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ABSTRACT: The relaxation behavior of poly(3-methylbenzyl methacrylate), poly(3-fluorobenzyl methacrylate),
and poly(3-chlorobenzyl methacrylate) was thoroughly studied by broadband dielectric spectroscopy with the
aim of investigating the influence of slight differences in chemical structure on the response of polymers to
electric perturbation fields. Retardation spectra calculated from dielectric isotherms utilizing linear programming
regularization parameter techniques were used to facilitate the deconvolution of strongly overlapped absorptions.
Above the glass transition temperature, the spectra of the two halogenated polymers present a sepoocizsy

well separated from a prominent peak resulting from the overlapping af #ned 5 relaxations. The spectra of
poly(3-methylbenzyl methacrylate) exhibit at long times a well-develapedsorption followed in decreasing

order of time by two weak absorptions, nanfeandy, whose intensities increase with temperature. The temperature
dependence of the distance of tigpeak from thef andy peaks, expressed in terms of l6gs/fmax.) and

l0g (fmax;/fmaxa), respectively, is studied. The Williams ansatz and the extended ansatz give a fairly good account
of the relaxation behavior of the polymers. The stretch exponent associated withrélexation increases with
temperature from ca. 0.2 at low temperatures to the vicinity of 0.5 at high temperatures. At low temperatures, the
o relaxation is described by a Vogel-type equation, but at high temperatufahdo processes are roughly
described by the same Arrhenius equation. In the whole temperature range, the activation eneygglattagion

is significantly lower than that of the absorption. The mechanisms involved in the development of the secondary
relaxations are qualitatively discussed.

Introduction PEM coexists with thg process in the low-temperature region.
Thea process eventually vanishes at temperatures not far above
Tg. At higher temperature, thg process of PEM acts as a
precursor of a second relaxation whose temperature depen-
dence is also described by the VogEulcher-Tammanr-Hesse
equatior?! but the fitting parameters differ from those found
for the low-temperature. process.’ A dramatic change in the
splitting behavior of polyg-butyl methacrylate) (PBM) hap-
pens? In this polymer, contrary to what occurs in PEM, a unique
o relaxation covers a wide range of temperature which further
vanishes at high temperature. The Arrhenius plot of ¢he
relaxation of PBM becomes parallel to that of fhabsorption

at high temperature, suggesting a mutual dependence of these
two processes in the splitting region. More recent work carried
out on poly(5-acryloxymethyl-5-methyl-1,3-dioxacyclohexane)
(PMMD) shows that the mechanisms associated with &he
relaxation have the same activation energy in the glassy state,
the rubbery state, and the splitting regi8nThe o relaxation

of PMMD vanishes in the vicinity of the splitting temperature
while the strength of th@ process experiences a rather sharp
increase afl > Ty. A different scenario presents poly(2,3-
dichlorobenzyl methacrylate) (PDCBM) where fheelaxation
exhibits a crossover temperatulg,, below which the activation
energy associated with this process is significantly larger than
aboveTg,. Moreover, thex andp relaxations maintain the same
temperature dependence @t > Tg, suggesting a strong
interdependence of these two processes in the splitting région.

These previous observations prompted us to investigate how
t Universidad Politenica de Valencia. minor changes in the chemical structure may affect the splitting

*Instituto de Ciencia y Tecnolégide Pdimeros (CSIC). behavior of poly(methacrylgte)s containing phenyl groups in
8 Pontificia Universidad Catiza de Chile. the alcohol residue. For this purpose we have measured the

During the cooling process, supercooled liquids may reach a
temperature at which the single dielectric absorption they exhibit
in the moderate supercooled regime splits into a slew
relaxation arising from cooperative molecular motions and a
fast s relaxation produced by restricted motions in a variety of
local environment$? The temperaturély, at which the splitting
occurs is believed to be related to the onset of cooperativity of
the o relaxatiort and to the critical temperatur®,,* of the model
coupling theory.®In fact, the information at hand suggests that
the ratioT,/Ty for fragile glass-formers lies in the range 1-20
1.357 Cooling the system further, a temperature is reached in
the vicinity of which theo relaxation becomes frozen, ergodicity
is lost, and the transition supercooled liquiglass occur$.
Therefore, the dynamia relaxation is a precursor of both the
glassy state and the viscous flow.

A long time ago, William&°discovered the merging of the
S ando. processes for poly(ethyl methacrylate) (PEM) to form
the combinedy3 process through the use of applied pressure.
Further work showed that the merging of thendp relaxations
depends on the chemical structéite?® For example, a strong
p relaxation in syndiotactic poly(methyl methacrylate) (PMM)
dominates the dielectric loss&sa behavior not shared by the
rest of poly@-alkyl methacrylate)s. The effect of the increase
of the length of the alkyl residue on the relaxation behavior of
poly(n-alkyl methacrylate)s was studied in a systematic way
by Donth and co-worker!¢17finding that thea relaxation of
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Scheme 1. Schematic Representation of the Repeating Unit of 1
Poly(3-methylbenzyl methacrylate) (R= CHy),
Poly(3-fluorobenzyl methacrylate) (R= F), and
Poly(3-chlorobenzyl methacrylate) (R= Cl)
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dielectric relaxation behavior of the polymers resulting from 8"
replacing the hydrogen atom in position 3 of the phenyl group
of poly(benzyl methacrylate) by a methyl group, a chlorine atom, 001

and a fluorine atom. In short, this work reports the relaxation
behavior of poly(3-methylbenzyl methacrylate) (P3MM), poly-
(3-chlorolbenzyl methacrylate) (P3CM), and poly(3-fluorobenzyl
methacrylate) (P3FM) as studied by broadband dielectric
spectroscopy. The repeating units of these polymers are given
in Scheme 1. Taking into account that a Debye-type relaxation, 0.1}
being a single-exponential decay function in time domain,
corresponds to a Dirac delta function in the retardation time
spectra, thex andf relaxations overlapping in the frequency — R
domain were resolved using the retardation spectra calculated 102 10° 10> 10* 10° 10°
from the dielectric loss isotherms. Special attention is paid to
the contribution of the different relaxations to the total decay f’ Hz
relaxation function. Figure 1. Dielectric loss in the frequency domain for poly(3-
methylbenzyl methacrylate) (top), poly(3-fluorobenzyl methacrylate)
Experimental Part (middle), and poly(3-chlorobenzyl methacrylate) in the temperature
ranges 283403, 293-423, and 293403 K, respectively, at 10 K steps.
3-Methylbenzyl methacrylate, 3-chlorobenzyl methacrylate, and
3-fluorobenzyl methacrylate were obtained respectively by reaction  complex dielectric permittivity measurements were performed
of methaCryIOyl chloride with 3-methy|phenylmethan0|, 3-chlo- over the frequency window 1’@-10) Hz’ using a Novocontrol
rophenylmethanol, and 3-fluorophenylmethanol, at room temper- proadband dielectric spectrometer (Hundsangen, Germany) inte-
ature. Polymerization of the respective monomers was carried outgrated by a SR 830 lock-in amplifier with an Alpha dielectric
via a free radical process in toluene solution under a nitrogen jnterface and an Agilent 4991 coaxial line reflectometer to carry
atmosphere, at 323 K, using azobis(isobutyronitrile) as initiator. oyt measurements in the frequency range$-3@0f and 1x 10°—1
The polymers were precipitated with methanol, dissolved in . 10° Hz, respectively. In the latter case, the complex permittivity
chloroform, precipitated again with methanol, and finally dried at was determined by measuring the reflection coefficient at a
60 °C in a vacuum oven. The weight-average molecular weights particular reference plane. The temperature was controlled by
of the polymers determined by GPC were 130 000, 145 000, and pitrogen jet (QUATRO from Novocontrol) with a temperature error
230000 for P3MM, P3CM, and P3FM, respectively, the hetero- of ~0.1 K during every single sweep in frequency. Isothermal
dispersity molecular weight index lying in the vicinity of 2. The  measurements were carried out on molded disk-shaped samples of
stereochemical structure of poly(benzyl methacrylate)s obtained by aghout 0.1 mm thickness, with diameters of 20 and 10 mm for
free radical polymerization is atactic. frequencies lower and higher than®Hz, respectively. Glass fiber

The glass transition temperatur@y, of each polymer was  spacers were used to ensure the stability of the sample thickness at
determined with a TA DSC-Q10 apparatus at a constant heating high temperatures.

rate of 20 K/min, under a nitrogen atmosphere. Each sample was
heated twice, and the middle point of the endothermic step during Results
the second scan was taken as the glass transition temperature. The . . . .
values ofT, for P3MM, P3CM, and P3FM were respectively 307, Isot_herms representing the dielectric loss in the frequency
296, and 319 K. domain for P3MM, P3CM, and P3FM are shown at several
Thermally stimulated depolarizaton current (TSDC) curves were t€mperatures in Figure 1. At first sight, significant differences
obtained on polarized sample molded disks of 0.2 mm thickness are observed in the isotherms of the three polymers, despite
and 10 mm of diameter, using a TSC/RMA TherMold 9000 the small variation of their respective chemical structures. The
apparatus. The global temperature dependence of the dischargéoss curves for P3MM display a well-developedelaxation at
intensity current was obtained by poling the pills under an electric temperatures slightly above the glass transition temperature
potential of 350 V/mm, 10 K abové, for 3 min and further  fqjiowed in increasing order of frequency by two apparently
guenching at 113 K. Then the electric field was removed, and the weak secondary processes, nanfeghdy.
poled samples were short-circuited for 1 min to remove free charges. At difference of P3MM thé loss curves for P3CM and P3EM

Thermally stimulated depolarization curves were obtained by . :
warming the electrode assembly at a constant heating rate of 7bresent a prominent secondary relaxation well separated from

K/min. From the time derivative of the polarization, the global the dynamiax relaxation in the whole temperature range in such
discharge current curve as a function of temperature was obtained @ Way that the single,s absorption displayed by the relaxation
Partial polarization discharge curves were also obtained in the glassyspectra of most systefis2022 js not detected in these
state, using poling windows of 5 K. polymers. The apparent absence of dffeabsorption led us t%DV
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where an equal log spaced retardation time vector with (
elements is used. Equation 3 represents an indeterminate system
of n equations andan + 2 incognita (h > n). The numeric
treatment for the solution of the ill-conditioned eq 3 is similar

to that of the also-ill posed quadratic programming minimization
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Figure 2. Partial thermally stimulated depolarization currents of P3FM Z ZRkLk | +A[L ][H][L]
at polarization temperatures from 133 K (first curve on the left side) i= eoa) i

to 318 K (last curve on the right side), 5K step. In the inset, details of ) o o o
the low-temperature depolarization curves are shown. varying the retardation times vectdr)( the ionic conductivity

(0), and the exponerd Notice that this expression consists of
investigate the relaxations displayed by these polymers usingtwo positive parts: the first accounts for the difference between
depolarization current techniques. The global thermally stimu- experimental data and the calculated spectrum, and the second
lated depolarization current intensity curve for P3FM presents is a weighted term that accounts for the constriction of the
they absorption at short times followed by a prominereak smoothness of the retardation time spectra. Moreovér,0)
which exhibits a small shoulder in the low-temperature region is a regularization parameter, ardl is a definite positive
corresponding to thg process. The three absorptions are also quadratic form, the election of which must be based on the a
displayed in the partial thermally stimulated depolarization priori knowledge of the solution. If the solution is thought to

curves represented in Figure 2. be piecewise linear, a good choiceHs= B'B, whereB is the
Dielectric Retardation Spectra. Since the relaxation re- (M= 2) x m matrix??
sponse of polymers to perturbation fields is more clearly defined _ _
) S ) i 12 10 0 .. O
in the retardation time spectra than in the loss curves in the
: : ; : 0O -12 -10 .. 0
frequency domain, we proceeded to determine the dielectric B— 4
retardation spectra of the polymers as briefly indicated below. B (4)
According to the linear phenomenology of dielectrics, the 0 .. 12 -10
dielectric loss can be written && 0 ... 0 12 -1

andBT reads for the transpose of the matBx The solutions
€'(w) = (L) + f L(In r) >dint (1) corresponding to different values of the regularization parameter
€o® + o’ A were obtained by means of an iterative technique (conjugated
gradient) that allows the utilization of the projection onto convex
whereL is the retardation spectrura,is the conductivity, and  sets (POCS) methods for achieving a nonnegative solution, and
€o is the permittivity in a vacuum whiles accounts for the  the suitablel parameter was determined in each case by means
departure of the conductivity contribution from pure ionic of the Morozov discrepancy methé# Since the intensity of
conductivity € = 1) as a consequence of interfacial blocking Debye relaxations falls to the 1% of its maximum valuedar
electrodes effects and other phenomena. Equation 1 can be= 10*2, it is expected that the spectrum calculated from values
written in an approximate way #<2 of 7 lying 2 decades above and below the reciprocal of the two
extreme values of the frequency does not involve serious errors.
€' (wy) ( This method differs from others based on the spectra formalism,
= ( ZRKL(In ‘L’k))/pl (2) such as the CONTIN progr&h(see, for example, ref 42 in ref
Pi €oW; 25), in the way of dealing with the conductivity contribution,
the determination of a nonaliased solution, the method utilized

where to determine the regularization parameter, and the computational
efficiency of the general methods for solving quadratic pro-
Ty Ty 1|12 gramming problems.
Ry=—"——=In[— To investigate how truncation loss data, through frequency
1+tor” \%1 band limitation, may affect the range over which reliab{&n

7) values can be determined, truncations were performed on
The parameterp; denotes the absolute experimental error the loss curves and the spectra calculated. lllustrative plots
involved in the determination of the dielectric los§wi), and showing the spectra calculated from truncations carried out at
wi (i=1, 2,3, ...n) represents the angular frequencies at which low frequencies in the isotherm at 323 K of P3FM are shown
the experimental values of the dielectric loss were obtained. in Figure 3. It can be seen that the spectra at long times are
The conductivity contribution is not a limitation for the rather independent of the truncation points provided that they
calculation of the retardation spectrum because it is an inde-are performed atw < wmax Where wmax is the frequency
pendent term in eq 2. We can write eq 2 in matricial form as associated with the maximum of tte relaxation. The sam&DV



3074 Dominguez-Espinosa et al. Macromolecules, Vol. 39, No. 8, 2006

-06F
08} f\\%i
- N 1}

1.0+

log ¢"

12 Pagi

1.4
10

L(log 7)

0.20
0.15
0.10
0.05
0.00 . :
10" 10" 10° 10° 10* 10% 10° 10°
T8 Figure 5. Deconvolution of the retardation spectrum for poly(3-

Figure 3. lllustrative plots showing how truncations in the dielectric ~chlorobenzyl methacrylate) at 313 K. Circles are experimental points
loss isotherm of poly(3-fluorobenzyl methacrylate) at 323 K may affect while the continuous line represents the sum of the contributions of
the retardation spectra. Full square, open circles, full triangle, and openthe, 5, andy processes. Values bflog ) at high and low frequencies

triangles correspond to truncation at 1, 2, 3, and 4, respectively. ValuesOut of the limits indicated by vertical dash lines should be regarded as

of L(log 7) at high and low frequencies out of the limits indicated by ~approximate.
vertical dash lines should be regarded as approximate.

L(log t)

0.05
10 Relative Error ﬁ
08 06 000] e A, ;
06} ". > ~ ¥
04+ 04|
&
02
0.0
02
A
04 { ) ‘
{ 2
0.3} }‘/\ S P Tl T
‘ f = Pl S wl wd ™I Tiinud . l uul i
© ool N I 1 10°  10* 100 10°
oo 177NN f, Hz
3 01 m WA Figure 6. Comparison of the calculated dielectric loss from the
0.0 ‘\ \ 2 spectrum (continuous curve) and the experimental results (circles) at
313 K for P3CM. The relative error of the calculations is shown in the
09 inset. Contributions of thex, 5, and y processes are indicated by
discontinuous curves.
06 N
| of the current thermodepolarization curves suggests the presence
03l it \\\ \\ \\ | of three absorption peaks, led us to investigate in detaibthe
\\\\ \\ absorption in the frequency domain of these two polymers.
00 . 5\\. h The dipolar o relaxation is described by the Havriliak
10"10"°10° 10° 10* 107 10° 10° Negami (H-N) equatioi®
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Figure 4. Retardation spectra for poly(3-methylbenzyl methacrylate — r u
9 p poly( ylbenzy ylate) *(w)=e,+—— 4 — (5)

(top), poly(3-fluorobenzyl methacrylate) (middle), and poly(3-chlo-
robenzyl methacrylate) in the temperature ranges-308, 333-423,
and 313-403 K, respectively, at 10 K steps. Values Iqfog 7) at
high and low frequencies out of the limits indicated by vertical dash wherea andb are the H-N shape parameters, the subscripts r

lines should be regarded as approximate. and u refer respectively to the relaxed and unrelaxed dielectric
permittivity, andtyy is a characteristic retardation time. The

occurs with the spectra at short times if the truncations are j,erse of this expression is the retardation spectrum associated
performed atv > wmax Wherewmaxis the frequency associated with the o expression given 5§

with the maximum of thes relaxation. In any case, the ranges
over which the retardation spectra curves have been determined I Y sinbo
experimentally are indicated by vertical dash lines in the L (In r)=l (t/ryy)"sin
pertinent figures. * T [(wlt,0)® + 2(tlt,yy)* cosar + 1172
The retardation spectra calculated for P3MM, P3CM, and
P3FM are shown in Figure 4. The spectra of both P3CM and
P3FM present an appareamtrelaxation well separated from a
secondary absorption. However, the fact that that the merging sin
) X ) e _ ma
of both relaxations into a single absorption is not detected at 0= arctar(a—)
high temperatures, and taking into account that an inspection (t/tyy)” + cosma,

[1+ (7))

(6)

where the parametét in eq 6 can be written as

(7)
CbV



Macromolecules, Vol. 39, No. 8, 2006 Response of Polymer Chains to Perturbation Field875

if the argument of arctan is positive. If it is negative, then 0.8

0 = arcta % + 7 (8)
(z/tyy)” + cosma

On the other hand, since secondary relaxations are nearly
symmetric, they can be described by the Fudsskwood
equation given b3f

L, (log 1)

26” maxw/wmax)m

€'(w) = 9)

1+ (o)™

wherem accounts for the width of the distribution of retardation
times ande¢''max is the dielectric permittivity at the peak
maximum. The analytical expression for the retardation spectrum
obtained from this expressior¥s

y 2eosfminE] of )
Tsinlmin( E)] +cos( )

The variables, b, andmin the above equations lie in the range
0—1, the upper bound beirg= b = m= 1, which corresponds
to Debye-type relaxations.

Deconvolution of thex, 3, andy processes of P3MM was
carried out using egs 6 and 10. The deconvolution was not
possible for P3FM and P3CM if the long times peak is
considered to be a simpterelaxation. This fact together with
the presence of three absorptions detected in the spectra by
thermally simulated depolarization techniques led us to consider
the long times peak of P3FM and P3CM as a result of the
overlapping of thed anda relaxations. The deconvolution of
the shortest retardation times absorptiory peak in the spectra  Figyre 7. Retardation spectra for the 8, andy relaxations of poly-
of these polymers was made by mirroring the points with respect (3-chlorobenzyl methacrylate) in the temperature range of-313 K
to the linest = Tmax. Subtracting the symmetrig peak from at 20 K steps.
the spectra, we proceeded with the deconvolution of the
combinedo. and 3 peaks by means of egs 6 and 10. As an
example, the overall spectrum and the deconvolotefl, and
y peaks for P3CM at 313 K are shown in Figure 5. Therefore, -
the long times peak for P3FM and P3CM is in fact af €k~ €uk = f_w L(in7)dInz (11)
absorption.

The accuracy of the spectra was checked by recalculatingWhere subscripk refers the type of relaxation(s, y, ...). The
the loss isotherms from the spectra, and the maximum relative Pertinent values of\e = ¢ — «,, represented as a function of

error involved in the calculations was less than 4% in the most (€mperature in Figure 9, show that the strength of the
unfavorable cases, that is, at frequencies where the dielectric'€laxation decreases with increasing temperature. The strengths

loss measured with different instruments meet and also at the®f the S andy relaxations of P3MM and P3FM show a weak
two extremes of the isotherms. As an example, the values atdéPendence on temperature, a behavior not shared by the
313 K of the dielectric loss recalculated from the spectra are strength of they relaxation of P3CM that undergoes a significant

hown for P3CM in Figure 6. In the in he relati rror in increase with tempergture. -
fh;geqﬁenc:ilcwinldov&gﬁ}iicp th(iaslalss(,ac: Lhiv\tlanatlvee ort The Decay Function and the Williams Ansatz. The

dielectric permittivity can be written in terms of the normalized
As expected, the narrowness of the 3, and y peaks buildup functiong(t), as

increases with temperature as the retardation spectra of P3CM

corresponding to these individual processes indicate (Figure 7). e) =€, + (¢, — € )p(1) (12)

The temperature dependence of the shape parameters describing

the deconvoluted peaks for the three polymers is shown in whereg(t) = 0 fort = 0 andg(t) = 1 fort — . An alternative

Figure 8. In general, the parametdrsand m increase with way of writing eq 12 i&11

increasing temperature, leveling off in the high-temperature

:jeegfilr?irt]é \;\rlglrl]gthe values of the parameteido not follow a () = e, + (e, — fu)f_wl-n(m D(1—e tlr) dinz (13) .

LB (log 1)

Ly(n ) = (10)

LY (log 7)

The strengths of the relaxations were calculated from the
retardation spectra by means of the following expression
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Figure 8. Variation with temperature of the shape parameters of the square) 3 (open circles), angr (open triangles) relaxations for poly-

empirical equations describing the relaxations of poly(3-methylbenzyl (3-methylbenzyl methacrylate) (top), poly(3-fluorobenzyl methacrylate)
methacrylate) (top), poly(3-fluorobenzyl methacrylate) (middle), poly- (middle), and poly(3-chlorobenzyl methacrylate) (bottom). Full stars
(3-chlorobenzyl methacrylate) (bottom). Full squares and open circles represent the total dielectric strength.

correspond respectively to the parameteasidb of the H-N equation,
whereas full stars and open triangles represent the parametethe

FK equation for the andy relaxations, respectively. spectra associated respectively with thend 3 relaxations.
The parametef, is the fraction of polarization relaxing through
the o process alondy is the fraction of polarization relaxing
through thes absorption via de relaxation, and, = 1 — f, —
o0 =1— g(t) (14) fg represents the fracltion of polarizatioq _relaxing via the
process. Equation 16 is known as the WillianWatts (WW)

whereg(t) is the normalized time dipole autocorrelation function ansatz. When the, §, andy processes are well separated, the

whereL, is the normalized retardation spectrum. Taking into
account that

or decay function, egs 214 lead to relaxation of thea process is not important until the total
relaxation of the secondary absorptions is not complete; i.e.,
f°° L(In _[)e—t/rd Int ¢a(t) & 1 whengs(t) ~ 0 andg,(t) ~ 0. In this situation, eq 16
¢®= [T Lne " dint=""2 becomes
JoLn7)dint
(15) (1) = foda(t) + F05(0) + £,00,(0) 17

The decay functions for P3MM, P3CM, and P3FM calculated

from the spectra by means of eq 15 are represented in FigureEquation 16 can be written in the frequency domain as
10. Williamsh1030 assumes thes relaxation arising from

restricted motions in a range of local environments, which permit .

a partial relaxation that leads to an initial dropdt). When .y o) —e_ (_ M) _

the o relaxation mechanisms are able to cause fluctuations of € — €, o dt

local environments that lead to the total randomization of the * * * *
dipoles,¢(t) becomes zero. Whenever theelaxation is well fof" o) * fﬁ(p ()9 ﬂ(w) * fy¢ y(w) (18)
separated from thg absorption, as occurs for P3MM, P3CM,

and P3FM, Williams's assumption can be written as wherelL;, is the Laplace operator anfii*(w) = Li,(—d@i/dt),
the subscripk meaninga, 8, andy. lllustrative plots showing
B(t) = (O, + T505(1] +1,0,(1) (16) the dielectric loss calculated from eq 18 for P3CM at 333 K

are presented in Figure 11. In general, the dielectric loss obtained
wheregq(t) and ¢g(t) ande,(t) are the normalized correlation  from the William ansatz fits rather well to the experimental
functions calculated by means of eq 15 using the retardation results. CDV
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satisfactorily, but the agreement is not so satisfactory in the
case of thes process presumably as a consequence of the errors
involved in the determination of the contribution of this weak
process to the total relaxation.

Temperature Dependence of the Relaxation Processes.
Arrhenius plots for they, 3, andy relaxations of P3MM, P3CM,
and P3FM are shown in Figure 13. The secondary relaxations
obey Arrhenius behavior with activation energies of 128
and 80+ 4 kJ/mol respectively for thg andy relaxations of
P3MM. The values of these parameters for P3FM are# 12
and 49+ 2 kJ/mol, respectively, and 115 3 and 77+ 2 kJ/
mol for P3CM, respectively. As usual, the dynamiabsorption
is described by the VogelFulcher~Tammanna-Hesse (VFTH)

equatior!
m
foax = fo exp(— T- Tv) (20)

wherefy is a prefactor of the order of (ps) fmaxis the frequency

at the peak maximum, anig is the so-called Vogel temperature
whose value lies in the vicinity of the Kauzmann temperature,
that is, the temperature at which the crystal and the glass of the
supercooled liquid have the same entr8phhe values ofm
fitting eq 20 to the experimental results are 19960, 1350+

210, and 172Gt 130 K respectively for P3MM, P3FM, and
P3CM, whereas the values @f are 229+ 2, 256+ 7, and
230+ 4 K. Departure of ther process from Arrhenius behavior

is defined by the fragility factoD = my/Ty that controls how
closely a system obeys the Arrhenius laihe valueD = 10

is the borderline that separates fragile € 10) from strong D

> 10) glassed! The values oD obtained for P3MM, P3FM,
and P3CM are 8.7, 5.3, and 7.5. It should be pointed out that
the fragile factors obtained for P3MM and P3CM are near to
the upper bound limit of fragile systems.

The ionic conductance follows Arrhenius behavior as the plots
of Figure 14 show. The values of the activation energies
obtained from the slopes of the plots amount to #00, 87 +
3, and 108+ 2 kJ/mol respectively for P3MM, P3FM, and
P3CM. Therefore, ionic transport in these polymers overcomes
energy barriers of the order of those involved in fhprocess.

By comparing eq 20 with the Doolittle equatiéhfyax = fo
exp(—B/®), where® is the relative free volume anB is a
parameter close to 1; the relative free volumé&gis given by

Py _Tg

B

_ TV
m

(21)

The values of®y/B for PSMM, P3CM, and P3FM calculated
by this procedure are 0.039, 0.046, and 0.038, respectively, well
above the average result of 0.0250.005 obtained for most
polymers? SinceB is related tov*/ v, 3* wherev* and v, are

respectively experimental data and experimental results calculated usingespectively the critical volume necessary for a relaxation to
the Williams-Watts ansatz (eq 18): Dashed curves represent the take place and the volume of the segments intervening in the

contributions of thex, 8, andy relaxations.

In the frequency domain, the extended ansatz is given by

d
_ %) = f0*(0) + % 4(0) + T,6% ()

o)=L,
(19)

The temperature dependences of the value§,ofs, andf,

relaxation, the high volume oby/B suggests that* < vy, if
the iso-free-volume theory holds.

Discussion

The side chains of polpfalkyl methacrylate)s have a dipole
moment associated with the C(g)€(0O)—OCH, ester group
of 1.70 D, the direction of which makes an angle of 5uith
the C(CH)—C(0)—0 bond3>:36 One would expect that most

obtained for P3CM using egs 18 and 19 are shown in Figure of the polarization relaxes through therelaxation and the
12. As usualf, decreases with increasing temperature whereas smaller part through the main-chain dynamics reflected in the

f, clearly increases. Howevdg,does not follow a definite trend.
The values of, andf, obtained by the two methods agree very

o relaxation. This holds in poly(methyl methacrylate) (PMM)
whose relaxation spectrum exhibits a strghgelaxation and bbDV
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Figure 12. Temperature dependence of the paramdigrfs, andf, for poly(3-chlorobenzyl methacrylate) and the mean square error. Open and
filled symbols correspond respectively to the Williams ansatz and the extended ansatz.
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(filled squares), poly(3-fluorobenzyl methacrylate) (open circles), and
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C(0)-0 bond is restricted to the trans staté® secondary
relaxations in the polymers used in this study may not uniquely
arise from motions about C(Gj+C(O)O bonds but also from
motion about @-CH, bonds and/or CH-C2 bonds, where &
means a carbon of the phenyl group.

The dipole moments corresponding t8-6Cl, C*—F, and
C¥—CHgs are respectively 1.55, 1.43, and 0.3 D, and their
directions lie along the bond8.The bond lengths of T-F,
C>—Cl, and G—CH; amount to 1.39, 1.77, and 1.53 A,
respectively® Since thdc>—_c; bond length is significantly lower
than thelce — g, F...C(O) interactions must be lower than
Cl...OC(O) interactions. Hence, the"€CH, bond of P3FM
surely rotates more freely than that of P3CM. On the other hand,
as a consequence of the fact that £i€2" bonds have low
barrier energies, thes relaxation presumably arises from
rotations about €—CH, bonds in the polymers investigated.
The comparatively low value of the®S-F bond length favors
the free rotation about &-CH, bonds, and as a result, the
relaxation strength of the relaxation of P3FM must be nearly
independent of temperature, as is experimentally found. The

through theo. process becomes more important as the length significant increase of the strength of theprocess of P3CM
of the alkyl residue in the side chain increases. Since the with temperature suggests that an increase in temper&tBW
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Figure 15. Distance between the maxima of tifeand oo peaks, 0.0024 0.0028 0.0032
expressed as lof{as/fmaxn), for poly(3-methylbenzyl methacrylate) 4
(circles), poly(3-fluorobenzyl methacrylate), and poly(3-chlorobenzyl 1T, K

methacrylate) (squares). Figure 16. Distance between the maxima of theand o peaks,

expressed as 10ffax;/fmax), for poly(3-methylbenzyl methacrylate)
progressively favors the alignment of the dipoles in parallel (filled squares), poly(3-fluorobenzyl methacrylate) (filled triangles), and
direction of the ester group and thé"€Cl bond. poly(3-chlorobenzyl methacrylate) (open circles).

IAt fi.rst sight, th? strong overlapping of thah.aﬂd p | The temperature dependence of theelaxation is one of
relaxations, even at low temperatures, suggests a high complexyne mogt significant results in this study. Figure 13 shows that

ity in the mechanisms involved in the latter absorption. Despite o B and y relaxations obey Arrhenius behavior, but the
that, the fact that the activation energies associated witf the o chanisms involved in the former process have an activation

relaxgtions of P3FM, P3CM, and P3MM are similar to those energy of the same order as that found for fhabsorption in
exhibited by poly(-alkyl methacrylate)s suggests that motions poly(n-alkyl methacylate)s. Since the-C(CHs—C(O)—O—

about CH—C(O) bonds are mainly responsible for ti#e ¢y~ mojety is common for polytalkyl methacrylate)s and
absorption. The correlations between the dipoles associated W'thpoly(benzyl methacrylate)s, the similarity of the activation
the substituted phenyl moigties and th.e. ester groups, which inenergy led us to think that th& process arises from motions
turn depend on conformational transitions abet@(CHs— about the bonds of this moiety as suggested before. However,
C(0)~O—CH, CeHsX bonds, are responsible for the differences , ey, scenario appears in the splitting region earlier postulated
observed on the strengths of {i@rocesses of these polymers. p \+ 1ot found in polymerd. It refers to the fact that the

The distance between the maxima of the deconvolatedd  temperature dependences of thandf processes not only have
p peaks, expressed in terms/yf—q = log(fmaxs/fmaxg), is plotted the same activation energy in the splitting region but also the
as a function of temperature for each polymer in Figure 15. As prefactors of the exponential term in the Arrhenius equation
usual, As—o decreases with increasing temperature until the are similar for both processes. This behavior suggests a profound
distance eventually vanishes at about 400 K. The temperaturejnterdependence between tle and 8 processes in these
dependence aks— is described by a Vogel-type equation with polymers.
the value offy close to the glass transition temperature. Infact, = The normalized dynamia relaxation in the time domain is
the values offy for P3MM, P3CM, and P3FM amount to 288,  inevitably described by the KWW stretch exponential equéfion
271, and 246 K, respectively. The temperature dependence of
the distance between the peak maxima oftlzndy relaxations t \Brww
A" (= log(fmax ¥/fmax @) also obeys Vogel-type equations in the o(t) = exp{—(r—*) ]
temperature range 36303 K, as shown in Figure 16. The
values of forTy amount to 277, 216, and 207 K for P3MM, whereBxww lies in the range 6< Bkww < 1. The temperature
P3CM, and P3FM, respectively. In the splitting regiaN, dependence of the stretch exponent for PBMM, P3CM, and
remains constant for P3CM and P3FM as a consequence of theP3FM is shown in Figure 17. It can be seen tAafw ~ 0.2
similarity of the activation energy of both theanda. processes  in the vicinity of T, and then moderately increases with
in this zone. temperature, reaching a value of about 0.5 at high temperature.

Both the Williams ansatz (eq 18) and the extended ansatz The small values gfxww at low temperatures indicate a rather
(eq 19) give a good account of the relaxation behavior of the wide distribution of relaxation times for therelaxation of the
polymers. The mean-square errors involved in the evaluation three polymers, which presumably arises from a pronounced
of the dielectric loss at each temperature, named residue indynamic heterogeneity, a feature displayed by other systems.
Figure 12, are lower than & 1073, 2.5 x 1073, and 2.0x One would expect that due to the fast thermal fluctuations, each
1073 for P3FM, P3MM, and P3CM, respectively, even in the relaxing entity would see the same environment at high

most unfavorable cases. temperatures, leading to a Debye relaxafibirlowever, thisCDV

(22)
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Figure 17. KWW stretch exponent for poly(3-methylbenzyl meth-
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circles), and poly(3-chlorobenzyl methacrylate) (open triangles).
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