect of
spacer length, the copolymer compositions, MEMBP:
NBP, were fixed at 1:1 (Figure 1). The temperature
dependence of the dielectric response of Cop11/50%
NBP, Cop10/50% NBP, Cop5/50% NBP, and Cop4/50%
NBP at frequencies between 10 and 500 Hz is shown in
Figures 3 and 5 for ε′(T) and Figures 4 and 6 for ε′′(T).

ε′(T) and ε′′(T) of Cop11/50% NBP and Cop10/50%
NBP showed very similar behavior. Two processes were

observed. The first process was observed as a small peak
at around 310-320 K in both the real part, ε′(T), and
the imaginary part, ε′′(T). The peak amplitude de-
creased as the frequency increased and was not discern-
ible at high frequencies. The origin of this process is
still not known unequivocally, but there is evidence that
it may be related to detrapping charge and/or structural
rearrangement within the film. This peak will be
referred to as the anomalous peak. This process was
believed to be a morphological change since no peak is
observed in the frequency plot in this temperature
range. There is no change observed in the IR spectrum
over this temperature range.21 Both ε′(T) and ε′′(T)
peaks were observed in the same temperature range in
a previous measurement by Nguyen.22b These peaks
were not observed in shorter spacer length samples,
Cop4/50% NBP and Cop5/50% NBP. The anomalous
peak is no longer present after a thermal cycle to a
temperature higher than 350 K.

The second loss peak, which we call a â-relaxation,
was at higher temperature (Figures 3-6) and was
frequency-dependent. Samples with different chain
lengths responded differently. Thus, both ε′(T) and ε′′(T)
will be considered as a function of the side chain length.
The ε′(T) of Cop10/50% NBP and Cop11/50% NBP at
low frequency increased as the temperature increased
and remained at a high value after the crystalline to
liquid crystalline, K-LC, transition at 409 K which is

Figure 4. ε′′ of 15 layers of (a) Cop4/50% NBP, (b) Cop5/50%
NBP, (c) Cop10/650% NBP, and (d) Cop11/50% NBP first run
at (s)10, (‚ ‚ ‚) 20, (- - -) 31.25, (- - ‚) 50, (- ‚ -) 100, (- ‚ -) 200,
(-‚ ‚ -) 312.5, and (- - -) 500 Hz.

Figure 5. ε′′ of 15 layers of (a) Cop4/50% NBP, (b) Cop5/50%
NBP, (c) Cop10/50% NBP and (d) Cop11/50% NBP second run
at (s)10, (‚ ‚ ‚) 20, (- - -) 31.25, (- - ‚) 50, (- ‚ -) 100, (- ‚ -) 200,
(-‚ ‚ -) 312.5, and (- - -) 500 Hz.
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somewhat higher than the broad â-relaxation. The
process was also accompanied by a loss peak.

The contribution of the dipoles to the change in ε′ in
the higher frequency region took place in the neighbor-
hood of the K-LC transition. ε′′(T) approached the
transition temperature as if hitting a wall since all the
loss peaks fell off steeply at the transition temperature
(Figures 4 and 6). The increase in ε′(T) is caused by an
increase in the flexibility of the dipoles participating in
the relaxation process while the ε′′(T) represents the
energy dissipation of that process. This means that at
the low frequency the molecular dipoles have enough
time to respond to the field; however, they cannot
respond to the field at the high frequency. A movement
of dipoles in the solid state has also been observed in
several side chain liquid crystalline polymers.24,25 These
characteristics are easily observed in 3-dimensional
plots (Figures 7 and 8) where the spanning and crossing
of the â relaxation can be easily seen.

The shorter spacer length materials, Cop4/50% NBP
and Cop5/50% NBP, behave in a more rigid manner
than the longer spacer length materials, Cop10/50%
NBP and Cop11/50% NBP. The dipoles appear to be
quite rigid until the K-LC transition temperature is
approached. The â-relaxation occurs over a shorter
temperature range (Figures 3-8).

Another point is the fact that the response of the
Cop4/50% NBP and Cop5/50% NBP at lower frequencies

behaved somewhat similar to the response of the
systems with longer spacer lengths at higher frequen-
cies. It would be interesting to examine the shorter
spacer length materials at a frequency lower than 10
Hz, the limit of the bridge.

To characterize the relaxation process, the frequency
dependence needs to be considered. Both Cop10/50%
NBP and Cop11/50% NBP behaved similarly in the
frequency dependence plot. Only Cop11/50% NBP will
be used as an example in data analysis. Figure 9 shows
the typical decline in ε′ as a function of frequency as
the material goes through a relaxation peak as shown
in Figure 10. The frequency dependence data contain
other effects: dc conductivity and electrode resistance.

The loss peaks of copolymers in this study all share
a common feature at high frequencies, 103.5-105 Hz,
where the electrode resistance begins to dominate. To
simplify the data analysis, all the data beyond 103.5 Hz
were discarded to prevent an overcontribution of the
electrode resistance to the curve-fitting procedure.

Curve Fitting. An overview of the fitting procedure
which employs the Fuoss-Kirkwood (FK) function can
be found in the publication of Akin2 and Zhong.27 The
fitting parameters were chosen by examining the fre-
quency dependence and temperature dependence plots.
One relaxation process, the â-relaxation, is observed
prior to the K-LC phase transition. The shape of the
loss peak appears to be symmetrical in the frequency
dependence plot; therefore, a relaxation process with a
symmetrical loss peak was assumed for the fitting. The
FK function is essentially a subset of a more general

Figure 6. ε′′ of 15 layers of (a) Cop4/50% NBP, (b) Cop5/50%
NBP, (c) Cop10/50% NBP and (d) Cop11/50% NBP second run
at (s)10, (‚ ‚ ‚) 20, (- - -) 31.25, (- - ‚) 50, (- ‚ -) 100, (- ‚ -) 200,
(-‚ ‚ -) 312.5, and (- - -) 500 Hz.

Figure 7. Three-dimensional plot of ε′′ of Cop11/50% NBP
(15 layers) first run.

Figure 8. Three-dimensional of ε′′ of Cop11/50% NBP (15
layers) first run.
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Havriliak-Negami (NH) function which takes into
account an asymmetric relaxation peak.

The dc conductivity at low frequency and high tem-
perature was taken into account by inserting a 1/ω term
in the FK function. The FK function has a symmetric
empirical line shape and can be used to fit the data by
means of a nonlinear least-squaresd minimization
method.28 The fitting function can be written for dc
conductance, the relaxation term (FK), and the electrode
resistance term in the form

with ω ) 2πf, the normalized loss spectra are

where A and ε′′m are the loss amplitude and the ampli-
tude of the imaginary part of the complex dielectric
constant. Cp is parallel capacitance.

There are five parameters in the fitting: dc conduc-
tivity (Gdc), peak amplitude (ε′′m), the width parameter

(â), peak center (fR), and electrode resistance (RS). The
frequency-dependent loss peaks increase in frequency
as the temperature is increased. The fitting was done
at every temperature by starting from the highest
temperature where all the fitting parameters have a
finite value. Also, it is to be noted that the dc conductiv-
ity is very low in these samples.

The fitted data for Cop11/50% NBP are shown in
Table 1. The σdc is in the range of 2.78 × 10-12 S/m,
which is small, indicating the high quality of the films.
The plot of ε′′(f) peak maximum, log fR, and 1/temper-
ature (1/T) is shown in Figure 11. The activation energy,
Ea, was obtained from the slope of the Arrhenius plot.

and

where R is the gas constant. B represents an amplitude
of the exponential dependence of fmax.

The calculated activation energies are shown in Table
2. The activation energy is lower for increased spacer
length, indicating an increase in the flexibility of the
dipoles. The difference in activation energy of the first
run and the second run accompanies the disappearance
of the low-temperature anomalous peak.

The subtraction between the first and the second run
of Cop11/50% NBP is shown in Figure 12 where the
anomalous peak can be clearly seen. Subsequent runs
showed no change in the temperature characteristics
of the data. The causes of the changed will be discussed
later in this section.

Figure 9. ε′ of Cop11/50% NBP 15 layers at 370-400 K (first
run).

Figure 10. ε′′ of Cop11/50% NBP 15 layers at 370-400 K
(first run).

G(ω)
ω

)
Gdc

ω
+ A sec h[â ln( ω

ωR
)] + ω

Cp
2RS

C0
(4)

ε′′ )
σdc

2πfε0
+ ε′′m sec h[2.303â log( f

fR
)] + f

Cp
2RS

C0
(5)

Table 1. Contribution from the Fitting of Cop11/50% NBP
(15 Layers) First Run

T (K) σdc (10-10 S/m) ε′′ â log fR

400.3 0.278 0.244 0.523 2.68
395.3 0.110 0.323 0.518 2.33
390.3 NA 0.344 0.494 2.00
385.3 NA 0.355 0.481 1.69

Figure 11. Plot of log[fmax(Hz)] vs 1000/T of Cop11/50% NBP,
Cop10/50% NBP, and Cop5/50% NBP (15 layers) first and
second run.

log fmax ) log B -
Ea

2.303RT
(6)

Ea ) slope × 2.303R (7)
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The anomalous peak was not observed in the shorter
spacer length, Cop4/50% NBP and Cop5/50% NBP.
However, they also exhibited a higher temperature
â-relaxation. The K-LC transition was slightly different
between Cop4/50% NBP and Cop5/50% NBP due to an
odd-even effect. The spread of the â-relaxation peak
in the temperature plot was narrower in the Cop4/50%
NBP, with no peaks in the frequency plot (10-500 Hz)
for the Cop4/50% NBP. Thus, Ea could not be deter-
mined for this sample. The temperature spread of the
â-relaxation in Cop5/50% NBP was greater than in
Cop4/50% NBP but was still less than in Cop10/50%
NBP and Cop11/50% NBP. In Cop5/50% NBP, the
activation energy was 360.7 kJ/mol, which is higher
than the longer spacer length.

The materials were different only in the length of the
CH2 units while the dipole groups of the materials were
the same. Here, the nature of cooperative motions of
the side chains may be different. The total change in
magnitude of ε′(T) in the temperature dependence plot
was smaller for the longer spacer length because of the
volume effect, since ε′ depends on the dipole moment
per unit volume. Since the other parameters are the
same, the molecule with the shorter spacer or smaller
volume per molecule will possess a higher ε′.

This can be understood considering the following
analogy. The molecule consists of two parts: the chro-

mophore, E, and the methylene side chain, B. The
molecular length of E is assumed to be constant, dE,
while the molecular length of B, dB, depends on the side
chain length. Both groups can be considered as a
capacitance in series.

where

P represents the area of E and B. The dipole contribu-
tion of the methylene spacer is negligible. Ctotal will
depend on dB because 1/CE is a constant; therefore, the
observed capacitance, Ctotal, has an inverse relationship
with the side chain length (while other parameters are
kept the same).

∆ε′(f) represents the difference in ε′ between the low
end and high end frequencies and is proportional to the
effective number of dipoles involved in the relaxation.
They all share the general feature that the magnitude
decreases with temperature because of an increase in
dipole fluctuation.26

Cop10/50% NBP showed a slightly higher ∆ε′(f) than
Cop11/50% NBP (volume effect or rigidity effect). Cop5/
50% NBP showed the highest value due to the spacer
effect. The trend in Cop10/50% NBP and Cop11/50%
NBP suggests that the change is higher for a shorter

Table 2. Activation Energy for the First and Second Run
of the 15-Layer Sample

activation
energy (kJ/mol)

material 1st run 2nd run

spacer length effect
Cop4/50% NBP NAa NA
Cop5/50% NBP 360
Cop10/50% NBP 211 234
Cop11/50% NBP 188 199

thickness effect of Cop11/50% NBP
10 layers 209 214
15 layers 188 199
18 layers 180 194

composition effect
Cop11/20% NBP 234 278
Cop11/63% NBP 178b 186b

chromophore effect
Cop11/50% NSB 224 265
Cop11/50% OMe 162 174

a NA ) the activation energy cannot be calculated. b Twelve-
layer sample.

Table 3. List of the K-LC Transition of Cop System for
First and Second Run by Dielectric Experiment

K-LC transition by
dielectric experiment (K)

copolymer spacer 1st run 2nd run

spacer length effect
Cop4/50% NBP 382.0 381.5
Cop5/50% NBP 404.0 403.0
Cop10/50% NBP 401.5 400.0
Cop11/50% NBP 401.5 401.0

thickness effect of Cop11/50% NBP
10 layers 397.9 397.4
18 layers 391.1 391.1

composition effect
Cop11/20% NBP 400.0 399.5
Cop11/63% NBP 401.0a 401.1a

spacer length effect
Cop11/50% NSB 416.8 414.7
Cop11/50% OMe 413.2 414.2

a Twelve-layer sample.

Figure 12. Difference between ε′ and ε′′ after subtraction of
first and second run of Cop11/50% NBP 15 layers: (s)10,
(‚ ‚ ‚) 20, (- - -) 31.25, (- - ‚) 50, (- ‚ -) 100, (- ‚ -) 200, (-‚ ‚ -)
312.5, and (- - -) 500 Hz.

1
Ctotal

) 1
CE

+ 1
CB

(8)

CE )
ε0ε′P
dE

and CB )
ε0ε′P
dB
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spacer length, assuming they all relax in the same
manner. The shorter spacer length is involved in a
larger change in ∆ε′(f) because of a smaller volume.

The broadening of the peak can be attributed to the
cooperative nature of the relaxation. The â-relaxation,
the relaxation prior to the K-LC transition, is inter-
preted as cooperative motions of the methoxy ethoxy
biphenyl (MEMBP) and nitrobiphenyl (NBP) side chains.
The nature of the cooperative motions was observed to
be different between copolymers with long and short
spacers. This is expected since the cooperative motions
between MEMBP and NBP are imposed by chain
connectivity, side chain length, and the polymeric
backbone. These relaxations were observed in FTIR by
Ou et al. in the same temperature range as an increase
in CH2 motion; however, an exact transition could not
be identified.21 The motion of CH2 as a function of
temperature was less in the second heating because of
some structural rearrangement.

Effect of Thickness. The interaction between the
first few layers with the substrate were expected to be
different from the bulk. The analysis of the second
harmonic generation (SHG) measurement of Cop11/50%
NBP led to an interpretation that the dipoles in the first
layer have a tilt angle of approximately 21° to the
normal.21

Samples of Cop11/50% NBP with thicknesses of 10,
15, and 18 layers were studied (Figures 13 and 14). The
anomalous peak is present in all the samples and
disappears after sufficient crystalline heating.

The thickness was found to have no effect on the
position of the anomalous peak. The ε′(T) and ε′′(T) were
qualitatively the same for the 10-, 15-, and 18-layer
samples. The difference was the magnitude of ε′′(T) in
the 10-layer sample which was lower than that in the
thicker samples. The activation energy is reduced as the
number of layers increases; however, they still fall into
the same range (Table 2 and Figure 15).

The difference is expected to be less as the sample
becomes thicker because of the relative weighting of
bulk and surface. The interpretation becomes more
complicated as the oxide layer of the aluminum needs
to be taken into consideration.29 The oxide layer is
limited to a very thin layer because of the limited

permeation of the oxygen through the aluminum oxide
layer.

The observed â-relaxation should not be effected by
the oxide layer. The difference in the magnitude of all
the observed parameters between Cop11/50% NBP 10
layers and the thicker sample must arise from the
samples themselves. Therefore, it is reasonable to
conclude that the first layer caused a difference in the
effective material properties which is expected to be less
as the film thickness increases.

Composition Effect. The dynamics of the film
should be effected by the distribution/population of a
particular group within the material. In this case, the
homopolymer (H11MEMBP) and the copolymers (Cop11/
20% NBP, Cop11/50% NBP, and Cop11/63% NBP) with
spacer length 11 were investigated. The main difference
among these materials is the ratio of NBP/MEMBP
within the copolymer film.

H11MEMBP (Figures 16 and 17) showed a rather
small peak superimposed on a broad reduction of ε′(T)
between 320 and 360 K. These anomalous peaks dis-
appeared after the samples were heated above 365 K

Figure 13. ε′ of Cop11/50% NBP at 10 and 18 layers (first
run): (s)10, (‚ ‚ ‚) 20, (- - -) 31.25, (- - ‚) 50, (- ‚ -) 100, (- ‚ -)
200, (-‚ ‚ -) 312.5, and (- - -) 500 Hz.

Figure 14. ε′′ of Cop11/50% NBP at 10 and 18 layers (first
run): (s)10, (‚ ‚ ‚) 20, (- - -) 31.25, (- - ‚) 50, (- ‚ -) 100, (- ‚ -)
200, (-‚ ‚ -) 312.5, and (- - -) 500 Hz.

Figure 15. Plot of log[fmax(Hz)] vs 1000/T of Cop11/50% NBP
at 10, 15, and 18 layers.
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in H11MEMBP and Cop11/20% NBP and above 340 K
in Cop11/50% NBP and Cop11/63% NBP. As stated
previously, disappearance of the peaks is believed to be
associated with the loss of some polarizable species from
the film and/or some rearrangement.

Cop11/20% NBP showed a similar behavior to
H11MEMBP at the low temperature where the small
peak is superimposed on the broad reduction as a
function of temperature.

Cop11/50% NBP showed a well-defined peak in both
ε′(T) and ε′′(T) between 310 and 330 K. The anomalous
peak again disappeared after the sample was heated
above 340 K.

Since copolymers with NBP higher than 50%, Cop11/
63% NBP, do not spread at the gas-water interface as
a true monolayer, a geometry-independent tan δ will
be used for a comparison (Figures 18-20).23 The anoma-
lous process for Cop11/63% NBP was observed at
approximately the same temperature range as in Cop11/
50% NBP at a given frequency. The anomalous peak
disappeared when the sample was heated above 340 K.

There are several possibilities that may contribute to
this anomalous peak.23 First, the peak may be due to
water that was trapped at the MEM tail. It is reasonable
since the MEM group is hydrophilic enough to include
monolayer formation. Second is rearrangement within
the film. This could arise from the breaking up of the
NBP cluster and/or a changing of the orientation of the
polar groups within film. At the gas-water interface
the interaction is governed by the interaction between
the headgroup and the water subphase as well as an
interaction between the molecules. These local aggrega-
tions may cause the material in some areas to be NBP
rich and behave differently from other areas. However,
the size is limited to very small domains, and the
response is limited. The majority of the response is still
derived from the cooperative motion of MEMBP and
NBP. Further experiments will be carried out by study-
ing the pyroelectric effect and second harmonic genera-
tion as a function of temperature in an attempt to
determine the nature of the anomalous peaks.

The relaxation of homopolymer NBP (H11NBP), in
the bulk phase, is shown in Figure 22. At least two
relaxations were observed. Note that the measurements
were carried out at a temperature higher than the Tg
of the homopolymer.

The magnitude of ε′ at 300 K is H11MEMBP > Cop11/
20% NBP > Cop11/50% NBP. At lower NBP composi-
tion, the main contribution arises from the polar MEM
tail which contains ether, C-O, groups.

Figure 16. ε′′ of H11MEMBP and Cop11/20% NBP first run:
-(s)10, (‚ ‚ ‚) 20, (- - -) 31.25, (- - ‚) 50, (- ‚ -) 100, (- ‚ -) 200,
(-‚ ‚ -) 312.5, and (- - -) 500 Hz.

Figure 17. ε′′ of H11MEMBP and Cop11/20% NBP first run:
(s)10, (‚ ‚ ‚) 20, (- - -) 31.25, (- - ‚) 50, (- ‚ -) 100, (- ‚ -) 200,
(-‚ ‚ -) 312.5, and (- - -) 500 Hz.

Figure 18. Tan δ of Cop11 system first run at various
compositions: (s)10, (‚ ‚ ‚) 20, (- - -) 31.25, (- - ‚) 50, (- ‚ -) 100,
(- ‚ -) 200, (-‚ ‚ -) 312.5, and (- - -) 500 Hz.
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In the neighborhood of the K-LC phase transition,
H11MEMBP shows a steep increase in both ε′(T) and
ε′′(T). The ∆ε′(T) for H11MEMBP is very large which
may be due to the proximity of the K-LC and LC-I
transition. No â-relaxation is observed prior to the phase
transition.

The onset of the â-relaxation is shifted to a lower
temperature as the NBP is increased and eventually
overlaps with the anomalous peak. This is probably due
to a disrupted packing between the two side chains. The
NBP homopolymer is rubbery at room temperature. The

activation energy for the â-relaxation is slightly different
among Cop11/20% NBP, Cop11/50% NBP, and Cop11/
63% NBP. The mismatch of the side chain packing is
still observed as an increase in the loss at the low
temperature because of the NBP group. The width
factor, which is a function of copolymer composition,
indicates that they are different in the nature of the
cooperative motion of the dipole (Figure 23). The Ea of
the â-relaxation is decreased as the amount of NBP is
increased (Figure 21).

Effect of Chromophore Change. When nitrobi-
phenyl is replaced by the nitrostilbene, NSB, the
magnitude of ε′(T) is slightly higher than in Cop11/50%
NBP (Figures 24-26). The nitrostilbene possesses a
higher hyperpolarizability. The observed ε′ is effected
by both the dipole moment and hyperpolarizability.
Relative to NBP, the large change in ε′(T) and ε′′(T) for
NSB prior to the K-LC phase transition had taken
place over a wider temperature range, which may
indicate a difference in packing in the chromophore.

The magnitudes of ε′(T) and ε′(T) are about the same
in both Cop11/50% NBP and Cop11/50% NSB, but ∆ε′′(f)
of Cop11/50% NSB is higher than that of Cop11/50%
NBP. The Ea is about the same for Cop11/50% NBP and

Figure 19. Tan δ of Cop11 system second run at various
compositions: (s)10, (‚ ‚ ‚) 20, (- - -) 31.25, (- - ‚) 50, (- ‚ -) 100,
(- ‚ -) 200, (-‚ ‚ -) 312.5, and (- - -) 500 Hz.

Figure 20. Plot of tan δ at 10 Hz of (a) (s) H11MEMBP, (b)
(‚ ‚ ‚) Cop11/20% NBP, (c) (- - -) Cop11/50% NBP, and (d)
(- - -) Cop11/63% NBP.

Figure 21. Plot of log [fmax(Hz)] vs 1000/T of Cop11 system
(15 layers) at various copolymer compositions.

Figure 22. Loss of H11NBP vs temperature: (s) 102, (‚ ‚ ‚)
103, (- - -) 104, and (- - -)105 Hz.
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Cop11/50% NSB as indicated in Figure 26 with com-
parisons listed in Table 2.

In both Cop11/50% NBP and Cop11/50% NSB samples,
the MEMBP chain is terminated with a long flexible
MEM group. To examine the effect of this chain on the
anomalous peak, samples were prepared with OMe
replacing the MEM chain. Judging from the co-area, the
samples did not form a true monolayer. Along with the
â-relaxation the samples showed the anomalous peak
in the initial temperature scan which was not present
in subsequent temperature cycles (Figures 24-26). The
uptake of water should be less associated with the OMe
group then the MEM group. Therefore, it is likely that
the anomalous peak cannot be associated with the
“melting” of the MEM group as well as the loss of water
from the film, further strengthening the possibility of
some rearrangement in the film, perhaps of the type
suggested previously.23

Conclusion
1. Dielectric spectroscopy can be applied to study the

dynamics of an ultrathin LB film. The method has

excellent sensitivity in detecting the effect of the spacer
length, copolymer composition, and the K-LC phase
transition since sensitivity to the measured parameters
is inversely proportional to the sample thickness.

2. A â-relaxation was observed in samples containing
an NBP or NSB group. The NBP also acts as a packing
mismatch in the copolymer and causes the â relaxation
to broaden.
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