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Relaxation behavior of semiflexible polymers at very low frequencies

Ricardo Diaz-Calleja and M. J. Sanchis
Departamentade TermodinamicaAplicada, ETSII, UPV, 46071Valencia,Spain

Cristina Alvarez and Evaristo Riande
Instituto de Cienciay Tecnologiade Polimeros (CSIC),28006 Madrid, Spain

The dielectric activity of poly(monocyclohexylmethylenetaconate ( PMCI) and poly(dicyclohexylmethylene
itaconat¢ ( PDCI)in theglassyregionandin the glass—rubbetransitionis studiedby thermostimulatediischargecurrent
(TSDC) techniquesThe spectraobtainedby global TSDC experimentsshow a prominenta-glass—rubberelaxationpeak
with maximalocatedat 97 and55 °C for PMCI and PDCI, respectivelyfollowing in decreasingrderof temperaturdor a
well developedB absorptionand a comparativelylow intensity relaxation.Better resolutionof the relaxationbehaviorof
thesepolymersin the glassyregionis obtainedby calculatingthe componentf the complexdielectric permittivity €* at
extremelylow frequenciesrom partial TSDC experimentsThe ac spectrathus obtainedsuggestthat the 8 absorptionis
composedby two relaxations,each of them presumablyassociatedwvith the motions of a side group. The differences
observedn thesespectrawith thosereportedfor the 8 mechanicatelaxationreportedfor thesepolymersin the literatureare
interpretedin termsof the restrictionsthat the side groupsproducein the conformationalspaceof phaseof the backbone.
Theserestrictionsalsoexplainthe small changesn enthalpyin the glass—rubbetransitionwhich precludethe possibility of
obtainingthe glass—rubber transitidseamperaturef these polymers by differentiatanning calorimetritechniques.

I. INTRODUCTION The dielectricg relaxation is extremely broad in the fre-
) o quency domain suggesting a variety of local environments,

The response of polymers in the liquid state to the pergach of them with its own barrier systérh.Although this
turbation of a dynamic force field involves molecular mo- yrocess has currently been attributed to molecular motions
tions whgse _complexny increases as the frequen(;y of th%referentially taking place in the side grouds°secondary
perturbative field decre.ases. If the response reflectlng.a |°%sorptions are also detected in the relaxation spectra of mo-
property of the system is plotted in the frequency domain, afecyjar chains without flexible side groups in their structure.
absorption org relaxation is detecteq 'at high freque'nmesComputer simulations suggest that secondary processes in
caused by local conformational transitions, followed in theihege |atter chains arise from conformational transitions oc-
order of decreasing frequency by a prominentelaxation  ¢,iring in pairsi!*2 The two transitions take place nearby in
process arising from generalized microbrownian mot']ons'space and time, so that the ends of the chains are not required
At very low frequencies, the mechanical relaxation spectra ofy moye. As a consequence, the relaxation times associated
polymers exhibit a third relaxation peak produced by Moyt secondary processes are independent on molecular
tions involving the wholly molecular.chan"rs'.rhls absorp-\yeight. Molecular cooperativity is also invoked in the micro-
tion, called the normal mode relaxation process, is also d&s.g\wnian molecular motions which produce theglass—

tected in the dielectric relaxation spectra of polymers in phar process, as the independence of this process on mo-
which the dipoles associated with bonds or groups of bondg,.|ar weight for long chains suggests.

hav_e a compoPSent parallel and the_other perpendicular to the |, orger to get a better understanding of the molecular
chain C_O”tOP'g- Whereas the location of both theand 8 origin of the secondary relaxations, it is advisable to carry
relaxations in the frequency domain are nearly independeny, i rejaxation studies on amorphous polymers in which the
of the chains’ length, the frequency associated with the norgqntormational space of phase is severely reduced. Interest-
mal mode peak scales with thel and —3.4 power of mo- 4 candidates for this task are monoesters and diesters of
lecular weight for unentangled and entangled p°|y,me3)oly(itaconic acid)such as polgmonocyclohexylmethylene
chains, respeqtlvely. By plotting the loss at a determine taconate) PMCI) and poly(dicyclohexylmethylene itacon-
frequency against temperature, tga and normal relax-  4te) EDCI), respectively, whose structural units are sche-
ation processes appear in the order of increasing temperatuigaiically represented in Fig. 1. A close inspection of the
The 5 and a processes are associated with molecular Mog,cture of these polymers suggests that the flexible side
tions in the glassy state and the glass—rubber transition, '@roups must hinder the molecular motions about the main
spectively. The normal mode process is centered at a teMy,4in13.14 The mechanical spectra of both PMCI and PDCI
peratureT,(>T,) whose value diminishes as the frequency gypressed in terms of the loss relaxation modulus, present an
Increases. a-glass—rubber peak whose intensity is comparable or lower
than the intensities of the two secondary pegBsand y,
detected in the glassy region. In fact, the intensity of the
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\C/O\CHM Then the electrode assembly was warmed at a constant heat-

I ing rate of 7 °C/min. From the time derivative of the depo-
o) larization J=dP/dt), the global discharge current curve as
function of temperature was obtained. Partial polarization
Figure 1. Sketch of the repeatingnits of PDCI and PMCI. The substituents  discharge curves were also obtained at different temperatures
in PDCI and PMCI are, respectivelR, R, and R, R in the glassy region, using poling windows of 10 °C.

peaks for PDCI decreases in the orggr y>«. Three ab- |Il. RESULTS

sorptions(«a, B, and y) also exhibit the dielectric relaxation h howind th  th
spectra of these polymers, but in this case their intensities The curves showing the temperature dependenpe 0 the
increase in the ordey<B<a. The high dielectric and me- global depolarlza_tlon of PMCI and PDCI are shown in Figs.
chanical activity exhibited by both PMCI and PDCI in the 2 @nd 3. respectively. The TSDC curve for PMCI presents
glassy state prompted us to study their dielectric responsd¥/© Proad peaks of relatively low intensity corresponding, in
from thermostimulated discharge curre(®SDC) experi- orde_r of increasing temperaturg, to tlyand[g_’ reIaxano_ns.
ments with the aim of obtaining a more detailed informationAF higher temperatures, a prqmmemabsorptmn associated

on the dielectric subglass absorptions of these polymers é(){lth the glass—rubber relaxation appears. The same curve for

extremely low frequencies PDCI exhibits a rather narroy peak, in comparison with
that of PMCI, whose intensity is much larger than that of the
Il EXPERIMENT v absorption. By associating the glass-transition tempera-

tures to the maximum of the peaks, the values of; for

Both poly(monocyclohexylmethylene itaconateMCl)  PMCI and PDCI are 55 and 97 °C, respectively.
and poly(dicyclohexylmethylene itaconat®Cl) were ob-
tained by radical polymerization of monocyclohexylmethyl-
ene itaconate and dicyclohexylmethylene itaconate, respec-
tively, at 70 °C, usinga,a’-azobis(isobutyronitrile) AIBN)
as initiator'® The polymers were dissolved several times in
tetrahydrofurane, reprecipitated with diethyl ether, and fi- 5]
nally dried in vacuo at 100 °C. The weight-average molecu- 1
lar weight of PMCI and PDCI were 154,000 and 170,000
g/mol, respectively. The weak change occurring in enthalpy
in the glass—rubber transition of the esters of fidgonic
acid) precluded the possibility of obtaining the calorimetric
glass-transition temperature of PMCI. 2

Thermally stimulated discharge current curves were ob- ]
tained with a TSC-RMA(Solomat)apparatus on polarized 14
pills of the polymers of 0.2 mm thickness. The global depen- 1
dence of the discharge intensity current was obtained by pol- 077 7T 7T T T T 71—
ing the pills at 75 °C for 10 min under a potential of 500 150 -1200 90 60 30 0030 60 90 120
V/mm and further quenching them at140 °C. The electric '
field was further removed and the electrodes were ShortFigure 3. Global TSDC curvefor PDCI with the arrow indicatingthe
circuited and kept at the quenching temperature for 5 minpoling temperatureinset: detailsof the curvein the glassyregion.
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More detailed representations of the global depolariza-
tion curves in the glassy state, shown for both polymers in

the insets of Figs. 2 and 3, indicate that thpeak for PMCI

is narrower and better defined than the same peak for PDCI

which, in turn, seems to be the result of téédand y) over-

lapping relaxations. The peak corresponding to each relax-
ation was resolved by fitting the absorption curves to the

Fuoss—Kirkwood empirical expressin
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wherel ... is the intensity of the absorption at the peak maxi-

mum, E, is its activation energy, anah is an empirical pa-
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Figure 4. Elementarysub-glassTSDC spectrafor PMCI (continuousline)
and PDCI (discontinuoudine). The lowest poling temperaturas —120 °C

rameter related to the width of the peak in such a way tha?”d the interval of temperaturebetweenthe poling temperatureof two

the broader the relaxation, the lower the valuerofin fact,

m lies in the range @m=<1, reaching the value of the unity
for a Debye-type peak. By plotting cosl{l/,,,,/1) against 1/T

a straight line is obtained for symmetric peaks from whos
slope the value omE,/R can be obtained. The value of this
quantity in conjunction withr ., allowed the deconvolution
of the overlappings and y peaks(Fig. 3). From this analysis
one finds that thes peak is centered at—130 °C, nearly
25 °C below the location of the absorption which is cen-
tered at~—105 °C for both PDCI and PMCI. Thg absorp-
tion corresponding to PDCI is significantly narrower than
that of PMCI, the intensity of this relaxation at the peak
maximum for the former polymer being nearly two times
that of the latter. In general, the sub-glass absorptions
these polymers are much better defined in the global TSD

curves than in the ac dielectric spectra obtained at frequen-

cies above 1 H23

The equivalent frequency at which ac experiments
should be performed in order to obtain a loss peak having th
maximal temperature as the global TSDC peak can be ohl-_

tained from the current density(T), by means of the fol-
lowing expressiort/ 18

Pe(Tp) Ea
J(T)= E_Op EX[( - k_T)
1 (T Ea| _
xXex _h_meO ex kT aT’ |, (2

wherek is the Boltzmann constar®®,(T,) is the steady state
polarization at the polarization temperatdigandh=dT/dt

is the heating rate whose value, in the conditions the exper
ments were run, was 7 °C/min. The appearance of the pr
exponential factory and the activation enerdy, in Eq. (2)

is a consequence of assuming an Arrhenius-type dependen

of the relaxation times on temperature. Since at the maxi

mum temperaturedJ(T)/dT =0, the equivalent frequency,
feq, can be obtained by differentiating E@), giving
1 hE,

f j— =
€4 27 7(Ty) 271'kTr2n
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whereT,, is the temperature at the peak maximum &jds

e

0

e

consecu-tivgpeakss 10 °C.

in the vicinity of 3x10 3 s 1. A similar result is obtained for
the equivalent frequency of the relaxation of PDCI.

With the aim of obtaining more detailed information on
the sub-glass absorptions of itaconate polymers, elementary
peaks in the glassy region were obtained by partial depolar-
ization of poled samples. Partial depolarization curves for
PDCI and PMCI, obtained at several poling temperatures,
are shown in Fig. 4. A close inspection of these curves re-
veals two clearly differentiated regions corresponding to the
v and g relaxations. A zone of comparatively low dielectric
fftctivity lying in the range-120 to —80 °C is followed by a
egion of high dielectric activity with a maximum located in
e vicinity of —25 °C, in consonance with the maximum
obtained for the global TSDC spectra. It is worth noting that
the intensity of they relaxation for PMCI is somewhat larger
han that corresponding to PDCI. The opposite occurs with
e B relaxation process. By assuming that each partial
SDC peak is described by a single relaxation time, its tem-
perature dependence can be writtet? as

T

f J(MdT
T
hJ(t)

where T, is the initial depolarization temperature of each
depolarization curve. The temperature dependence of the re
laxation times follows Arrhenius behavior up to at least the
half-width temperature of the peak, thus allowing the deter-
mination of the pre-exponential factorg, and activation

IénergiesEa, associated with each peak. Whereas the values

m(T)= 4

of the activation energy show a tendency to increase with the
Boling temperature, the values gf, though somewhat lower

methe,B than in they region, do not follow a definite trend.

These results, represented in Fig. 5, suggest that the changes
in activation energy with the poling temperature are signifi-
cantly larger in the region of th@ relaxation than in the
zone of they absorption, as a consequence of the more com-
plex motions which presumably occur in th# relaxation
process.

In general, the intensity of the elementary peaks under-

the activation energy associated with the peak. The activagoes a significant increase from theto the B8 region. The

tion energy for theg dielectric relaxation of PMCI is~15

strength of each partial depolarization curve can quantita-

kcal mol™! so that the value of the equivalent frequency liestively be expressed BY
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Figure 5. Evolution of the pre-exponentialactorandthe activationenergyin
the Arrheniusequationwith the poling temperaturdor PMCI (filled circleg
and PDCI (open circlgs
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where ¢,(=8.854 pF/m)is the dielectric permittivity in

vacuo,A is the area of the pillE is the electric field, and
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Figure 6. Dependencef the relaxatiorstrength on the poling temperature
for PMCI (filled circleg and PDCI (open circlgs

A common characteristic of the ac loss curves is that the
degree of overlapping of the responses of the different
mechanisms increases with increasing frequency. At fre-
quencies above 10 Hz, theabsorption overlaps with thg
process and this with the absorption precluding the possi-
bility of obtaining a good picture of the dielectric activity
occurring in these polymers in the glassy state. Conse-
quently, values of both the rea), and loss¢’, components
of the complex dielectric permittivitye*, were tentatively
obtained at extremely low frequencies from partial TSDC
curves, by means of the following equaticiig?

L (Aey),

El(w)=6w+i21 1+—(1)27'|2(_T)

n

€'(w)=2,

(Aeg)iwTi(T)

=1 1+ sziz(T) ©)

Values of€’ in the frequency domain are represented at sev-
eral temperatures in Fig. 7. In the same figure, valueg' of
are also plotted against temperature at several frequencies. It
is important to note that the relaxation strength of the sub-
glass dielectric process obtained from this analysis is 0.7 and
0.9 for PMCI and PDCI, respectively, in good agreement
with the value of this quantity obtained from ac
experimentg314

The curves showing the temperature dependence of the
dielectric loss exhibit a complicated pattern for PMCI. Tak-
ing the isochrone corresponding to Hz as example, one
can observe the presence of a brgadgeak covering an
interval of temperature of~100 °C. However, as the fre-

andT,, are, respectively, the extreme temperatures at the lowuency of the isochrones decreases, the resolution of the
and the high temperature sides of the peaks. The values bfoad peak increases in such a way that gheelaxation

Ag, calculated by means of E¢p) are represented as a func- seems to be the result of three overlapping processes. In Fig.
tion of the poling temperature in Fig. 6. The curves obtained and for illustrative purposes, two of the three peaks ob-

resemble those of the global depolarization curves. As extained by deconvolution of the isochrone corresponding to

pected, the relaxation strength of the depolarized curves ii0® Hz are shown. It should be pointed out that the central

the y region is somewhat larger for PMCI, however the dis-peak does not fit to the Fuoss—Kirkwood equation.

tribution of relaxation strengths associated with the peaks of The isochrones for PDCI, represented at several frequen-
PDCI in the B region is rather narrow in comparison with cies in Fig. 9, are somewhat different from those correspond-

that of PMCI.

ing to PMCI. Thus the interval of temperature covered by the
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Figure. 9. Variation of the dielectriclosswith temperaturdor glassyPDCI
at 10* Hz (continuousline) and 106 Hz (brokenline). The overlapping
peaks at 10° Hz are deconvoluted.

absorptions in thgg region tend to overlap, forming a single
peak.

Dielectric activity is also detected in thgregion. Un-
fortunately, experimental difficulties precluded the possibil-
ity of obtaining partial stimulated depolarization curves at
poling temperatures lying in the interval150 to —120 °C
-120 90 -60 -30 0 30 and, consequently, there is not sufficient experimental data to

T (°C) obtain the precise shape of the ac loss peaks in this zone.

Figure 7. Top: Valuesof the real componenbf the complexpermittivity, in
the frequencydomain,for PMCI (continuouscurves)and PDCI (discontinu-
ous curves)at the following temperatures=70, —50, —30, and —10 °C.
Bottom: Isochroneshowingthe temperaturelependencef ¢’ on tempera- IV. DISCUSSION

ture for PMCI (continuouscurves)and PDCI (discontinuousurves)at sev- . X . . .
eralfrequencies10 %, 1 08, 1 0% and 10 * Hz. Earlier studies carried out on the conformational statis-

tics of PMCI and PDCI showed that a<2 rotational states
scheme gives a good account of the effective dipole moment,

L . , defined b
B relaxation is considerably narrower for the former polymer’u eff y
than for the latter. Moreover, the temperature dependence of _ (u?)\ 2
€’ for PMCI shows two well resolved peaks in tigeregion Heff=| Ty

at frequencies below I8 Hz. At higher frequencies, the ~ . )
where(u”) is the mean-square dipole moment of the chains

of x repeating units. In fact, the theoretical values of this
quantity for PMCH* and PDCH are 2.34 and 2.48 D, respec-
0.10 tively, in reasonable good agreement with the experimental

| results, 2.39 and 2.62 D. In the glassy state, generalized mi-
0,08 crobrownian motions occurring in the liquid state become
’ frozen and the dielectric activity detected in this state mainly
| arises from conformational transitions taking place by rota-
. 0067 tions about the anglels;, x», and x;) indicated in Fig. 1.
@ ) Conformational transitions taking place either in the side
0.04 groups alone or coupled with local motions in the main chain
1 produce considerable mechanical and dielectric activity in
0.02 + these polymers. Thus the intensity of the mechanialb-
] sorption of PDCI, expressed in terms of the loss relaxation
0,00 . modulus and shown in Fig. 10, is much higher than that of

50 the glass—rubber relaxation procé$dhe fact the intensity
of this relaxation decreases and becomes broader for BMCI
Figure 8. Temperaturalependencef the dielectriclossfor glassyPMCI at suggests that the absorptlon IS mamly prOdUCEd by motions

10~* Hz (continuousline) and 10~ Hz (brokenline). The peaks(....) flank- taking place in the side QhainS Con_taining cycloh_exyl side
ing the centrapeak at 10°Hz are deconvoluted. groups. Both the mechanical and dielectdaelaxation of




8 Heijboef to suggest that the relaxation could be produced by
chair-to-inverse chair conformational transitions of the cy-
clohexane ring. It was further postulated that the isochrones
of polymers containing cyclohexyl groups in their structure
would present the same relaxatibhlowever, a transition of
this kind would not produce dielectric activity by itself, but
at least it is coupled with molecular motions of other bonds
of either the side groups or the main chain. Recent molecular
. dynamics calculatiorfé suggest that substitutions in the cy-
\ clohexane ring mainly occur in equatorial position, the sub-
N stitution in axial position being lower than 2%. Similar con-
0 LS L A EE A B B clusions were reached from the analysis of the NMR spectra
-120 80 40 0 40 80 120 of molecular compounds containing monosubstituted and
T.°C disubstituted cyclohexane rings in their structti&ince the
population of the states of lowest energy increases as the
Figure 10. Mechanicallelaxationspectrg, take_n from Refs. Ehd 14, for temperature goes down, substantial conformational transi-
PDCI (continuous curve) and PMCI (discontinuous curve). tions in the cyclohexane ring are not expected at tempera-
tures well below the glass transition temperature.

both PMCI and PDCI extends over the same interval of tem- N spite of the fact that both PDCI and PMCI contain

perature, thus suggesting that similar molecular mechanisnf&/clohexyl groups in their structure, the mechanical and the
may produce both relaxation processes. dielectric relaxation spectra of these polymers do not exhibit

The ac dielectric isochrones for PDCI obtained at fre-€ither mechanical or dielectric significant activity centered in
quencies above 1 Hz present a singl@eak!® Similarly, a  the vicinity of —80 °C at 1 Hz where polgyclohexyl acry-
relatively sharp peak exhibits the global depolarizationiate)and poly(cyclohexyl methacrylafepresent high inten-
curves plotted against temperature. However, when low freSity absorptions. In this region of the spectra, only a weak
quency isochrones are obtained from partially depolarizedlielectric activity is detected for the itaconate polymers used
curves by means of E¢6), one can see that ti&peak in the  in this study. It can be concluded, however, that the stigng
isochrones below IT Hz resolves into two well-defined absorption exhibited by the mechanical, dielectric, and
peaks each of which is presumably associated with molecul SDC spectra of both PDCI and PMCI chains is presumably
lar motions of a determined side group. These two peakgroduced by molecular motions of the side groups.
severely overlap at frequencies above 16iz. The low intensity of the mechanicalrelaxation in com-

Both the mechanical and the dielectyitrelaxation of ~ parison to that of theg process in itaconate polymers sug-
PMCI exhibit a broad and complex pattern. For example, th@ests that the mechanical activity in tieregion mainly
mechanicalB absorption of PMCI, unlike that of PDCI, is arises in these polymers from molecular motions in the side
broad and its intensity is similar to that of the glass—rubbegroups whose complexity increases with temperature. How-
relaxation(Fig. 10)1* The global TSDC curves also exhibit a ever, the mechanical activity in the glass—rubber relaxation
broad peak whose intensity is nearly one half of that ofmainly comes from molecular motions in the skeletal bonds.
PDCI. However, the ac isochrones obtained for PMCI fromThese motions are severely restricted by the side groups and
the partial TSDC curves presenjBaabsorption which seems hence the comparatively low intensity of this latter absorp-
to be the result of three overlapping peaks. The complexityion.
of this peak reflects a presumable copolymeric nature of the On the contrary, the higher intensity of the dielectsic
PMCI chains. Actually, monoesterfication of the itaconic glass—rubber relaxation in comparison with that of iBe
acid(HOOC-C(-CH,COOH)=CH, with cyclohexylmetha- process presumably arises from the fact that the limited mi-
nol may occur in the two acid residues, giving rise to twocrobrownian motions of the main-chain taking place in the
monomers: (HOOC-HC(-CH,COOCH,CsH,,)=CH, and glass—rubber transition still facilitate the orientation of the
(C¢H1,CH,00CHC(-CH,—~COOH)=CH,. Though it is ex-  dipolar entities in the electric field and hence the high inten-
pected that the fraction of the former monomer may besity of the glass—rubber relaxation process.
lower than that of the latter, its presence in the mixture  Finally, a few comments on the small changes observed
may still be significative and the chains will for the heat capacity of polyitaconates in the glass transition,
be copolymers rather than homopolymers.to which we have referred in the section on the experimental
Consequently(CgH,,CH,00CHC(-CH,COOH)}-CH, and characterization of these polymers. As is well known, when
(HOOCHC(-CH,—COOCHCgzH;,)—CH, structures coexist an uncrystallizable liquid passes during cooling through the
along the chains producing the complicated pattern observdajuid—glass transition, a rapid decrease of heat capacity
in the spectra. from liquid-like to crystal-like values occurs. This is a con-

The relaxation spectra of acrylic and methacrylic poly-sequence of the fact that the liquid degrees of freedom be-
mers esterified with cyclohexylmethanol present a prominentome kinetically inaccessible. The calorimetric pattern in the
B absorption, centered at80 °C at 1 Hz. The apparent uni- glass transition can be used to define two kinds of liquids:
versality of this relaxation in this and other polymers con-fragile liquids and strong liquids. Fragile liquids are charac-
taining cyclohexyl side groups in their structure led terized by their capability to reorganize to structures that

E"x 107, Pa
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