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ABSTRACT: This work reports the relaxation behavior of amorphous polymers the spectra of which do not
explicitly present the secondaryâ relaxation. Poly(2,4-difluorobenzyl methacrylate), a polymer with complex
motions in the side groups, was chosen to carry out this study. The apparent distribution of retardation times of
the polymer calculated from dielectric loss isotherms in a wide range of temperatures (T > Tg) presents two
peaks which do not merge into a single absorption at moderate temperatures. Theâ absorption appearing as a
shoulder of theR relaxation in global thermal stimulated depolarization current experiments is not at first sight
detected in the retardation spectra. Separation of the hiddenâ absorption from the longest time peak in the
retardation spectra was carried out by fitting the inverse of the Havriliak-Negami equation to the peak usingb
) 1 andb < 1 for the skewness shape parameter of theâ andR relaxations, respectively. Moreover, the shortest
time peak in the retardation spectra was found to be the result of two overlapping peaks, named in increasing
order of timeγ and γ′. Arrhenius plots for theR and â absorptions present a new scenario characterized for
displaying both relaxations the same temperature dependence at temperatures not far aboveTg. To investigate
how small differences in the chemical structure may influence the dielectric response of polymers to perturbation
fields, the results obtained for poly(2,4-difluorobenzyl methacrylate) are compared with those previously reported
for poly(3-fluorobenzyl methacrylate). The differences in the responses of both polymers are interpreted in terms
of molecular motions of the side groups.

Introduction

The retardation spectra of the compliance functions of high
molecular weight supercooled liquids present at short times a
relatively weak peak associated with localized motions followed
in increasing order of time for a prominent peak arising from
micro-Brownian segmental motions, namedâ andR absorptions,
respectively. As temperature increases, both absorptions are
shifted to shorter times until the high activation energyR
relaxation catches theâ forming theRâ process.1,2 Besides the
R and â absorptions, mechanical retardation spectra of high
molecular weight supercooled liquids present at long times the
normal mode process associated with motions of the whole chain
that govern the flow properties.3,4 Only the dielectric retardation
spectra of polar polymers with dipole components parallel to
the chain contour display the normal mode process.5 Whereas
the average time associated with theR relaxation of entangled
chains is nearly insensitive to chains length, the relaxation time
of the normal process scales with the 3.4 and the first power of
the molecular weightM, respectively, forM > 2 Me andM <
2 Me, whereMe is the molecular weight between entanglements.6

The temperature dependence of both theR relaxation and
the normal mode process is often found to obey the Vogel-
Fulcher-Tammann-Hesse (VFTH) equation.7 Their respective
average retardation times experience an anomalous increase in
the vicinity of the glass transition temperature in such a way
that theR relaxation and the normal mode process become
frozen atTg, and only theâ relaxation and even faster relaxations
remain operative in the glassy state. For most polymers, dipoles
associated with the repeating unit have not components parallel

to the chain contour and as a result the normal mode process is
absent in the spectra. TheR relaxation (precursor of the glassy
state and flow) and theâ process, which for most low molecular
weight supercooled liquids are detected at extremely high fre-
quencies and/or low temperatures, are shifted to more accessible
temperature/frequency windows for polymers. This fact facili-
tates the study of the effect of the chemical structure on both
chain dynamics and development of the glassy state.

The merging of theâ andR processes for poly(ethyl meth-
acrylate) (PEM) into the combinedRâ process through the use
of applied pressure was discovered by Williams a long time
ago.1,8 Further work showed that the merging of theR and â
relaxations depends on the chemical structure.9-24 For example,
a strongâ relaxation in syndiotactic poly(methyl methacrylate)
(PMM) dominates the dielectric losses,13,14a behavior not shared
by the rest of poly(n-alkyl methacrylate)s. Further work on poly-
(n-alkyl methacrylates) showed a strong dependence of the
merging of theR andâ processes on the alkyl length.20-22 More
recent studies on poly(benzyl methacrylates) have shown that
substitutions of hydrogen atoms in the phenyl groups of the
side chains for other atoms or groups strongly affect the
relaxation behavior of these substances.23,24 The strong inter-
dependence of theR andâ processes for some of these polymers
makes difficult the separation of these two relaxations. Thus,
the retardation spectrum of poly(3-fluorurobenzyl methacrylate)
exhibits two well separated prominent peaks in the whole
temperature range (T > Tg), which in principle could be
attributed to theâ and R absorptions. However, a close
inspection of theR absorption shows that it is not a simple
process but a combination ofR and â relaxations so that the
shortest time peak is notâ, butγ.24 Proceeding with these studies
further, we report in this paper the relaxation behavior poly-
(2,4-fluorobenzyl methacrylate) (P24FM) to find out how the
two dipoles located in the phenyl group of the latter polymer
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affect its response to an electric perturbation field. The structural
unit of P24FM is shown in Figure 1. As a consequence of the
fact that the direction of the dipole resulting from the two dipoles
located in the phenyl group of P24FM coincides with that of
the Car-F dipole of poly(3-fluorobenzyl methacrylate) (P3FM),
we felt that it would be interesting to perform a comparative
study of the dynamics of these structurally close polymers.

Molecular motions in the glassy state can also be studied at
very low frequencies using thermostimulated depolarization
current (TSDC) techniques in a wide temperature window. This
technique, in parallel with dielectric relaxation spectroscopy
(DRS), gives a deeper insight into the effect of the fine structure
on secondary processes.

Experimental Part

2,4-Difluorobenzyl methacrylate was obtained at room temper-
ature by reaction of methacryloyl chloride with 2,4-difluorophenyl
methanol and further polymerized at 323 K via a free radical
process. The reaction was carried out in toluene solution, under
nitrogen atmosphere, using azobis(isobutyronitrile) as initiator. After
10% conversion was reached, the polymer was precipitated with
methanol, dissolved in chloroform, precipitated again with methanol,
and finally dried at 60°C in a vacuum. The weight-average
molecular weight of poly(2,4-fluorobenzyl methacrylate), measured
by GPC, was 1.89× 105, the heterodispersity molecular weight
index lying in the vicinity of 2. The stereochemical structure of
poly(benzyl methacrylate)s obtained by free radical polymerization
is atactic.

The glass transition temperature,Tg, of P24FM was determined
with a TA DSC-Q10 apparatus at a constant heating rate of 20
K/min, under nitrogen atmosphere. The sample was heated twice,
and the middle point of the endothermic step during the second
scan was taken as the glass transition temperature. The value ofTg

thus obtained was 333 K.
Thermally stimulated depolarization current (TSDC) curves were

obtained on polarized samples molded disks of 0.2 mm thickness
and 10 mm of diameter, using a TSC/RMA TherMold 9000
apparatus. The global temperature dependence of the thermal
stimulated depolarization current (TSDC) was obtained by poling
the pill under an electric potential of 350 V/mm, 10 K aboveTg,
for 3 min, and further quenching at 113 K. Then the electric field
was removed and the poled samples short-circuited for 1 min to
remove free charges. Thermally stimulated depolarization curves
were obtained by warming the electrode assembly at a constant
heating rate of 7 K/min. From the time derivative of the polarization,
the global discharge current curve as a function of temperature was
obtained. Partial TSDC curves were also obtained in the glassy
state, using poling windows of 5 K.

Complex dielectric permittivity measurements were performed
over the frequency window 10-1 Hz - 109 Hz, using a Novocontrol
broad band dielectric spectrometer (Hundsangen, Germany) inte-
grated by a SR 830 lock-in amplifier with an Alpha dielectric
interface and an Agilent 4991 coaxial line reflectometer to
carry out measurements in the frequency ranges 10-1-106 Hz and

106-109 Hz, respectively. In the latter case, the complex permittivity
was determined by measuring the reflection coefficient at a par-
ticular reference plane. The temperature was controlled by nitrogen
jet (QUATRO from Novocontrol) with a temperature error of≈
0.1 K during every single sweep in frequency. Isothermal measure-
ments were carried out on molded disk shaped samples of about
0.1 mm thickness, with diameters of 20 and 10 mm for frequencies
lower and higher than 106 Hz, respectively. Glass fiber spacers were
used to ensure the stability of the sample thickness at high
temperatures.

Results

The temperature dependence of the global thermostimulated
depolarization intensity current for P24FM is presented in Figure
2. The curve shows a broad absorption in the low-temperature
region followed by a well developed process corresponding to
theR relaxation. An absorption appearing as a shoulder of the
R relaxation on its low-temperature side seems to correspond
to the subglassâ process. Partial TSDC curves were obtained
in the temperature range 278-298 K using polarization windows
of 5 K, and the pertinent results are shown in the inset of Figure
2. The relative high intensity of the peaks in the temperature
range where the shoulder in the global TSDC curve appears
reflects the presence of the secondaryâ absorption.

Figure 3 presents the isotherms of the dielectric loss of
P24FM in the frequency domain at several temperaturesT >
Tg. The curves exhibit a well developedR absorption in the
low frequencies region followed by an apparently single weak
absorption at high frequencies, the intensity of which increases

Figure 1. Scheme showing the repeating unit of poly(2,4-difluor-
urobenzyl methacrylate)

Figure 2. Global TSDC curves for P24FM (open squares) and P3FM
(filled triangles). The poling temperatures for the global TSDC curves
were 343 and 353 K for P3FM and P24FM, respectively. Inset: partial
TSDC curves for P24FM obtained at poling temperatures from 278 to
298 K (5 K step).

Figure 3. Experimental dielectric loss isotherms in the frequency
domain for P24FM. The results cover the range of temperature
333-423 K, at 10 K steps.
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with temperature. As temperature increases, theR relaxation
moves faster to higher frequencies than the secondary absorption
as a consequence of its high activation energy. However, a
temperature is reached over which the activation energy of the
R relaxation and that of the secondary absorption are comparable
and the distance between the two peaks remains apparently
constant at moderate temperatures. This fact suggests that the
fast peaks in the dielectric isotherms may not correspond their
mechanism to theâ relaxation observed in poly(n-alkyl meth-
acrylates).

Deconvolution of Overlapping Relaxations. (A) Thermo-
stimulated depolarization currents below Tg. A common
characteristic of the ac loss curves is that the degree of over-
lapping of the responses of different mechanisms increases with
increasing frequency. This means that the lower the frequency,
the better the separation of otherwise overlapped peaks. Global
TSDC peaks have an equivalent frequency given by25

whereh ) dT/dt is the heating rate,k is Boltzmann’s constant,
Ea is the activation energy associated with the TSDC peak,τ is
the relaxation time associated with the peak, andTm is the
temperature at the peak maximum. Partial depolarization curves
obtained in the temperature window where theâ process appears
as a shoulder of theR relaxation were used to obtain ac
absorptions at low frequencies. This task involves the evaluation
of the relaxation time and the dielectric strength for each partial
depolarization curve.

The temperature dependence of the average relaxation time
associated with each TSDC peak can be written as26

whereJ(T) is the thermal depolarization current density, and
Ti is the initial depolarization temperature for each depolariza-
tion curve. The variation of the relaxation times for several
partial depolarization curves with the reciprocal of tempera-
ture is given in Figure 4. It can be seen that the relaxation times
of at least the half-width temperature of the peak follow
Arrhenius behavior. On the other hand, the strength of each
partial depolarization curve can quantitatively be expressed
by27,28

whereε0 is the dielectric permittivity in vacuo,E is the electric
polarization field, andT0 and T∞ represent the extreme tem-
peratures at the low and high-temperature sides of the peaks,
respectively. The values of the dielectric strength obtained from
eq 3 are given in the inset of Figure 4. The dielectric loss in
the frequency domain can tentatively be obtained from eqs 2
and 3 by means of the following expression27-29

Values of the dielectric loss in the frequency domain were
obtained from eq 4 in the interval of temperatures in which the
â process appears as a shoulder of theR relaxation in the global
TSDC curve (Figure 2). The pertinent loss isotherms corre-
sponding to theâ relaxation, given in Figure 5, are nearly
symmetric peaks that shift to higher frequency with increasing
temperature. Moreover, the intensity of the peaks increases as
temperature goes up.

(B) Retardation Spectra aboveTg. According to the linear
phenomenological theory of dielectrics, the dielectric loss in
the frequency domain is related to the retardation spectra by9,11

where σ and ε0 are the ionic conductivity and the dielectric
permittivity in vacuo, respectively, whiles accounts for the
departure of the conductive contribution to the loss from pure
ionic conductivity (s ) 1) as a consequence of interfacial
blocking electrodes effects and other phenomena. In the theory,
the retardation spectrum,L(ln τ), represents the distribution of
Debye type relaxations with retardation times lying in the range
between 0 and∞. Taking into account that a Debye type
relaxation is a single-exponential decay function in time domain,
which becomes a Diracδ function in the relaxation spectrum,
deconvolution of overlapping peaks is better resolved in the
time spectrum than in the frequency domain. It should be
stressed, however, that retardation spectra, though very useful
for the deconvolution of overlapping peaks, may not reflect the
physical basis of relaxation processes.

The relation between the dielectric loss and the retardation
spectrum is an ill-posed equation, and inversion of eq 5 to get
L(ln τk) is approximately accomplished from the also ill-posed
quadratic programming minimization of30

varying the retardation times vector (L), the ionic conductivity
(σ) and the exponents. Notice that

is the termik of the n × m (m > n) matrix R andLk(ln τk) is
the equal log spaced retardation time vectorL with (m)

Figure 4. Arrhenius plots for the relaxation times associated with
partial TSDC curves. The inset shows the variation of the dielectric
strength with the poling temperature.
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elements.19,23 The parameterε′′(ωi) in eq 6 represents the
experimental value of the dielectric loss at frequencyωi andFi

denotes the absolute experimental error involved in its measure-
ment. The factorλ (>0) is a regularization parameter31 andH
is a definite positive quadratic form, the election of which must
be based on the a priori knowledge of the solution. If the solution
is thought to be piecewise linear, a good choice isH ) BTB
whereB is the (m - 2) × m matrix30

andBT is read as the transpose of the matrixB. The advantage
of this procedure over other alternative methods commonly used
to determine the retardation spectra of loss isotherms is discussed
elsewhere.19,23

Retardation spectra of P24FM at several temperatures are
shown in Figure 6. In general, the loss curves recalculated from
the spectra fit pretty well to the experimental ones as the curve
at 333 K, plotted as an example in Figure 7, shows. The relative
experimental error is in the most unfavorable cases lower than
(3%. In general, the spectra exhibit two well developed and
completely separated peaks whose intensities seem to increase
with temperature though they do not merge into a single

absorption at moderate temperatures aboveTg, as usually occurs
in many glass formers. Since the global TSDC curves display
theâ process as a shoulder of theR absorption, it is important
to analyze whether the longest time peak in the spectra
corresponds to a genuineR relaxation. The retardation spectrum
associated with theR relaxation is obtained from the inverse of
the Havriliak-Negami equation yielding10,11,32

where the parameterθ can be written as

if the arguments of arc tan is positive. If it is negative, then

In these expressions,τHN is a characteristic retardation time,
anda andb are, respectively, the shape parameters of the H-N
equation that account for the departure of theR relaxation from
a Debye process (the lowera, the wider the distribution of
retardation times) and the skewness of the arc along a straight
line toward the high-frequency region. By usingb ) 1, eq 8
also fits the spectra of secondary relaxations. The fitting of eq
8 to the longest times peak is poor unless the peak is considered
a combination of theR and â relaxations, as the global and
partial TSDC curves suggest. The deconvoluted retardation times
peaks forR andâ processes, shown at different temperatures
in Figure 8, become narrower with increasing temperature. On
the other hand, successful fitting of eq 8 to the shortest times
absorption of the spectra requires to assume it as the result of
the overlapping of two processes namedγ andγ′, respectively
in increasing order of time. The temperature dependence of the
shape parameters that define theR, â, γ′, andγ relaxations are
given at different temperatures in Figure 9. In general, the shape
parameters tend to increase with increasing temperature.

The dielectric strength for different processes can be obtained
from the spectra by means of the following expression

Figure 5. Frequency dependence of the simulated dielectric loss from
partial TSDC data, in the range of temperature 298-318 K, 5 K step,
for P24FM. The curves were obtained by means of eq 4.

Figure 6. Retardation spectra of P24FM at several temperatures lying
in the range 333-423, 10 K step. The retardation spectra of P3FM
covering 333-423 K, 10 K step, are shown in the inset. The dashed
lines indicate that out of the limits the values ofL(log τ) should be
regarded as approximate.

B ) [-1 2 -1 0 0 ‚‚‚ 0
0 -1 2 -1 0 ‚‚‚ 0
‚‚‚‚
0 ‚‚‚‚ -1 2 -1 0
0 ‚‚‚‚ 0 -1 2 -1

] (7)

Figure 7. Reconstruction of the dielectric loss from the distribution
of retardation times for P24FM, at 333 K. Open circles represent the
experimental data, dashed lines the individual processes contributions
while the continuous line represents the dielectric loss calculated as
the sum of the individual processes. In the inset, the relative error
calculated as (ε′′REC - ε′′EXP)/ε′′EXP for all the range of frequencies.
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π
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where the subscripti refers to the type of relaxation(R, â, γ′,
γ). The temperature dependence of the dielectric strengths is
shown in Figure 10. It can be seen that the strength of theR
absorption slightly decreases with increasing temperature until
a temperature is reached above which this process undergoes a

rather sharp increase as temperature goes up. This increase is
also observed in the dielectric strengths of the secondary
relaxations.

Temperature Dependence of the Relaxation Processes.
Figure 11 shows the temperature dependence of the frequency
associated with the peak maxima (fmax ) 1/2πτmax) of theR, â,
γ′, andγ relaxation processes. The secondary absorptions follow
Arrhenius behavior with activation energies of 55( 2, 76.8(
0.8, and 144( 6 kJ/mol, respectively, for theγ, γ′, and â
relaxations. The activation energy associated with theâ absorp-
tion obtained from partial thermostimulated depolarization
current curves is 148.7( 0.2 kJ/mol, near to that obtained from
dielectric relaxation spectroscopy. As usual, the curve logfmax

vs 1/T for theR absorption is described by the VFTH equation7

where f0 is a prefactor of the order of the reciprocal of
picoseconds,m is a constant andTV is the Vogel temperature.
The values ofm and TV that fit the VFTH equation to the
experimental results are, respectively, 1800( 300 K and 266
(7 K. Departure of theR process from Arrhenius behavior is
defined by the fragility factorD ) m/TV that controls how
closely a system obeys the Arrhenius law.33 The fragility factor
for P24FM is 6.8, a value below the borderline that separates
fragile (D < 10) from strong (D > 10) glasses.

The ionic conductance follows Arrhenius behavior as the plot
of Figure 12 shows. The value of the activation energies
obtained from the slope of the plot amounts to 177( 2 kJ/mol.
Therefore, ionic transport in P24FM overcomes energy barriers
of the order of those involved in theâ process. In the inset, the
variation with temperature of the exponents that accounts for
the departure of the ionic contribution to the loss from pure
conductivity is also shown. The results suggest that interfacial
blocking electrodes effects and other phenomena become less
and less important with increasing temperature.

Discussion

An excess contribution or “excess wing” to the high-
frequency peak of theR relaxation is observed in broadband
dielectric spectra of supercooled liquids.34-36 Theoretical ex-
planations for its occurrence have been proposed37,38 though
no consensus on the microscopic origin of this phenomenon
has been reached.39 On the other hand, the spectra of many glass-

Figure 8. Retardation spectra from 323 to 423 K corresponding to
the R (top left), γ (bottom left),â (top right), andγ′ (bottom right)
relaxations, at 10 K step, for P24FM. The dashed lines indicate that
out of the limits the values ofL(log τ) should be regarded as
approximate.

Figure 9. Temperature dependence of the fitting parameters of the
HN equation for theR, â, andγ relaxations of P24FM. Square and
circles refer to thea and b parameters of the HN equation; stars,
triangles, and rhombus represent thea parameter of the HN equation,
with b ) 1, for theâ, γ′, andγ relaxation processes, respectively.

Figure 10. Variation of the dielectric strengths of theR (squares),â
(filled hexagon), γ (triangles), γ′ (circles) relaxations, and total
relaxation strength (stars) with the reciprocal of temperature for P24FM.
The dashed line indicates the merging temperature ofR and â
relaxations forming theRâ absorption.

Figure 11. Arrhenius plots for the peak maxima of the relaxation
processes. Open squares and circles refer to the secondaryγ and γ′
relaxations, respectively, while filled squares and triangles represent
the temperature dependence of theâ andR absorptions, respectively.
The data belowTg corresponding to theâ relaxation were obtained
from partial TSDC curves.

fmax ) f0 exp(- m
T - TV

) (12)
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forming materials display a well-developedâ relaxation.
Although intramolecular motions were held responsible forâ
relaxations, Johari and Goldstein40 demonstrated that the
relaxation also shows up in rigid molecules where intramolecular
conformational transitions are unlikely. This fact led to postulate
that the so-called Johari-Godstein (JG)â relaxation is inherent
to glass forming materials in general.40,41Although until recently
it was thought that the excess wing and the JGâ relaxations
are due to different processes,42,43 some strong experimental
hints have emerged that the excess wing is merely the high
frequency of aâ peak, hidden under the dominatingR peak.44

Recently, it has been reported that the excess wing rather than
higher frequency relaxations adscribed to the JGâ process is
perhaps a universal feature of glass formers, albeit not always
discernible at ambient pressure.45 In principle, the slowest
secondary relaxation of P24FM reminds an excess wing
contribution to theR relaxation, but its deconvolution from
longest time peak of the retardation spectra together with the
merging of this secondary relaxation with theR absorption at a
temperature not far above fromTg also suggests that it could
be aâ process.

Many authors considered the JGâ relaxation as a precursor
of theR and have tried to relate them. Guided by the coupling
model, Ngai46,47 found that the JGâ relaxation obeys two
criteria: (1)τâ(TgR) ≈ τ0(TgR) whereτ0 ) tcn τR

1-n and (2)

In these two expressions,n ) 1 - âKWW is the coupling
parameter,tc is a temperature insensitive crossover time and
âKWW is the stretch exponent of the KWW equation. With the
aim of investigating whether theâ relaxation detected in P24FM
obeys to these results, the normalized decay function describing
the R process in the time domain was calculated at different
temperatures from the retardation spectra by means of the
following expression

Curves representing the decay function for theR relaxation are
plotted at several temperatures in Figure 13. As usual, theR
relaxation in the time domain is inevitably described by a stretch
exponential or decay function such as1

where the stretch exponent lies in the range 0< âKWW e 1.
The values ofâKWW andτ0 that fit eq 15 to the decay functions
are plotted in the inset of Figure 13. It can be seen that the
stretch exponent increases with increasing temperature.

The slowest relaxation of P24FM does not obey to the Ngai
criteria for a JG process sinceτâ(TgR)| . τ0(TgR) in the whole
temperature range. The second criterionτR/τâ ≈ (τR/tc)1-âKWW

neither holds. These criteria, however, hold pretty well in a wide
range of temperature for the fastest relaxation (γ process) as
the plots of Figure 14 show. However, the secondary absorption
γ′ only roughly obeys the two criteria.

The coupling model suggests that the activation energy of
the â process is related to the glass transition temperature by
the expression48

wheren ) 1 - âKWW. The results ofEa/RTg calculated from eq
16 for the â relaxation is 41.6 in fair agreement with the
experimental result, 48.4. However, it is instructive to point out
that eq 16 yields 27.6 and 22.4 for theγ′ andγ processes, in
rather good agreement the experimental ones which amount to
25.9 and 18.5, respectively.

Although intermolecular interactions surely contribute to the
response of the condensed matter to the perturbation fields,
intramolecular interactions in polymers presumably play a
leading role in the development of secondary absorptions. In
this regard, it is tempting to compare the spectra of P24FM
and P3FM since the direction of the dipole associated with the

Figure 12. Arrhenius plot for the conductivity contribution of P24FM
to the dielectric loss. The conductivity is given in S/m. The inset shows
the variation of the exponent s in eq 5 with temperature.

log(τR) - log(τâ) ≈ n(log τR - log tc) (13)

æR(t) )
∫-∞

∞
LR(ln τ)e-t/τ d(ln τ)

∫-∞

∞
LR(ln τ) d(ln τ)

(14)

æR(t) ) exp[-(t/τ0)
âKWW] (15)

Figure 13. Normalized relaxation curves in the time domain for the
R relaxation of P24FM, in the range of temperature 333-423 K at 10
K steps. The decay curves (circles) are fitted (dashed line) by the KWW
equation using the stretch exponentsâKWW and the characteristic
relaxation timesτ0 shown in the inset of the figure.

Figure 14. Fitting of Ngai’s criteria to experimental results for theγ
relaxation. See text for details.

Ea

RTg
) 2.303(2- 13.7n - log τ∞) (16)
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phenyl group of P3FM coincides with that of the dipole resulting
from the vectorial sum of the two Car-F dipoles of P24FM.
Retardation spectra of P3FM at different temperatures are shown
in the inset of Figure 6. Though two peaks appear in the spectra
of both polymers, their overlapping at high temperature is larger
for P24FM than for P3FM. On the other hand, the curves
describing the temperature dependence of the global thermal
stimulated depolarization current present in both cases theâ
process as a shoulder of theR relaxation. Moreover, theγ
absorption is significantly wider for P24FM than for P3FM.

Let us consider now the molecular motions responsible for
the development of the subglass relaxations in P24FM. A rough
sketch of the isolated side group chain is given in Figure 15
where the rotational angles over CO-CH2Car (φ1), COCH2-
Car (φ2) and the dipoles associated with the ester group (µes )
1.89 D)49 and the Car-F bonds (µCF ) 1.45 D)50 are shown. As
is well-known,C(O)-O bonds in ester moieties are restricted
to trans states.51,52As described elsewhere,53 362 conformations
were generated by rotations about theφ1 andφ2 bonds and the
energy of each conformation was minimized with respect to all
other internal coordinates. The probability of each conformation
was calculated as

whereZ is the partition function. The curves of probability show
that staggered orientations (i.e.,φ1 ) 0, ( 60) are preferred by
the CO-CH2Car rotation whileφ2 ) 0, ( 40; 180,( 40 are
favored by the COCH2-Car bond. Rotations of different sign
(i.e.,φ1 ) 60,φ2 ) 40) give rise to strong repulsive interactions
among the oxygen atom of the carbonyl group and the H or F
atoms attached to the phenyl group, and therefore are forbidden.
By extending the conformational analysis of isolated side chains
to polymers we realize that the nonplanar conformations
preferred in the former case would produce severe repulsions
among neighboring units.53 Moreover, among the four planar
conformations (φ1, φ2 ) 0, 180°), that one (φ1 ) 0) giving rise
to cis conformations over the CO-CH2Car bond are of high
energy due to strong repulsive interactions within the group and
therefore are forbidden. This analysis leads to conclude that the
conformations preferred by the side chains are of planar type,
specifically,φ1 ) 180,φ2 ) 0 andφ1 ) 180,φ2 ) 180. The
dipole moments and the energies of these conformations are,
respectively, 0.31 D and 5.21 kJ/mol for the first conformation,
and 2.74 D and 3.1 kJ/mol for the latter. Fluctuations of the
phenyl groups in these minima may be responsible for theγ
and γ′ relaxations in the spectra. In the case of P3FM,24 the
location of the fluorine atom in the position 3 of the phenyl
group produces lower interactions than in the case of the fluorine
atom located in position 2 in P24FM. The nearly freely rotating
CH2-Car bonds of P3FM give rise to the simpleγ absorption
observed in the spectra of this polymer. It is worth noting that
only theγ relaxation in the spectra of P24FM, the absorption
of lowest activation energy (Ea ) 55 kJ/mol), meets the two

requirements stated by Ngai for a JGâ absorption. However,
since the absorption arises from motions of the bulky difluori-
nated phenyl group and not from motions of the whole side
chain coupled with motions of a very few skeletal bonds of the
main chain, the relaxation is not a JGâ process.

The â relaxation is extremely sensitive to the chemical
structure. The molecular mechanism behind theâ relaxation of
poly(methyl methacrylate) is postulated to be hindered rotation
of the ester moiety about the C-C(O) bond that connects it to
the main chain, though involving some sort of intramolecular
cooperativity.14 The polarization arising from the electric dipole
associated with carboxyl group relaxes through theâ relaxation
and only a smaller part through the main chain dynamics
reflected in theR relaxation. As a result this polymer exhibits
a very strongâ process and a rather weakR relaxation. For
poly(n-alkyl methacrylate)s withn > 1, the polarization relaxes
through theâ relaxation and also a significant part through
segmental motions associated with theR relaxation.20,22Similar
behavior is observed for other polymers.1,19 The â relaxation
of P24FM presumably arises from generalized motions about
the skeletal bonds of the side groups combined with motions
of a very few skeletal bonds of the main chain. These complex
motions superpose with the segmental motions of theR relaxa-
tion in such a way that theâ process becomes hidden by theR
absorption. This behavior is also observed in the chain dynamics
of P3FM and other poly(benzyl methacrylates) with a hydrogen
of the phenyl groups substituted by a methyl group or a chlorine
atom.24 It is noticeable that the intensity of theâ peak in phenyl-
substituted poly(benzyl methacrylate)s is lower than in the case
of poly(n-alkyl methacrylate)s, probably as a consequence of
the bulkiness of the lateral chain in the former case.

The relaxation behavior P24DFM can qualitatively be ex-
plained in terms of the energy landscape of amorphous chains.
In Stillinger’s view,54 the conformational energy landscape of
supercooled liquids is formed by craters connected by small
basins. The small basins also are present inside the craters. The
lower the temperature, the rarer and more separated the craters
must be. Secondary processes are identified with elementary
relaxations between neighboring basins whileR relaxations
entail escape from a deep basin or crater and eventually into
another. Escape from a crater to another one requires a lengthy
direct sequence of elementary transitions. The activation energy
associated with theâ absorption of P24FM is rather large, of
the order of 144 k J/mol, suggesting the presence of big basins
or minicraters in the topology of the energy landscape, in
addition to the craters. Then theâ absorption would be the result
of minicrater structural relaxation through small basins. As
temperature decreases, the density of craters in the energy
landscape becomes rarer until conformational transitions be-
tween them are not longer possible and the system turns a glass.
However, minicraters and basins remain operative below the
glass transition temperature. At high temperature,â and R
relaxations exhibit the same temperature dependence, a scenario
not commonly found in the relaxation behavior of supercooled
liquids. This behavior indicates a strong interdependence
betweenR andâ processes in this region presumably as a result
of the similarity of the energy landscape of both processes.

The total dielectric strength of P24FM is significantly higher
than that of P3FM as a consequence of the following facts: there
are energetically favorable conformations in the former polymer
arising from rotations about CH2-Car bonds in which the Car-F
dipole located in position 2 becomes favorably oriented to the
carbonyl group. On the other hand, the orientation of the Car-F
dipole of P24FM in position 4 lies in the direction of the

Figure 15. Sketch of the side chain of P24FM showing the rotational
angles and the directions of the dipole moments associated with the
ester group,µE, and the C-F bonds,µCF.

p(φ1,φ2) ) 1
2(-

E(φ1,φ2)

RT ) (17)
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CH2-Car bond and therefore its orientation with respect to the
direction of the dipole of the ester groups does not depend on
φ2. However, as a result ofφ1 rotation, the dipole located in
position 4 in the phenyl group contributes to the dielectric
strength of the polymer.

The distance between the maxima of the deconvolutedR and
â peaks, expressed in terms of∆â-R ) log (fmax,â/fmax,R), is
plotted as a function of temperature for P24FM and P3FM23 in
Figure 16. As usual,∆â-R decreases with increasing temperature
until the distance eventually vanishes. The temperatures at which
this occurs are 378 and 383 K for P24FM and P3FM,
respectively. The temperature dependence of∆â-R is described
by a Vogel type equation, the values ofTV being 271 and 319
K, respectively, for P3FM and P24FM. Notice that these values
of TV are close to the respective glass transition temperatures.
Similar behavior is found for∆γ-R ) log (fmax,γ/fmax,R), but in
this case the values ofTV are belowTg, specifically, 292 and
216 K for P24FM and P3FM, respectively. Finally the temper-
ature dependence of the distance between the secondary peaks,
for example,∆γ-â ) log (fmax,γ/fmax,â), is a linear function of
the reciprocal of the absolute temperature as a consequence of
the fact that secondary processes follow Arrhenius behavior.

Conclusions

Polymers with flexible polar side groups exhibit high con-
formational versatility which strongly affects the response of
these substances to external force fields. The spectra of these
materials are characterized for displaying a long time peak well
separated from a short time peak. Extrapolation methods predict
that the merging of the two peaks occurs at unrealistic high
temperatures. The long times peak is characterized for hiding
the â relaxation, and both theR andâ relaxations exhibit the
same temperature dependence not far above the glass transition
temperature. This scenario suggests that the energy landscape
in this range of temperatures is rather similar for both processes.
Differences in the response of polymers to force fields are

shifted to shorter times as the differences in their fine structures
decrease.
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