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SYNOPSIS 

Sorption and diffusion of dichloromethane vapor were measured in amorphous syndiotactic 
polystyrene films, obtained with different cooling conditions and after controlled aging 
times at different temperatures. The diffusional behavior, at the temperature of 25OC, was 
characterized by three stages, depending on penetrant activity. In the first stage, at low 
activity, the diffusion coefficient was independent of vapor concentration; the second stage 
was characterized by concentration-dependent diffusion, whereas in the third stage, at high 
activity, the strong interaction solvent-polymer increased the mobility, allowing the polymer 
crystallization. The different cooling conditions neither have an effect on the diffusional 
behavior nor on the sorption curve. The aging, both at room temperature and at 70"C, did 
not change the diffusion parameters, but led to the appearance of more and more anomalous 
sorption behavior. The sorption curve, as a function of vapor activity, did not show any 
difference for the fresh and the aged-at-room temperature samples, whereas the samples 
aged at 70°C presented a lower sorption at low activity. The presence of ordered domains, 
impermeable to the penetrant a t  low activity, was suggested on the basis of sorption results. 
The solvent-induced crystallization was investigated for all the samples. Crystallization 
was induced at an activity of 0.45 for the fresh and the aged-at-room temperature samples; 
a t  variance, the samples aged at 70°C crystallize at a slightly higher activity, reaching, 
nevertheless, a higher level of crystallinity. 0 1993 John Wiley & Sons, Inc. 

INTRODUCTION 

Transport properties of gases and vapors have often 
been used to clarify the structural organization of 
polymers.'-3 Diffusion can be related to the ther- 
modynamic state of the permeable phase, and sorp- 
tion to its fraction. The transport parameters can 
be easily correlated to the structural organization in 
the case of amorphous rubbery systems, for which 
the relaxation times are generally shorter than the 
diffusion times, and sorption curves following a 
Fickian behavior are observed. 

In glassy polymers, the sorption of organic vapors 
may involve time-dependent relaxation processes, 
determining an anomalous non-Fickian sorption 
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b e h a ~ i o r . ~ - ~  Furthermore, the mode of transport is 
strongly influenced by temperature and vapor ac- 
tivity, showing different features if a wide range of 
temperatures and activities are explored. According 
to Hopfenberg and F r i ~ h , ~  a convenient way to vi- 
sualize the different transport behaviors is a tem- 
perature-penetrant concentration diagram, in which 
various regions of diffusional transport are reported. 
In a previous article,8 we presented a study of the 
transport behavior of dichloromethane in atactic 
polystyrene (aPS) . The analysis of transport prop- 
erties in a series of films of aPS showed that the 
diffusional behavior can be characterized by three 
stages, depending on temperature and penetrant ac- 
tivity. In the first stage, a t  low activity, the diffusion 
coefficient is independent of vapor concentration, 
and diffusion occurs mainly in a frozen system. The 
second stage is characterized by diffusion parameters 
dependent on concentration, and the dependence 
was found to be of the exponential type, allowing 
the determination of a zero-concentration diffusion 
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coegcient, Do, and a concentration coefficient, y. 
In the third stage, a t  high penetrant activity, the 
strong interaction can induce structural transfor- 
mations, such as crazing or partial dissolution. The 
different behavior is determined by the ratio of the 
characteristic time of diffusion and some character- 
istic time for molecular rearrangement ( or relaxa- 
tion process) in the polymer-solvent system. 
Therefore, the “str~cture” of the polymer sample, 
in terms of free volume and related molecular mo- 
bility, ought to have a strong influence on the dif- 
ferent stages of behavior. In the case of amorphous 
crystallizable polymers, the interaction with the va- 
por can induce a process of crystallization. The 
course of solvent-induced crystallization ( SINC ) 
depends on the relationship existing between the 
rate of diffusion of the solvent into the polymer and 
the rate of crystallization of the swollen polymer.g-’2 
It is therefore important to study how the rate of 
diffusion depends on the initial structural organi- 
zation of the polymer and how it influences the 
SINC. 

Highly syndiotactic polystyrene (sPS) is an in- 
teresting system, due to its higher melting temper- 
ature and crystallization rate with respect to the 
isotactic isomer.13-14 A study of the transport prop- 
erties of crystalline sPS samples showed that the 
amorphous phase behaves as the atactic polymer, 
and this allowed the determination of the amorphous 
fraction in different  sample^.'^-'^ 

In this article, we analyze the sorption and dif- 
fusion of dichloromethane vapor in amorphous 
samples of sPS. The aim is to identify also in sPS 
the different stages of behavior and to investigate 
the effect of different quenching temperatures and 
different aging conditions on the diffusional behavior 
of sPS. Furthermore, the process of solvent-induced 
crystallization is investigated, in order to recognize 
the effect of different structural organizations on 
the critical activity for crystallization to occur and 
on the attained level of crystallinity. 

EXPERIMENTAL 

Highly syndiotactic sPS powders were kindly sup- 
plied by Donegani (Novara, Italy). 

Different amorphous films were prepared by 
heating sPS powders a t  300”C, in a press, into a film 
shape of thickness 0.015-0.020 cm, and rapidly 
cooling to either -8OoC, in a dry-ice acetone bath 
(Sample S-80), or O”C, in a ice-water bath (sample 
SO). Both samples were analyzed as soon as pre- 
pared (samples FS-80 and FSO, respectively). Dif- 

ferent films were stored for two months, either a t  
room temperature (samples RS-80 and RSO) , or at  
70°C (samples 705-80 and 70SO). 

Transport properties, sorption, and diffusion were 
measured at 25°C by a microgravimetric method, 
using a quartz spring balance, which had an exten- 
sion of 15 mm/mg. The penetrant was dichloro- 
methane at different vapor activities. Sorption was 
measured as a function of vapor activity a = p / p ~ ,  
where p is the actual pressure to which the sample 
was exposed, and PT is the saturation pressure at  
the temperature of the experiment. 

The process of solvent-induced crystallization 
was followed on the samples exposed at different 
vapor activities and dried, by obtaining the infrared 
spectra, in which the crystallized samples present 
many bands that were not present in the amorphous 
 ample.^^-^^ Infrared spectra were detected at  room 
temperature by using a Nicolet 5DXB FTIR Spec- 
trophotometer, collecting for each sample 30 scans. 
The resolution was 4 cm-’ . 

RESULTS AND DISCUSSION 

Diffusion of Fresh Samples 

In Figure 1, we report the reduced sorption curves, 
that is ct/ceq, as a function of h / d ,  where ct is the 
concentration of vapor at time t ;  c,, the equilibrium 
concentration, and d (cm) is the thickness of the 
sample, a t  different activities, for the freshly pre- 
pared sample FSO. 

All the curves, except at activity 0.4, show a linear 
increase of concentration with square root of time, 
a downward curvature, and the equilibrium value of 
vapor Concentration. This behavior is typical of 
Fickian sorption curves; it is therefore possible, a t  
each vapor activity, to derive a mean diffusion coef- 
ficient, from the equation 

The sorption curve at  activity 0.4 shows a slower 
increase of concentration for short times, and values 
of ct/ceq linearly increasing with square root of time, 
after a point marked with an arrow in Figure 1. From 
this second part, a b value for the corresponding 
activity was derived. 

The derived b values are mean values in the ex- 
plored interval of concentration. To obtain the 
thermodynamic diffusion coefficient Do, related to 
the free volume of the sample, it was necessary to 
find a correlation between D and c,,, allowing the 
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Figure 1 
sample FSO at different activities. 

The reduced sorption curves, c,/c,, as a function of \ r / d  (hl'* cm-') for 

extrapolation to ceq = 0. Generally, the dependence 
of D on ceq is of the exponential form 

D = D,exp(yc) (2 )  

in which y is the concentration coefficient, related 
to the fractional free volume, and to the effectiveness 
with which the penetrant plasticizes the polymer.'" 

Therefore, the logarithm of the b values, calcu- 
lated from eq. ( 1 ) and Figure 1, are reported in Fig- 
ure 2 ( a )  as a function of ceq for samples FSO and 
FS-80. The sorption curves of the last sample, not 
reported here, are Fickian at all the activities. The 
value of D, derived from the anomalous curve of 
sample FSO at  activity 0.4, is marked with an arrow 
in Figure 2. 

As in the case of aPS,* in Figure 2 three stages 
of different behavior are clearly recognizable: At  low 

concentration, corresponding to low penetrant ac- 
tivity, diffusion values independent of concentration 
are observed; after a critical concentration, a linear 
dependence of D on ceq is manifested, whereas at 
still higher concentrations, we observe a curvature, 
after which diffusion becomes less concentration- 
dependent. In the fresh aPS samples, we were not 
able to detect the third stage, due to dissolution of 
the samples? In the present case of fresh sPS Sam- 
ples, the process of crystallization induced at  high 
penetrant concentration prevented the sample dis- 
solution. It was interesting to note that both Sam- 
ples, FSO and FS-80, quenched at  different temper- 
atures, fit the same curve; the only difference was 
the appearance of anomalous behavior at  activity 
0.4, for Sample FSO. 

From the first stage, it was possible to derive a 
diffusion parameter Dolt  relative to the range of ac- 
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Figure 2 The logarithm of the mean diffusion coefficient 6 ,  as a function of the vapor 
equilibrium concentration c,. (a)  Sample FSO (0 )  and sample FS-80 ( O ) ,  (b)  sample 
RS-80 ( 0 ) , sample RSO (A), and sample 70s-80 (0) .  

Table I The Diffusion Parameters Dol (cm2/s), 
Do* (cm2/s) and y for All the Analyzed Samples 

Sample Do1 x 1o1O Do2 x 1011 Y 

FS-80, FSO 4.5 5.5 25 
RS-80, RSO 4.5 5.5 28 
70s-80 4.5 5.5 23 
aPS" 
Fresh 4.6 12.2 23 

Aged at Room T 4.7 5.2 28 
Aged at 7OoC 4.6 5.3 22 

' Data from Ref. 8. 

tivity in which diffusion was independent of con- 
centration; from the straight line representing the 
dependence of D on ceq, we can extrapolate to zero- 
penetrant concentration a parameter Do2, relative 
to the range of activity in which diffision exponen- 
tially depends on the concentration. The derived 
parameters are reported in Table I, in which also 
the y coefficient, obtained from eq. (2), is reported. 
They are compared with the parameters derived for 
aPS in a previous article.' Whereas the Do* param- 
eters of aPS and sPS coincide, the Do2 parameter of 
the former is higher, indicating a higher fraction of 
free volume in the fresh aPS samples. 



DICHLOROMETHANE IN GLASSY POLYMERS. I1 261 

I I I 1 
Kw) 200 300 400 

-I fi/d, h.cm 

Figure 3 The reduced sorption curves, ct/ce,, as a function of f i / d  (h'" cm-') for 
sample RS-80 at different activities. 

Diffusion of Aged Samples 

In Figures 3 and 4, we report the reduced sorption 
curves for sample RS-80, aged for two months at  
room temperature, and sample 70s-80, aged for two 
months at  7OOC. All the curves in Figure 3 show a 
Fickian behavior, except the curve at  activity 0.4, 
which shows a slower increase of concentration for 
short times. A diffusion coefficient b was derived 
from the second part of the sorption curve. In the 
case of sample 70s-80, anomalous curves appear a t  
activity 0.35 and 0.40. Also in these cases, the dif- 
fusion coefficients were derived from the second part 
of the curve. 

The logarithm of the diffusion values, derived 
from the Fickian curves, are reported in Figure 2 ( b )  
as a function of concentration, also for RSO samples; 
the values of b, obtained from anomalous curves 
(sample RS-80 at  activity 0.4 and sample 70s-80 
at  activities 0.35 and 0.4), are marked with an arrow 
in the figure. For the aged samples, we observed the 
three stages of behavior, as already observed for the 
fresh sPS samples and for the aged aPS samples of 

a previous article.' In the first stage, because of the 
low penetrant concentration, the polymer structure 
remains frozen and the relaxation times are very 
large as compared with the diffusion time: Probably, 
diffusion of the penetrant occurs through voids that 
are dynamically formed by oscillation of chain seg- 
ments. According to Hopfenberg and Frish,' this 
stage can be classified as Fickian diffusion below the 
glass transition temperature. 

When the concentration of penetrant reaches a 
critical value, a t  a higher activity, the interaction 
between the penetrant and segments of the chain 
allows molecular rearrangements with a time scale 
comparable or less than diffusion, and we observe 
either anomalous curves, as a t  activities 0.4 for sam- 
ple RS-80 and 0.35-0.4 for sample 70s-80, or Fick- 
ian curves, characterized by a concentration-depen- 
dent diffusion coefficient. 

At still higher vapor activity, the high concen- 
tration of penetrant completely plasticizes the poly- 
mer, leading to high mobility of polymer chains. The 
interaction is so strong that structural transfor- 
mations are possible, determining a transition in the 
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Figure 4 
sample 70s-80 at different activities. 

The reduced sorption curves, ct /cep,  as a function of f i / d  (h'" cm-') for 

diffusion-concentration curve. This transition is 
manifested by the curvature that occurs at a critical 
concentration. For amorphous crystallizable poly- 
mers, as sPS, the solvent-induced crystallization 
becomes possible in this range of vapor activity. 

The Dol and Do2 coefficients, derived from sam- 
ples RS-80 and 70s-80 are reported in Table I, in 
which also the parameters, obtained for aPS in a 
previous article,' are reported for comparison. 

We can observe, from Table I, that the aging, 
either a t  room temperature or at 7OoC, does not have 
an influence on the Dol parameter. At low activity, 
the system is frozen and diffusion is independent of 
concentration; we observe the same Dol as that ob- 
served for aPS. However, a t  variance with aPS, nei- 
ther in the second stage do we observe different pa- 

rameters for the fresh and aged samples; in fact, 
Do2, both for the fresh and for the aged samples, is 
5.5 X lo-" cm2/s, and this value is similar to that 
of the aged aPS samples. Only the y coefficients for 
the samples aged at  room temperature show a dif- 
ference. Aging produces a decrease of free volume 
and a related increase of relaxation times, and this 
is manifested in the appearance of anomalous sorp- 
tion curves, and not in a difference of the thermo- 
dynamic Do coefficient. 

Samples SO and S-80, quenched at  different tem- 
peratures, behave in the same way, leading to the 
conclusion that there is no influence of the quench- 
ing temperature on the structural organization of 
the amorphous sample. The coincidence of Do for 
aged atactic and syndiotactic PS confirms that the 
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amorphous phase behaves in a similar way and, 
therefore, the sorption is only related to the fraction 
of amorphous phase.15 

Sorption 

In Figure 5, the equilibrium concentration of di- 
chloromethane vapor is reported as a function of 
vapor activity for all the analyzed samples. In the 
limit of the experimental error, the fresh FS-80 and 
FSO samples, and the aged at room temperature RS- 
80 and RSO samples, show the same equilibrium 
concentration of the sorbed vapor and the same de- 
pendence of sorption on vapor activity. A compar- 
ison with the sorption curve of aPS (also reported 
in Fig. 5), shows that atactic and syndiotactic Sam- 
ples fit the same curve up to activity 0.45, whereas 
at higher activities, the sorption of sPS is lower than 

P 

Figure 5 The equilibrium concentration of vapor as a 
function of activity a = p / p T ,  for atactic polystyrene (0)  , 
sample FSO (0)  , sample RSO (0  ) , sample RS-80 (m) , 
and sample 70s-80 (A) .  

aPS, up to the highest investigated activity. This 
effect can be ascribed to the solvent-induced crys- 
tallization of sPS, that leads to a final sorption less 
than the amorphous sample, since the crystallized 
part is impermeable to the solvent. From the sorp- 
tion curve, we can therefore infer that this process 
starts at activities higher than 0.45. 

At variance with the samples aged at room tem- 
perature, the samples stored at  70°C show a lower 
sorption up to activity 0.25, an evident transition 
between activities 0.25 and 0.45, and the same sorp- 
tion as the previous samples at activities higher than 
0.45. In the case of aPS, for which we observed the 
same behavior, we suggested that ordered domains 
were present that were impermeable to the penetrant 
a t  low activity. The presence of ordered domains in 
aPS has been suggested in the past on the basis of 
electron diffraction and high resolution diffraction 
microscopy s t ~ d i e s . ~ l - ~ ~  

The ordered domains, 10 nm large, present in is- 
otactic smectic polypropylene, were found to be im- 
permeable to dichloromethane at low activity, be- 
coming permeable at higher a ~ t i v i t i e s ? ~ - ~ ~  In the case 
of sPS, we can assume that the annealing at 70°C 
favors the formation of ordered domains of such di- 
mensions as to be impermeable to the vapor at low 
activity. 

The transition in the sorption curve at  activities 
higher than 0.25 can be a signal that the ordered 
domains become permeable to the vapor: this is 
confirmed by the observation that, after this tran- 
sition, the equilibrium concentration of vapor 
equalizes that of the other samples. 

Solvent Induced Crystallization 

The crystallization of the amorphous samples, after 
sorption at  different activities was investigated by 
infrared analysis. 

When sPS crystallized by solvents, the chains in 
the crystalline phase assumed a helical conforma- 
tion, including solvent molecules in the structure.26 
This structure was called 6 form.27 The infrared 
spectrum of the d form shows many bands, not pres- 
ent in the amorphous sample, and therefore the ap- 
pearance of these bands is indicative of the solvent- 
induced c r y s t a l l i z a t i ~ n . ~ ~ - ~ ~  

In Figure 6, the infrared spectra of the amorphous 
sample RSO (a) and the same immersed in liquid 
dichloromethane at  25OC and dried (b)  are shown. 
The bands characteristic of the helical structure ap- 
pear a t  499,575,935,1170, and 1277 cm-', and they 
are marked with an arrow in Figure 6. 
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Figure 6 
dichloromethane (b)  . 

Infrared spectra of sample RS-80 (a)  and the same after immersion in liquid 

The appearance and the growth of the helical 
structure in the vapor activity range was followed 
by measuring a structure-dependent parameter, H, 
which represented the ratio between the absorbance 
of a helical band and the absorbance of an internal 
reference band. In particular, we determined the pa- 
rameters'$: 

HI = Absorbance 575 cm-'/Absorbance 840 cm-' 

H2 = Absorbance 935 cm-'/Absorbance 906 cm-' 

In Figure 7 (a ) ,  the H I  and Hz parameters are re- 
ported, for the samples aged at room temperature, 
as a function of vapor activity to which they had 
been exposed; in Figure 7 (b)  , the same parameters 
are reported for the samples aged at  70°C. We can 
observe a constant, practically zero value of HI and 
H2 parameters up to a critical activity, a sharp in- 
crease, followed by an almost constant value, and a 

further increase for the samples immersed in the 
liquid, a t  activity a = 1. 

The samples aged at 70°C underwent the con- 
formational transition at  an activity slightly higher 
than the samples aged at  room temperature (0.5 in- 
stead of 0.45 ), but they reached a higher value of 
the H parameters, particularly as relative to the 935 
cm-' band. Since we supposed the presence of or- 
dered domains in the 70s samples, this result could 
mean that the crystallization was slightly delayed 
with respect to the samples aged at  room tempera- 
ture, but the crystallization process produced more 
perfect and larger structures. An X-ray analysis is 
in progress to confirm this suggestion. 

CONCLUSIONS 

The diffusional behavior of sPS, at 25"C, is char- 
acterized by three stages, depending on penetrant 
activity. In the first stage, at low activity, the dif- 
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Figure 7 
(a)  samples RS-80 and RSO (b) sample 705-80. 

The infrared HI ( 0 )  and H2 (0 )  parameters as a function of vapor activity. 

fusion coefficient is independent of vapor concen- 
tration and diffusion occurs mainly in a frozen sys- 
tem. The second stage is characterized by diffusion 
parameters dependent on concentration, with a de- 
pendence of the exponential type, allowing the de- 
termination of a zero-concentration diffusion coef- 
ficient Do and a concentration coefficient y. In the 
third stage, the strong interaction of solvent mole- 
cules induces the process of crystallization of the 
helical form of sPS. 

At variance with aPS, for which the aging at room 
temperature produced a decrease of Do and an in- 
crease of y coefficient in the second stage, in the 
case of sPS only, a higher tendency of anomalous 
sorption curves to appear is observed for the samples 
aged at room temperature. More and more anoma- 
lous curves are observed for the samples stored at 
70°C. Nevertheless, the diffusion coefficients, de- 
rived from the second part of the anomalous curves, 
fit the same straight line as those derived from the 
Fickian curves. 

The diffusion parameters for the aged sPS sam- 
ples coincide with those for aPS, confirming that 
the amorphous phase behaves in a similar way in 
the isomers. 

The aging at  room temperature does not influence 
the sorption curve, as already observed for aPS. The 
sorption of sPS and aPS samples coincide up to the 

activity, for which the SINC process is induced in 
sPS. At higher activities, a sorption lower than aPS 
indicates that the crystallizing part of sPS is im- 
permeable to the solvent molecules. 

At variance with the aging at  room temperature, 
the curve of sorption as a function of vapor activity 
for sample 70s-80 shows a range in which the equi- 
librium concentration of vapor is lower than pre- 
viously. We suggest that the aging at  70°C produces 
the formation of ordered domains of such dimen- 
sions as to be impermeable to the vapor at low ac- 
tivity. At a critical activity, the transition in the 
sorption curve indicates that these domains are be- 
coming permeable to the vapor. In fact, after this 
transition, the sorption follows the same curve as 
do the other samples. 

The process of solvent-induced crystallization is 
activated at  activities higher than 0.45 for the fresh 
and the aged-at-room temperature samples; this is 
evident from the lower sorption in respect to the 
atactic polymer, and from the appearance of helical 
bands in the infrared spectra of the dried samples. 
A slightly higher activity, that is, 0.5, is needed for 
the crystallization to start in samples aged at  70°C. 
Nevertheless, the attained level of crystallinity is 
higher for the latter samples. This is evident from 
the higher values of relative intensity of the infrared 
helical bands. 
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