polymer

ELSEVIE Polymer 41 (2000) 6603-6611

Comparative study of the relaxation behaviour of acrylic polymers with
flexible cyclic groups in their structure

N. Garée?, V. CompaR, R. Diaz-Callejd, J. Guzma® E. Riand&”*

3nstituto de Ciencia y Tecnolcgde Polmeros, CSIC, 28006 Madrid, Spain
Departamento de Ciencias Experimentales, Universitat Jaume |, 12080 Cas®@fiain
‘Departamento de Termodimaca Aplicada, ETSII, Universidad Politeica de Valencia, 46022 Valencia, Spain

Received 7 September 1999; received in revised form 26 November 1999; accepted 8 December 1999

Abstract

The synthesis and radical polymerization of 1,3-dioxan-5-yl—acrylate and 1,3-dioxan-5-yl-methacrylate are described. The mechanical
and dielectric relaxation spectra of poly(1,3-dioxan-5-yl—acrylate) and poly(1,3-dioxan-5-yl-methacrylate) exhibit prominent subglass
absorptions, the locations of which are not affected by the rigidity of the main chain. The subglass relaxations of poly(1,3-dioxan-5-yl—
acrylate) and poly(1,3-dioxan-5-yl-methacrylate) are shifted neaflg 2@ward lower temperatures with respect to those of poly(cyclo-
hexyl acrylate) and poly(cyclohexyl methacrylate). The locations of the mechanical glass—rubber relaxations are not affected by the different
nature of the rings located in the side groups. A study of the conductive contributions to the dielectric glass—rubber relaxation of poly(1,3-
dioxan-5-yl—acrylate) and poly(1,3-dioxan-5-yl-methacrylate) is carried out using a theory that assumes that the dispersion displayed by the
loss tané at high temperatures, in the frequency domain, arises from the Maxwell-Wagner—Sillars effect combined with Nernst—Planck
electrodynamic effects caused by interfacial polarizations in the polymer—electrodes int@€f2@@0 Elsevier Science Ltd. All rights
reserved.

Keywords Relaxation behaviour; Acrylic polymers; Flexible cyclic groups

1. Introduction g,(t) gives the mean-relaxation timg, associated with the
relaxation [1]. In a cooling experiment, a temperature can be
The study of the response of glass formers to the pertur-reached at whiclg, (t) splits into two relaxations, one fast,
bations of force fields is a subject of great interest in calledp-relaxation, and another slow, nameerelaxation
condensed matter physics. The interactions between theg1-3]. The mean relaxation times associated withhand
constituent particles of glass formers (atoms, ions or mole- a-relaxations obey to the Arrhenius and Vogel-Fulcher—
cules) are comprised in a potential energy functibfr,, Tamman—Hesse (VFTH) equations [4], respectively. As
r,,...,rn) that depends on the spatial location and the chemi- the temperature of the perturbed liquid decreases, a
cal nature of the particles. These interactions condition the temperature is reached at which the mean-relaxation time
restructuring kinetics, resulting from interbasin transitions, associated with the relaxation is larger than the time scale
of the perturbed system. The particle dynamics of the of the experiment, whatever large this time may be. A tran-
system is described for most applications of interest by sition from the liquid state to the glassy state occurs and the
the classical Newton equations of motion incorporating «-relaxation is frozen out whereas tBerelaxation remains

forces specified byp. operative in the glassy state.
Relaxation responses of liquids in the time domai(t) Sinceg, (1) is related to the energy potential functign
to a variety of weak external perturbations provide infor- which depends implicitly on time for a dynamical system in

mation on the actual restructuring kinetics resulting from thermal equilibrium, the temperature at which theelaxa-
interbasin transitions appearing in the multidimensional tion of a polymer becomes frozen, at very low frequencies,
topographic map od. For a unit step-off perturbation func- is affected by the chemical structure of the material [5]. In
tion x(t), the area under the normalized response function this regard, bulky side-chain substituents, that hinder the
motions of the chains, increase the temperature at which
the a-relaxation freezes. On the other hand, the relaxation
* Corresponding author. spectra of chains with flexible side groups may exhibit
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Fig. 1. Repeating units of PDA, PDMA, PCA and PCMA.

ostensiblgd-relaxations. For example, the spectra of acrylic the solution was dried with calcium chloride anhydride and
and methacrylic polymers with cyclohexane rings in the side the solvent was separated by evaporation. 1,3-Dioxan-5-yl
groups display well-developggtrelaxations, located in the  benzoate was isolated from the acetals by fractionated crys-
vicinity of —80°C at 1 Hz, attributed to chair-to-inverse tallization in ethyl ether (m.p. 72—74. Lit. 70). Hydrolysis
chair conformational transitions of the rings [6]. This of the ester at 7&, carried out in an aqueous solution of
relaxation, however, disappears when the cyclohexanepotassium hydroxide, yielded 5-hydroxy-1,3-dioxane. This
ring is located in the main chain [7,8], or when the cyclo- product was extracted from the reaction medium with ethyl
hexane ring has two identical substituents in the same ether and further dried with calcium chloride. The ether was
carbon that makes undistinguishable the chair-to-chair then eliminated by evaporation and the 5-hydroxy-1,3-diox-
conformational transition. ane was finally purified by distillation at reduced pressure
In order to gain a better understanding on the relation (51-53C, 0.5 mmHg). This compound was characterized
between secondary relaxations and chemical structure it isby gas chromatography (GC—MS) and B, **C NMR
advisable to investigate the relaxation behaviour of poly- spectroscopies.
mers with only slight differences in their chemical structure.
With this aim, the responses of poly(1,3-dioxan-5-yl— 2 5 synthesis of 1,3-dioxan-5-yl-acrylate and 1,3-dioxan-
acrylate) (PDA) and poly(1,3-dioxan-5-yl-methacrylate) 5-yl-methacrylate
(PDMA) to electric and mechanical force fields were
studied in this work, and the results obtained compared 1,3-Dioxan-5-yl-acrylate (DA) and 1,3-dioxan-5-yl—
with those reported for poly(cyclohexyl acrylate) (PCA) methacrylate (DMA) were obtained, respectively, by adding
and poly(cyclohexyl methacrylate) (PCMA). A schematic acryloyl chloride and methacryloyl chloride dropwise to
representation of the repeating unit of these polymers is benzene solutions of 5-hydroxy-1,3-dioxane, using triethy-
given in Fig. 1. lamine as absorbent of the hydrogen chloride formed. The
reactions were carried out &i@, under stirring and nitrogen
atmosphere, for 5 h. Triethylamine chlorhydrate formed in
the reaction was separated by filtration. The reaction
medium was washed several times with distilled water to
eliminate the triethylamine in excess, and then it was dried
with anhydrous calcium chloride. The solvent was elimi-
5-Hydroxy-1,3-dioxane and 4-hydroxymethyl-1,3-dioxa- nated at room temperature by evaporation at low pressure,
cyclopentane were obtained by reaction of glycerol th ~ and the monomers were purified by distillation at reduced
formaldehyde (molar ratio 10/15), in aqueous solution, pressure (60—6%&, 0.5 mmHg) (yield, 60%) and (74—-75,
using p-toluene sulfonic acid as catalyst. The reaction 0.5 mmHg) (yield, 50%) for DA and DMA, respectively.
process was carried out at the boiling temperature of the DMA, a solid below room temperature, was further puri-
reaction medium, eliminating water by evaporation. The fied by recrystallization from ether obtaining a crystalline
mixture of acetals was purified by distillation at reduced compound with melting point 29—-30C.
pressure and the yield of the reaction was 74%. Benzoyl Both monomers were characterized %y and *C NMR
chloride was added dropwise to the mixture of acetals in spectroscopies. The resonance spectra were registered with a
pyridine solution. The reaction was performed atQ0for Varian XL-300 operating at 75.4 MHz fdH and 300 MHz
48 h, under stirring; the products formed were dissolved in for **C, using deuterated chloroform as solvent and tetra-
ether and separated from the pyridinium chloride salt by methylsilane as internal reference. Thid characteristic
filtration. The solution in ether of the mixture of benzoates chemical shifts,5(in ppm, corresponding to the monomer
was washed successively with water, 1 N sulfuric acid and, DA were:((4.1, m/4H),(4.9, m/3H), (6.0, dd/1H), (6.3, dd/
finally, with a dilute solution of sodium bicarbonate. Then 1H), (6.4, dd/1H); for DMA:(1.9, m/3H),(3.9, m/4H),(4.8,

2. Experimental part

2.1. Synthesis of 5-hydroxy-1,3-dioxane
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Fig. 2. Temperature dependence of the loss relaxation modulus for PDMA
at several frequencies: 0.3 H2); 3 Hz (J); and 30 Hz ().

m/3H), (5.6, m/1H), (6.2, m/1H). Th€C NMR spectra of
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The glass transition temperatures of PDA and PDMA
were measured with a Perkin—Elmer DSC 4 calorimeter at
a heating rate of I'@/min. The values offy, taken at the
onset of the separation of the thermograms of the baseline,
were 115 and 2% for PDMA and PDA, respectively.

2.4. Mechanical and dielectric measurements

The complex relaxation moduli&’ of the polymers was
measured in flexion with a dynamic mechanical thermal
analyser (Polymer Labs—DMTA) in double cantilever
mode. The measurements were carried out at a heating
rate of £C/min from —14C0°C up to a temperature 30
below the glass transition temperature of each polymer. In
the interval of temperature$; —30<T < Ty + 30, the
measurements were performed in isothermal conditions in
steps of 8C. The frequencies used in the mechanical experi-
ments were 0.3, 1, 3, 10 and 30 Hz.

The complex dielectric permittivity was measured with a

both monomers showed six and seven resonance signals fodielectric thermal analyser (Polymer Labs TA-DEA 2970),

the carbons belonging to DA and DMA, respectively.

2.3. Polymerization

Poly(1,3-dioxan-5-yl—acrylate)(PDA) and poly(1,3-
dioxan-5-yl-methacrylate) (PMDA) were obtained, respec-
tively, by radical polymerization of 1,3-dioxan-5-yl—acry-
late and 1,3-dioxan-5-yl-methacrylate in benzene solution,
using azobisisobutyronitrile (AIBN) as initiator. The poly-
merizations were carried out at®Dand the reactions were
stopped once 10% of conversion was achieved. The poly-
mers were precipitated with methanol, dissolved in benzene,
precipitated again with methanol. PDA was dried overnight
in vacuum at 78C while PDMA was freeze-dried from
benzene solution. ThiH and**C NMR spectra of the poly-
mers showed their purity. The values of the fractions of
syndiotactic dyads calculated from the spectra were ca.
0.65 and 0.75 for PDA and PDMA, respectively.
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Fig. 3. Temperature dependence of the loss relaxation modulus (squares

and the dielectric loss (circles), at 1 Hz, for PDA (filled symbols) and
PDMA (open symbols).

in the frequency range 16-10? kHz, using the same ther-
mal history as in the mechanical measurements.

2.5. Mechanical and dielectric results

Illustrative plots depicting the temperature dependence of
the loss relaxation modulus of PDMA at three frequencies
are shown in Fig. 2. The isochrones exhibit a prominent
subglassp-absorption, centred at ca=100°C at 0.3 Hz,
followed in increasing order of temperature by the glass—
rubber process os-relaxation. TheB mechanical relaxa-
tions of PDA and PDMA, at a given frequency, are located
at nearly the same temperature while éheclaxation of the
former polymer is located ca. 180 below that of the latter.
This behaviour is reflected in Fig. 3 where the values of the
loss modulus at 1 Hz for PDA and PDMA are plotted
against temperature. The variation of the storage relaxation
modulus with temperature, measured at 0.3 Hz and repre-
sented in Fig. 4, is quite different for the two polymers. For
example,E' for PDA decreases moderately with increasing
temperature in the glassy region, and then sharply drops in
the vicinity of Ty, whereas the isochrone corresponding to
PDMA experiences a strong decrease in the intervhB0O
to —20°C followed by a pseudo-plateau region lying in the
temperature range-20 to —50°C; finally the isochrone
sharply decreases in the vicinity of the glass—rubber
transition.

The isochrones showing the temperature dependence of
the dielectric loss of PDMA are plotted at several frequen-
cies in Fig. 5. Although the curves also present a prominent
a-absorption, the strong conductive contributions to dhe
absorption preclude the possibility of measuring the dipolar
a-relaxation process for these polymers at frequencies
below 1F Hz. The isochrones corresponding to the dielec-
)tric and mechanical losses of PDA and PDMA are shown,
for comparative purposes, in Fig. 3. An inspection of
the curves reveals that the dielectfieabsorptions appear
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Fig. 4. Variation of the storage relaxation modulus with temperature for
PDA (O) and PDMA @), at 1 Hz.

at slightly lower temperatures than the mechanipal
relaxations.
The dielectricB-absorption of PDMA in the frequency
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Fig. 6. Curves showing the dielectrig-relaxation for PDMA in the
frequency domain at several temperaturestOCC (@); —90°C (H);
—80°C (#); —70°C (A); —60°C (¥); and —50°C (A).

curves at high temperatures. The results shownnficat
different temperatures in Tables 1 and 2 indicate that this
parameter is somewhat higher for PDMA than for PDA.

domain is shown at several temperatures in Fig. 6 where it Moreover, m increases with increasing temperature, the
can be seen that the absorptions become narrower as théemperature dependence of being slightly higher for

temperature increases. The departure of fheelaxation
from Debye behaviour is customarily studied by analyzing
the dielectric results in terms of the Fuoss—Kirkwood

equation given by [9]:
] M

wheremis an empirical parameter lying in the intervak0

m = 1 andf,,.the frequency associated with the maximum
of the isotherm at temperatufe The parametemis related

to the relaxation times distribution in such a way that the
highermis, the narrower is the distribution, in such a way
that for a Debye type relaxatiom = 1. The loss curves in
the frequency domain fit very well to Eq. (1) at low tempera-
tures. The fit is not so good in the high frequency side of the
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Fig. 5. Isochrones representing the variation of the dielectric loss with
temperature for PDMA at several frequenciesl) 0.1 kHz; @) 1 kHz;
(O) 10 kHz, and @) 100 kHz.

PDMA than for PDA.

The mechanicaB-relaxation appearing in the isochrones
at a given frequency is described by the Fuoss—Kirkwood
equation expressed in terms of the temperature as

=]

R \T

whereT . is the temperature associated with the maximum
of the isochrone at frequendyandE, the activation energy
of the relaxation process. The values obtainednfiditting
the mechanical results to Eq. (2), shown in Table 3, are
lower than the dielectric ones. The valuesnofire similar
for PDA and PDMA and somewhat lower than those found
for this parameter from dielectric results.

The strength of the3-relaxation expressed aSegz =
&p — &y Wheree; ande g are, respectively, the relaxed
and unrelaxed dielectric permittivities, can be obtained
either from the expression

E"(T.f) = E"(Thax ) sech[ )

Tmax

8//
max
2—<=°

Ae= 3
Table 1

Variation of the parametem of the Fuoss—Kirkwood equation and the
relaxation strength of the dielectrizrelaxation with temperature for PDA

T (°C) fnax (HZ) Ehax m Ae

—100 4 0.087 0.28 0.62
—95 10 0.090 0.30 0.61
-90 20 0.099 0.31 0.61
-85 40 0.097 0.31 0.62
—-80 80 0.102 0.32 0.64
-75 150 0.104 0.33 0.64
-70 250 0.108 0.33 0.65
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Table 2
Variation of the parametem of the Fuoss—Kirkwood equation and the
relaxation strength of the dielectrig-relaxation with temperature for
PDMA

T (°C) fnax (kHZ) el m Ae

-100 0.007 0.084 0.31 0.54
-90 0.02 0.093 0.34 0.55
-80 0.08 0.102 0.37 0.56
-70 0.25 0.104 0.40 0.54
-60 0.65 0.117 0.44 0.53
-50 1.8 0.128 0.48 0.53
—40 4.3 0.133 0.51 0.53
-30 10 0.1380 0.535 0.516

or from the Cole—Cole equation [10]
s Erg — éuB

c(w=gpgt+ ——= 4

(@)= &up + 377 (iwrg)? “

wherew (= 2xf) is the angular frequency. The values of the
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sition temperatures. The slopes of the straight lines are 1050
and 1140 K® for PDA and PDMA, respectively. By
comparing the VFTH and the free volume Doolittle equa-
tions [14], the fractional free volumes of PDA and PDMA at
their respectivelys are exceptionally high, of the order of
0.048 and 0.044, nearly two times larger than the value of
0.025= 0.005 reported for most polymers [15]. Unfortu-
nately, strong conductive effects associated with ¢he
relaxation preclude the possibility of determining the
fractional free volume for these polymers from dielectric
experiments.

2.7. Conductivity and electrokinetic phenomena in the
glass—rubber relaxation

Double logarithmic plots of the dielectric loss permittiv-
ity against frequency, at temperatures ab®yegive curves
for which&” ~ f ~* whenf — 0 (see Fig. 7). This behaviour
suggests that the frequency dependence of the dielectric loss

relaxation strength obtained from Eq. (3) and represented inin this region can be described by the Maxwell-Wagner—
the last columns of Tables 1 and 2 are in rather good agree-Sillars (MWS) equation [16-18]:

ment with those determined from Eq. (4). As usual, the
relaxation strength of thel process increases as the

temperature increases for PDMA. However, the strength

" _ g
)= 5 ©®

of the relaxation seems to be nearly independent of the Whereo and e, are, respectively, the specific conductivity

temperature for PDA.

2.6. Temperature dependence of feand «-relaxations

The relaxation times associated with tBerelaxations
usually display Arrhenius behaviour so that the activation

and the dielectric permittivity in vacuum. Values of the
specific conductivity obtained by means of Eq. (6) are listed
in the fourth column of Table 4.

Conductivity by free charges requires that the real dielec-
tric permittivity remains constant in the region of the spectra
in which Eqg. (6) holds. However, as can be seen in Fig. 8,

energy of these processes are obtained from the slopes ok’ ~ 2 for f — 0 suggesting that, besides free charges,

—In w against IT. The values of the activation energies
corresponding to the mechanical and dielecficelaxa-
tions obtained from the pertinent Arrhenius plots are,
respectively, 10.8 and 9.6 kcal mdlfor PDA, and 10.7
and 9.3 kcal mol?, respectively, for PDMA.

other conductivity phenomena may be involved in the elec-
tric responses at low frequencies. Moreover, the isotherms
corresponding to the experimental values of &am the

frequency domain present a maximum at low frequencies
which is shifted to higher frequencies as the temperature of

The temperature dependence of the mean relaxation timethe isotherms increases. The values of both staand
associated with the glass—rubber relaxation obeys thefrequency at the peak maximum are collected for different

Vogel—-Fulcher—Tammann—Hesse equation [11-13]:

)
T-Ta

The plots InT against T — T,,) for the mechanical relaxa-
tions fit reasonably well into straight lines by assuming, as
usual, thafl,, lies 50 K below the corresponding glass tran-

7=Aexp( (5

Table 3
Values of m and strengthE (= E,z — E,p) for the mechanicgs-relaxation
strength of PDA and PDMA

PDA PDMA
T (°C) m 10"°x AE (Pa) m 10°x AE (Pa)
—-100 0.23 2.18 0.23 2.07
-90 0.22 2.15 0.23 2.16
-75 0.20 2.61 0.21 2.40

isotherms in Tables 4 and 5. The presence of a maximum in
the tané peaks was explained earlier as due to an excess
impedance, in addition to the MWS impedance, arising from
interfacial polarization near the electrodes [19]. A theory
has been developed, based on the Trukhan model [20],
that assumes that the dispersion arises from both MWS
effects, taking place in the bulk, and Nernst—Planck electro-
dynamic effects arising from interfacial polarization in the
films [19,21]. According to the theory, tad.is related to

the Debye length by the following expression [21]:

.

wherelL is the thickness of the sample. Moreover, the theory
predicts that the dimensionless angular frequency at the
peak maximum is related to the diffusion coefficients of
anions and cationf); andD,, by the following relationship

kL

5 @)

tan omax = (
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Fig. 7. The dielectric loss in the frequency domain for PDMA at high
temperatures: 16C (H); 170C (A); and 180C (®).

[21]:

®

This equation allows the estimation of the product of the
apparent diffusion coefficients of the cationic and anionic
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3. Discussion

For comparative purposes, the mechanical and dielectric
B-relaxations of PDA, PDMA, PCA, PCMA and poly(cy-
clohexylmethyl methacrylate) (PCMMA) are shown in Figs.

9 and 10, respectively. The relevant data concerning these

species from the data obtained in the dielectric experimentsabsorptions, given in Table 5, suggest that the activation

at low frequencies. By assuming, = D, = D, Eq. (8)
becomes

P

D= 1
[2(kL)3]2

©

The estimation oD by means of Eq. (9) involves the deter-
mination ofxL from the experimental data by means of Eq.
(7). The values okL and D for PDA and PDMA, obtained

energy associated with the dielectflerelaxation of each
polymer is roughly 1.2—2.5 kcal mol below that of the
mechanical relaxation. At first sight, the higher activation
energy for the mechanical relaxation could be explained by
assuming that the development of this relaxation involves
motions of the side groups coupled with local motions of the
main chain, while the dielectric relaxation arises from
motions taking place only on the side groups. The fact,
however, that the activation energies of the mechanical
relaxation of acrylates and methacrylates are similar, in

by the procedure outlined above, are listed in Tables 4 and 5,spite of the fact that local motions in the main chain of

respectively. The results obtained fbr are of the same
order of magnitude as those reported for other polymers.

Table 4

the latter polymer are severely hindered with respect to
similar motions in acrylates, seems to suggest that coupling

Summary of conductive and electrokinetic parameters fonthelaxation of PDMA at different temperatures

T (°C) f (Hz) tan & max 108x o (Sm™h 103x kL 108x D (m?s™Y 10% X ¢ (mol m™3)
160 0.7 38 2.0 11.552 2.25 1.7

170 1.3 40 5.8 12.800 3.59 3.2

180 2 60 12.5 28.800 4.08 6.2

Table 5

Summary of conductive and electrokinetic parameters for the relaxation of PDA at different temperatures

T (°C) f (Hz) tan S max 10°(Sm kL Dx 108 (m?s™) Cs X 10% (mol m™3)
50 0.1 35 0.39 9800 0.41 1.4
60 0.3 47 1.4 17700 0.51 4.1
70 0.5 55 3.5 24200 0.53 10.1
80 1 63 6.2 32000 0.70 13.9
90 2 72 6.7 48700 0.74 14.6




N. Garca et al. / Polymer 41 (2000) 6603—-6611 6609

Table 6
Relevant parameters for the subglass absorptions of poly(cyclohexyl acrylate) (PCA), poly(cyclohexyl methacrylate) (PCMA), poly(methyitycloh
methacrylate) (PMCMA), PDA, PDMA, poly(5-acryloxy-5-methyl-1,3-dioxacyclohexane) (PAMMD) and poly(neopentyl glycol methacrylate) (PNGMA)

Polymer Mechanical Dielectric
E, (kcal/mol) Tmax (°C) (1 Hz) E, (kcal/mol) Tmax (°C) (1 Hz) Tmax (°C) (1 kHz) Ae

PCA 14.2 —78 11.9 -82 -25 0.20
PCMA 14.0 —74 12.0 -80 -20 0.15
PMCMA 125 -82 11.8 - -30 0.11
PDA 10.8 -94 9.6 —105 —53 0.61
PDMA 10.7 -95 9.3 —106 -51 0.55
PAMMD 11.1 —74 9.6 -80 -20 1.23
PNGMA 12.6 -85 10.2 -90 -30 241

motions of the side groups and the main chain do not play ais similar for PDA and PDMA and the same occurs with
determinant role in the development of the mechanical the mechanical activation energy. However, the activa-
subglass relaxation. On the other hand, the ostensibletion energy associated with the mechani@atelaxation
subglass relaxation displayed in the spectra of acrylic poly- of PDA and PDMA is more than 3 kcal mdi lower than
mers with cyclohexyl groups in their structure disappears in that of PCA and PCMA, this difference being only
the polymers resulting of substituting the cyclohexyl rings 1.5 kcal mol* for the dielectricB process.
by phenyl groups. The shift of nearly 28C toward the low temperatures
The peak maxima of the mechanigairelaxation of the region of the locations of the mechanical and dieled®ric
polymers shown in Table 6 are located at temperatures 4—relaxations of both PDA and PDMA with respect to those of
11°C above those corresponding to the dielectric relaxation. PCA and PCMA could, in principle, be attributed to the
An important difference between the dielectric and mechan- lower activation energies of the acrylic polymers with 1,3-
ical relaxation spectra is that the intensity of the mechanical dioxane groups in their structure. However, the location of
subglass relaxations only shows a weak dependence on th¢he dielectricB-relaxation of PAMMD is located at nearly
chemical structure, in contrast with what occurs with dielec- the same temperature as that of PCA in spite of the fact
tric relaxations the intensities of which can vary in more that the activation energy of the former polymer is similar to
than one order of magnitude, specifically, from 0.01 for that of PDA. This behaviour suggests that the frequency
PCMMA [22] to 0.21 for of poly(5-acryloxy-5-methyl-  factor in the Arrhenius equation, which represents the
1,3-dioxacyclohexane) (PAMMD) [23]. frequency of formation of relaxing conformations suscepti-
By schematically replacing the methylene groups located ble of crossing the barrier energies, is lower in PAMMD
at the 3- and 5-positions of the cyclohexyl groups of PCA than in PDA.
and PCMA for two oxygen atoms, PDA and PDMA are The fact that the activation energy associated with the
obtained. The activation energy of tRalielectric relaxation B-relaxation of PCA is similar to that determined for
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Fig. 10. Isochrones showing the temperature dependence of the dielectric
Fig. 9. Isochrones showing the temperature dependence of the mechanicap-relaxation at 10 Hz for the following polymers: poly(5-acryloxy-5-
B-relaxation at 1 Hz for the following polymers: poly(5-acryloxy-5-methyl-  methyl-1,3-dioxacyclohexane)A; poly(neopentyl glycol methacrylate)
1,3-dioxacyclohexane)\); poly(neopentyl glycol methacrylate)x(); PDA (x); PDA (®@); PDMA, poly(cyclohexyl acrylate) @); poly(cyclohexyl
(@); PDMA (M), poly(cyclohexyl acrylate) @); poly(cyclohexyl metha- methacrylate) [(0); and poly(methylcyclohexyl methacrylate®). The
crylate) (J); and poly(methylcyclohexyl methacrylated). isochrone for the latter polymer corresponds to 1 kHz.
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chair-to-inverse chair conformational transitions in cyclo- range 14 x 10 2-6.2x 10 2mol m 2 in the temperature

hexane by NMR spectroscopy, led Heijboer [6] to conclude interval 150—-188C. Similar results are obtained fag in
that the relaxation could be caused by flipping motions of PDMA. It is worth noting that the values obtained for the
the cyclohexane ring. Accordingly, flipping motions of this concentration of salt embedded in the polymer is of the
kind occurring in the 1,3-dioxane rings of PDA and PDMA order of that one would expect taking into account the puri-
could also explain the mechanical and dielectric activity fication steps carried out on the polymer.
displayed by these polymers in the glassy state. However,
PAMMD presents the3-relaxation nearly 2@ above that
of PDA in spite of the fact the conformational energy 4. Conclusions
involved in the flipping motions of the rings is similar in
both cases. Simulation studies carried out in 2-chlorocyclo- ~ The substitution of the two methylene groups in the 3-
hexane isobutyrate [24,25] and 5-acetoxy-5-ethyl-1,3-diox- and 5-positions of the cyclohexane rings in poly(cyclohexyl
acyclohexane [26] suggest that flipping motions in acrylic acrylate) and poly(cyclohexyl methacrylate) for two oxygen
poiymers with saturated Cyciic and heterocyciic side groups atoms shifts nearly 2@ to lower temperatures the locations
may not piay a central role in the important mechanical and of the mechanical and dielectric absorptions of the reSUlting
dielectric activity developed by these polymers in the glassy Polymers, ata given frequency. However, the location of the
state. It is important to note that prominediabsorptions ~ glass—rubber relaxations is not altered by the substitutions.
not Oniy appear in the relaxation of poiymers Containing Comparison of the dielectric and relaxation SpeCtra of
cycloaliphatic or dioxacycloaliphatic rings in their struc- acrylic and methacrylic polymers with cyclohexane and
tures. The relaxation Spectra of acryia’[e poiymers with dioxane rings in their structures shows that the hindering
buiky side groups, such as poiy(neopentyi giycoi methacry- effect of the methyl groups in the local motions of the main
late) (PNGMA) [27], with structural unit [-Cl+C(CH)— chain hardly affects the intensity and location of the
{COOCH,C(CHy),CH,OH}] also present ostensibles- subglass relaxations. However, this effect is important in
relaxations. As can be seen in Table 6, the activation ener-the location of thex-relaxation.
gies of the mechanical and dielectric subglass absorptions of Finally, electrodiffusion Nernst—Planck methods allow
PNGMA are intermediate to those of acryiate poiymers with the Semiquantitative determination of salts embedded in
cyclohexane and 1,3-dioxane rings in their structure, and thethe polymeric matrices that cause the high conductivity
absorptions are centred at nearly the same temperatures a@bserved in the dielectric relaxation spectra of these
those of the acrylic polymers with flexible cyclic groups. ~ Polymers.

In order to get a glimpse of the cause of the high conduc-
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