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ABSTRACT: We have investigated the molecular motions responsible for the dieteetlaxation of bisphenol

A polycarbonate (BPAPC) by taking advantage of the unbalanced influence of cold-drawing in the dielectric
losses. The direct comparison of the dielectric relaxation curves measured on thePBPFamples uniaxially
stretched below the glass transition temperature with those corresponding to the nonstretched samples allowed us
to resolved two main components of the dielectrielaxation. The characteristic times of each of these components
nearly coincide with those derived by neutron scattering and deuterium nuclear magnetic resonance for two well-
defined jumps of the phenylene rings, evidencing the cooperativity among the motions of the different molecular
groups forming the polycarbonate repeating unit. A more detailed analysis of the orientation effects on the dielectric
y-relaxation reveals a weaker third component with characteristic time scales close to those reported in the literature
for the fast phenylene ring oscillations. On the basis of these three components we have been able to accurately
describe the relaxation behavior of both oriented and nonoriented samples over an extremely wide temperature
interval (50-350 K). From these results, we conclude that the low temperature dielectric behavior is mainly
driven by the phenylene-flips, but at temperatures above 200 K, the dielectric relaxation becomes increasingly
governed by the concurrent rotation of the carbonate/phenylene units, being these motions those more strongly
hindered by chain orientation. Some implications of these finding on the mechanical properties of polycarbonate
are discussed.

Introduction the strength of the mechanical loss peak decreases significantly

The secondary relaxation of polycarbonate and other related®S the size of the BPAPC block is reduced below -0
engineering thermoplastics have been extensively investigatedonomers. This latter finding has been often interpreted as a
over the past decades because this relaxation process is believed€ar evidence that the molecular motions responsible for the
to be directly related with the excellent mechanical properties ?-rélaxation involve in-chain cooperation along such a large
of bisphenol A polycarbonate (BPAPC) (see for example  number of consecutive repeating urfit8 Further investigations
references® and the references therein). A broad variety of Nave also suggested that this large scale character of the
experimental techniques and computational methods have beeﬁnolecu_lar cooperativity is closely related with the mechanical
used in these investigations, being one of the most fruitful Properties of the polymet.
approaches the combination of dynamic mechanical analysis Despite the ability of the dielectric relaxation (DS) techniques
(DMA) and nuclear magnetic resonance (NMR). Despite of the t0 cover an extremely broad frequency range with high
huge effort, the microscopic origin of the secondary relaxation sensitivity, DS has been much less used than DMA to this kind
process of BPAPC has not been completely elucidated. Of studies. Among others, a main reason for this would be the
Nevertheless, there is a rather general consensus about théather weak dielectric dispersion associated with the secondary
utmost relevance of phenylene ring-flips for both, the relaxation of BPA-PC and the high sensitivity of the resulting
secondary relaxation and the mechanical properties of-BPA relaxation spectra to very small traces of moisture. Nevertheless,
PC. Moreover, it has been evidenced that these local molecularearly dielectric relaxation investigations on tpeelaxation of
motions are coupled to other motions of the groups forming BPA—PC already evidenced that it can be hardly associated
the BPA-PC repeating unit and also that there is a in-chain With a single molecular motio#%:*3 Indeed, in a recent work
correlation among the motions in different repeating uhifs. ~ where DS technique has been used to investigate a series of

Most of these results have been derived by investigating Poly(ester carbonaté)t was concluded that there are two main
po|ymers with modified chemical groups and by f0||owing the contributions to the dielectriQ‘/-reIaxation of BPA-PC, one
resulting effects on the secondary relaxation processes of theassigned to the libration of the carbonyl group alone (as it was
corresponding family of polymers. More recently, a similar Previously suggestéd and the other to the combined motion
approach has been used by investigating the secondary relaxatiof the carbonyl and phenylene groups. On the other hand, some
of block copolymers with varying size of the block containing Other dielectric investigations have shown a significant effect

the unit of interest. In such a way, it has been evidenced that0f small molecule plasticizets and the molecular orienta-
tion'21618 on the secondary-relaxation of BPA-PC.

t Departamento de’Bica de Materiales UPV/EHU and Unidad dsiEa Very recently, quasielastic neutron scattering (QENS) tech-
detMaterialgeS CSIEUPV/EHU, Facultad de Qmica. niques have been used to investigate the phenylene ring
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anticipated from previoudH NMR studies on this kind of Experimental Section

polymersi®-2e tr_'e QE_NS ex_periments cpn_firmed the presence Samples.The BPA-PC samples used in this work were supplied
of phenylener-flip motions with characteristics that change only -y Goodfellow (CT301310) (sheets 0.175 mm thick). The charac-
slightly from polymer to polymer. Moreover, these measure- teristics of this polymer, and in particular the molecular weight
ments also indicated the presence of fast phenylene ringdistribution M,=20.7 kg mot?! with polydispersity index= 2.66
oscillations of increasing amplitude, being the dynamic char- as determined by means of gel permeation chromatography (GPC)
acteristics of this motion essentially the same for the four USing polystyrene as standard), are similar to those of a more
polymers investigated, although the observed increasing am-Standard BPA-PC as that produced by Bayer AG1(=19.1 kg

. A . mol~! with polydispersity index= 2.56), which has been exten-
plitude of the oscillation with temperature was found to be less sively investigated in the literature. Furthermore, both polymers

pronounced in the case of BPApoly(hydroxyether). Interest-  paye the same glass transition temperatdig= 150 K (as
ingly, regardless of these similarities, an additional motion was determined by means of standard differential scanning calorimetry),
found for BPA-PC only. Furthermore, it has been shown that and more interestingly, they depicted indistinguishable dielectric
the corresponding QENS signal can be well accounted for by losses in they-relaxation range. The reason for using the BPA
assuming the presence of90° phenylene rotationd, the PC sheets was related with the fact that using specimens of well-
existence of which was previously envisaged from computa- de_flned_thlcknes_,s provides a much better control of the degree of
; . 9708 . . L orientation obtained after cold-drawing.

tional studies’:28 Besides, the time scale of such additional

. . Before any measurement or mechanical treatment, the sheets were
phenylene motion was found to agree well with that measured maintained under vacuum (about 0.1 Torr) at about 380 K for

by DS at high temperatures/frequencies. In this temperature seyera| hours to remove any trace of moisture. This care is of great
range, the contribution of the relaxation component previously importance because water molecule dipoles, even in amounts
associated with the librations of the isolated carbonyl group is undetectable by using standard methods, will contribute significantly
found to be dominan'€ Therefore, the QENS results put into  to the dielectric losses in the BPAC secondary relaxation range.

guestion the independence of the carbonyl group motions and To obtain uniaxially oriented samples, the specimens were placed
instead, they again point to the cooperative character amongin a circulating nitrogen atmosphere inside the heating chamber of

the motions of the different molecular groups forming the BPA the miniature material tester MINIMAT 2000 (Rehometrics Sci-
PC unit entific). When the sample temperature was stabilized at 340 K, the

sample (of ribbon shape, typically 8 30 mn¥) was stretched at

In this work, we have performed broadband DS experiments a rate of 1.7 mm/s to achieve draw ratios in the range-4.6.
over a very wide temperature range on BPRRC in order to Once the desired draw ratio was obtained, the specimen was rapidly
gain new insight on the molecular origin of therelaxation. cooled to room temperature. Only at the end of the cooling process

Our approach has been to compare the dielegtiielaxation the mechanical stress maintaining the desired draw ratio was
measured on both oriented and nonoriented BP& samples removed. The sample orientation achieved was characterized by

. . . . i L means of birefringence measurements performed by using a prism
The dielectric y-relaxation loss intensity of the uniaxially  coypler refractometer (Metricon 2010). The corresponding values
stretched BPA-PC is known to be significantly lower than that  of the birefringence index\n (An = n, — n-) were in the range
of the nonoriented samplés1¢-18 However, it has been recently  0.03-0.0516 To avoid any moisture absorption, all the samples
found that the loss reduction is not uniform over the whole were stored under a dry nitrogen atmosphere before the subsequent
frequency rangé® which reflects the different influence of  dielectric experiments.
molecular orientation on the-relaxation components. Taking Dielectric Relaxation_Experiments.Brpadband dielectric spec-
advantage of this feature, it has been possible to obtain thetroscopy (BBDS) experiments over a wide frequency range;-40

. - e
characteristics of the BPAPC dielectric relaxation components. 10" Hz, were performed by using an ALPHA-S impedance analyzer

- . . (Novocontrol) in combination with a Quattro temperature control
This procedure has the advantage that, opposite to uS'ngsystem. Both oriented and nonoriented BPRC samples were

chemical modifications, the overall polymer structure is not measured isothermally in the temperature range from 120 to 420
changed much by cold-drawing, being the main effect an K with stability better than 0.05 K. The sample capacitor was
increasing of the local packing and the molecular orientaffon. formed with gold plated electrodes. For nonoriented BfEC
Furthermore, it has been suggested that cold-drawing ofBPA samples, a single piece of sheet was placed between two electrodes
PC will affect mainly those regions that are loosely packed, of 30 mm diameter. For the measurements on oriented s_amples,
which would be those having a higher molecular mobility, 20 mm diameter gold-plated electrodes were used. Four pieces of

ithout ch . h th Il ool tructe stretched specimen having the same birefringence were necessary
without changing much the overall polymer Structdre. to fill the electrode surface. It is noteworthy that in the experiments

The paper is organized as follows. In the next section, the on oriented samples the electric field was always perpendicular to
details of the experimental methods used are summarized. Inthe stretching direction and all the results below correspond to such
the Results, the dielectri¢relaxation data of both nonoriented ~ 9ometry. To confirm that the detected effects on the dielectric

and oriented BPAPC are presented and the characteristic times relaxation were only related to the molecular orientation, after the
f the t . laxati i tracted by th measurements the sample capacitor containing the stretched speci-
of the two main relaxation components are extracted by th€ ,ang \as annealed slightly aboVg In this way, the molecular

direct comparison between the loss curves collected on bothgrientation was lost and the measurement over the whole temper-
samples. Next, the comparison of these relaxation times with ature range was repeated without removing the sample from
those derived previously by means of different techniques for spectrometer. The dielectric relaxation behavior resulting from the
the phenylene dynamics is used to obtain a molecular assignmentatter run was that corresponding to a nonoriented BP& sample.

of the motions originating the two resolved components. Finally, ~Two additional equipments have been used in order to extend
at the end of the Discussion, we present a detailed quantitativethe investigated frequencies and temperatures. On one hand, a
analysis of the loss curves measured on BfPE, providing a Hewlett-Packard impedance analyzer HP4291B was used to cover

lete d it f th - tal dat d impl the high-frequency range 4010° Hz at temperatures above 150
compiete description of the experimental data and a SImple i |, s setup, a sheet piece was placed between two gold-plated

explanation of the observed effects of orientation on the electrodes 10 mm diameter. Isothermal frequency sweep measure-
dielectric relaxation. The conclusions are summarized in the ments were carried out with temperature stability better than 0.05
last section. K. The combination of the data collected in this high-freque&%v
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log(Freq[Hz]) times determined from dielectric experiments as the reciprocal of the
Figure 1. Dielectric relaxation losses of nonoriented BPRC on the angular frequency at the peak maximat)(whole y-relaxation of

whole temperature range investigated. The solid lines correspond toonoriented BPAPC, @) component, (O) componentl, and ()
the fitting of the data as originated for three distinct components (see componentll . Thick lines are the time scales derived from QENS ref

the text for details). The dashed i d to the final d intion 21 for the indicated motions and the diamonds correspofd MR
inetefr)‘;s%} t(heiglr?w)odel‘.e ashed lines correspond fo the final descrip Iondatataken from ref 23 (filled) and from ref 24 (empty). The solid lines

represent the fitting of the dielectric data and the dashed lines correspond

. to the extrapolation to the low-temperature side of the time scales
range with those measured at the same temperature at lowelyptained from QENS.

frequencies was performed using a minor correction, accounting
for the uncertainties in the determination of the capacitor geometry. l T T T T T T
The value of the correction factor was chosen to allow a good
matching of the permittivity values determined by means of both
setups in the common decade {10 f(Hz) < 107). On the other
hand, isothermal low-temperature measurements, below 110K, were
performed using a S11260 Impedance/gain-phase analyzer comple- g o1 e eeriy
mented with a MESTEC interface covering a frequency range PO ww"
102-10* Hz. The sample capacitor, formed with gold plated - : A
electrodes of 20 mm diameter, was mounted on the cold head of a
close-cycle helium refrigerator system CiCTryogenics 8200
connected to a Lake Shore temperature controller.

The more limited accuracy in the determination of the dielectric
losses in these two additional equipments (uncertainty irdtan
104 precluded a proper characterization of the effects of sample
orientation on the dielectric response and therefore the results
presented below in these extended ranges correspond only to % 1 0 1 B 3 4
nonoriented BPAPC. log(Freq[Hz])
Results Figure 3. Dielectric relaxation losses of cold-drawn BPRC (An =

0.043) in the temperature range from 120 to 260 K measured in steps

Figure 1 shows a series of dielectric loss curves corresponding®f 20 K. Data measured on the nonoriented sample at 120, 200, and
to a nonoriented BPAPC sample, covering the whole tem- 260 K are also included as dotted lines for comparison.
perature and frequency ranges investigated. From simple inspecless, this is an unbalanced effect since, for instance, the reduction
tion of the figure, a marked asymmetry of the loss peak is of the dielectric losses at 200 K is significantly less pronounced
apparent in the intermediate temperature range. A rapid nar-in the low frequency flank of the loss peak (see Figure 4).
rowing of the loss peak on increasing temperature is also Moreover, when the same kind of comparison is performed for
noteworthy. Figure 2 depicts the temperature dependence of thesamples with different level of orientation, it is found that the
characteristic time determined from these data sets as theloss reduction depends almost linearly on the molecular orienta-
reciprocal of the angular frequency at the maximum of the loss tion as determined by birefringence measurements, irrespective
peak. It is observed that, when the whole experimental frequencyof the frequency range considered (see inset of Figure 4). The
range—covering nearly 9 decadess considered, the resulting  fact that changing the molecular orientation level yields no
temperature variation deviates clearly from the linear behavior significant displacement of the peak frequency suggests that the
expected on such a representation from an Arrhenius-like sample orientation achieved by cold drawing does not affect
behavior. noticeably the characteristics of threrelaxation components,

Figure 3 shows a set of dielectric loss curves measured onbut mainly modifies their contribution to the whole relaxation
an oriented BPAPC sample An = 0.043). To highlight the process. Furthermore, what is of utmost relevance for our further
effect of orientation on the dielectric losses, some curves analysis is the unbalanced reduction of the dielectric losses,
corresponding to the nonoriented BPRC have also been  which in a two-component view of the-relaxation would
included in the same frame. The overall appearance of the lossindicate that the contribution of the slowest component is less
curves measured on the oriented sample is not very differentreduced by sample orientation, at least at 200 K. This quite
from that measured on nonoriented BPRC. However, the surprising finding has been unambiguously established and will
comparison of the loss curves recorded at the same temperatur®e rationalized below.
evidences a significant reduction of the dielectric loss peak The simplest way to account for the dielectyiaelaxation
intensity, in agreement with literature resuitd¢%18 Neverthe- of BPA—PC as originated from two distinct components isCtBV
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Figure 4. Detailed comparison between the dielectric relaxation losses
at 200 K of nonoriented®) and cold-drawn4) BPA—PC. The inset
shows the linear dependence of the dielectric lossesmuetermined

at 200 K for two different frequencies. The solid lines in the mainframe
show the final description of the data: componér(totted-dashed
lines), componenti (dashed lines), and compondht (dotted line).

consider that the measured losses are the result of the simple
addition of the corresponding dielectric losses, which will be
referred to asc”, and €y in the following. In this simple
approach one can write:

T T T T
- (C -
€o=€" ey €y =W T wey 1) N 00008 - O

_ =7 00002 |- ALe As o B
wheree'"n, ande”or are the experimental losses corresponding R A A“‘ ‘/lA:“A #.!:/A o,
to the nonoriented and to the oriented samples, respectively,?_ o0.0001 | 120K A lsokm - o0 i.}'\ i
andw; andw; would account for the loss reduction produced = A m - "% ok~ \“o
by molecular orientation on each of the relaxation components. N Y = 2 R N ‘o* g
Note that, as commented on above, it is assumed that the sample A 2° e % %"
orientation does not modify the dynamic characteristics of the 10 0 e o e 108
components. From the two-equation system (eq 1) it follows Freq. [Hz]

that Figure 5. Dielectric loss differences obtained by using the signal

measured both, on the nonoriented samples and on that with a
€'\ Ue' W'y e W,fle”or (2) birefringence indexAn = 0.043: (a) losses reflecting the dynamics of
the slowest componeiht (b) losses reflecting the dynamics of the best

A di hi f . . inciole. th resolved componerit, and (c) losses reflecting the dynamics of the
ccording to this new set of two equations, In principle, the  p54ly resolved fastest compondtit. The solid lines correspond to

dynamic characteristics ef', ande'"; can be determined from  the fitting of the data according to Gaussian functions. The dashed
the above presented experimental results. However, the temines are only guides to the eye.

perature range where eq 2 can be applied using experimental

data is limited because of both the intrinsic experimental deconvolution method followed above, opposite to previously
uncertainties and the accuracy in the evaluatiomofndw, . published works on the dielectrjcrelaxation of BPA-PC#14

To determine these values, it is necessary to access experimenThe characteristics of the components we obtained result from
tally the dielectric losses in the very high or in the very low- the direct comparison between the dielectric response measured
frequency side of the whole relaxation process. Actually, on the nonoriented and oriented samples, respectively. On the
and w; can be properly determined only at high and low other hand, the results shown in Figure 5, parts a and b, indicate
temperatures, respectively. Nevertheless, when analyzing thethat componentl is better resolved at high temperatures,
data shown in Figures 1 and 3 we have found that the values ofwhereas the signatures of compornieate significantly reduced

w; and w; are essentially temperature independent, in the at the highest temperatures investigated. This anticipates the
accessible rangey; = 0.91+ 0.02 andw; = 0.72+ 0.02. increasing relevance of componett in determining the
Therefore, by means of eq 2, we determined the characteristicscharacteristics of the whole dielectricrelaxation of BPA-

of both¢”, ande”, over the whole temperature range where PC at high temperatures.

measurements on the effect of orientation on the dielectric
y-relaxation are reliable. The so obtained results are shown in
Figure 5, parts a and b (for the sake of clarity, data for some Molecular Motions Responsible for the Two Resolved
intermediate temperatures have been omitted). The smaller effecty-Relaxation ComponentsThe comparison of the temperature

of orientation on componeitcauses the corresponding data to dependence of the main relaxation times of the two resolved
be more scattered. Despite that, from the results depicted incomponents with that determined directly from the maximum
Figure 5, parts a and b, the dynamic characteristics of the two of the whole loss peak evidences that the characteristic time of
components can be accessed, mainly the corresponding charthe whole y-relaxation is intermediate to that of the two
acteristic times. The values resulting from a Gaussian descriptioncomponents at the lowest temperatures and, on the contrary,
of the data points around each loss peak are included in Figuremuch closer to componerit at higher temperatures. This

2. Note that no curve fitting procedure is involved in the behavior suggests that the molecular mechanisms provokin&g]\?

Discussion
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dipole fluctuations responsible of the fast component have to L L L B B
be less efficient at low temperatures. This result provides a
simple explanation of the unconventional temperature depen-
dence of the dynamic characteristics of the whole dielectric
y-relaxation process. On one hand, the curvature (and also the
high value of the apparent activation energy) observed in the
Arrhenius representation would just be a consequence of the
increasing relevance of compondhtat higher temperatures. 400
On the other hand, the increasing contribution of this faster
component also would explain the rapid narrowing of the loss
peaks with temperature as depicted in Figure 1.

(o} IR PRI R B T

The dielectric relaxation of BPAPC mainly reflects the 08 1 12 14 16 18 2
molecular motions involving the carbonate (or carboxyl) group 21
since the rest of the molecular groups forming the repeating ) ] o )
unit, namely two phenylene rings and two methyl groups, do Figure 6. Comparison between the X-ray diffraction intensity recorded

.o . on nonoriented (solid line) and oriented (dashed line) BP& samples.

not present s_,lgnlflcant dlpole_ moment. I—_|owever, as already In the experiments the samples were rotated around the axis defined
commented in the Introduction, there is a rather general by the incident beam to average the influence of sample orientation in
consensus on the idea that the motions of the different groupsthe scattering geometry. The vertical lines mark the corresponding peak
of the BPA-PC unit are somehow correlated. With this idea in Positions.
mind, literature values of the characteristic time scales for the

motions of both the phenylene rings and methyl groups of the

©
o
o

X-ray counts

LB B B N I B B
1

literature resul®349. Although the dipole moment fluctuations
BPA_P ) d ined f _elasti would also be related to the carbonate group motions, it is
—PC unit, as determined from quasi-elastic neutron scat- evident from the above comparison that the characteristic time

tering_ QENgl'?TO ar_ld *H NMRZS'M measurements, ha\_/e also 4t the resulting dipole moment fluctuation is indeed determined
been included in Figure 2. It is clear from this comparison that by the phenylener-flip probability.

the molecular motions responsible of componértsdll would
be strongly related to the phenylendlips and to the phenylene q4ti0n of the carbonate groups in conjunction with tH@0°

~90° rotation, respectively. A reasonable extrapolation of the qation of the adjacent phenylene rings provides a quite simple
dielectric relaxation values to higher temperatures, where the explanation for the stronger reduction of comporierbserved
QENS values were derived, make the corresponding times 10ty the orientated samples. In the stretched sample, there would
nearly coincide. Furthermore, the characteristic times for pe 5 preferential local orientation of the chain such that the
pheneylener-flips derived fron?H NMR line shape analysi3** phenylene rings would become more closely padké8This
compares very well with that obtained dielectrically for com- s i fact supported by the significant effect of sample orientation
ponentl. Thus, the two components resolved in the dielectric o, the position of the main peak of the X-ray diffraction intensity
y-relaxation of BPA-PC result to be directly connected with  (see Figure 6). It is rather apparent that for the oriented sample
two well-defined jump motions of the phenylene rings. Con- the maximum intensity is found to be located at higher angles.
sequently, our findings would confirm the cooperative interac- pjoreover, the measured X-ray diffraction pattern of the
tion or coordination between the carbonate and phenylenengongriented sample compares well, as should be expected, with
groups. From the published molecular dynamics simulations andthe coherent intensity determined by neutron scattering on a
quantum mechanics calculatios?? it could be inferred that  fylly protonated BPA-PC36 In particular, the maximum
this coordination would be originated by the intramolecular intensity occurs in both cases in the same range. Moreover, by
conformational energy map of the isolated diphenyl carbonate comparing the coherent scattering from several BP&
molecule. In these molecules, the orientation between the planesamples with selective deuteration, the neutron scattering
of the phenylene ring and the carbonate group is abott85  jnvestigations also showed that the interchain carhzarbon

a result of the competition between the two effects: the steric correlations contributes as a peak around 1:3,Ae., in the
hindrance, which tries to separate as much as possible thesame range where the maximum X-ray intensity is observed.
orthohydrogen from the double bonded oxygen; and the Therefore, the shift of the peak position to higi@values in
electronic delocalization, which tries to get them as close as the oriented samples provides a direct evidence of the increasing
possible. As a consequence, the conformational map for thepacking density. The better packing of the polymer chains would
torsional angle between the two groups shows, in addition to produce an increase of the steric hindrance for tfer@@tions

two main maxima in the coplanar configuration (0 and?)80  since it would be difficult for a ring to find an environment
two smaller relative maxima in the perpendicular configuration with enough room to be well accommodated after &janp.

(90 and 270).?” Thus, a phenylene ring would be able to Furthermore, the effect of chain orientation would be weaker
undergo~90° rotation over these relative maxima, which would on the phenylene-flip jumps since in this case the initial and
imply a concomitant jump of the adjacent carbonate group, final states of the molecular groups of the corresponding
therefore, contributing particularly to the dielectric relaxation. monomer are indistinguishable and likely the position of the
On the other hand, the phenylene ring would also undergo surrounding units would become only slightly disturbed.
n-flips over the main potential barrier, which according to the Nevertheless, it would be expected that chain orientation would
dielectric results would also involve some dipole fluctuations. also affect the in-chain cooperativity between the phenylene
However, since after phenylene-flip the ring orientation n-flips and the carbonate motions. Regarding this, it is also
remains the same, the observed dielectric relaxation componentvorth mentioning that there are some evidences in the literature
should be originated by dipole moment fluctuations due to pointing out to the kind of picture discussed abé¥®articu-
carbonate motions taking place during the rearrangement of thelarly, phenylene rings are found to preferentially orient parallel
surrounding unitg, likely including those belonging to other to each other in the oriented samples, however, being the
nearby repeating units of the same chain (as suggested bydihedral angles between the carbonate and the phenylene g&%@s

On the other hand, the assignment of comporkrib the
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Table 1. Characteristics of the Three Components of the Dielectric
y-Relaxation of BPA—PC?

in BPA—PC unaffected, to within experimental precision. Also,
experiments on cold-rolled BPAPC showed a decreasing

concentration of free volume hofesvhere the phenylene90°- component Te (S) (EC(kI mol?Y) o (kI motY)  AeodAeno
rotations are expected to be less hindered. | 7.8 10-14b 40—+ 1 114+ 1.7 0.86
With the arguments discussed above, one should also expect I 7.8x 10714 29.4+0.5 7.1+£0.3 0.65

Il 1x 1013¢ 19 6.5+ 0.5 ~0.80

the probability of phenylene-90°-rotations to increase with
temperature due to the effect of thermal expansion on the aThe last column gives the estimates of the effect of orientation on the
available space around a phenylene ring. This would yield and dielectric strength of each componehEixed in the fitting procedure. Data
increasing contribution of such molecular motions to the whole from ref 21.
dielectricy-relaxation, as it has been evidenced experimentally ] o )
above (see peak intensities in Figure 5b), and will be further ~ As afirst step in this approach, we have fitted the temperature
apparent in the detailed quantitative analysis that will be dependence of the relaxation times of componeatsdll (see
presented below. Summarizing, the stronger effect of chain Figure 2) by an Arrhenius equation to get the corresponding
orientation on the fastest of the two relaxation components can Values of the average activation energies and the preexponential
be rationalized by the fact that although the thermal energy factorsz.. The values of the resulting fitting parameters are
necessary for this jump is smaller than that for a phenylene mcludgd |n.TabIe 1. Because of t.he higher uncertainty in the
7-flip, the number of units participating in these events is limited "eélaxation time values corresponding to comporiefar those
by packing. data, 7. has been assumed to take the same value than that
Finally, it has to be pointed out that the molecular assignment corresponding to componetit. As can be seen in Figure 2,
presented above is different from that proposed recently by this assumption allows a good description of the _observed
Merenga et at In that work, the characteristics of the two ~témperature dependence. Furthermore, the value.fas on
components on the-relaxation of BPA-PC were inferred from the order of the_remprocal of a typical V|brat|on_al frequency as
the comparison among the dielectric relaxation of a series of Should be required for any simple molecular jump. Note that
poly(ester carbonate)s. On this basis, these authors attributed"iS iS not the case of the parameters obtained when fitting the
the faster component to the librational motions of the carbonyl ime characterizing the maximum of the whole dielectric
group alone and the slower one to the motions carbonyl group y-re_laxatlon losses (neither for the mechanical relaxafi6sd.
coupled with the phenylene motions. Although the latter 10 fitthe loss curves corresponding to comporiéenthe values
assignment is compatible with our results, the former is not Of [ELandz.. appearing in Table 1 have been fixed in eq 3. In
because of the clear correlation we obtain between the dielectrictis Step, the fitting was limited to those few temperatures where
componentl and the phenylene-90° rotations detected by the shape_ of the dielectric peak is sufficiently well-defined by
QENS. the expgrlmental data. .T.he average vgluegfor component
Detailed Analysis of the Dielectric y-Relaxation. The Il resulting from that fitting is shown in Table 1, where the

relaxation components depicted in Figure 5, parts a and b Canuncertainties have been estimated to account for the values
be further analyzed by in an attempt to describe in detail the derived at different temperatures. When the same procedure was

whole y-relaxation process of BPAPC. In the procedure applied to the data of componen(Figure 5a) the values afe

followed below, we have assumed that the two dielectric loss ;esijlgtek% /to ?e very much scattered, with values in the range
contributions resolved in Figure 5, parts a and b, are the results mol.

of simple molecular motions involving jumps between two

In the following, we will focus on the determination of the

equivalent energy minima separated by an energy barrier. Forcontribution of each of the two isolated components to the whole

componentl , this energy barrier would be that separating two
equilibrium positions of the carbonate unit, which would also

dielectricy-relaxation of BPA-PC. To obtain this information,
in the next step of the fitting procedure, the dielectric loss data

of nonoriented BPAPC were fitted as a superposition of the

two components (each contributing as indicated in eq 3a and
with the above derived parameters) allowing the corresponding
an amorphous polymer, the barrier height for each process will dielectric strengths as fit’ging values. However, this procedure
be distributed. In this simple picture, the dielectric losses does notallow a good fitting of the data at temperatures below
associated with each relaxation component would be just a_220 K, the experimental data showing significantly more losses

consequence of the superposition of single Debye processed! the high-frequency side of the measured window. Although
given by one could consider this discrepancy to be due to the high

uncertainties of the values af. for componentl, if this
parameters is let free in the fitting procedure the resulting values
are, not only incompatible with the results shown in Figure 5a,
but also unphysically large (the slower process would contribute
more at high frequencies than the faster one). A possibility to
explain all these features is that there is some other weak and
faster contribution to the dielectrig-relaxation of BPA-PC.
Such a possibility is strongly supported by the measurable
dielectric losses observed at temperatures as low as 77 K (see
Figure 1) where taking into account that the time scales
corresponding to componentandIl are both larger than £0
Rbeing the gas constarii the activation energyElthe average s, any significant contribution from these components is
value,og the standard deviation of the distribution, ahe the expected in the experimental frequency window. If this ad-
measurement of the dielectric strength associated with this ditional contribution is either, relatively weak or hardly sensitive
component. Note that we have also made the assumption thato sample orientation (or both), it would not be easily detectable
the energy barrier distribution is of Gaussian shape. by the procedure followed above. Since this extra contribu&%\/

correspond to that of &90° phenylene rotation. The energy
barrier for component would rather correspond to that of a
phenylener-flip. Because of the intrinsic structural disorder of

€'(f) = Ae L”ﬂe(lz) dE

+ [27 f 7(E)]? (32)

with

1 [E- EY
@UE\ 20

(3b)

7(E) = rmeX[(R—ET G(E) =
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would be faster than those previously resolved, it should be T T T ' T =

more relevant at low temperatures. Looking for any signature 0-12 |- u 7
of such an third component, we have made a direct comparison
between the measured losses on the oriented and nonoriented °

samples at low temperatures (namely £260 K). The orienta- ' component ! _ o ®"

tion effect on the dielectric relaxation at these low temperatures , o =R .7

also results in an unbalanced loss decreasing, being slightly more< | . | D |
pronounced in the low-frequency side of the measured window ' B

(see curves at 120 K in Figure 3), where comporiemwould p o'\

be the main contribution. Thus, by applying eq 2 at these low 0.03
temperatures we have tried to obtain some information on this ~ {-------------- o aa \
third component (Figure 5c). Despite the large uncertainties _component Il TS TR L\
resulting from that procedure, when the resulting characteristic ol 1 L L ! L L
times are included in Figure 2, it seems that the additional 0 5 100 150 200 250 300 350
component of the dielectrig-relaxation could again be directly TK]

connected with some phenylene motion, namely with the fast Figure 7. Dielectric strength of the three components of the BPA

angular oscillations around the C4 axis detected by QENS not PC dielectricy-relaxation. Solid symbols correspond to the nonoriented

; _ ; C samples and empty symbols to the oriented one. The lines correspond
only in BPA PC but also in other polymers containing to a smooth description of the temperature behavior.
phenylene rings.

By assuming the presence of a third faster contribution to angular phenylene oscillation in ref 21, is also able to describe
the dielectricy-relaxation of BPA-PC, the fitting procedure  ell the experimentaley; (T) behavior.

was repeated by assuming that this faster component is also  op, the other hand, the deviations from the low temperature
described by the set of eq 3 with the same Arrhenius dependence,yirapolation observed at high temperatures are very likely
of the time scale than that obtained in ref 21 for the fast (g|ated with the fact that componelit is completely out of

phenylene angular oscillations,(= 10~**s, [EC= 19 kJ/mol). the experimental frequency window in this temperature range.
Since the large uncertainties of th_e data d(_eplcted in Flgure 5CActuaIIy, the fitting quality is hardly affected when the values
do not allow one to obtain a meaningful estimatergfor this of Aey (T) are fixed in the fitting procedure to those extrapolated
component, we have allowed this parameter to be free in the from |ow temperatures. The solid lines in Figure 1 are the resuits
fitting of the low-temperature data of BPAPC (T < 170 K). of such a fitting procedure. A remarkable good description of
The average of the resulting valuesois = 6.7 + 0.8 kJ/mol. the experimental data is achieved using the above indicated

It is noteworthy that the so derived energy barrier distribution Aen (T) and allowing now the two amplitude factors of

is not easily copnected with a particular mc_)lecularjump, but it componentd andll as the only two fitting parameters. The
should be considered as a measure of the time scales of a variety,responding temperature variations are depicted in Figure 7.
of ill-defined fast molecular motions, likely those including the Itis found that the dielectric strength of componeniecreases
methyl group 3-fold rotat|o_n, that makes the local environment rapidly at temperatures above 200 K and eventually vanish at
of both the phenylene rings and the carbonate groups 10 ghout 350 K. Concurrently, a fast increasing\af; is apparent.
fluctgate. This could explain why thg dielectric relaxat_lon times  These temperature variations quantify what was already antici-
of this fast component agree well with those accounting for the pateq qualitatively from the variation of the amplitudes of the
phenylene ring oscillations as observed by QENS. loss peaks shown in Figure 5, parts a and b.

Thus, in the subsequent step, the characteristic times of the  As a final test of the present approach, the solid lines in Figure
three resolved components and the distribution broadening of7 describing the temperature variation of the dielectric strength
components$l andlll were fixed in order to fit BPA-PC losses  of the three components, has been used to calculate the dielectric
in the intermediate temperature range (2@40 K). In this losses of BPA-PC over the whole temperature range investi-
temperature range the time scales of processes | and Il aregated (76-350 K). The comparison between these calculated
included in the measured window allowing to obtain a more cyrves (dashed lines in Figure 1) and the experimental data
confident estimate obg for process I. The resulting value is indicates that this approach is able to provide a good estimate
shown in Table 1. Finally, in the last step of the fitting of the experimental dielectric losses of BPRC over extremely
procedure, the dynamic characteristics of all the components|arge temperature and frequency ranges.
were fixed over the whole temperature range, allowing the  according to the above results, it seems that the whole
three corresponding dielectric strengths as the free-fitting dielectricy-relaxation of BPA-PC at high temperatures (cB.
parameters. > 280 K) would be dominated by the carbonate reorientations

The temperature dependence of the so obtaihedalues occurring concurrently with the phenylene90° rotations.
for componentll is depicted in Figure 7. From these data, it However, lowering the temperature, this mechanism would
is evident that the contribution of this component to the whole become hindered and below 200 K the slowest component,
y-dielectric relaxation process is relatively weak, but significant, related with the phenylene-flips, results the most prominent
and tends to decrease smoothly by reducing temperature. Acontribution to the whole dielectric losses. With respect to that,
linear temperature variatiom\g; = 0.0096+ 3.1 x 107> T) it is noteworthy that the mechanical relaxation measurements
is able to provide a reasonable description of the dielectric of they-relaxation of BPA-PC exploring this low-temperature
strength of this fast component. This temperature dependencerange also yield relaxation times that match well to those derived
of Aey can be easily rationalized because the increasing for the phenylenet-flips as determined by QENSand 2H
amplitude of the phenylene ring oscillations detected by QENS NMR.2324 On the other hand, the strong increment of the
would be accompanied by an increase of the amplitude of the dielectric strength of componetit in the range from 200 to
oscillation in the neighboring carbonate units. In fact, a power 270 K would imply that in this temperature range the probability
law increasing, similar to that used to account for the average of a phenylene ring to perform &90° jump also increas%DV
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strongly. This could allow rationalizing the apparent inconsis- T T !
tency between QENS and NMR results concerning this par- r u} 1
ticular phenylene motion. According to the analysis of different ol o® 4]
NMR experiments on BPAPC, ther-flips and fast oscillation

of the pehnylene units are sufficient to account for the observed
features?®24390n the contrary, coherent QERISIata on fully
deuterated BPAPC, where the phenylemeflip motion do not
contribute, clearly evidence a dynamic process that matches well
with the characteristics of the phenyler80° jumps. However,

it is noteworthy that different times scales are explored by both §
experiments and, therefore, they present the best sensitivity at 02
rather different temperatures. Namely, the QENS signal is well

tuned at temperatures in the range 3@00 K where according

to our dielectric results the carbonate/phenyle®€° rotations 0.01
will be very significant. However, the typical frequencies of

°H NMR are in the range of ¥0Hz and, thus, this technique o , .

would be sensitive to the carbonate/phenylene rotations only at 100 150 200 250 300
lower temperatures where our analysis shows that the carbonate/ T

phenylene~90° rotations are considerably hindered. Figure 8. Comparison between the mechanical losses of BP& in
. the y-relaxation range,[5] (empty squares) with that calculated with
As a further test of the main features of the present approach,component modeling the dielectrig-relaxation (solid lines). The inset

we have performed the same kind of fitting with the data shows an Arrhenius plot with the corresponding characteristic times:
corresponding to the oriented sample. Because of the weaknesgxperiment&f (00) and calculated@).

of componentlll , the dielectric strength of this contribution
has been also fixed in the fitting procedure and taken to be the
80% of that used for the nonoriented BPRC, as suggested
from the high frequency data at 120 K of Figure 3. The solid
lines in Figure 3 correspond to the fitting so obtained and the
corresponding values of the dielectric strength are included in
Figure 7 (see open symbols). As it could be anticipated from
the above results, orientation yields a weaker reduction of the
dielectric strength for componehthan that for componerit .
Dashed lines in Figure 4 show in detail the effect of orientation
on the two components at 200 K. Furthermore, according to
our results, the reduction factor hardly depends on temperature
and it is about a 14% (dashedotted line in Figure 7) reduction
for component and as high as a 35% reduction for component
Il (dashed line in Figure 7). It is also noteworthy that these
estimates allow also to account for the measurable effect of chain

onenta:t(ljon on the phenylene dynamics as determined by ocnanical experiments in the inset of Figure 8. As it can be
QENS: observed we found a surprisingly good agreement between the
A noteworthy implication of the analysis above presented is mechanical data and the results from the calculation of the
that the peculiarities of the-relaxation process in BPAPC dielectric component. This result supports again the close
arise as a consequence of the quite sharp increasing/decreasingonnection between the phenyleneflip motions and the
of the dielectric relaxation strengths of the two main compo- mechanical behavior, at least at low temperatures, even though
nents. Actually, the dynamic characteristics of the three mo- a phenylenen-flip alone would neither be reflected as a
lecular motions considered are rather conventional; i.e., eachmechanical relaxation process, nor as a dielectric one. On the
depicts an average time scale following an Arrhenius-like other hand, it is noteworthy that the apparent activation energy
temperature dependence, with a value of the prefactor of thethat would result from an Arrhenius fit of this set of data is
order of the reciprocal of typical vibrational frequencies, and about 20% larger than the actuéd kJ/molcorresponding to
each is distributed according to a temperature independentthat component. This apparent discrepancy evidence the dif-
distribution of activation energies. All these characteristics, ficulties, already pointed out in the literatut&!2in interpreting
however, when combined with rather sharp temperature varia- correctly the experimental data derived from isochronal experi-
tions of the relaxation strengths give rise to an apparently ments when the relaxation time is not the only single charac-
unconventional behavior of the whole relaxation peak, not only teristic of the process that changes with temperature, but also
when characterized isothermally but also, more evidently, when the amplitude and the relaxation shape are temperature depend-
characterized isochronally. This latter type of experiment is quite ent. Finally, the good agreement found between what was
standard in mechanical relaxation investigations. These experi-derived for component from dielectric experiments and the
ments have shown that the mechanical behavior of BP& experimental mechanical relaxation data, does not exclude the
is closely connected with the phenylen€flip motions. The possibility of a significant contribution of the carbonate/
direct relationship between mechanical relaxation and phenylenephenylene concurrent rotations to the mechanical properties of
m-flips would have, according to the results presented above, BPA—PC at higher temperatures. It is remarkable in this context
two main reasons. On one hand, mechanical relaxation tech-that the brittle-ductile transition temperature for BPAC' is
nigues involve low frequency experiments and subsequently in the range where the strength of the dielectric component
explore the low-temperature range where phenyfefigs also associated with the carbonate/phenylene rotations starts in%ﬁﬁ?
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dominate the dielectric losses. Note that although a phenylene
n-flip alone would not have any direct effect neither on
mechanical nor on the dielectric relaxation, the subsequent
rearrangement of the surrounding units would be detectable in
both relaxation experiments. On the other hand, the relevance
of phenylener-flips to the mechanical relaxation would persists
at higher temperatures since the increasing relevance on the
dielectric relaxation is likely specifically related with the large
amplitude of the carbonate motions. To illustrate this situation,
we have calculated the isochronal loss curves of compdnpent
that associated with the phenylendlips, at the low frequencies
usually explored by mechanical relaxation techniques (in the
range 102—10? Hz) (see Figure 8) and characterized the
resulting isochronal curves by the temperature of loss maxima
(as it is commonly done in experiments). The so obtained
characteristic time values are compared with those obtained from
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