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ABSTRACT: This work reports the relaxation behavior of amorphous polymers the spectra of which do not
explicitly present the secondafy 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 temperaluresl§) presents two

peaks which do not merge into a single absorption at moderate temperaturgs.abherption appearing as a
shoulder of thex relaxation in global thermal stimulated depolarization current experiments is not at first sight
detected in the retardation spectra. Separation of the hiddasorption from the longest time peak in the
retardation spectra was carried out by fitting the inverse of the HawrilNggami equation to the peak usibg

= 1 andb < 1 for the skewness shape parameter offtfenda 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 timey andy’. Arrhenius plots for thex and 8 absorptions present a new scenario characterized for
displaying both relaxations the same temperature dependence at temperatures not fdg.abovavestigate

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 to the chain contour and as a result the normal mode process is
absent in the spectra. Tleerelaxation (precursor of the glassy
state and flow) and th@ process, which for most low molecular
weight supercooled liquids are detected at extremely high fre-
guencies and/or low temperatures, are shifted to more accessible

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 temperature/frequency windows for polymers. This fact facili-
micro-Brownian segmental motions, nanfgdnda. absorptions, tates the study of the effect of the chemical structure on both

respectively. As temperature increases, both absorptions are hain d X d devel ¢ of the al ot
shifted to shorter times until the high activation energy chain dynamics and development ot the glassy state.
relaxation catches theforming thea process.? Besides the The merging of thes anda processes for poly(ethyl meth-
a and 8 absorptions, mechanical retardation spectra of high acrylate) (PEM) into the combinegf3 process through the use
molecular weight supercooled liquids present at long times the of applied pressure was discovered by Williams a long time
normal mode process associated with motions of the whole chain@go*® Further work showed that the merging of theand 8
that govern the flow propertiés Only the dielectric retardation ~ relaxations depends on the chemical structuféFor example,
spectra of polar polymers with dipole components parallel to @ strongj relaxation in syndiotactic poly(methyl methacrylate)
the chain contour d|sp|ay the normal mode proéééﬂ]ereas (PMM) dominates the dielectric |OSS€Sl,4a behavior not shared
the average time associated with theelaxation of entangled Dy the rest of polyg-alkyl methacrylate)s. Further work on poly-
chains is nearly insensitive to chains length, the relaxation time (n-alkyl methacrylates) showed a strong dependence of the
of the normal process scales with the 3.4 and the first power of merging of thea and/3 processes on the alkyl lengtfr.?2 More
the molecular weighM, respectively, foM > 2 Mg andM < recent studies on poly(benzyl methacrylates) have shown that
2 Me, whereM, is the molecular weight between entangleménts.  substitutions of hydrogen atoms in the phenyl groups of the
The temperature dependence of both theelaxation and ~ Side chains for other atoms or groups strongly affect the
the normal mode process is often found to obey the Vegel relaxation behavior of these substan#®%.The strong inter-
Fulcher-Tammanr-Hesse (VFTH) equatiohTheir respective  dependence of the andj3 processes for some of these polymers
average retardation times experience an anomalous increase iff'akes difficult the separation of these two relaxations. Thus,
the vicinity of the glass transition temperature in such a way € retardation spectrum of poly(3-fluorurobenzyl methacrylate)
that the o relaxation and the normal mode process become €XNibits two well separated prominent peaks in the whole
frozen atT,, and only thes relaxation and even faster relaxations t€Mperature rangeT(> Tg), which in principle could be
remain operative in the glassy state. For most polymers, dipoles@ttributed to thef and o absorptions. However, a close

associated with the repeating unit have not components parallelNSPection of thea absorption shows that it is not a simple

process but a combination of and 8 relaxations so that the

c § o e . o shortest time peak is ngt buty.2* Proceeding with these studies
* Corresponding author. Instituto de Ciencia y Tecn&ode Pdolmeros ; ; i ; _
(CSIC). Telephone: 34-91.5622900. Fax: 34-91-5644853. E-mail: riande Urther, we report in this paper the relaxation behavior poly
@ictp.csic.es (2,4-fluorobenzyl methacrylate) (P24FM) to find out how the

T Universidad Politenica de Valencia. two dipoles located in the phenyl group of the latter polymer
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Figure 1. Scheme showing the repeating unit of poly(2,4-difluor- - g re 2. Global TSDC curves for P24FM (open squares) and P3FM
urobenzyl methacrylate) (filled triangles). The poling temperatures for the global TSDC curves

were 343 and 353 K for P3FM and P24FM, respectively. Inset: partial

affect its response to an electric perturbation field. The structural TSDC curves for P24FM obtained at poling temperatures from 278 to
unit of P24FM is shown in Figure 1. As a consequence of the 298 K (5 K step).
fact that the direction of the dipole resulting from the two dipoles
located in the phenyl group of P24FM coincides with that of
the C'—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 0.1}
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- 001 ]
ature by reaction of methacryloyl chloride with 2,4-difluorophenyl 4400 40! 2 43 4t 405 406 407 40P 40°
methanol and further polymerized at 323 K via a free radical 107 107 100 107 07 107 10T 107 0T 10T 10
process. The reaction was carried out in toluene solution, under f,Hz
nitrogen atmosphere, using azobis(isobutyronitrile) as initiator. After Figure 3. Experimental dielectric loss isotherms in the frequency
10% conversion was reached, the polymer was precipitated with domain for P24FM. The results cover the range of temperature
methanol, dissolved in chloroform, precipitated again with methanol, 333-423 K, at 10 K steps.
and finally dried at 60°C in a vacuum. The weight-average
molecular weight of poly(2,4-fluorobenzyl methacrylate), measured 10°—1(° Hz, respectively. In the latter case, the complex permittivity
by GPC, was 1.89« 10, the heterodispersity molecular weight was determined by measuring the reflection coefficient at a par-
index lying in the vicinity of 2. The stereochemical structure of ticular reference plane. The temperature was controlled by nitrogen
poly(benzyl methacrylate)s obtained by free radical polymerization jet (QUATRO from Novocontrol) with a temperature error af
is atactic. 0.1 K during every single sweep in frequency. Isothermal measure-

The glass transition temperatufig, of P24FM was determined ~ ments were carried out on molded disk shaped samples of about
with a TA DSC-Q10 apparatus at a constant heating rate of 20 0.1 mm thickness, with diameters of 20 and 10 mm for frequencies
K/min, under nitrogen atmosphere. The sample was heated twice,lower and higher than $Hz, respectively. Glass fiber spacers were
and the middle point of the endothermic step during the second used to ensure the stability of the sample thickness at high
scan was taken as the glass transition temperature. The valye of temperatures.
thus obtained was 333 K.

Thermally stimulated depolarization current (TSDC) curves were Results

obtained on polarized samples molded disks of 0.2 mm thickness  Tha tem .
‘ - perature dependence of the global thermostimulated
and 10 mm of diameter, using a TSC/RMA TherMold 9000 gepolarization intensity current for P24FM is presented in Figure

apparatus. The global temperature dependence of the therma Th h broad ab tion in the low-t i
stimulated depolarization current (TSDC) was obtained by poling < € Curve shows a broad absorption In the low-temperature

the pill under an electric potential of 350 V/mm, 10 K abolg region followed by a well developed process corresponding to
for 3 min, and further quenching at 113 K. Then the electric field the o relaxation. An absorption appearing as a shoulder of the
was removed and the poled samples short-circuited for 1 min to o relaxation on its low-temperature side seems to correspond
remove free charges. Thermally stimulated depolarization curvesto the subglasg process. Partial TSDC curves were obtained
were obtained by warming the electrode assembly at a constantin the temperature range 27298 K using polarization windows
heating rate of 7 K/min. From the time derivative of the polarization, of 5 K, and the pertinent results are shown in the inset of Figure
the global discharge current curve as a function Qf temperature wasp The relative high intensity of the peaks in the temperature
obtained. Partial TSDC curves were also obtained in the glassy range where the shoulder in the global TSDC curve appears

state, using p_ollng \_/vmdow_s .Of. S K. reflects the presence of the secondargbsorption.
Complex dielectric permittivity measurements were performed - . . .
over the frequency window 10 Hz — 10° Hz, using a Novocontrol Figure 3 presents the isotherms of the dielectric loss of

broad band dielectric spectrometer (Hundsangen, Germany) inte-P24FM in the frequency domain at several temperatlires
grated by a SR 830 lock-in amplifier with an Alpha dielectric  Tg- The curves exhibit a well developed absorption in the
interface and an Agilent 4991 coaxial line reflectometer to low frequencies region followed by an apparently single weak
carry out measurements in the frequency range$-100° Hz and absorption at high frequencies, the intensity of which increz&sg\s/
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- wheree is the dielectric permittivity in vacud is the electric
‘; 251 polarization field, andly and T represent the extreme tem-
S 0.06 . peratures at the low and high-temperature sides of the peaks,
ffm . respectively. The values of the dielectric strength obtained from
20 ot eq 3 are given in the inset of Figure 4. The dielectric loss in
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Figure 4. Arrhenius plots for the relaxation times associated with i

partial TSDC curves. The inset shows the variation of the dielectric
strength with the poling temperature. Values of the dielectric loss in the frequency domain were
obtained from eq 4 in the interval of temperatures in which the
with temperature. As temperature increases,¢helaxation g process appears as a shoulder ofdirelaxation in the global
moves faster to higher frequencies than the secondary absorptiorSpC curve (Figure 2). The pertinent loss isotherms corre-
as a consequence of its high activation energy. However, asponding to the relaxation, given in Figure 5, are nearly
temperature is reached over which the activation energy of the symmetric peaks that shift to higher frequency with increasing
a relaxation and that of the secondary absorption are comparableemperature. Moreover, the intensity of the peaks increases as
and the distance between the two peaks remains apparentltemperature goes up.
constant at moderate temperatures. This fact suggests that the (B) Retardation Spectra aboveT,. According to the linear
fast peaks in the dielectric isotherms may not correspond their phenomenological theory of dielectrics, the dielectric loss in

meclhanis;m to thg relaxation observed in polalkyl meth-  the frequency domain is related to the retardation specfréby
acrylates).

Deconvolution of Overlapping Relaxations. (A) Thermo- wr [ O\ ® wtT
stimulated depolarization currents below Tq. A common €'(0) = oW + /., Lin7) 1+ o’ dinz) (5

characteristic of the ac loss curves is that the degree of over-

lapping of the responses of different mechanisms increases withyhere o and ¢, are the ionic conductivity and the dielectric
increasing frequency..Thls means Fhat the lower the frequency, ermittivity in vacuo, respectively, while accounts for the
the better the separation of otherwise overlapped peaks. Globaljeparture of the conductive contribution to the loss from pure

TSDC peaks have an equivalent frequency giveff by ionic conductivity 6 = 1) as a consequence of interfacial
blocking electrodes effects and other phenomena. In the theory,

f = 1 _ hE, @ the retardation spectrur(In 7), represents the distribution of
e 27(T,) 27rkTm2 Debye type relaxations with retardation times lying in the range

between 0 ando. Taking into account that a Debye type
relaxation is a single-exponential decay function in time domain,

Eais the activation energy associated with the TSDC pek, which becqmes a Dirag fupctlon n th? relaxation spectrum,
deconvolution of overlapping peaks is better resolved in the

:gfn rglrz)t(l?rttlaogt Elr:ge S;Ifcr)ﬁ;?(tii?u:nvngatrﬁgl%iaﬁlaégsozhgurvesﬂme spectrum than in the frequency domain. It should be
peral p . ’ P stressed, however, that retardation spectra, though very useful
obtained in the temperature window where fh@rocess appears - .
; . for the deconvolution of overlapping peaks, may not reflect the
as a shoulder of thex relaxation were used to obtain ac hvsical basis of rel -
absorptions at low frequencies. This task involves the evaluation physical basis of relaxation processes. .
of the relaxation time and the dielectric strength for each partial The relation between the dielectric loss and the retardation
9 P spectrum is an ill-posed equation, and inversion of eq 5 to get

depolarization curve. L(In 7y) is approximately accomplished from the also ill-posed
The temperature dependence of the average relaxation time > bp Y P P

associated with each TSDC peak can be writteéfi as quadratic programming minimization 5t

whereh = dT/dt is the heating ratek is Boltzmann’s constant,

n€'(w;)

M) dT
o(n = I @) 2

m A 2
- (ZRkLk (Inw)+ (i -1‘ +
ThyTh Pi k= €oW; i
(M) AILTIHIL] 6)

where J(T) is the thermal depolarization current density, and
T, is the initial depolarization temperature for each depolariza-
tion curve. The variation of the relaxation times for several

varying the retardation times vectdr)( the ionic conductivity
(0) and the exponerg. Notice that

partial depolarization curves with the reciprocal of tempera- o1 7. \12
ture is given in Figure 4. It can be seen that the relaxation times R, = '—k2 (ﬂ)
of at least the half-width temperature of the peak follow 1+ wr" \Tk1

Arrhenius behavior. On the other hand, the strength of each
partial depolarization curve can quantitatively be expressed is the termik of then x m (m > n) matrix R andLy(In 7y) is

by27.28 the equal log spaced retardation time vectorwith (m) CDV
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Figure 5. Frequency dependence of the simulated dielectric loss from
partial TSDC data, in the range of temperature-2988 K, 5 K step,
for P24FM. The curves were obtained by means of eq 4.
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Figure 6. Retardation spectra of P24FM at several temperatures lying
in the range 333423, 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 loflog 7) should be
regarded as approximate.

elementd?23 The parameter”(w;) in eq 6 represents the
experimental value of the dielectric loss at frequemgyand p;

denotes the absolute experimental error involved in its measure-

ment. The factoi (>0) is a regularization parametéandH

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 choicélis= BTB
whereB is the fn — 2) x m matrix®

-12 -10 0 -« 0
o -12 -10 -0
B =] (7)
0 -1 2 -10
0 o -12 -1

andBT is read as the transpose of the maBixThe advantage
of this procedure over other alternative methods commonly used
to determine the retardation spectra of loss isotherms is discusse
elsewheré?23

Retardation spectra of P24FM at several temperatures ar
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

(S
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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 ase('rec — €"'exp)/€"'exp for all the range of frequencies.

absorption at moderate temperatures abigyas usually occurs

in many glass formers. Since the global TSDC curves display
the 8 process as a shoulder of theabsorption, it is important

to analyze whether the longest time peak in the spectra
corresponds to a genuinerelaxation. The retardation spectrum
associated with the relaxation is obtained from the inverse of
the Havriliak-Negami equation yieldiri§11.32

1 (t/7,0)®° i bO

L(nt)== (8)
? T [(2/7,0) % + 2(tl7,)* cosarn + 1]%2
where the parametét can be written as
6 = arctan sinza (9)
(tltyy)? + cosm a

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

+m
a

In these expressionsyy is a characteristic retardation time,
anda andb are, respectively, the shape parameters of thé&H
equation that account for the departure of theelaxation from
a Debye process (the lower, the wider the distribution of
retardation times) and the skewness of the arc along a straight
line toward the high-frequency region. By usibg= 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 thex and j relaxations, as the global and
partial TSDC curves suggest. The deconvoluted retardation times
peaks fora. andf 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
bsorption of the spectra requires to assume it as the result of
he overlapping of two processes namedndy', respectively
in increasing order of time. The temperature dependence of the

sinm a
(tlt)? + cosa

6= arctan( (10)

shape parameters that define the3, y', andy 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
&€= [ L(n7)d(nT) (11)

Cbv
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Figure 8. Retardation spectra from 323 to 423 K corresponding to
the a (top left), y (bottom left), 3 (top right), andy’ (bottom right)
relaxations, at 10 K step, for P24FM. The dashed lines indicate that
out of the limits the values oL(log t) should be regarded as
approximate.
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Figure 9. Temperature dependence of the fitting parameters of the
HN equation for then, 8, andy relaxations of P24FM. Square and
circles refer to thea and b parameters of the HN equation; stars,
triangles, and rhombus represent thparameter of the HN equation,
with b = 1, for theg, y', andy relaxation processes, respectively.
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Figure 10. Variation of the dielectric strengths of tlhe(squares)s
(filled hexagon),y (triangles), y' (circles) relaxations, and total
relaxation strength (stars) with the reciprocal of temperature for P24FM.
The dashed line indicates the merging temperaturec.oind
relaxations forming theys absorption.

where the subscriptrefers to the type of relaxatiofw, 3, ',
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Figure 11. Arrhenius plots for the peak maxima of the relaxation
processes. Open squares and circles refer to the secopdargy’
relaxations, respectively, while filled squares and triangles represent
the temperature dependence of thand . absorptions, respectively.
The data belowT, corresponding to th@ relaxation were obtained
from partial TSDC curves.

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 maxinfady = Y>mtmay) of thea, 3,

y', andy relaxation processes. The secondary absorptions follow
Arrhenius behavior with activation energies of 52, 76.8+

0.8, and 144+ 6 kJ/mol, respectively, for the, ', and
relaxations. The activation energy associated withstadsorp-

tion obtained from partial thermostimulated depolarization
current curves is 148 0.2 kd/mol, near to that obtained from
dielectric relaxation spectroscopy. As usual, the curveflag

vs 1T for the a absorption is described by the VFTH equation

m
frnax= To exp(—_l_ — Tv)

where fp is a prefactor of the order of the reciprocal of
picosecondsm is a constant andy is the Vogel temperature.
The values ofm and Ty that fit the VFTH equation to the
experimental results are, respectively, 180@00 K and 266

+7 K. Departure of thex process from Arrhenius behavior is
defined by the fragility factoD = m/Ty that controls how
closely a system obeys the Arrhenius [&irhe 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 #72 kJ/mol.
Therefore, ionic transport in P24FM overcomes energy barriers
of the order of those involved in th&process. In the inset, the
variation with temperature of the exponesihat 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.

(12)

Discussion

An excess contribution or “excess wing” to the high-
frequency peak of the relaxation is observed in broadband

y). The temperature dependence of the dielectric strengths isdielectric spectra of supercooled liquitfs3® Theoretical ex-

shown in Figure 10. It can be seen that the strength ofuthe

planations for its occurrence have been prop&s€dhough

absorption slightly decreases with increasing temperature untilno consensus on the microscopic origin of this phenomenon
a temperature is reached above which this process undergoes has been reachélOn the other hand, the spectra of many glz%?B-V
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Figure 12. Arrhenius plot for the conductivity contribution of P24FM  kigyre 13. Normalized relaxation curves in the time domain for the
to the dielectric loss. The conductivity is given in S/m. The inset shows  yejaxation of P24FM, in the range of temperature 3833 K at 10

the variation of the exponent s in eq 5 with temperature. K steps. The decay curves (circles) are fitted (dashed line) by the KWW
. ) . ) equation using the stretch exponerfigsw and the characteristic
forming materials display a well-developefl relaxation. relaxation timeso shown in the inset of the figure.

Although intramolecular motions were held responsible/for
relaxations, Johari and Goldstéindemonstrated that the

relaxation also shows up in rigid molecules where intramolecular a -~
conformational transitions are unlikely. This fact led to postulate isl , ° . o 9 g»
that the so-called JohariGodstein (JGP relaxation is inherent =) A, oo
to glass forming materials in genef&r! Although until recently < 2, . g g» 2
it was thought that the excess wing and the @laxations E 6r ° : P o ’v‘g
are due to different process®s'® some strong experimental 2 8§ 4 18 o =
hints have emerged that the excess wing is merely the high 4l . y et <=
frequency of & peak, hidden under the dominatingpeak?* PRI s

Recently, it has been reported that the excess wing rather than o °

higher frequency relaxations adscribed to thef@rocess is 2 0.0024 0.0026 0.0028 0.0030
perhaps a universal feature of glass formers, albeit not always 1T, K

discernible at ambient pressufeln principle, the slowest
secondary relaxation of P24FM reminds an excess wing
contribution to thea relaxation, but its deconvolution from
longest time peak of the retardation spectra together with the where the stretch exponent lies in the range Bxww < 1.
merging of this secondary relaxation with theabsorption ata  The values offkww andry that fit eq 15 to the decay functions
temperature not far above froffy also suggests that it could  are plotted in the inset of Figure 13. It can be seen that the
be af process. stretch exponent increases with increasing temperature.
Many authors considered the Jelaxation as a precursor The slowest relaxation of P24FM does not obey to the Ngai
of thea and have tried to relate them. Guided by the coupling criteria for a JG process sineg(Tqa)| > 7o(Tg) in the whole
model, Ngat®“” found that the JGB relaxation obeys two  temperature range. The second criteriQrrs A (To/te)L Prww

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

criteria: (1) 75(Tgar) ~ 7o(Tget) wherero = t" 7,1 " and (2) neither holds. These criteria, however, hold pretty well in a wide
N range of temperature for the fastest relaxatiprpfocess) as
log(z,) — log(zy) ~ n(log 7, — log t,) (13) the plots of Figure 14 show. However, the secondary absorption
. B . . y" only roughly obeys the two criteria.
In these two expressions} = 1 — frww is the coupling The coupling model suggests that the activation energy of

parameterf. is a temperature insensitive crossover time and (he g process is related to the glass transition temperature by
Brww is the stretch exponent of the KWW equation. With the 4 expressioff

aim of investigating whether threlaxation detected in P24FM

obeys to these results, the normalized decay function describing .

the a. process in the time domain was calculated at different — =2.303(2— 13. M —log 7,) (16)
) RT,

temperatures from the retardation spectra by means of the 9

following expression wheren = 1 — fxww. The results oE4/RTy calculated from eq

16 for the § relaxation is 41.6 in fair agreement with the

f,ml—a(m 7)e " d(In7) experimental result, 48.4. However, it is instructive to point out
Po) =—3 (14) that eq 16 yields 27.6 and 22.4 for theandy processes, in
J-.Lu(in 1) d(in7) rather good agreement the experimental ones which amount to
) ) ) 25.9 and 18.5, respectively.
Curves representing the decay function for ¢heelaxation are Although intermolecular interactions surely contribute to the

plotted at several temperatures in Figure 13. As usualathe response of the condensed matter to the perturbation fields,
relaxation in the time domain is inevitably described by a stretch jniramolecular interactions in polymers presumably play a
exponential or decay function such*as leading role in the development of secondary absorptions. In
B this regard, it is tempting to compare the spectra of P24FM

@o(t) = exp[— (V7)™ "] (15) and P3FM since the direction of the dipole associated WithéB?/
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@) Ues requirements stated by Ngai for a JGabsorption. However,
. Hcr since the absorption arises from motions of the bulky difluori-
,BS, 2 nated phenyl group and not from motions of the whole side
\ 0) chain coupled with motions of a very few skeletal bonds of the
\\\\“ ¢1 main chain, the relaxation is not a J&3process.
Ucr

The f relaxation is extremely sensitive to the chemical
Figure 15. Sketch of the side chain of P24FM showing the rotational Structure. The molecular mechanism behind/iirelaxation of -
angles and the directions of the dipole moments associated with the poly(methyl methacrylate) is postulated to be hindered rotation
ester groupye, and the G-F bonds ucr. of the ester moiety about the-@(O) bond that connects it to

. . . . the main chain, though involving some sort of intramolecular
]E)henylhgroup of .P?FM CO'?CL?GS with thlf‘tdc_)f tf:e dlpfoll:()azr:‘re;blltlng cooperativity** The polarization arising from the electric dipole
rom the vectorial sum of the two C-F dipoles o : associated with carboxyl group relaxes throughhelaxation
Retardation spectra of P3FM at different temperatures are shownand only a smaller part through the main chain dynamics
in the inset of Figure 6 Though_two pe:_;lks appear in th‘? SPeClfa efiacted in thew relaxation. As a result this polymer exhibits
of both polymers, their overlapping at high temperature is larger a very strong3 process and a rather weakrelaxation. For

Lor P.ZSTFM r‘[]han for P3FM.dOn thde otherfhﬁnd,ltrt;elcr]rves Ipoly(n-alkyl methacrylate)s witim > 1, the polarization relaxes
escribing the temperature dependence of the global thermaly, ;g1 thes relaxation and also a significant part through
stimulated depolarization current present in both casegthe

houlder of the relaxation. M h segmental motions associated with theslaxation?%-22Similar
pLocesi as a s q? ertlo t. d rp} ax?)tzlc;rll.M t?]reo}/er'ptggM behavior is observed for other polymérs. The 3 relaxation
absorption 1S significantly wider for A than for PPl of poaFM presumably arises from generalized motions about
Let us consider now the molecular motions responsible for

. . the skeletal bonds of the side groups combined with motions
the development of the subglass relaxations in P24FM. A rough of a very few skeletal bonds of the main chain. These complex
sketch of the isolated side group chain is given in Figure 15

: motions superpose with the segmental motions obtihelaxa-
where the rotational angles over €QH,C¥ (¢;), COCH— Perp 9

. . g tion in such a way that thg process becomes hidden by the
car and the dipoles associated with the ester gr . - o . ) .
1.8’§)¢5))49 nnd the @pr_F bonds ficr — 1.45 D are sk?o(\avhr!l?:,gs absorption. This behavior is also observed in the chain dynamics

: . s : of P3FM and other poly(benzyl methacrylates) with a hydrogen
is well-known,C(O)—O bonds in ester moieties are restricted : :
to trans state¥!:>2As described elsewhepé36% conformations of the pheny! groups substituted by a methyl group or a chiorine

: atom?* It is noticeable that the intensity of tifepeak in phenyl-
were generated by rotations about ‘i‘l‘?ar?d‘lbz b‘?”ds and the substituted poly(benzyl methacrylate)s is lower than in the case
energy of each conformation was minimized with respect to all

: . - 7 of poly(n-alkyl methacrylate)s, probably as a consequence of
other internal coordinates. The probability of each conformation the bulkiness of the lateral chain in the former case.
was calculated as

The relaxation behavior P24DFM can qualitatively be ex-
1 E(pr.6,) plained in terms of the energy landscape of amorphous chains.

p(o1.0,) = AT RT a7) In Stillinger's view?>* the conformational energy landscape of
supercooled liquids is formed by craters connected by small

whereZ is the partition function. The curves of probability show basins. The small basins also are present inside the craters. The
that staggered orientations (i.¢s, = 0, + 60) are preferred by ~ 'ower the temperature, the rarer and more separated the craters
the CO-CH,C?" rotation whileg, = 0, + 40; 180,+ 40 are must be. Secondary processes are identified with elementary
favored by the COCK-C® bond. Rotations of different sign ~ rélaxations between neighboring basins whilerelaxations
(i.e.,¢1 = 60,4, = 40) give rise to strong repulsive interactions entail escape from a deep basin or crater and eventually into
among the oxygen atom of the carbonyl group and the H or F a_nother. Escape from a crater to an_o_ther one requires a lengthy
atoms attached to the phenyl group, and therefore are forbidden diréct sequence of elementary transitions. The activation energy
By extending the conformational analysis of isolated side chains associated with thg absorption of P24FM is rather large, of

to polymers we realize that the nonplanar conformations the order of 144 k J/mol, suggesting the presence of big basins
preferred in the former case would produce severe repulsions®’ Minicraters in the topology of the energy landscape, in
among neighboring unif8. Moreover, among the four planar ~ @ddition to the craters. Then tfieabsorption would be the result
conformations s, ¢, = 0, 180), that one ¢, = 0) giving rise  Of Minicrater structural relaxation through small basins. As
to cis conformations over the GACH,C? bond are of high ~ temperature decreases, the density of craters in the energy
energy due to strong repulsive interactions within the group and landscape becomes rarer until conformational transitions be-
therefore are forbidden. This analysis leads to conclude that thetWeen them are not longer possible and the system turns a glass.
conformations preferred by the side chains are of planar type, However, minicraters and basins remain operative below the
specifically, 1 = 180, ¢» = 0 andé1 = 180, ¢, = 180. The glass transition temperature. At high temperatyfeand o _
dipole moments and the energies of these conformations are€l@xations exhibit the same temperature dependence, a scenario
respectively, 0.31 D and 5.21 kJ/mol for the first conformation, Not commonly found in the relaxation behavior of supercooled
and 2.74 D and 3.1 kd/mol for the latter. Fluctuations of the liquids. This behavior indicates a strong interdependence
phenyl groups in these minima may be responsible forpthe Petweerncandf processes in this region presumably as a result
andy' relaxations in the spectra. In the case of P3¥Nhe of the similarity of the energy landscape of both processes.
location of the fluorine atom in the position 3 of the phenyl The total dielectric strength of P24FM is significantly higher
group produces lower interactions than in the case of the fluorine than that of P3FM as a consequence of the following facts: there
atom located in position 2 in P24FM. The nearly freely rotating are energetically favorable conformations in the former polymer
CH,—C? bonds of P3FM give rise to the simpjeabsorption arising from rotations about GHC? bonds in which the &F
observed in the spectra of this polymer. It is worth noting that dipole located in position 2 becomes favorably oriented to the
only they relaxation in the spectra of P24FM, the absorption carbonyl group. On the other hand, the orientation of thie E

of lowest activation energye, = 55 kJ/mol), meets the two  dipole of P24FM in position 4 lies in the direction of t%v
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shifted to shorter times as the differences in their fine structures
6r decrease.
& 5t
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