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In this study, a unified dual mode description of penetrant sorption and desorption kinetics in a glassy
polymer was extended to the study of the kinetics of penetrant-induced swelling and deswelling below
the glass transition concentration. The swelling of cellulose acetate (CA) induced by the sorption of vapor
phase acetonitrile, and the subssuent deswelling during desorption, was measured using time-resolved
FTIR-ATR (Fourier Transform Infrared-Attenuated Total Reflectance) spectroscopy. Equilibrium swelling
as a function of penetrant activity from the spectroscopic measurements was confirmed with conven-
tional length elongation measurements (dilatometry). From equilibrium measurements that traversed
the glass transition concentration, the partial molar volume both below and above the transition was
determined. Using the partial molar volume obtained above the glass transition and assuming that only
the dissolved population contributes to dilation, the swelling kinetics can be predicted from the dual
mode framework presented here. However, the deswelling kinetics cannot be predicted, suggesting that
a fraction of the holes formed upon sorption in the unified model must collapse during contraction of the
polymer upon desorption.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

FTIR-ATR spectroscopy is finding increased use as a tool to study
the sorption and transport of penetrants in polymers [1]. However,
there have been considerably fewer studies that utilize the unique
capability of FTIR-ATR spectroscopy to study penetrant-induced
polymer swelling. Balik and Xu studied the swelling of latex paint
induced by the sorption of water [2]. In their study, the extent of
swelling was determined from the decrease in the local infrared
absorbance of the CeH stretch and confirmed by a direct volume
measurement. Sammon et al. [3] used FTIR-ATR spectroscopy to
study the swelling of a poly(ethylene terephlalate) film upon the
sorption of methanol. Baschetti et al. [4] studied the swelling of
three different polymers, polycarbonate, poly(vinyl acetate) and
poly(ether urethane), induced by the sorption of vapor phase
acetonitrile. In their study, direct volume change measurements
were compared to FTIR-ATR dilation data, with excellent agreement
between the two techniques. The equilibrium swelling datawere fit
with lattice fluid models. In each of these previous studies, the
emphasis was on using FTIR-ATR spectroscopy to examine the
equilibrium swelling in these materials.
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ari).

All rights reserved.
In the present study, the swelling kinetics of cellulose acetate
(CA) films, induced by the sorption of vapor phase acetonitrile,
were measured using FTIR-ATR spectroscopy at various penetrant
activities. The corresponding deswelling kinetics were also
measured during desorption. Predictions of the swelling and
deswelling behavior were made using a unified dual mode model,
proposed by the authors in a previous study [5], and compared to
the actual FTIR-ATR swelling and deswelling data. The model used
here was developed by the authors to remove the discontinuities
inherent in the classic dual mode model in the concentrations of
both the dissolved and hole populations between sorption at
a particular activity and desorption initiation at that same activity.

The classic dual mode sorption model is given by

C ¼ CD þ CH ¼ kDaþ C0
H

ba
1þ ba

(1)

where CD and CH are the concentrations of the dissolved and hole
populations, respectively, kD is the Henry’s law constant, a is the
penetrant activity in the vapor phase, C’

H is the Langmuir capacity,
and b is the Langmuir affinity constant. Sorption and desorption
isotherms for acetonitrile in cellulose acetate are shown in Fig. 1.
Applying Eq. (1) to the desorption isotherms below the glass
transition concentration for the acetonitrileecellulose acetate
system, keeping b for desorption equal to that for sorption, results
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Fig. 1. Acetonitrile sorption isotherm (open squares) and desorption initiation
isotherms at activities of 0.15 (open diamonds), 0.20 (open triangles), 0.25 (solid
triangles), 0.30 (open circles) and 0.40 (crosses) at T ¼ 25 �C. The solid lines represent
dual mode model fits using Eqs. (1)e(3).

Table 1
Diffusion coefficients from the unifiedmodel for sorption and desorption kinetics for
acetonitrile in CA at 25 �C.

Activity DD � 109 cm2/s

Sorption Desorption

0.06 0.90 � 0.05 0.95 � 0.02
0.10 1.43 � 0.06 1.82 � 0.35
0.15 2.21 � 0.12 3.45 � 0.005
0.20 3.12 � 0.08 6.70 � 0.74
0.25 3.54 � 0.42 10.44 � 1.06
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in values of kD that, on average, are considerably lower than the kD
for sorption [5]. As expected from the shapes of the desorption
isotherms, the values of C’

H for desorption are dependent on the
starting activity from which the desorption isotherm is measured.
At a given activity along the sorption isotherm, CD and CH can be
calculated from the classic dual mode parameters applied to that
isotherm. If the same calculation is made using the parameters
obtained from the desorption isotherm at that activity, radically
different concentrations result. This implies that the two pop-
ulationsmust instantaneously redistribute themselves between the
end of sorption and the beginning of desorption, which is difficult
to explain physically in the context of modeling sorption and
desorption kinetics.

In an effort to eliminate this discontinuity, an alternative
physical picture of sorption and desorption in glassy polymers was
proposed in our previous paper [5]. The basic premise is that
a fraction of the dissolved population from the classic model forms
new occupied holes during sorption leading to a continuous
redistribution of the two populations as a function of local activity.
These holes would then remain during desorption assuming that
the time scale for any chain relaxation is longer than that for
diffusion. If fH represents the fraction of the dissolved population in
the classic framework that forms new holes, then the dual mode
sorption model can be recast as [5]

C ¼ C*
D þ C*

H ¼ ½ð1� fHÞCD� þ ½CH þ fHCD�

¼ ð1� fHÞkDaþ C0
H0

�
1þ h

1þ ba
b

�
ba

1þ ba
(2)

where h ¼ fHkD=C0
H0 and C0

H0 is the pre-existing Langmuir capacity
for the as-prepared polymer. If the newly formed holes do not
collapse during desorption, then the analogous expression for the
desorption isotherm starting at activity ad is given by

C ¼ ð1� fHÞkDaþ C0
H0

�
1þ h

1þ bad
b

�
ba

1þ ba
(3)

Applying Eqs. (1)e(3) to the sorption and desorption isotherms
results in the curves shown in Fig. 1 with kD ¼ 0.282 gnitrile/gpolymer,
b ¼ 38.1, fH ¼ 0.79, and C0

H0 ¼ 0:030 gnitrile=gpolymer [5].
A companion transport model can be written based on C*
D as the

only mobile population for sorption and desorption kinetics.
According to this unified dual modemodel, sorption kinetics can be
described by [5]:

vC
vt

¼ DD
v

vz

2
664 1

1þ Sþ2dC*
DþbdC*2

D

ð1þbC*
DÞ2

vC
vz

3
775 (4)

where

C*
D ¼

�ð1þ S� bCÞ þ
h
ð1þ S� bCÞ2þ4ðbþ dÞC

i1=2
2ðbþ dÞ ;

b ¼ b
ð1� fHÞkD

;

S ¼ b

�
C0
H0 þ

fHkD
b

�
;

d ¼ fH
ð1� fHÞ

:

For desorption kinetics, the model is:

vC
vt

¼ DD
v

vz

2
64 1
1þ K

ð1þaC*
DÞ2

vC
vz

3
75 (5)

where

C*
D ¼

�ð1þ K � aCÞ þ
h
ð1þ K � aCÞ2þ4aC

i1=2
2a

;

a ¼ b
ð1� fHÞkD

;

K ¼ C0
Hdb

ð1� fHÞkD
;

C0
Hd ¼ C0

H0 þ fHkDad:

When Eqs. (4) and (5) were applied to sorption and desorption
kinetics data, respectively, in the previous study [5], better
agreement between sorption and desorption diffusion coefficients
at a given activity were obtained, in contrast to the application of
a transport model based on the classic dual mode model. The
diffusion coefficients from the unified model for sorption and
desorption kinetics for the acetonitrile/CA system are listed in
Table 1.
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2. Materials and methods

2.1. Sample preparation for elongation measurements

In this study, a narrow polymer strip was prepared for the
measurement of film elongation at equilibrium sorption, from
which volumetric dilation could be calculated. Acetonitrile (CH3CN)
and cellulose acetate (39.8 wt.% acetyl content, average mol
wt w 30,000) were purchased from SigmaeAldrich and used as
received. The details of film casting were described previously [5].
The film was prepared on a glass slide (7.5 cm � 2 cm). After care-
fully peeling it from the glass slide, the film was cut into a rectan-
gular strip (2 cm � 0.5 cm). To measure the elongation during
sorption, the polymer strip was hung on a hook inside the vapor
sorption chamber described previously [5], with a 0.10 g weight
fixed at the lower end of the strip to prevent curling. The elongation
in the film upon vapor sorptionwasmeasured using a cathetometer,
as a function of activity. At each activity, the strip was exposed to
acetonitrile vapor for 48 h to ensure equilibrium swelling.

2.2. Swelling measurements and analysis

The swelling of cellulose acetate during the sorption of vapor
phase acetonitrile was measured by either direct observation of
sample elongation with a cathetometer (equilibrium swelling) or
monitoring the carbonyl (C]O) stretching peak in the polymer
with the FTIR-ATR technique (equilibrium swelling and swelling
kinetics). In our previous study [5], sorption and desorption
kinetics were monitored through the nitrile stretching band in
acetonitrile. In those experiments, the carbonyl stretching band
was also tracked in real time for subsequent analysis here. Details
on the FTIR-ATR experiments themselves were described previ-
ously [5]. The volume change, DV, of the CA films at equilibrium can
be expressed in terms of the elongation, L [6]:

DV
V0

¼
�
L
L0

�3
�1 ¼

�
1þ DL

L0

�3

�1 (6)

where V0 and L0 are the volume and length of the pure polymer
strip, respectively. The extent of swelling, as calculated from Eq. (6)
from the elongation data, is plotted as a function of activity in Fig. 2.

3. Results and discussion

3.1. Partial molar volume of acetonitrile in CA

In order to make predictions of the kinetics of swelling from
sorption kinetics andmeasured diffusion coefficients, a relationship
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Fig. 2. Swelling of CA by acetonitrile as a function of activity at T ¼ 25 �C.
between concentration and volume dilation is required. For rubbery
polymers, the relationship is typically linear and assumes a constant
partial molar volume of the penetrant. For glassy polymers, the
presence of unrelaxed free volume, or holes, results in penetrant
being sorbedwith little to no dilation of the polymer. If one assumes
that the hole population does not contribute to swelling and that
the dissolved population contributes by an amount equal to its
partial molar volume in the rubbery state, then determining this
volume is the first step in making predictions of swelling kinetics.
Combining measurements of acetonitrile mass uptake and swelling
at equilibrium sorption allows one to use a straightforward ther-
modynamic approach to determine the partial molar volume of
acetonitrile in CA [7,8].

For a binary system such as acetonitrile/CA, the partial specific
volumes of CA and acetonitrile can be expressed as:

v1 ¼ vt � u2

�
dvt
du2

�
(7)

v2 ¼ vt þ ð1� u2Þ
�
dvt
du2

�
(8)

where v1 and v2 are the partial specific volumes of the CA and
acetonitrile, respectively, vt is the total specific volume of the
system, and u2 is the acetonitrile mass fraction. Hence, the partial
specific volume of the acetonitrile can be determined from the
slope of the total specific volume of the acetonitrile/CA system
plotted against the mass fraction of acetonitrile. The total specific
volume of the system and the mass fraction of acetonitrile,
respectively, can be written as:

vt ¼ V0 þ DV

C
�
V0rpoly

�
þ V0rpoly

¼ 1þ DV=V0
rpolyð1þ CÞ (9)

unitrile ¼ CrpolyV0

CrpolyV0 þ rpolyV0
¼ C

1þ C
(10)

where C is the acetonitrile concentration in CA at equilibrium (in
gnitrile/gpoly), which is shown in Fig. 1 as a function of activity, and
rpoly is the density of the pure CA polymer.

The density of the as-received CA is 1.3 g/cm3, as provided by the
supplier. However, CA film density may depend on the film
formation process. Based on a study of Puleo and Paul [9], who
measured the density of a CA film that was similar to that used in
the present study (39.8 wt% acetyl content and 2.45 Degree of
Substitution) and the same solution-casting method (acetone as
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Fig. 3. Total specific volume of the acetonitrile/CA system as a function of acetonitrile
mass fraction. T ¼ 25 �C.
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solvent), the resulting polymer film density was 1.327 g/cm3. Using
this value, the specific volume of the acetonitrile/CA system was
plotted as a function of mass fraction of acetonitrile, as shown in
Fig. 3. This figure shows the expected trend of total specific volume
for a glassy polymer first decreasing as unoccupied volume is filled
and then increasing above the glass transition concentration in the
rubbery state [8]. Eq. (8) was then used to determine the partial
specific volume of acetonitrile in the system. One can convert from
partial specific volume to partial molar volume by simply multi-
plying the former by the molecular weight of acetonitrile, 41 g/mol.
The partial molar volume of acetonitrile in the acetonitrile/CA
system is plotted as a function of activity in Fig. 4. As indicated in
this figure, the partial molar volume of acetonitrile is concave to the
activity axis, and asymptotically approaches a value of 44 cm3/mol.
As was discussed in our previous study [5] and as depicted in Fig. 1,
the acetonitrile/CA system is in a rubbery state at activities 0.4 and
0.5. Therefore, the partial molar volume of acetonitrile at these
activities should correspond to a value expected for liquids or
rubbery polymers. From Baschetti et al. [4], the partial molar
volume of acetonitrile in poly(vinyl acetate) and poly(ether
urethane), both rubbery polymers, was determined to be 43 and
42 cm3/mol, respectively. The value calculated in the present study
compares well to those values andwill be used below to relate C*

D to
the extent of swelling.
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Fig. 5. Time-resolved carbonyl absorbance spectra in cellulose acetate at activity 0.2
and T ¼ 25 �C shown as differences relative to the pure polymer.
3.2. Polymer swelling as measured by FTIR-ATR

When the polymer swells during penetrant sorption, the local
concentration of polymer chains decreases such that the number of
local polymer functional groups that can absorb IR radiation is also
lowered. In this study, the characteristic functional group used for
monitoring the swelling of cellulose acetate is the carbonyl group,
C]O, from wavenumber 1600 cm�1 to wavenumber 1850 cm�1. A
representative series of time-resolved absorbance spectra for the
carbonyl group during the swelling of a CA film is shown in Fig. 5.
The spectrum of the pure polymer has been subtracted from each
time point to highlight the decrease in C]O groups upon sorption.
The presence of two C]O peaks reflects free and hydrogen-bound
states within the polymer. Hydrogen bonding occurs with available
OH groups in CA, which can also hydrogen bond with the sorbed
acetonitrile.

If changes in the polymer functional group being monitored for
swelling are relatively minor and if the sample is taken as non-
constrained, then one can assume a linear relationship between the
dilution of the IR absorbance of a polymer peak and the polymer
dilation [4]:

DV
V0

¼ �DA
A0

(11)

where DA and DV represent the changes in IR absorbance and
sample volume, respectively, relative to their pure polymer values,
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Fig. 7. FTIR-ATR swelling kinetics data and the prediction from the unified dual mode
model at activity 0.1. L ¼ 29.8 mm and T ¼ 25 �C.
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Fig. 8. FTIR-ATR swelling kinetics data and the prediction from the unified dual mode
model at activity 0.15, L ¼ 38.4 mm and T ¼ 25 �C.
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Fig. 10. FTIR-ATR swelling kinetics data and the prediction from the unified dual mode
model at activity 0.25, L ¼ 30.4 mm and T ¼ 25 �C.
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A0 and V0. However, in the FTIR-ATR experimental arrangement [5],
the films are constrained from swelling in-plane (attached to the
ATR crystal) and only out-of-plane swelling occurs. The relationship
between changes in the IR absorbance and the extent of swelling
for the constrained film was developed by Baschetti et al. [4] and
can be written as:

DV
V0

¼ �3ð1� nÞ
nþ 1

DA
A0

(12)

where n is the Poisson ratio for cellulose acetate.
The Poisson ratio for cellulose acetate can be calculated from the

relationship between bulk modulus, B, and Young’s modulus, E:

E ¼ 3Bð1� 2nÞ (13)

The Young’s modulus for cellulose acetate is 2 GPa [10], and the
bulk modulus can be estimated from Ref. [10]

B ¼ ðU=VÞ6rpoly (14)

where U is the Rao function or molar sound velocity function and V
is the molar volume per structural unit of cellulose acetate (or
M/rpoly, where M ¼ 678.6, the molecular weight of the structural
unit of cellulose acetate). Using a group contribution method, the
Rao function was calculated to be U ¼ 24,860. From the density of
the CA film, 1.327 g/cm3, V ¼ 511.4 cm3/mol. The resulting bulk
modulus was calculated from Eq. (14): B ¼ 1.75 GPa. The Poisson
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Fig. 9. FTIR-ATR swelling kinetics data and the prediction from the unified dual mode
model at activity 0.2, L ¼ 34.2 mm and T ¼ 25 �C.
ratio calculated from Eq. (13) was 0.31. Thus, the constrained
swelling data obtained from the C]O band in the FTIR-ATR
experiments was multiplied by a factor of �1.58 for comparison
with the unconstrained direct swelling measurement for the free
sample. The average of reported Poisson ratios for cellulose acetate
was found to be 0.30 [11], which is in good agreement with the
value calculated above.

The FTIR-ATR absorbance of the carbonyl group in the pure
polymer, A0, was obtained by integrating the carbonyl region of
a pure CA film. The mean value of A0, from 10 experiments, was
80.0 � 1.9. The change in the absorbance of the carbonyl group as
a function of activity, at equilibrium, was obtained by integration of
the carbonyl region at each activity. The swelling data obtained from
the FTIR-ATR experiments are plotted in Fig. 6 alongside those from
directmeasurement of elongation. The twomethods are in excellent
agreement. These results indicate that the FTIR-ATR technique can
be a powerful alternative for themeasurement of polymer swelling,
particularly in situ with vapor or liquid penetrants.
3.3. Study of swelling kinetics by FTIR-ATR

The unified dual mode sorption model, Eq. (2), can be rewritten
in the form:

C ¼ C*
D þ C0

H0ba
1þ ba

þ C*
D

fH
1� fH

(15)
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Fig. 11. Prediction of deswelling FTIR-ATR data at activity 0.15 with Eq. (17).
L ¼ 38.4 mm and T ¼ 25 �C.
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According to the physical interpretation of this model, the
penetrant population “dissolved” in the matrix, represented by
C*
DðtÞ, contributes to the kinetics of polymer swelling. In addition,

the holes formed and occupied during sorption, represented by
C*
DðtÞfH=1� fH , also contribute to the swelling kinetics. The swelling

induced by the sorption of penetrant can be predicted from C*
DðtÞ

using the following expression, assuming that the partial molar
volume, VAD

, is constant:

DV
V0

¼ C*
DðtÞ

�
1þ fH

1� fH

�
VAD

MWA

rpoly (16)

where MWA
is the molecular weight of acetonitrile and rpoly is the

density of CA film. The value of VAD
is assumed to be equal to that in

the rubbery state, which was determined to be 44 cm3/mol from
Fig. 4.

C*
DðtÞ for acetonitrile in glassy CA at activities 0.1, 0.15, 0.2 and

0.25 were calculated using Eq. (4) and values of the diffusion
coefficient at each activity obtained from fitting the FTIR-ATR
sorption data. All of the parameters needed are listed above or in
Table 1. Eq. (16) was used to predict the swelling as a function of
time with the calculated C*

DðtÞ. Eq. (12) was used to convert the
time-resolved FTIR-ATR absorbance data to swelling of the polymer
for comparison to the prediction. The prediction and the experi-
mental data are shown in Figs. 7e10. From these figures, it is clear
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Fig. 13. Prediction of deswelling FTIR-ATR data at activity 0.25 with Eq. (17).
L ¼ 30.4 mm and T ¼ 25 �C.
that the model, with its associated assumptions, does an excellent
job predicting the swelling kinetics.

3.4. Study of deswelling kinetics by FTIR-ATR

As stated above in the development of the unified dual mode
model for both sorption and desorption, it is assumed that the
additional holes formed upon sorption remain during desorption,
resulting in additional unrelaxed volume on the time scale of the
desorption experiment. The penetrant concentration associated
with this additional volume is equal to fHkDad. The deswelling
kinetics of the polymer can then be written as:

DV
V0

¼
�
fHkDad þ C*

DðtÞ
� VAD

MWA

rpoly (17)

Predictions of deswelling kinetics from Eq. (17) are plotted
along with deswelling data converted from experimental FTIR-
ATR absorbance results at activities 0.15, 0.2 and 0.25 in Figs.
11e13, respectively (deswelling data were not taken at 0.1). It is
clear that the unified dual mode model for desorption under-
predicts deswelling (less volume collapse than observed) as
a function of time. These results suggest that some of the holes
formed during sorption close upon desorption. Including this
observation into a more robust dual mode model for both sorp-
tion/desorption and swelling/deswelling is reserved for future
work.

4. Conclusion

In this study, time-resolved FTIR-ATR spectroscopy was used
to study the swelling and deswelling behavior of cellulose acetate
films induced by the sorption and desorption, respectively, of
vapor phase acetonitrile. The IR absorbance data for swelling at
equilibrium were found to be in excellent agreement with those
from direct measurements, further demonstrating that the FTIR-
ATR method is a good alternative for studying polymer swelling
in situ. The hypothesis that swelling kinetics could be predicted
from the unified dual mode model for diffusion was validated,
however, the mechanism for polymer deswelling is more
complicated and will require a reevaluation of the underlying
assumptions.
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