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ABSTRACT: A series of tyrosine-derived polycarbonates with different lengths (2 ° n
° 8) for the alkyl ester pendent chain were studied by measuring thermally stimulated
depolarization currents (TSDC). The observed spectra could be separated into three
regions: the low-temperature zone with a broad, complex b band (80–240 K), the
intermediate zone (250–300 K), and the high-temperature zone (300–400 K) with a
sharp a peak. The application of direct signal analysis (DSA) to decompose the complex
peaks into elementary processes led to the determination of the relaxation time distri-
bution and temperature dependence of each process. The variation of the relaxation
parameters as a function of the pendent chain length facilitated the tentative identifi-
cation of the relaxation mechanisms responsible for the observed current peaks. It is
proposed that as the temperature increases one observes, first, the individual motion
of each polar group, then the concerted motion of the entire pendent chain, and, last,
the movement of the polymer backbone. q 1997 John Wiley & Sons, Inc. J Appl Polym Sci
63: 1457–1466, 1997

Key words: polycarbonates; tyrosine; dielectric relaxations; TSDC; glass transition;
biomaterial

INTRODUCTION sulting in carbonate–amide copolymers pos-
sessing an ester-linked pendent chain (Fig. 1).

Tyrosine-derived polycarbonates are new degrad- Previous studies have confirmed that these mate-
able polymers being investigated for medical ap- rials are generally biocompatible, possess favor-
plications such as drug delivery and bone fixa- able physicomechanical properties, and can be
tion.1–4 These degradable polymers represent a fabricated readily into devices useful for medical
specific example of pseudo-poly(amino acid)s applications.5,6

and, in this case, are derived from the polymeriza- Currently, the family of tyrosine-derived poly-
tion of desaminotyrosyl–tyrosine alkyl esters re- carbonates comprises four polymers whose chemi-

cal structure is identical except for the length of
an alkyl ester pendent chain present at each mo-
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1458 SUÁREZ ET AL.

Figure 1 Chemical structure of polycarbonates derived from desaminotyrosyl–tyro-
sine alkyl esters. The abbreviations DTE, DTB, DTH, and DTO stand for desaminotyro-
syl–tyrosine ethyl ester, desaminotyrosyl–tyrosine butyl ester, desaminotyrosyl–tyro-
sine hexyl ester, and desaminotyrosyl–tyrosine octyl ester, respectively. Arrows indi-
cate the position of structural units whose motion was observed by TSDC.

ture–property correlations and provided a means sensitivity, leading to the detection of very low
dipole or carrier concentrations, and its very lowto control important material properties. For ex-

ample, the glass transition temperatures (Tg ) of equivalent frequency (Ç 1 mHz) , allowing
multicomponent peaks to be resolved accu-this family of polymers decreases in a fairly linear

manner from 366 to 325 K as the length of the rately. Generating better defined relaxation
peaks that can be precisely analyzed helps inpendent chain increases.6

In a previous study, this same series of four identifying molecular motions that cause differ-
ent dielectric relaxations.tyrosine-derived polycarbonates was used to

study the effect of the length of the pendent In this article, we present a model study, us-
ing the TSDC technique to investigate the di-chain on the rate of enthalpy relaxation (physi-

cal aging) .7 No correlation between the en- electric relaxation mechanisms in a series of
four homologous, tyrosine-derived polycarbo-thalpy relaxation process and the length of the

pendent chain was found. This observation sug- nates with varying pendent chain lengths.
These polymers contain four polar groups thatgested that structural relaxation in these poly-

mers is limited by backbone flexibility and that can be expected to cause thermally stimulated
depolarization currents. These groups are thethe fraction of free volume is not the limiting

factor for polymer mobility. The current study carbonate and amide carbonyl in the polymer
backbone and the ester carbonyl and methyldetails our further efforts to understand the mo-

lecular relaxation processes of these new mate- group located on the pendent chain (Fig. 1) . In
addition to the motion of these polar groups, therials by analyzing the thermally stimulated de-

polarization currents (TSDC) spectrum in a TSDC technique usually provides information
about chain motions which occur at the glasswide temperature range.

The TSDC technique consists of measuring, transition. Our analysis of these relaxations
was facilitated by the fact that the four test poly-with a defined heating and cooling scheme, the

thermally stimulated discharge currents re- mers differed only in the length of the alkyl ester
pendent chain. Thus, observing the changes insulting from the release of the polarization that

was frozen in during a previous electric field pol- the TSDC spectra as function of the pendent
chain length helped in the identification of theing of the dielectric. TSDC analysis of polymers

is a valuable tool for the study of the thermal molecular motions that caused specific relax-
ations and provided correlations with the struc-relaxation properties of polymeric materials.

Key advantages of this technique are its high tural properties of the polymers.
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MOLECULAR RELAXATION OF POLYCARBONATES 1459

EXPERIMENTAL the cell. The polarizing dc field, Ep à 100 kV/m,
was applied for 3 min, long enough to orient the
species under study. With the external field ap-Synthesis and Polymer Characterization
plied, the sample was then rapidly quenched (55

Tyrosine-derived polycarbonates were prepared K/min) to 77 K. At this temperature, the field
according to previously published procedures.6,8

was switched off and the cell was evacuated for a
The chemical structure of the polymers was con- second time and filled with dry helium (100
firmed by infrared and nuclear magnetic reso- mmHg), which was used as an interchange gas
nance spectroscopy. Molecular weights were de- due to its high purity and good thermal conductiv-
termined by gel permeation chromatography ity. A highly sensitive electrometer, Cary 401M,
(GPC) using a system consisting of a Perkin-El- connected in series with the sample, detected the
mer Model 410 pump, a Waters Model 410 refrac- depolarization current density JD , originating in
tive index detector, and a Perkin-Elmer Model the variations of the polarization P (T ) , as the
2600 computerized data station. Two PL-gel GPC temperature was increased at a controlled, con-
columns (105 and 103 Å pore size, 30 cm in length) stant rate b (typically 6 K/min). The sensitivity
were operated in series at a flow rate of 1 mL/ of the system was 10017 A. The data acquisition
min in THF. Molecular weights were calculated system was fully automated. The analog output
relative to polystyrene standards without further from the electrometer and the temperature were
corrections. recorded concurrently by a voltmeter scanner and

were stored in a PC computer for subsequent
analysis.Film Preparation

Polymeric films were cast on glass plates from a
Analysis of TSDC Spectrafiltered (glass wool) 10% wt/vol solution in meth-
Direct signal analysis (DSA) is a curve-fitting pro-ylene chloride. The solvent was evaporated at
cedure which was developed to analyze the com-room temperature under nitrogen. The films were
plex TSDC peaks.9 The method consists of findingthen pressed for 10 min at 14,000 lb at a tempera-
the elementary curves whose characteristic ener-ture of Tg / 40 K between two heated, polished
gies are equally spaced in a given energy windowsteel plates using a Carver Laboratory Press
and whose combination best fits the whole experi-Model 2625. Before releasing the pressure, the
mental TSDC profile. The recorded TSDC currentplates were water-cooled to room temperature.
is approximated by

TSDC Experiments
JD (Tj) Å ∑

N

iÅ1

P0i

ti (Tj)
exp F0 1

b *
T j

T0

dT *

ti (T * ) G ,
From the polymer films, round disc-shaped speci-
mens (20 mm in diameter and 100 mm thick) were

(1)cut. These specimens were coated with evapo-
( j Å 1, m ) , (N ° m )rated aluminum on both surfaces to diminish the

contact resistance between the electrodes and
where t(T ) is the relaxation time for each elemen-films. Coating also eliminated spurious currents
tary process, P0i is its contribution to the totaldue to electrostatic charges present at the sample
polarization, and b is the heating rate.surfaces. Each specimen was conditioned by heat-

The temperature dependence of the relaxationing above Tg followed by cooling at a rate of 55 K/
time can be represented by either the Arrheniusmin to the desired polarization temperature.
[eq. (2)] or the Vogel–Fulcher [eq. (3)] expres-The TSDC experiments were performed from
sion, where T0 is the critical temperature at which77 to 400 K. A specimen was placed between two
the chain motions are frozen in the material:metallic terminal plates that were spring-loaded

electrodes in electrical contact with the speci-
men’s Al-coated surfaces. The TSDC measuring t(T ) Å t0 exp S E

kTD (2)
cell, after being evacuated to 1007 Torr, was filled
with dry nitrogen at a pressure of 600 mmHg. The
temperature was controlled by immersion of the

t(T ) Å t0 exp S E
k (T 0 T0) D (3)cell in liquid nitrogen and by heating with a re-

sistive element soldered to the external walls of
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1460 SUÁREZ ET AL.

RESULTS AND DISCUSSION

All the TSDC spectra reported in this work were
normalized to the same polarizing field and sam-
ple area to make comparisons possible between
the different samples studied. The TSDC spectra
of the tyrosine-derived polycarbonates studied
here consist of a broad band from 80 to 240 K, an
intermediate zone which shows a peak at about
283 K, and a high-temperature region from 300
to 400 K, exhibiting a sharp peak that is the di-
electric manifestation of the glass transition of
the polymer. The glass transition peak is followed
by a steep current increase due to the conductivity
of the polymer. In Figure 2, the three regions of
the TSDC spectrum of poly(DTH carbonate) are
presented. This figure is the superposition of three

Figure 2 Composite TSDC spectrum of poly(DTH different TSDC runs showing effectively the vari-
carbonate) obtained from three separate experiments. ety of relaxations present in the dielectric spec-
The three polarization temperatures are indicated by trum of this family of materials. The three polar-
arrows.

ization temperatures are indicated by arrows and
the peak in the intermediate zone was partially
‘‘cleaned’’ in order to reduce the contribution ofA nonlinear least-squares procedure was used

where the initial parameters were the threshold the low-temperature peaks.
The low-temperature TSDC spectra of the fourand width of the energy window, the number of

adjacent bins N , the Nt0i , and the starting values polycarbonates are shown in greater detail in Fig-
ure 3. The current density has been normalizedfor P0i , whose distribution was box-shaped, i.e.,

initially every bin contributed equally to the total to the same polarizing field and sample size. It is
readily seen that the b relaxation is a complexpolarization of the sample. The results of the fit-

ting procedure were summarized in an energy his- band resulting from the superposition of several
molecular processes whose absolute and relativetogram which covered the selected energy window

divided into N energy bins and whose height, P0i , contributions to the total polarization vary with
was proportional to the area under the curve cor-
responding to each elementary excitation. The al-
gorithm also fitted the t0i values corresponding
to each energy bin and the T0 value when the
Vogel–Fulcher eq. (3) was used to present the
relaxation times.

The DSA procedure was shown previously to
work very well for b relaxations in poly(bisphe-
nol-A carbonate),10 as well as in the DGEBA–
EDA epoxy resin system11 and several other types
of polymeric materials.12 In all these cases, the
temperature dependence of the relaxation times
followed an Arrhenius law. A fit for the glass tran-
sition relaxation was performed for poly(bisphe-
nol-A carbonate), but in this case, convergence
was achieved only when Vogel–Fulcher relax-
ation times were used.9 This temperature depen-
dence was shown by many investigators to be
adequate for transitions at T ¢ Tg . A plausible
basis for this dependence is provided by either the Figure 3 Low-temperature TSDC spectra for poly-
concept of free volume or by statistical thermo- (DTE carbonate), poly(DTB carbonate), poly(DTH

carbonate), and poly(DTO carbonate).dynamics.13
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MOLECULAR RELAXATION OF POLYCARBONATES 1461

Figure 4 DSA analysis of the b peak in poly(DTE carbonate): (a) experimental and
fitted peak; (b) energy histogram of the contribution to the polarization of each energy
bin; (c) variation of the Arrhenius preexponential factor with the activation energy.

the length of the pendent chain. The complexity procedure, whereas if the complex peak is ana-
lyzed, the sought distribution is not perturbed.of the recorded trace demands a sophisticated

analysis if quantitative information is to be ex- The mean reorientation energy and the relative
intensities of these peaks varied with n (the pen-tracted from these data.

To study the different relaxation processes that dent chain length) in different ways. In Table I,
the characteristic parameters (mean energy andcause the broad b-peak, the direct signal analysis

(DSA) method was applied to the whole low-tem- width values) for the four Gaussian distributions
are presented. The mean energies of the b1 andperature TSDC spectrum. Representative results

of the DSA method are shown in Figure 4 for b2 components remain constant, around 0.17 and
0.23 eV, respectively, as the length of the pendentpoly(DTE carbonate). For the curve fitting [Fig.

4(a)] , Arrhenius relaxation times were assumed chain changes. However, for the b3 and b4 compo-
nents, the mean energies decrease slightly up toin the analysis of these low-temperature relax-

ations which are due to localized motions of molec- n Å 6 and increase for n Å 8. Next, the relative
intensities of the four b peaks were plotted as aular segments of variable lengths. The energy

window for the best fit ranged from 0.1 to 0.7 eV function of n (Fig. 5). The dependence on n of
the relative intensity of the bi components wasand the resulting energy histogram is shown in

Figure 4(b). The variation of the preexponential different for each of the four peaks. The relative
intensity of the b1 peak increases slightly with n ,factor t0i corresponding to each energy bin is plot-

ted in Figure 4(c) . The energy histogram was fit- the relative intensity of the b2 peak is approxi-
mately independent of n , the relative intensity ofted to four components, assuming a Gaussian pro-

file for each of them. The four Gaussian curves the b3 shows a maximum at n Å 6, while the rela-
tive intensity of the b4 peak has a minimum at nwere labeled in the order of increasing energy (b1 ,

b2 , b3 , b4) . All four polycarbonates tested had Å 6.
The absolute values of the polarization origi-these four components in their respective energy

histograms. A careful examination of the experi- nated by each bi component, as well as the total
polarization of the whole complex b band as amental trace also reveals the existence of four

reorientation processes, and by choosing carefully function of n , are calculated from the respective
areas under the curves and are shown in Figurethe experimental conditions and by applying

‘‘cleaning’’ techniques, the same four peaks could 6. The calculation was done for an electric field
strength of 1 V/mm. The straight line in Figure 6be isolated. The problem with such a procedure,

however, is that the energy distribution of the represents the expected decay of the total polar-
ization following the decrease in the measuredisolated peaks is altered by the peak ‘‘cleaning’’
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1462 SUÁREZ ET AL.

Table I Mean Energy and Width for the Gaussian Profiles of the Components of the b-Relaxation

E0b1 (sb1) E0b2 (sb2) E0b3 (sb3) E0b4 (sb4) Density
n (eV) (eV) (eV) (eV) (g/cm3)

2 0.17 (0.03) 0.23 (0.10) 0.33 (0.17) 0.51 (0.15) 1.25
4 0.17 (0.04) 0.22 (0.09) 0.31 (0.17) 0.49 (0.30) 1.22
6 0.18 (0.04) 0.23 (0.08) 0.31 (0.16) 0.46 (0.30) 1.19
8 0.18 (0.05) 0.23 (0.09) 0.35 (0.18) 0.51 (0.17) 1.16

density reported in Table I. This estimate was the b1 peak can be assigned to the orientable di-
poles of the CH3 end groups of the pendent chain.done starting from the total polarization mea-

sured for n Å 2 and multiplying this value by a The increasing effective number of reorientable
CH3 dipoles with increasing n can be explainedfactor pnú2 /p2 for n Å 4, 6, 8. The variation of

the total polarization (represented by the filled by the associated decrease in packing efficiency
reported previously.6 Furthermore, nuclear mag-symbols in Fig. 6) follows the expected decay

closely up to n Å 6. netic resonance analysis of poly(bisphenol-A car-
bonate)15 revealed that the protons of methylThe above observations make it possible to

identify the molecular relaxations associated with groups undergo a motional narrowing of line
width in the temperature region from 110 to 130each of the four b components. The origin of the

dielectric b relaxations in poly(bisphenol-A car- K. This is the temperature range of the b1 peak
observed here. In addition, the activation energybonate) has been attributed to the local motions

of small polar groups,14 e.g., the motion of methyl of the relaxation process for methyl groups in
poly(bisphenol-A carbonate) has been reported16and carbonate groups. Our results relating to the

b relaxations of tyrosine-derived polycarbonates to be about 0.2 eV based on ultrasonic attenuation
experiments at 10 MHz. This is very close to theappear to confirm this assumption. The b1 peak

should originate from the most easily reorientable values obtained here from the analysis of the b1

component (see Table I) .dipoles for they have the lowest reorientation en-
ergy. Likewise, they should also have the smallest The relative contribution of the b2 component

to the total polarization is nearly independent ofdipole moment as they produce the smallest con-
tribution to the total polarization. Consequently,

Figure 6 Variation of the absolute values of the polar-
ization originated by each bi component as well as theFigure 5 Variation of the percentage for each contri-

bution to the total polarization for the bi peaks as a total polarization of the whole complex b band (l) as a
function of n . The lines are drawn to guide the eye.function of n . The lines are drawn to guide the eye.
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MOLECULAR RELAXATION OF POLYCARBONATES 1463

of this dipole should have the highest mean acti-
vation energy. Thus, the b4 peak is tentatively
assigned to the motion of the amide carbonyl. This
hypothesis is supported by the initial decrease
with n of the relative contribution of the b4 compo-
nent: It seems that the b4 contribution originates
at a carbonyl group whose motion is hindered by
the increasing length of the pendent chain. The
sudden enhancement of the b4 component for n
Å 8 (shown in Fig. 5) can be explained considering
that pendent chain entanglements at nÅ 8 reduce
the effectiveness of the pendent chain in sup-
pressing the motion of the structural elements lo-
cated in the polymer backbone.

The isolated intermediate relaxations shown in
Figure 7 were obtained by applying the same po-
larizing conditions to all the samples studied here.
Furthermore, to make valid comparisons between

Figure 7 Intermediate-temperature TSDC spectra the different polymers, the data were normalized
for poly(DTE carbonate), poly(DTB carbonate), poly- to the same sample dimensions and similar
(DTH carbonate), and poly (DTO carbonate) . The

‘‘cleaning procedures’’ were used in all calcula-peaks were partially ‘‘cleaned’’ on the low-tempera-
tions. The DSA with Arrhenius dependencies forture side.
t(T ) was used to obtain the characteristic param-
eters for these relaxations. On their high-temper-
ature side, the obtained energy histograms weren (Fig. 6), indicating that the number of reori-

entable species is not sensitive to the length of perturbed by the tail of the strong glass transition
peak. A single Gaussian profile fitted the energythe pendent chain. Since the carbonate–carbonyl

segments close to the phenyl rings are the dipolar histogram for each of the polymers. The mean en-
ergy and width of the Gaussian distribution areunits farthest from the pendent chain, the b2 com-

ponent is assumed to be associated with the mo- presented in Table II as a function of n . The con-
tinuous growth of this band’s height reaching ation of the carbonate carbonyl group. The activa-

tion energies obtained for this process are 0.23 eV maximum for n Å 6 indicates that the dipoles in-
volved in this process could be located on the pen-(Table I) and agree well with the reported val-

ues17 of the relaxations associated with move- dent chains, whose increasing length decreases
the packing efficiency, and, therefore, favors thements of the carbonate groups in poly(bisphenol-

A carbonate). number of reorienting segments. The decrease of
the band intensity for n Å 8 can be explained byThe b3 component is assigned to the motion of

the ester-bonded carbonyl groups. This assign- assuming that pendent chain entanglement ef-
fects are no longer negligible in the polymer hav-ment is supported by the following observations:

The decrease in the polymer’s packing efficiency ing the longest pendent chain. The high mean ac-
tivation energies reported here are associatedwith n can account for the initial increase in the

contribution to the polarization of the b3 peak (see with low preexponential Arrhenius factors which
could be due to the overlapping of the a transitionFig. 5). However, the decrease in the relative in-

tensity of this contribution for nÅ 8, together with
an increase in the reorientation energy, points to Table II Mean Energy and Width for the
a reorientation process that is affected by the de- Gaussian Profile of the Intermediate Relaxation
gree of entanglement of the pendent chains which

E0 sis most pronounced for n Å 8. Thus, the b3 compo-
n (eV) (eV)nent should originate from the motion of dipoles

located on the pendent chain.
2 1.60 0.26The partial double-bond character of the C{N
4 1.68 0.35bond leads to a rigid, planar configuration for the
6 1.73 0.30amide carbonyl located on the polymer main
8 1.73 0.28chain. Due to its rigid environment, the relaxation
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and DSC measurements, performed with similar
heating rates, was observed. The DSA of these
peaks converged only when Vogel–Fulcher de-
pendencies for the relaxation times were consid-
ered. The need for a Vogel–Fulcher model in the
analysis of the glass transition peak confirms pre-
vious results for poly(bisphenol-A carbonate).9

The results obtained with DSA analysis of the
glass transition of poly(DTH carbonate) are pre-
sented in Figure 9. The energy histogram clearly
shows a nearly monoenergetic process which is a
common characteristic observed in the a-transi-
tion of all the polymers studied here. Using the
characteristic parameters obtained from DSA, the
fractional free-volume expansion coefficient af at
T Å TMa can be estimated from the inverse of the
Vogel–Fulcher energy (k /E Å af ) . The resulting
fractional free volumes are presented in Table III.

Figure 8 Variation of the temperature of the maxi- The fitted T0 values are a decreasing function of
mum of the TSDC a-peaks along with the glass transi- n , in accordance to the observed experimental de-
tion temperatures obtained from previous DSC experi-

pendence of TMa . The values of TMa 0 T0 Å (65ments,6 as a function of n .
{ 5) K and TMa/T0 Å (1.23 { 0.02) are constant
within 6 and 2%, respectively. This is in agree-
ment with the Adam and Gibbs theory.13whose intensity and position differs with n . These

values may be interpreted as being indicative of The increase of the calculated fractional free
volumes and the decrease of the measured densi-the involvement of larger molecular structures in

the reorientation process and it is possible that ties with increasing pendent chain length (see Ta-
ble I) are in good agreement with the changes inthe intermediate temperature relaxation is the re-

sult of the reorientation of the entire pendent flexibility previously reported for these polymers.6

The values for the calculated fractional free vol-chain whose motion would be the precursor move-
ment of the primary glass transition. This inter- ume at T Å TMa (Table III) are reasonable for

polymers having branches consisting of alkylpretation could also explain the energy shift, re-
ported in Table II, to higher values as n increases chains of increasing length.
since longer pendent chains should require higher
energies to participate in the relaxation process.
This interpretation of the experimental data is CONCLUSIONS
appropriate since the tested polymers are fully
amorphous, eliminating the need to consider the The detailed analysis of the TSDC spectra ob-

tained from a homologous series of four tyrosine-intermediate peak which is usually observed in
semicrystalline polymers. However, our results do derived polycarbonates with different pendent

chains has allowed the identification of severalnot exclude smaller molecular segments in deeper
potential wells as the responsible relaxing entity. relaxation mechanisms. Assignment of some of

the TSDC peaks to the motion of specific molecu-The high-temperature zone of the TSDC spec-
trum (Fig. 2) shows a very intense and sharp lar structures was facilitated by interpreting the

changes in the TSDC spectra as function of theevent, the a-peak, indicative of the glass transi-
tion relaxation, followed by a steep increase in the pendent chain length n . For the low-tempera-

ture, multicomponent b relaxation, the observedrecorded current. The temperature of the current
maximum for this peak, TMa , decreased as the strength, activation energy, and preexponential

factor variations of the different bi components ispendent chain length increased (Fig. 8). The
TSDC values obtained for the temperature of the consistent with motions of small polar entities

with increasing reorienting energies. As themaximum of the four peaks along with the glass
transition temperatures obtained from previous length of the pendent chain (n ) is increased, the

four b relaxations are affected differently. TheDSC experiments6 are plotted as a function of n
in Figure 8. A good correlation between the TSDC mean energies of the b2 component are not depen-

/ 8E70$$RUT8 01-10-97 10:29:44 polaa W: Poly Applied



MOLECULAR RELAXATION OF POLYCARBONATES 1465

Figure 9 DSA analysis of the a-peak in poly(DTH carbonate): (a) experimental and
fitted peak; (b) energy histogram of the contribution to the polarization of each energy
bin; (c) variation of the Arrhenius preexponential factor with the activation energy.

dent on n and the relative contributions of the b1 large reorienting entity. The variation in the in-
termediate transition as a function of the pendentand b2 components to the total polarization vary

only slightly while b1’s contribution is always less chain length shows that chain entanglement ef-
fects are predominant for n Å 8. These observa-than 13%. On the other hand, the relative contri-

butions of the b3 and b4 components to the total tions indicate that the observed TSDC peak is
caused by the mobility of the entire pendent chainpolarization vary significantly as the pendent

chain increases in length. The b3 and b4 compo- as a precursor to the backbone motion occurring
at Tg .nents are also affected by pendent chain entangle-

ment. Thus, the b1 peak is assigned to the motion The dielectric manifestation of the glass transi-
tion is the a peak which is an almost monoener-of the CH3 group found in all pendent chains. The

b2 peak is assigned to the motion of the carbonate getic Vogel–Fulcher relaxation. The position of
this peak is in correspondence with the glass tran-carbonyl group present in the polymer backbone.

The b3 peak is assigned to the motion of the ester sition temperatures measured for these polymers
by differential scanning calorimetry. The varia-carbonyl present in the pendent chain. The b4

peak may be associated with the motion of the tion in the calculated fractional free volume and
T0 values derived from DSA as function of n areamide carbonyl in the polymer backbone. This as-

signment was made considering the chemical consistent with the increase in flexibility observed
for polymers with longer pendent chains.6,7structure of the polymer (Fig. 1) and the known

rigidity of the amide carbonyl group.
The high activation energies associated with Financial support from the Consejo Nacional de Investi-

the intermediate temperature transition (283 K) gaciones Cientificas y Tecnológicas (CONICIT), Cara-
cas, Venezuela, is gratefully acknowledged by N. S.,may be interpreted as being caused by a relatively

Table III Glass Transition Peak: Variation of DSA Results with n

E T0 t0 Fractional Free Volume
n (eV) (K) (s) (at T Å TMa )

2 0.145 300.8 3.3 1 10010 3.9%
4 0.118 290.2 4.7 1 1009 4.4%
6 0.145 267.3 8.5 1 10010 4.1%
8 0.097 264.7 6.4 1 10010 5.6%
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