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ABSTRACT: FT-IR spectroscopy was used to examine conformational changes in the quenched Bisphenol A Polycar

bonate (BPAPC) films during physical aging. It was observed that the amount of energy favored trans-trans conformers 

increased, while energy less favored trans-cis conformers decreased upon sub-Tg annealing. Since the trans-trans con

formers allow closer local packing of the polymer chains than the trans-cis conformers do, the results may indicate that 

sub-Tg annealing will lead to closer interchain packing. In situ FT-IR studies on the conformational changes of BPAPC 

films with different thermal histories, i.e., quenched from the rubbery and sub-Tg annealed for different time, were car

ried out while increasing the temperature through the glass transition region. The temperature dependencies of the 

infra-red spectra show that incremental changes of the population of trans-cis conformers in the quenched sample are 

gradual, while rather abrupt changes occur in the sub-Tg annealed samples. The magnitude and temperature of the 

abrupt changes of trans-cis conformers are related with the time of the sub-Tg annealing. The energy absorbed during 

the abrupt conformational change represents only part of the energy of the endothermic peak observed by modulated dif

ferential scanning calorimetry. The results are explained in terms of the formation of new cohesional entanglements 

during sub-T" annealing. 
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It is well known that annealing amorphous polymers 
in a temperature range below their glass transition tem
perature (Tg) will result in changes in their structure 
and properties. This phenomenon, which is known as 
physical aging, 1- 4 occurs because an amorphous mate
rial at a temperature below Tg is in a glassy, nonequilib
rium state which, on annealing at constant temperature, 
will approach with time an equilibrium state at that 
temperature. The physical aging yields remarkable 
changes in the mechanical properties of polymers, such 
as embrittlement, decrease in yield strength and 
changes in creep and stress relaxation, so accurate pre
diction of changes in physical properties with aging can 
have significant economic implications. However, the de
scription and prediction of physical aging effects met 
with much difficulty caused by their nonlinear and non
exponential characters.5

-
8 Understanding of the physi

cal aging on a molecular level is too poor to be of much 
help. Many investigators have suggested that aging is a 
completely morphological effect, that is, a result of the 
polymer chains attempting to reach an equilibrium, low 
energy conformation. It will be interesting to study the 
changes of conformational structure of the polymer 
chain and inter-chain packing during physical aging. Re
cent studies have employed such techniques as Nuclear 
Magnetic Resonance (NMR),9

•
10 Electron Microscopy 

(EM)12
•
13 and Raman Spectroscopy14 to determine the 

polymeric structure before and after the aging process. 
In this work, we employed Fourier transform infrared 
(FT-IR) spectroscopy, which is sensitive to conforma
tional structure, to monitor the change of conformation 

during physical aging of bisphenol A polycarbonate 
(BPAPC). In order to study the changes of interchain 
packing during physical aging, we further conducted 
modulated differential scanning calorimetry (MDSC) 
and in situ FT-IR experiments. 

It is well established that physical aging is a relaxa
tion process, and the main thermodynamic parameters 
that change with time are the volume and the enthalpy, 
provoking changes in many physical properties of the 
polymer (i.e., mechanical1 or dielectric properties15•

16
). 

Differential scanning calorimetry (DSC) has tradition
ally been used to reveal enthalpy relaxation occurring 
near or below the Tg in amorphous polymers. However, 
the overlap of the glass transition and the enthalpy re
laxation often makes the measurement of relaxation en
thalpy and the interpretation difficult. Recently, a new 
thermal analysis technique, 11- 20 modulated differential 
scanning calorimetry (MDSC) has been developed to pro
vide not only the "total" heat flow obtained from conven
tional DSC, but also separates the total heat flow into 
two parts: the heat flow from the heat capacity effect (re
versing) that usually comes from glass transition relaxa
tion or crystal melting; and the heat flow from the non
heat capacity effect (nonreversing) that usually comes 
from enthalpic relaxation or cold crystallization. As a re
sult, the relaxation enthalpy can be obtained directly 
from the nonreversing heat flow. Therefore, MDSC is 
very suitable for the study of physical aging in polymers. 
Many papers21

-
23 have reported that the sub-Tg an

nealed specimen shows an endothermic peak close to Tg 
in the DSC curve, and the magnitude and temperature 
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of the peak increase with increasing annealing time and 

temperature. In this work, we observed the similar phe

nomena during physical aging of BPAPC by MDSC and 

obtained the relaxation enthalpy data directly. However, 

our understanding of these phenomena on a molecular 

level is rather limited. Thus we further conducted in situ 

FT-IR studies on the conformational changes of BPAPC 

films with different thermal histories: quenched from 

the rubbery and sub-Tg annealed for different time. It 

was found that incremental changes of the population of 

trans-cis conformers in the quenched sample are grad

ual, while abrupt changes occur in the sub-Tg annealed 

samples. Comparing the energy absorbed during the 

abrupt conformational change with the energy of the en

dothermic peak observed by MDSC for the annealed 

sample, we can get some clue of the changes of inter

chain packing during physical aging. 

EXPERIMENTAL 

Amorphous BPAPC films of about 3 µm thickness 

were prepared by solution casting of a 5.0% solution of 

BPAPC in chloroform onto glass plates at room tempera

ture. The cast films were air dried and then dried in vac

uum at 60°C for 72 h to remove residual solvent. The 

dried films were heated to 170°C for 15 min and rapidly 

quenched into ice water to get the rubbery-quenched 

sample Q, and then they were annealed at 127°C for dif

ferent time to get the sub-Tg-annealed samples. 

Infrared spectra were recorded on a Perkin-Elmer 

System 2000 FT-IR instrument under standard operat

ing conditions. For room temperature measurements 

each spectrum was the average of 32 scans at a resolu

tion of 4 cm- 1
. For measurements during a temperature 

scan from 126°C to 158°C, the specimen was held in the 

heating cell, the heating rate being 1 °C min·· 1. The spec

tra were taken every 2°C increase, and each spectrum 

was the average of 20 scans. The measurement time per 

each spectrum was about 50 s. Selected IR bands were 

resolved using a peak fitting program (LCC) to deter

mine the area under the peak, the bands were assumed 

to be Gaussian with a linear baseline. 

Thermal characteristics of samples were determined 

with a TA 2910 MDSC. In MDSC, a sinusoidal tempera

ture change is superimposed on the normal temperature 

program, which will result in a cyclic heating profile. De

convolution of the resultant heat flow profile during this 

cyclic heating provides not only the "total" heat flow ob

tained from conventional DSC, but also separates that 

total heat flow into its reversing (glass-transition) and 

non-reversing (enthalpy relaxation) components. Thus 

the relaxation enthalpy can be calculated using the non

reversing heat flow signal. Samples of 5~ 10 mg were 

used in this test. A heating rate of 5°C min -l was em

ployed from 70°C to 200°C with temperature modulation 

amplitude of 1 °C and an oscillation period of 40 s 

throughout this investigation. Both temperature and 

baseline were calibrated as in conventional DSC. Nitro

gen was used as purge gas. In all the thermograms pre

sented, endothermic signals are downward pointing. 
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Figure 1. Possible conformations of di phenyl carbonate: (a) 

trans-trans and (b) trans-cis. 

RESULTS AND DISCUSSION 

The -C6HcO-CO-O-C6H4- moiety (diphenyl carbon

ate group) of a BPAPC chain shows trans-trans and 

trans-cis conformers through the rotations of the phenyl 

group (see Figure 1). P. Schmidt et al. 24 found that both 

trans-trans and trans-cis conformational structures are 

present in the amorphous phase, and further performed 

the infrared spectroscopic characterization of contribut

ing conformers of the BPAPC. The bands at 1223 cm- 1 

and 1252 cm - l have been assigned to C-O-C antisym

metric vibration in the trans-cis and trans-trans con

formers separately. The higher-frequency component of 

the carbonyl band corresponds to energetically less fa

vored structure trans-cis conformer, while the lower

frequency component of the carbonyl band is due to en

ergetically favored structure trans-trans conformer. All 

these bands are sensitive to conformational structure. So 

we can use these four bands to observe the conforma

tional changes during physical aging. Since there is 

overlap of the trans-trans characteristic bands lower

frequency of carbonyl band and 1252 cm -l with trans

cis characteristic bands higher-frequency of carbonyl 

band and 1223 cm - 1, we use the difference spectra to ob

serve the conformational changes during physical aging 

process. 
Samples of solution-cast amorphous BPAPC films 

with different thermal history, one being quenched in ice 

water from l 70°C (Q), others being annealed at 127°C for 

different time, were analyzed by Fourier transform IR 

spectroscopy at room temperature. Figure 2 shows the 

difference spectra of QAl-Q and QA2-Q, where QAl is 

the sample that was annealed for 32 h, QA2 is the sam

ple that was annealed for 96 h. From the difference spec

tra, we can see that the 1772 cm - l (lower-frequency of 

carbonyl band) and 1252 cm - l bands associated with the 

trans-trans conformation are both positive, and 1781 

cm - l (higher frequency of carbonyl band) and 1223 cm - l 

bands associated with the trans-cis conformation are 

both negative. The intensities of these four bands for QA 

2-Q are stronger than those for QAl-Q. This indicates 

that the population of low-energy trans-trans conform-
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Figure 2. Difference spectra of samples QAl-Q and QA2-Q, 
where Q is the sample quenched from rubbery state, QAl and QA2 
are the samples annealed at 127°C for 32 hand 96 h separately. 

ers increases, while the population of high-energy trans
cis conformers decreases upon sub-Tg annealing. This is 
supported by the X-ray results.11 Figure 2 also shows 
that the increase of absorbance of the 1781 cm - l band is 
similar to the decrease of absorbance of the 1772 cm -l 
band, which indicates that the absorptivity ratio of the 
1781 and 1772 cm -l bands is close to 1. However for 
doublet 1252/1223 cm -l, it is complicated due to the 
overlap with 1194 and 1163 cm- 1 bands. So we choose 
1781 and 1772 cm -l two bands as the key bands for de

termining the relative conformational population. Since 
these two peaks were not well resolved for quantitative 
analysis, we employed curve fitting procedure to sepa
rate them. Since from the difference spectrum we knew 
that the 1781 cm -l and 1772 cm -I bands can be as

signed to trans-cis and trans-trans conformations 
seperately, we curve fitted the original band contour 
with fixing the positions of these two components at 
1781 and 1772 cm- 1. We found out that a Gaussian pro
file, rather than a Lorentzian band shape, leads to a bet
ter fit of the spectra. Therefore, by assuming the bands 
were Gaussian with a linear baseline, all the spectra in 
this region were curve fitted with fixed peak position to 
determine the area under the peaks, as is shown in Fig
ure 3. Thus the fraction of trans-trans (fT-T) and trans-cis 
(h-d conformers can be obtained by 

and 
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Figure 3. Curve fitting of the IR spectra in the region between 
1700 and 1850 cm- 1

. Dotted spectrum is the original band contour. 
Solid spectra are the curve-fitted band contour and its components. 
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Figure 4. Changes of the percentage of trans-trans conformers 
of quenched sample as a function of annealing time at 127°C. 

sub-Tg annealing time of the BPAPC films were shown 
in Figure 4. It is clear that the conformational state fro
zen at 170°C in the sample Q has more high-energy 
trans-cis conformers, and the percentage of trans-trans 
conformers increases with increasing annealing time 
and starts to level off after about 20 h. The quenched 
sample is known to be a nonequilibrium state. Sub-Tg 
annealing of the quenched amorphous sample will bring 
it to a state closer to the equilibrium state accompanied 
by changes in the interchain aggregation and the long
range chain conformational structure. The conforma
tional state frozen at higher temperature in sample Q 
has more high-energy trans-cis conformers, but less low-
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Figure 5. Total heat flow MDSC curves obtained at 5° min 1 for 
the rubbery quenched BPAPC samples with different thermal his
tory (annealed at 127°C for 0 h, 1 h, 2 h, 8 h, 24 h and 48 h). 

energy trans-trans conformers. The percentage of trans 
-trans conformers increases with annealing time during 
transition to the state closer to equilibrium. 

The MDSC total heat flow curves for the quenched 
sample Q and the sub-Tg annealed at 127°C for 1 h, 2 h, 
8 h, 24 h, and 48 h samples are shown in Figure 5. The 
total heat flow curve shows the sum of all the thermal 
response of the sample and provides the same level of in
formation as in normal DSC. From the figure, we can see 
that the quenched sample shows a step-like increase of 
enthalpy during heating up across Tg, however, the sub
Tg annealed samples display an endothermic peak 
around Tg. The endothermic peak increased in magni
tude and shifted to higher temperatures with increasing 
annealing time. Since MDSC can separate the total heat 
flow into two parts: reversing (glass-transition) and non
reversing (enthalpy relaxation) components, we can ob
tain the accurate relaxation enthalpy (!',.H) directly from 
the non-reversing heat flow. The results are listed in Ta
ble I. From this table, we can see that the magnitude of 
enthalpy relaxation increases with the aging time. 

In order to understand this phenomenon on a molecu
lar level, in situ FT-IR measurements were carried out 
to see what conformational changes could be observed 
for the BPAPC films with different thermal history. On 
heating up at 1 °C min -I from 126'C to 158'C through Tg, 
the temperature dependencies of the infra-red spectra 
for BPAPC films with different thermal history were 
measured. The spectra were taken every 2°C increase in 
temperature. The difference spectra were obtained by 
subtraction of every other adjacent spectrum. Figure 6 
shows the temperature difference spectra for every 4 °C 
increase in temperature of the samples: (a) quenched, (b) 
annealed at 127° for 48 h and (c) annealed at 127°C for 
120 h. With the increase of the temperature, the 1223 
cm- 1 and 1781 cm- 1 bands associated with the trans-cis 
conformation increased, but the 1252 cm -I and 1772 
cm -I bands associated with the trans-trans conforma
tion decreased. This indicates that the conformation of 
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Table I. Relaxation enthalpy ofBPAPC samples 
during physical aging 

Samples Relaxation enthalpy~ H /(Jg 1
) 

Quenched from rubbery state 0 
Sub-Tg annealed for 1 h 1.01 
Sub-Tg annealed for 2 h 1.15 
Sub-Tg annealed for 8 h 2.11 
Sub-Tg annealed for 24 h 2.40 
Sub-Tg annealed for 48 h 3.01 

BPAPC films will change from low-energy trans-trans 
conformation into high-energy trans-cis conformation 
with the increase of the temperature. For quenched sam
ple, this rate of transition is similar, only a little higher 
above Tg (in the region 142°C to 158°C). However, for an
nealed samples, the rate of transition is highest in the 
glass transition region (142-146°C). In order to observe 
this phenomenon more clearly, the changes of the popu
lation and rates of increase of trans-cis conformers as a 
function of temperature from measured S 1772 and S 1781 

were calculated. Figure 7 shows the rates of increase in 
trans-cis conformers as a function of temperature for 
these samples. The increase in the fraction of trans-cis 
conformers went gradually for quenched sample, while 
abrupt conformational changes occurred in the sub-Tg 
annealed samples. The magnitude and temperature of 
the abrupt changes of the fraction of trans-cis conform
ers depend on the time of sub-Tg annealing. It is inter
esting to see that the shapes of the curves closely resem
ble the reverse ofMDSC curves for all the samples. How
ever, comparing the MDSC curve (see Figure 5) with FT
IR result (see Figure 7b) of the sample annealed at 127 
°Cfor 48 h, it was found that the endothermic peak of 
MDSC curve occurred at higher temperature (147°C) 
than the peak in the rates of trans-cis conformational 
population (144°C). This maybe because the heating rate 
in MDSC measurement (5 °C min - 1

) is faster than that 
in IR measurement (1 °C min- 1). 

It is interesting to determine the energy absorbed dur
ing the conformational abrupt changes. The experimen
tal value of0.46 kcal mol- 1 or 7.57 J g- 1 was obtained24 

for the energy difference between the trans-cis and the 
trans-trans conformation. For the sample annealed at 
127°C for 48 h, the increment of population of trans-cis 
conformers from 140°C to 150°C is 2.0%. So the energy 
absorbed during the step conformational change is 0.15 
J g- 1

. However, the relaxation enthalpy in the MDSC 
measurement of this sample was 3.01 J g- 1 (see Table I). 

Therefore, the energy absorbed during the abrupt con
formational changes contributes some, but only small 
amount of the energy of the endothermic peak in the 
MDSC measurement. 

Recently Qian25
~

28 has put forward the concept of co
hesional entanglement of neighboring chain segments, a 
kind of interchain cohesion (attractive interaction) with 
local parallel alignment of neighbouring chain segments 
as physical crosslinks. When these cohesional entangle
ments lock up the long-range cooperative conformational 
changes of the chain that are necessary for rubber elas
ticity, the polymer exhibits glassy state properties. At 
temperatures higher than Tg, the cohesional entangle
ment spacing is necessary greater than the length of 
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Figure 6. The temperature difference spectra for every 4 °C temperature increase from 126°C to 156°C of the samples: (a) quenched from 
rubbery state, (b) annealed at 127°C for 48 hand (c) annealed at 127°C for 120 h. 
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Figure 7. Changes of the rate of increase oftrans-cis conformers 
as a function of temperature for the samples: (a) quenched from 
rubbery state, (b) annealed at 127°C for 48 h and (c) annealed at 
127°C for 120 h. 
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chain segment motion needed for rubbery elasticity. 
Rapid quenching of the samples from the rubbery state 
to temperatures below Tg does not allow sufficient time 
for the quenched sample to form new cohesional entan
glements along the chain. Sub-Tg annealing will lead to 
the increase of the trans-trans conformation, which al
lows more local parallel alignment of neighboring chain 
segments. This may result in the formation of new cohe
sional entanglements along the chain. When the linear 
density of cohesional entanglement along the chain is 
high, they will hinder the conformational changes in 
some locations along the chain in the glassy state. Heat
ing the sample to a temperature around Tg, some cohe
sional entanglements are disentangled. The breaking of 
the cohesional entanglement leads to a sudden confor
mational change and absorption of heat as manifested in 
an endothermic peak in the MDSC curve. The number 
and the binding energy of the cohesional entanglements 
formed during sub-Tg annealing should depend on the 
duration of annealing. The longer the sub-Tg annealing 
time is, the more the binding energy of the cohesional 
entanglements is. 

CONCLUSION 

In summary, we have found that the conformation of 
BPAPC films will change from high-energy trans-cis 
conformation into low-energy trans-trans conformation 
gradually upon sub-Tg annealing. For the sub-Tg
annealed samples, there is an abrupt change of the 
population oftrans-cis conformers with the temperature 
in the glass transition region. However, the energy ab
sorbed during the abrupt conformational change repre
sents only part of the energy of the endothermic peak ob
served by modulated DSC. Therefore, based on the con
cept of cohesional entanglement of neighboring chain 
segments in the condensed state suggested by Qian25~ 28 , 

Polym. J., Vol. 32, No. 7, 2000 



Physical Aging in Bisphenol A Polycarbonate 

we come to the conclusion that some new cohesional en
tanglements may be formed during the physical aging. 
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