
FLUID MECHANICS AND TRANSPORT PHENOMENA

Separating Solvation from Molecular Diffusion in
Polymers

Yossef A. Elabd
Dept. of Chemical Engineering, The Johns Hopkins University, Baltimore, MD 21218

Timothy A. Barbari
Dept. of Chemical Engineering, University of Maryland, College Park, MD 20742

( )The diffusion of methyl ethyl ketone MEK in two ®inyl alcoholr®inyl butyral
( ) ( )VArVBu copolymers 11- and 19-wt. % VA was studied at low ®apor acti®ities using

( )Fourier transform infrared-attenuated total reflectance FTIR-ATR spectroscopy. MEK
has the ability to interact through hydrogen bonding to sites in the polymer and was
chosen to study the effect of penetrant ] polymer sol®ation on molecular diffusion. The
assumption of local equilibrium was ®erified by examining the time-e®ol®ed concentra-

( )tions of hydrogen-bound and free MEK determined from the carbonyl CsO stretch-
ing bands. A mathematical model that accounted explicitly for sol®ation during the
diffusion process was de®eloped. Sol®ation hindered the diffusion of MEK in the

( ) ( )VArVBu copolymer by factors of 2.0 11-wt. % VA and 2.6 19-wt. % VA . After
separating sol®ation from diffusion, true diffusion coefficients of MEK were compared

( )to those of methylene chloride CH Cl , a noninteracting penetrant of similar size to2 2
MEK. Within experimental error, true diffusion coefficients for MEK were the same as
those for CH C1 o®er the concentration range studied.2 2

Introduction
The literature contains several practical applications of

diffusion in polymers with reversible binding between pene-
Ž .trant and polymer solvation . Examples include drug]hydro-

Žgel interactions Peppas and Wright, 1998; Sjoberg et al.,¨
. Ž .1999 , doping of conducting polymers Kim et al., 1988 , and

Ž .flavor-binding polymers Harrison and Hills, 1997 . To un-
derstand these applications for the design of optimal systems,
a coupled approach using modeling and experiments is desir-

Ž . Ž .able. Hermans 1947 and Murphy et al. 1988 both solved
this problem numerically under certain conditions, and more

Ž .recently, Bartlett and Gardner 1996 presented a more uni-
fied treatment of the problem, examining all the possible lim-

Žiting cases. In their study, under the local equilibrium or dif-
.fusion-controlled limitation, the equilibrium constant is the

main driving factor in slowing or hindering diffusion, result-
ing in a lower overall diffusion coefficient. To combine these
findings with experiment, a technique that can analyze quan-
titatively interactions between penetrant and polymer during
the transport process is needed.

Correspondence concerning this article should be addressed to T. A. Barbari.

One technique of particular interest for the analysis of
small-molecule diffusion in polymers is Fourier transform in-

Ž .frared-attenuated total reflectance FTIR-ATR spec-
Ž .troscopy Fieldson and Barbari, 1995; Hong et al., 1997 . The

advantages of this infrared technique are its ability to exam-
Ž .ine multicomponent diffusion Hong et al., 1998 and interac-

Ž .tions between different penetrants Barbari et al., 1996 and
Ž .between penetrant and polymer Elabd et al., 2000 through

shifts in the infrared spectrum. In this study, the diffusion
Ž .of methyl ethyl ketone MEK in two different vinyl

Ž . Ž .alcoholrvinyl butyral VArVBu copolymers Figure 1 was
studied. MEK has the ability to interact through hydrogen
bonding to the polymer, and this interaction can be quantita-
tively determined through the carbonyl stretching vibration.
Direct measurement of the concentrations of both free and
hydrogen-bound MEK as a function of time allows the com-
mon assumption of local equilibrium to be tested and veri-
fied. The objective of this study was to use FTIR-ATR spec-
troscopy to determine both the equilibrium constant and
true diffusion coefficient to understand the effect of pene-
trant]polymer solvation on the transport process. After ac-
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Figure 1. Structure of VA/////VBu copolymer.

counting for solvation, the diffusion coefficient should be the
same as that measured for a noninteracting molecule of the
same size in the same polymer. This hypothesis will be tested
here by comparing the true diffusion coefficient of MEK with
that for methylene chloride.

Theoretical Development
Diffusion with sol©ation

Figure 2 depicts the diffusion process in a polymer with
solvation, specifically for the system studied here. The pene-
trant, MEK, diffuses into a polymer with a low density of

Ž .immobile hydroxyl groups VA , with which MEK can solvate
through hydrogen bonding. To describe this process mathe-
matically, a diffusion model with a reversible binding equilib-
rium reaction was developed. The reaction between pene-
trant and binding site can be written as

k f

Aq B | AB, 1Ž .
k r

Ž .where A, B, and AB represent the free penetrant MEK ,
Ž .the polymer binding site VA , and the hydrogen-bound MEK

complex, respectively. The forward and reverse rate con-
stants, are represented by k and k , respectively. The one-f r
dimensional continuity equation for species A in a homoge-

Figure 2. MEK diffusion in VA/////VBu copolymer at a low
( )density of hydroxyl groups VA .

Hydrogen bonding interactions hinder the diffusion process.

neous film is

­ C ­ 2CA A
s D q r , 2Ž .A A2­ t ­ z

where z corresponds to the distance in the film, t represents
Ž .time, C is the concentration of A free MEK , and D isA A

the diffusion coefficient of the free penetrant or true molecu-
lar diffusion coefficient. For a fixed number of sites, C o, theB
rate of binding can be described by a Langmuir expression:

y r s k C C o 1yu y k C ou , 3Ž . Ž .A f A B r B

where u is the fraction of occupied sites, C rC o. The corre-AB B
sponding equation for hydrogen-bound MEK is

­ C ­uAB osC sy r . 4Ž .B A­ t ­ t

The model assumes that the hydrogen-bound form is im-
mobile, or the activation barrier that must be overcome for
hydrogen-bound MEK to execute a successful diffusion jump

Žis much larger than that for a free MEK molecule D <AB
.D . Adding Eqs. 2 and 4 givesA

­ C ­ 2C ­uA A os D yC . 5Ž .A B2­ t ­ t­ z

If local equilibrium is assumed, an equilibrium constant can
be written in terms of the concentrations of each species as

C ouB
K s . 6Ž .oC C 1yuŽ .A B

Equation 6 can then be substituted into Eq. 5 to derive a
Žcontinuity equation for A in terms of C only Bartlett andA

.Gardner, 1996 :

2 2­ C 1q KC ­ CŽ .A A A
s D . 7Ž .A2 2o­ t ­ z1q KC q KCŽ .A B

At low penetrant concentrations, the binding sites never reach
Ž .saturation u <1 , so Eq. 6 reduces to

CABoKC s 8Ž .B CA

and Eq. 7 becomes

­ C D ­ 2CA A A
s . 9Ž .o 2ž /­ t 1q KC ­ zB

For experiments conducted in this study, u was in the range
of 0.1 to 0.01 at equilibrium. If C in Eq. 9 is written inA
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terms of C using Eq. 8, the following equation results:AB

­ C D ­ 2CAB A AB
s . 10Ž .o 2ž /­ t 1q KC ­ zB

Equation 10 describes the time rate of change in hydrogen-
bound MEK concentration written in terms of an apparent
transport process. In other words, AB forms at the same rate
as A diffuses owing to local equilibrium. Equations 9 and 10
describe the transport of free MEK in terms of an ‘‘effective’’
diffusion coefficient, defined as

DA
D s . 11Ž .eff ož /1q KCB

According to Eq. 11, solvation hinders the molecular diffu-
sion process by the factor, 1q KC o.B

Diffusion coefficient measurement by FTIR-ATR
spectroscopy

To determine the effective diffusion coefficient, Eqs. 9 and
10 can be written as

­ C ­ 2Ci i
s D . 12Ž .eff 2­ t ­ z

In Eq. 12, C is the concentration of either hydrogen-boundi
or free penetrant. The initial and boundary conditions for the

Ž .ATR configuration shown in Figure 3 are

Cs0 at 0- z- L, ts0 13Ž .

Figure 3. Experimental configuration of total internal re-
flection for studying diffusion in polymers.

­ C
s0 at zs0, tG0 14Ž .

­ z

CsC at zs L, tG0. 15Ž .L

One solution to Eq. 12 with these boundary and initial condi-
tions is given by

n 2 2`C 4 y1 D 2nq1 p tŽ . Ž .eff
s1y expÝ 2C p 2nq1 4LL ns 0

=
2nq1 p zŽ .

cos . 16Ž .
2 L

Assuming weak infrared absorbance and negligible changes
Ž .in the polymer refractive index dilute solutions , concentra-

tion can be related to experimental infrared absorbance
through the ATR differential form of the Beer-Lambert law
Ž .Harrick, 1965 :

y2 zL UAs e C exp dz , 17Ž .H ž /d0 p

where A is the ATR absorbance, eU is an effective extinc-
tion coefficient for FTIR-ATR spectroscopy, and E is theo
field strength at zs0. The depth of penetration, d , of thep
infrared radiation into the polymer film is defined as

l
d s , 18Ž .p 2n122n p sin u y2 ( ž /n2

where n and n are the refractive indices of the polymer1 2
Ž . Ž .listed in Table 1 and the ATR crystal 2.4 for zinc selenide ,
respectively; u is the angle of incidence; and l is the wave-
length of absorbed light. Experimentally, the depth of pene-

Ž .tration was much less than the polymer film thickness L in
this study. Therefore, the concentration within d is not spa-p
tially variant to a significant degree, owing to the no-flux
boundary condition, and Eq. 17 reduces to

1
UAs e d C zs0 . 19Ž . Ž .p2

Equation 17 can then be rewritten in terms of the ATR ab-

Table 1. Molecular Weights, Refractive Indices, Densities,
and Glass Transition Temperatures for VArrrrrVBu Copolymers

U U3Ž . w x Ž . Ž .VA Content wt. % MW GPC n r grcm T 8C1 g

11 110,000 1.485 1.083 59
19 88,000 1.490 1.119 65

U Ž .Reimers et al. 1993 .
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sorbance with the use of Eq. 19:

n`A C t , zs0 4 y1Ž . Ž .t
s s1y ÝA C p 2nq1eq L ns 0

=

2 2y D 2nq1 p tŽ .eff
exp , 20Ž .24L

where A is the integrated infrared absorbance of the diffus-t
ing penetrant at time t, and A is its value at equilibrium.eq

Equilibrium coefficient determination by FTIR-ATR
spectroscopy

Additionally, the equilibrium constant in Eq. 8 can be
rewritten in terms of absorbance as

eUdA A pAB AoKC s . 21Ž .B Už /A e dA AB pA B

ŽOther studies Elabd and Barbari, 2000; Teo et al., 1997;
Senich and MacKnight, 1980; Wang and Cooper, 1983; Sung

.and Schneider, 1978; MacKnight and Yang, 1973 have shown
that effective extinction coefficients for hydrogen-bound and
free carbonyl stretching groups are approximately equal, re-
ducing Eq. 21 to

AABoKC s 22Ž .B AA

when the two depths of penetration are nearly equal, as they
Ž .are here for the two carbonyl bands -1% difference . Val-

ues for KC o can be determined from a linear regression ofB
A vs. A . The true diffusion coefficient, D , can then beAB A A

Ždetermined from the effective diffusion coefficient see Eq.
.11 , which is obtained by regressing the experimental normal-

ized absorbances using Eq. 20.

Experimental
Materials and sample preparation

The two VArVBu copolymers, 11- and 19-wt. % VA con-
tent, were purchased from Scientific Polymer Products, Inc.,
and contained 1 wt. % residual acetate groups. Table 1 lists
the physical properties of the polymers, both of which are

Ž .completely amorphous Reimers et al., 1993 . The film-cast-
Ž .ing solvent, 1-butanol, was purchased from Aldrich 15467-9

with a purity of 99.5%. In Table 2, the physical properties of
Ž .the two penetrants, methyl ethyl ketone Aldrich 27069-5 ,

Ž .99.5% purity, and methylene chloride Fisher D37-1 , 99.5%
purity, are listed. The Lennard-Jones diameters, listed in
Table 2, for MEK and CH Cl were obtained from Brokaw2 2
Ž . Ž .1969 and Braune and Linke 1930 , respectively.

To obtain samples for FTIR-ATR experiments, a 10-wt. %
solution of the VArVBu copolymer in 1-butanol was cast onto

Table 2. Molecular Weights, Boiling Temperatures,
Densities, and Lennard-Jones Diameters for Penetrants

3 ˚Ž . Ž . Ž . Ž .Penetrant MW grmol T 8C r grcm s Ab
UMEK 72.11 80 0.805 4.750
UUCH Cl 84.93 40 1.316 4.7592 2

U Ž .Brokaw 1969 .
UU Ž .Braune and Linke 1930 .

Figure 4. Combined gravimetric sorption and FTIR-ATR apparatus.
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Figure 5. ATR cell.

a level ATR crystal. The polymer film samples were dried for
48 h in a fume hood and then placed in a vacuum oven for 48

Ž .h at 1258C to remove residue solvent. The thickness L of
the samples prepared for spectroscopic experiments was
measured using a micrometer and was in the range of 30 to

Ž .80 mm "2.5 mm .

Diffusion experiments
Figure 4 shows the apparatus used to conduct FTIR-ATR

and gravimetric experiments. The penetrant vapor pressure
Ž .activity was controlled by the heating element inside the
insulated chamber. Only low vapor activities of penetrant, 0.1
to 0.3, were examined in this study. A temperature-controlled
water bath regulated the experimental temperature by circu-
lating water through the glass jacket around the quartz spring
and through the ATR cell. All experiments were conducted
at 80"0.18C, which was above the glass transition tempera-

Ž .tures of both polymers investigated see Table 1 .
Infrared spectra for the diffusion experiments were ob-

tained with a Mattson Research Series 1 FTIR spectrometer
Ž .with a horizontal ATR cell Figure 5 purchased from Graseby

Ž .Specac, Inc. The ATR crystal Graseby Specac, Inc. used in
Ž .this study was a zinc selenide trapezoid 70=10=6 mm , with

entry and exit beveled faces at a 458 angle of incidence for
the IR beam and a refractive index of 2.4. The sampling pa-
rameters for the FTIR-ATR experiments are provided in
Table 3. Gravimetric sorption experiments were conducted to
determine the equilibrium weight fraction of penetrant coin-
ciding with each FTIR-ATR experiment. For gravimetric ex-
periments, the polymer film was prepared in an aluminum
mold and hung directly on the quartz spring. The weight gain
of the polymer sample was determined from the spring exten-
sion using a cathetometer. Further details about the experi-
mental apparatus and procedures are described elsewhere
Ž .Hong et al., 1997 .

Results and Discussion
Several infrared spectra, representing the CsO ab-

sorbance for MEK in the 11-wt. % VA copolymer during a

Table 3. Sampling Parameters Used in FTIR-ATR
Experiments

Parameter Value
y1Resolution 4 cm
y1Starting wave number 600 cm
y1Ending wave number 4000 cm

Sample scans 32
Signal gain 1
Forward-scan velocity 0.6 cmrs
Reverse-scan velocity 1.3 cmrs
Sampling time 46 s

diffusion experiment at an activity of 0.286, are shown in Fig-
ure 6. The breadth of the MEK carbonyl peak in this figure
was more than twice that observed in a previous study of

Ž .MEK diffusion in polyisobutylene Hong et al., 1997 , sug-
gesting hydrogen bonding between the CsO in MEK and the
OH in the VArVBu copolymer. To quantify the hydrogen-
bound and free carbonyl absorbances of MEK, the spectra

Žwere fit using two Lorentzian contours Elabd and Barbari,
.2000 , as shown in Figure 7 for the spectrum at equilibrium.

The carbonyl peaks at 1711 cmy1 and 1722 cmy1 represent
the hydrogen-bound and free carbonyl groups, respectively.
The location of the free carbonyl stretching band at 1722

y1 Ž .cm is consistent with an earlier study Hong et al., 1997 ,
in which the location of the carbonyl stretch for MEK in
polyisobutylene was at 1722 cmy1.

The spectra were deconvoluted at each time point during a
diffusion experiment using a peak fitting algorithm in the

Ž .software, Advanced FIRST Mattson Instruments, Inc. , to
Ž .determine the integrated absorbances Elabd et al., 2001 . In

Figure 8, the relationship between the integrated ab-
sorbances for both species, hydrogen-bound and free MEK,
is shown for the same diffusion experiment at an activity of
0.286. The linear relationship verifies the local equilibrium

o Ž .assumption, and KC see Eq. 22 can be determined from aB
linear regression of the data. The values of KC o, determinedB
from the diffusion experiments at all activities in this study,
were 1.00"0.08 and 1.56"0.19 for the 11- and 19-wt. % VA
copolymers, respectively. Figure 9 shows the integrated ab-

Figure 6. Time-evolved carbonyl absorbance spectra of
MEK in 11 wt. % VA/////VBu at 808C and an activ-
ity of 0.286.
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Figure 7. Example of deconvolution of carbonyl ab-
sorbance spectrum using Lorentzian con-
tours.
Hydrogen-bound and free carbonyl groups are represented
at 1,711 cmy1 and 1,722 cmy1, respectively.

sorbances for each species plotted as a function of time for
the experiment at an activity of 0.286. The transport behavior
was Fickian at this activity and at all vapor activities studied
for both polymers. Figure 9 also shows the regressed fit of
the data using Eq. 20, indicated by the solid line, from which
the effective diffusion coefficient was determined. Whether
the free or hydrogen-bound MEK is monitored, the data con-
firm that either Eq. 9 or Eq. 10 can be used to obtain D .eff

The true diffusion coefficient, D , can be determined fromA
Ž o.the equilibrium constant KC and the effective diffusionB

Ž .coefficient D using Eq. 11. Figure 10 shows the effectiveeff
and true diffusion coefficients of MEK in the 11- and 19-wt.
% VA copolymers, over all the vapor activities studied, plot-
ted here in terms of MEK volume fraction at equilibrium.
The diffusion coefficients increase with increasing volume
fraction of MEK in the copolymer. The volume fractions were
calculated from the weight fractions that were measured

Figure 8. Integrated absorbances of hydrogen-bound
and free carbonyl groups at 808C and an ac-
tivity of 0.286 in 11 wt. % VA/////VBu.

Ž .Solid line represents fit, assuming local equilibrium Eq. 8 .

Figure 9. FTIR-ATR data for diffusion of hydrogen-
( ) ( )bound circles and free MEK squares at

808C and an activity of 0.286 in 11 wt. VA/////VBu.
The data were regressed to a Fickian model represented by
the solid line.

gravimetrically, assuming no volume change of mixing for
polymers above the glass transition. The results in Figure 10

Žagree with simple free volume theory Cohen and Turnbull,
.1959; Macedo and Litovitz, 1965; Chung, 1966 . Solvation

hinders the diffusion of MEK in the VArVBu copolymers by

( ) ( )Figure 10. Effective circles and true squares diffu-
sion coefficients for MEK in the VA/////VBu
copolymers.
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Figure 11. Time-evolved C-Cl spectra for CH Cl in 112 2
wt. % VA/////VBu at 808C and an activity of 0.215.

Ž . Ž .factors of 2.0 11-wt. % VA and 2.6 19-wt. % VA . The
hindrance effect increases with increasing VA content in the
polymer because the equilibrium between free and
hydrogen-bound states shifts to favor more hydrogen bonding
Ž o. o ohigher C . If C is separated from KC in the two copoly-B B B
mers, then K should be constant and independent of VA
content. The values of C o for the 11- and 19-wt. % VAB
copolymers are 2.71 M and 4.83 M, respectively. The result-
ing values of K are 0.37"0.03 My1 and 0.32"0.04 My1 for
11- and 19-wt. % VA, respectively.

To test the hypothesis that the diffusion coefficients of sol-
vating and nonsolvating penetrants of equal size are the same
after accounting for solvation, diffusion coefficents were
measured for methylene chloride and compared with the true

Ž .values for MEK. Methylene chloride CH Cl was chosen2 2
because it has considerably weaker interactions with the
VArVBu copolymers than does MEK and has a similar

Ž .Lennard-Jones diameter see Table 2 . Figure 11 shows
time-evolved spectra of the C-Cl stretch of CH Cl in the2 2
11-wt. % VA copolymer during a diffusion experiment at an
activity of 0.215. Two peaks are evident at 737 cmy1 and 704
cmy1, both of which represent the C]Cl bond and appear in
the spectrum of pure CH Cl at the same locations. The in-2 2
tegrated absorbance at each time point, the total area under
both peaks, is plotted in Figure 12 for the same experiment,
and the diffusion coefficient was determined with the method
described earlier. Figure 13 compares the diffusion coeffi-
cients of CH Cl with the true diffusion coefficients of MEK2 2
from Figure 10 at all of the volume fractions studied. In both
polymers, there is excellent agreement between the CH Cl2 2
diffusion coefficients and the true diffusion coefficients of
MEK determined from the solvation model in this study, vali-
dating the stated hypothesis.

Conclusion
FTIR-ATR spectroscopy is a powerful tool for the mea-

surement of both equilibrium constants and diffusion coeffi-
cients in polymers because of its ability to examine strong
interactions between a penetrant and the polymer through
shifts in the infrared spectrum. Although the equilibrium
constants measured here could have been obtained from

Figure 12. FTIR-ATR data for diffusion of CH Cl in 112 2
wt. % VA/////VBu at 808C and an activity of 0.215.
The data were regressed to a Fickian model represented
by the solid line.

equilibrium sorption experiments using infrared spec-
troscopy, their determination from time-evolved spectra dur-
ing the diffusion process allows the validity of the local equi-
librium assumption to be tested. Its validity was demon-
strated here by the reproducible value of the equilibrium
constant, K , measured at all concentrations, at all times, and
for both copolymers. Rather than using total mass to deter-
mine the effective diffusion coefficient for a solvating pene-

(Figure 13. True diffusion coefficients: MEK solid
) ( )squares vs. CH Cl open squares .2 2
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trant, as in gravimetric techniques, FTIR-ATR spectroscopy
can monitor the individual species present. This ability is in-
valuable for systems in which local equilibrium may no longer
be valid, such as glassy polymers.

Separating the effect of hydrogen bonding from the effec-
tive diffusion coefficient of MEK in the VArVBu copolymers
gives a true diffusion coefficient for the penetrant. The diffu-
sion-solvation model developed here was verified by the find-
ing that the true diffusion coefficients for MEK were the same
as those for methylene chloride, a penetrant of similar size.
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