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( ) ( )The diffusion of methyl ethyl ketone MEK r1-butanol BOH mixtures in poly-
( )isobutylene PIB was studied using time-resol®ed FTIR-ATR spectroscopy at ®arying

mixture compositions. Diffusion coefficients and hydrogen-bonding interactions were
quantitati®ely measured using this technique. In the MEKrBOHrPIB system, three
species were identified from the infrared spectra, free MEK, an MEK-BOH complex,
and a self-associated BOH cluster. The diffusion coefficient for the MEK-BOH complex
was less than that for free MEK, but larger than the ®alues determined for the BOH
cluster. These results were compared to a numerical solution of a multicomponent
transport model that explicitly accounts for solute � solute interactions to determine indi-
®idual diffusion coefficients for all the species identified. In addition, the

( )MEKrBOHrPIB results were compared to those for an MEKracetonitrile ACN mix-
ture, a nonhydrogen-bonding system, in PIB, to elucidate the differences between inter-
acting and noninteracting systems.

Introduction

Understanding multicomponent diffusion in polymers at a
molecular level is important for many applications, including
membrane-based separations, selective-barrier materials, and
fuel-cell technology. For a simple or binary system
Ž Ž . .solute 1 rpolymer , there is a single diffusion coefficient that
characterizes the transport process using a simple transient
continuity equation:

� C � 2C1 1sD , 1Ž .1 2� t � z

where D is defined as the diffusion coefficient of the solute1
in the polymer. Multicomponent systems, however, have tra-
ditionally been described under two similar mathematical
frameworks: the generalized Stefan�Maxwell and Onsager

Žformalisms Maxwell, 1867; Stefan, 1872; Onsager, 1931; Cus-
.sler, 1976 . In the Onsager framework, transport can be de-

scribed by an array of diffusion coefficients through a multi-
component, transient form of the continuity equation:
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ny1 2� C� C ji s D . 2Ž .Ý i j 2� t � zjs1

In this array of diffusion coefficients, the diagonal terms, D ,ii
are referred to as ‘‘main-term’’ diffusion coefficients, and the

Ž .off-diagonal terms, D where i� j , are called ‘‘cross-term’’i j
diffusion coefficients. The main-term diffusion coefficients
are similar in magnitude to their respective binary diffusion
coefficients and are sometimes referred to as pseudobinary
values. The cross-term diffusion coefficients are somewhat
vague in their interpretation, but in general, each one is a
relative measure of the effect of one component’s concentra-
tion gradient on the flux of another component or the system’s

Ž .deviation from the binary case Cussler, 1976 . For example,
Ž Ž . Ž . .for a ternary system solute 1 rsolute 2 rpolymer , the conti-

nuity equations would be:

� C � 2C � 2C1 1 2sD qD 3Ž .11 122 2� t � z � z
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� C � 2C � 2C2 1 2sD qD . 4Ž .21 222 2� t � z � z

The Stefan�Maxwell framework results in a similar array of
diffusion coefficients to describe the system. Both the gener-
alized Onsager and Stefan�Maxwell formalisms can be de-

Ž .rived from irreversible thermodynamics Cussler, 1976 .
In this study, the diffusion of two solutes capable of hydro-

gen bonding was investigated. In the Onsager framework just
presented, there is no way to account for the complexation
and self-association that can result from hydrogen bonding.
Therefore, little to no insight into the nature and extent of
these interactions can be inferred from the magnitudes of the
main-term and cross-term coefficients if applied to this prob-
lem. If chemical potential gradients are used in the Onsager
formalism, these interactions can be captured through ther-
modynamic expressions relating chemical potential to con-
centration. However, questions still remain as to the physical
meaning of the diffusion coefficients. Therefore, an alterna-
tive approach was sought to account for hydrogen bonding
explicitly in order to obtain transport parameters with simple
yet physical interpretations.

Experimentally, FTIR-ATR spectroscopy, NMR imaging,
diffusion cells, and capillary column inverse gas chromatogra-
phy have been used to measure multicomponent diffusion in

Ža polymer Grinsted and Koenig, 1992; Balik and
Simendinger, 1988; Hong et al., 1998; Danner et al., 1998;

.Zielinski and Hanley, 1999 . However, the ability to quantita-
tively measure interactions among diffusing components has
not yet been demonstrated. The ability to measure multicom-
ponent diffusion and determine how solute�solute interac-
tions affect the overall transport rates could aid in the opti-
mization of transport-related polymer processes.

The focus of this study was not only to quantify multicom-
ponent diffusion in a polymer, but also to measure quantita-
tively the interactions among the species during the transport
process. Through shifts in the infrared spectrum, FTIR-ATR
spectroscopy has the ability to measure the extent of chemi-
cal interactions, such as hydrogen bonding, among the differ-
ent species during the transport process. Recently, Elabd and

Ž .Barbari 2001 quantified both the diffusion coefficient of a
solute in a polymer and its interaction to the polymer using
time-resolved FTIR-ATR spectroscopy. In this study, the dif-
fusion of and interaction between multiple solutes in a poly-
mer, a hydrogen-bonding mixture of methyl ethyl ketone
Ž . Ž . Ž .MEK and 1-butanol BOH in polyisobutylene PIB , were
investigated with FTIR-ATR spectroscopy. In addition, the
experimental results were compared to a multicomponent
model that explicitly accounts for the specific solute�solute
interactions.

Model Development
Since O�H bonds in BOH can either self-associate or in-

teract with the CsO bonds in MEK through hydrogen bond-
ing, this system presents a very complex scenario for diffusion
at the molecular level. MEK and BOH molecules interact
reversibly to form an MEK-BOH complex. One approach to
modeling this system is to incorporate these interactions and
describe the diffusion of species that are created through hy-
drogen bonding and identifiable from FTIR-ATR spec-

Figure 1. Multiple components, free or monomeric MEK,
clustered BOH, and an MEK-BOH complex, in-
volved in the diffusion of interacting mixture
of MEKrrrrrBOH in PIB.
All three components have the capability of diffusing across
the membrane.

troscopy. As will be shown experimentally below, there is no
quantifiable infrared band for single BOH molecules, only
for self-associated BOH clusters. The diffusion of MEK and
BOH then can be treated in terms of the diffusion of three
species, free or monomeric MEK, clustered BOH, and an
MEK-BOH complex, as illustrated in Figure 1.

To describe this process mathematically, a diffusion model
with an equilibrium reaction between free MEK, clustered
BOH, and the MEK-BOH complex was developed. The reac-
tion can be written as

k f

Aq nrm B | AB , 5Ž . Ž .m n
k r

where A, B , and AB represent the MEK monomer, BOHm n
cluster, and MEK-BOH complex, respectively. In addition, m
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Žand n refer to the size of the BOH cluster number of BOH
. Žmonomers and MEK-BOH complex number of BOH

.monomers per MEK , respectively. The one-dimensional
continuity equations for these species are

� C � 2C � 2CA A AsD sD q r 6Ž .A ,e f f A A2 2� t � z � z

� C � 2C � 2CB B Bm m msD sD q nrm r 7Ž . Ž .B ,e f f B A2 2m m� t � z � z

� C � 2C � 2CAB AB ABn n nsD sD y r , 8Ž .AB ,e f f A B A2 2n n� t � z � z

where, if hydrogen bonding is treated as elementary,

r syk C C nrmqk C , 9Ž .A f A B r ABm n

and z and t correspond to the distance in the polymer and
time, respectively. In Eqs. 6�9, C , C , and C , are theA B ABm n

concentrations of MEK monomer, BOH cluster, and MEK-
BOH complex, respectively, while D , D , D ,A,e f f B ,e f f A B ,e f fm n

and D , D , and D are their respective effective andA B ABm n

individual diffusion coefficients. Additionally, k and k aref r
forward and reverse rate constants, respectively, and the
equilibrium constant is given as

k f
Ks . 10Ž .

kr

Since FTIR-ATR spectroscopy has the capability of mea-
suring the concentrations of individual species, the effective
or overall diffusion coefficient of each penetrant was deter-
mined. To determine the relationship between individual and
effective diffusion coefficients, the experimental data were
then compared to the numerical solution of Eqs. 6�9, and to
data for the noninteracting system.

Effecti©e diffusion coefficient determination
Under the assumptions of weak infrared absorption, negli-

Žgible changes in the polymer refractive index dilute concen-
. Ž .trations and the thick-film approximation Elabd, 2000 , the

absorbance in FTIR-ATR spectroscopy can be related to the
Žconcentration at the polymer�ATR element interface see

.Figure 2 through the expression

A t s��d C t , zs0 , 11Ž . Ž . Ž .p

Ž . Ž .where A t and C t, z s 0 are the integrated infrared ab-
sorbance and concentration, respectively; �� is the effective
extinction coefficient for FTIR-ATR spectroscopy; and d isp
the depth of infrared radiation penetration into the polymer
film. The effective diffusion coefficient can be determined
from a regression of experimental ATR absorbance data to
an analytical solution of Fick’s second law, which can be ex-

Figure 2. ATR element.

Ž .pressed as Elabd, 2000

A t C t , zs0Ž . Ž .i is
A Ci ,eq i ,eq

n 2 2�4 y1 yD 2nq1 � tŽ . Ž .i ,effs1y exp , 12Ž .Ý 2ž /� 2nq1 4Lns 0

where, for species i, D is the effective diffusion coeffi-i,eff
cient, A and C are the integrated absorbance and con-i,eq i,eq
centration, respectively, at equilibrium, and L is the film
thickness.

Indi©idual diffusion coefficient determination
To determine the individual diffusion coefficients, the cou-

Ž .pled species continuity equations Eqs. 6�8 must be solved
numerically. The following variables were used to convert the
equations into dimensionless form, where C is the totalT ,eq
concentration of solute at equilibrium:

C sC qmC q nq1 CŽ .Ž .T ,eq A ,eq B ,eq A B ,eqm n

CA
� s 13Ž .A CT ,eq

CBm� s 14Ž .Bm CT ,eq

CABn� s 15Ž .ABn CT ,eq

D tA
� s 16Ž .2L

z
	 s . 17Ž .

L

Recasting Eqs. 6�9 with the use of these dimensionless vari-
ables results in

�� � 2�A A nrms y s s � � y� 18Ž .Ž .1 2 A B A B2 m n�� �	

�� � 2�B Bm m nrms s y nrm s s � � y� 19Ž . Ž .Ž .3 1 2 A B A B2 m n�� �	
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�� � 2�AB ABn n nrms s q s s � � y� , 20Ž .Ž .4 1 2 A B A B2 m n�� �	

where

k L2
r

s s 21Ž .1 DA

s sKC nrm 22Ž .2 T ,eq

DBms s 23Ž .3 DA

DABns s . 24Ž .4 DA

ŽThe initial conditions recast into dimensionless form at
.� s0 for all 	 become:

� s0 25Ž .A

� s0 26Ž .Bm

� s0. 27Ž .ABn

The boundary conditions at 	 s0 for all � are

��A s0 28Ž .
� z

��Bm s0 29Ž .
� z

��ABn s0, 30Ž .
� z

and those at 	 s1 for all � are

� s� 31Ž .A A ,eq

� s� 32Ž .B B ,eqm m

� s� . 33Ž .AB AB ,eqn n

In this model development, � , � , and � areA,eq B ,eq A B ,eqm n

not independent parameters, but are related through the
equilibrium expression and the material balance:

�AB ,eqnnrms sKC s 34Ž .2 T ,eq nrm� �A ,eq B ,eqm

� qm� q nq1 � s1. 35Ž . Ž .A ,eq B ,eq A B ,eqm n

Therefore, only two of the four parameters, s , � , � ,2 A,eq B ,eqm

� , can be specified independently. An implicitA B ,eqn

Crank�Nicolson finite difference algorithm was used to solve
this system of equations, where the space domain was divided
into 1,000 node points and a dimensionless time step of 0.0003
was used.

Experimental
Materials and sample preparation

Ž .Polyisobutylene PIB was purchased from Scientific Poly-
Ž w xmer Products, Inc. M s4,700,000 GPC ; density s0.92®

3 .grcm ; refractive indexs1.51; T sy64
C . The remainingg
Ž .chemicals used in this study, methyl ethyl ketone MEK , 1-

Ž . Ž .butanol BOH , acetonitrile ACN , and toluene, were pur-
chased from Aldrich Chemical Company, Inc., with 99.5%
purity and used as received. The physical properties of the
solutes, MEK, BOH, and ACN, are listed in Table 1.

To obtain polymer film samples for the FTIR-ATR experi-
ments, a 3 wt % solution of PIB in toluene was cast onto a
level ATR crystal and dried for 48 h in a fume hood. After
drying, the films were placed in a vacuum oven for 48 h at
150
C to remove residual solvent. Separate samples, with film

Ž .thicknesses measured with a micrometer in the range of 30
to 50�2.5�m, were prepared for each spectroscopic experi-
ment. No residual toluene was detected spectroscopically in
the film attached to the ATR crystal.

Diffusion experiments
Infrared spectra for the diffusion experiments were ob-

tained with a Mattson Research Series 1 FTIR spectrometer
with a horizontal, temperature-controlled ATR cell pur-
chased from Graseby Specac, Inc. The multiple-reflection

Ž . Ž .ATR element shown in Figure 2 Graseby Specac, Inc. was
Ž .a zinc selenide trapezoid 70�10�6 mm with entry and exit

faces beveled at a 45
 angle of incidence for the IR beam and
with a refractive index of 2.4. Infrared radiation absorbs at
the ATR element�polymer interface, and is detected with a

Ž .liquid nitrogen-cooled, mercury�cadmium�telluride MCT
detector. All spectra were collected with 32 scans, a 4-cmy1

resolution, and a 46-s sampling time, and they were corrected
by background subtraction of the ATR element spectrum.

All diffusion and sorption experiments were conducted at
23�1
C with different liquid mixture compositions expressed
in ratios of mole fractions: 0:1, 0.2:0.8, 0.3:0.7, 0.4:0.6, 0.5:0.5,
0.6:0.4, 0.7:0.3, 0.8:0.2, and 1:0 MEK:BOH and 0:1, 0.3:0.7,
0.5:0.5, 0.7:0.3, and 1:0 MEK:ACN, where mole fraction is
defined as the moles of one component to the total moles of

Ž .the mixture. Liquid sorption mass uptake experiments were
conducted at each mixture composition to determine the to-
tal concentration at equilibrium by saturating polymer sam-

Ž .ples three samples at every mixture composition weighing
approximately 0.5�1 g in each liquid mixture. After one week,
samples were removed, excess liquid was blotted from the

Žsurface of each sample, and the difference in mass solute
.mass uptake was determined using a Mettler balance with

�0.0001-g precision.

Table 1. Molecular Weights, Boiling Temperatures,
Densities, and Molar Volumes of Solutes

3 3Ž . Ž . Ž . Ž .Penetrant MW grmol T 
C � grcm V cmrmolb

MEK 72.11 80 0.805 89.6
BOH 74.12 117.7 0.810 91.5
ACN 41.05 81�82 0.786 52.2
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( ) ( )Figure 3. Time-resolved a CsO and b O—H ab-
sorbance spectra for 0.5:0.5 MEK:BOH in PIB
at 23
C.

Results and Discussion
Structural analysis

Ž . Ž .Both the carbonyl CsO and hydroxyl O�H vibrational
bands, in particular the stretching frequencies, of the in-
frared spectra were used for the MEKrBOH mixtures in PIB,
in order to identify the diffusing species in this system. Both
the CsO stretch and the O�H stretch are sensitive to hy-
drogen bonding. The O�H bond in particular shifts signifi-
cantly in wavenumber with different hydrogen-bonding states
or strengths. Figure 3 shows several CsO and O�H spectra
at different times for one diffusion experiment, 0.5:0.5
MEK:BOH in PIB. In Figure 3a, in addition to the main peak
at 1722 cmy1, there is a CsO shoulder at 1711 cmy1 that is
indicative of hydrogen bonding and similar to one observed

Ž .in an earlier study Elabd and Barbari, 2001 . This figure in-
dicates that both free MEK and an MEK-BOH complex are
present in PIB. Figure 3b shows several peaks, each of which
represents a different hydrogen bonding state. To clarify the
complexities in the infrared spectra, for Figure 3b in particu-
lar, the equilibrium spectra for the CsO and O�H stretches
at different liquid mixture compositions, 1:0, 0.8:0.2, 0.5:0.5,
0.2:0.8, and 0:1 MEK:BOH in PIB, are compared in Figure 4.
For pure MEK in Figure 4a, a single CsO peak at 1722
cmy1 is evident, which is consistent with a study conducted

Ž .by Hong et al. 1997 . Only MEK monomer is present in PIB
with no interactions with itself or the polymer. As BOH is
added, there is the expected decrease in intensity with de-

( )Figure 4. Equilibrium a CsO absorbance spectra and
( )b O—H absorbance spectra of MEKrrrrrBOH in
PIB at 23
C.
Numbers on graph correspond to concentration of the liquid
mixture, MEK:BOH mole fraction ratio.

creasing MEK concentration in the mixture, but the shoulder
representing the hydrogen-bound MEK-BOH complex be-
comes more distinguishable at higher BOH concentrations.
In Figure 4b, for pure BOH, a broad OH peak at 3330 cmy1,
representing self-associated BOH clusters, dominates the
spectrum. If present in measurable quantities, free BOH
molecules in PIB would be represented by a band at 3620

y1 Žcm Bellamy, 1958; Avram and Mateescu, 1972; Lin-Vien
.et al., 1991 , which was not evident in this study. Given the

nonpolar environment of PIB, the amount of the highly po-
lar, free BOH is expected, from thermodynamic arguments,
to be very small compared to hydrogen-bonded BOH and was
taken to be negligible here. As the concentration of MEK
increases in the mixture, other peaks appear at higher
wavenumbers, and at 0.8:0.2 MEK:BOH, the peak at 3330
cmy1 is no longer present.

In order to determine the structures associated with the
peaks in Figure 4, the equilibrium CsO and O�H spectra
were deconvoluted using a curve-fitting program provided in

Ž .the Advanced FIRST Mattson Instruments, Inc. software
package. The resulting synthetic peaks for the experiment
with a liquid mixture composition of 0.5:0.5 MEK:BOH in
PIB is shown in Figure 5. Figure 5a illustrates the expected

y1 y1 Ž .peaks at 1722 cm and 1711 cm Lorentzian contours ,
representing the MEK monomer and the MEK hydrogen-

Ž .bound complex, respectively Elabd and Barbari, 2001 . The
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( ) ( )Figure 5. Deconvolution of equilibrium a CsO and b
O — H absorbance spectrum for 0.5:0.5
MEK:BOH in PIB at 23
C.

Ž .deconvolution of the O�H spectrum Gaussian contours , in
Figure 5b, reveals three peaks, located at 3330, 3439, and
3535 cmy1. The deconvolution of the CsO and O�H spec-
tra using Lorentzian and Gaussian contours, respectively, was
confirmed by fitting the spectra with the LorentzianrGaus-
sian percentage allowed to be a fitting parameter, which re-
sulted in a percentage always greater than 99% Lorentzian
for the CsO spectra, and always greater than 99% Gaussian
for the O�H spectra. Each of the peak locations in the O�H
spectrum can be attributed to different hydrogen-bonding
states of the O�H bond in BOH. It is well known that peak
shifts in infrared spectra can be directly related to hydrogen-
bond length or strength.

Figure 6 depicts bond assignments for various alcohol clus-
Žter sizes and structures Bellamy, 1958; Avram and Mateescu,

.1972; Lin-Vien et al., 1991 . The monomer O�H stretch is
located at 3620 cmy1, which is also the location of the termi-
nal O�H in self-associated linear chains. The greater the
shift from this location to lower wavenumbers, the stronger
the hydrogen bond. Hence, the O�H group that is involved
in hydrogen bonding on both sides experiences the greatest
shift in the infrared. When BOH self-associates as a cyclic
cluster, all O�H groups are hydrogen bound on both sides
and only one peak location appears, at 3330 cmy1. This form
of self-association is consistent with the experimental results

Ž .for pure BOH in PIB Figure 4b , and suggests that BOH
diffuses as a cyclic self-associated cluster. The other peak lo-
cations, 3439 and 3535 cmy1, that are seen in the MEK-BOH

Figure 6. Designated peak locations for different hydro-
gen-bonding states of alcohol clusters.

mixtures, can be attributed to different hydrogen-bonding
states of the MEK-BOH complex. Figure 7 depicts peak loca-
tions for various complex sizes. As was the case for associ-
ated alcohols, the O�H peak with the greater shift in the
complex, 3439 cmy1, is the stronger or shorter hydrogen bond,
and is evident for nG2.

Diffusion analysis
If the assignment of peak locations in Figure 7 is correct,

then the infrared peaks located at 1711, 3439, and 3535 cmy1

should all represent the same molecular species, a MEK-BOH
complex, and the time rate of change for these three ab-
sorbances should be the same. To confirm this hypothesis,

Ždeconvolution of the peaks at equilibrium shown in Figure
.5 was conducted at each time point for every experiment.

Figure 8a shows the results from the peak-fitting algorithm,
time-resolved normalized integrated absorbances for five
peaks, 1722, 1711, 3439, 3535 and 3330 cmy1, for the 0.5:0.5
MEK:BOH experiment. The integrated areas of the peaks
located at 1711, 3439 and 3535 cmy1 increase in time at the
same rate, verifying the hypothesis that all three peaks repre-
sent the same molecular species, the MEK-BOH complex.
Identical results were obtained at each mixture composition
and in all of the experiments. In addition, Figure 8a shows
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Figure 7. Designated peak locations for different hydro-
gen-bonding states alcohol–ketone com-
plexes.

Ž y1.that free MEK 1722 cm diffuses the fastest, followed by
Ž y1.the MEK-BOH complex 1711, 3439 and 3535 cm , and

Ž y1.then the BOH cluster 3330 cm .
The integrated absorbances were regressed to the transient

Ž .ATR solution Eq. 12 to determine the effective diffusion
coefficient of each species. The diffusion of each species is
Fickian, shown in Figure 8b for 0.5:0.5 MEK:BOH, for all
experiments conducted at all mixture concentrations. The ef-
fective diffusion coefficients of all three species, MEK,
MEK-BOH complex, and BOH cluster, are plotted against
MEK mole fraction in the liquid mixture in Figure 9, where
the error bars represent the standard deviation of three to six
experiments conducted at each mixture composition. Each
diffusion coefficient increases exponentially with MEK mole
fraction, which is consistent with the basic ideas of free-

Žvolume theory Cohen and Turnbull, 1959; Macedo and
.Litovitz, 1965; Chung, 1966 , provided the total concentration

of penetrant in the polymer increases linearly with increasing
MEK mole fraction in the liquid mixture. To test this condi-
tion, the total concentration of penetrant in the polymer for
every liquid mixture composition was measured from liquid-
mass uptake experiments, shown in Figure 10. These results
show that the total concentration of the mixture in the poly-
mer increases linearly with increasing MEK mole fraction.

It is interesting to note that the effective diffusion coeffi-
cient for the BOH cluster in the absence of MEK from the
extrapolation of the line in Figure 9 is approximately double
that of the experimental value. It is feasible that the average
size of the BOH cluster may increase at higher BOH concen-
trations. Several studies have shown that the diffusion coeffi-
cient of water and certain alcohols in polymers can decrease

Žwith increasing concentration Aminabhavi and Khinnavar,
.1993; Hsu et al., 1993 . Investigators have interpreted this as

Figure 8. Time-resolved normalized integrated ab-
sorbance for separate components.
Ž . y1 Ž . y1 Ž .a MEK, 1722 cm � , BOH cluster, 3330 cm ^ , and

y1 Ž . y1 Ž .MEK-BOH complex, 1711 cm � , 3439 cm q , and
y1 Ž . Ž .3535 cm � ; b MEK, BOH cluster, and MEK-BOH

Ž .complex regressed to the ATR solution, Eq. 12, solid line
for the determination of effective diffusion coefficients.

an increase in cluster size with increasing concentration,
which results in lower diffusion coefficients.

Application of numerical solution
In order to understand the effects of solute�solute interac-

tions on multicomponent diffusion in polymers, a numerical
solution was obtained to compare individual diffusion coeffi-
cients with effective values. The coupled equations, Eqs.
18�20, were solved under the condition of local equilibrium

Ž 2 . Žby setting the value of s k LrD to 1,000 Kasargod and1 r A
.Barbari, 1997 . The open symbols in Figure 11 represent con-

centration profiles that were generated numerically for all
three species using the following values: ns2, ms4, D sA
4.0�10y9 cm2rs, s s0.25, s s0.33, � s 0.4, and �3 4 A,eq B , eqm

s 0.1, while s and � were determined from Eqs. 342 A B , eqn

and 35. The value chosen for m is consistent with alcohol
Žcluster sizes in low molecular-weight solvents Prausnitz et

.al., 1986 . The value of n was chosen to keep the complex
size smaller than the cluster, since the experimental data in-
dicate that the transport rate for the complex is faster than
that for the cluster. Each normalized concentration profile
generated was then regressed to the analytical solution of
Fick’s second law, Eq. 12, in order to determine the effective
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( )Figure 9. Effective diffusion coefficients for MEK � ,
( ) ( )MEK-BOH complex � , and BOH cluster ^

vs. MEK mole fraction in the liquid mixture.

diffusion coefficients. Deviations between individual diffu-
Ž .sion coefficients fixed through the numerical simulations

Žand effective diffusion coefficients regressed to Fick’s sec-
.ond law would reveal the effects of interactions on diffusion.

The fixed individual and regressed effective diffusion coeffi-
Ž .cients see Figure 11 were the same, implying that Fick’s sec-

ond law can be used for each species under local equilibrium
conditions. Similar results were obtained at other values of n,
m, D , s , s , � and � .A 3 4 A , eq B ,eqm

Comparison to a noninteracting system
To further elucidate the role of solute�solute interactions

on multicomponent diffusion, mixtures of MEKrACN in PIB,
a noninteracting system, were studied and compared to
MEKrBOH in PIB. Figure 12 shows the IR spectrum at

Figure 10. Total concentration of MEKrrrrrBOH penetrant
mixture in PIB vs. MEK mole fraction in the
liquid mixture.

Figure 11. Comparison of individual and effective diffu-
sion coefficients for all three species.

Ž . Ž . Ž .MEK � , MEK-BOH complex � , and BOH cluster ^ ;
open symbols and solid lines represent the individual and
effective values, respectively.

equilibrium for one particular experiment, 0.3:0.7 MEK:ACN.
Ž y1.The CsO peak 1722 cm is much greater than the C�N

Ž y1.peak 2253 cm , because ACN has a low solubility in PIB
and the nitrile stretching band absorbs weakly in the in-
frared. As a result, the C�N spectra could not be quantified
accurately. However, these experiments can be used to deter-
mine the diffusion coefficients of MEK in a multicomponent
system with no solute�solute interactions at various liquid
mixture concentrations for comparison with those for MEK
in the MEKrBOHrPIB system. The total concentration for
MEKrACN liquid mixtures in PIB, determined from liquid-
mass uptake experiments, is shown in Figure 13 at various
liquid-phase MEK concentrations.

ŽFrom the basic concepts of free-volume theory Cohen and
.Turnbull, 1959; Macedo and Litovitz, 1965; Chung, 1966 , the

diffusion coefficient at a fixed temperature is a function of
the amount of free volume in a particular system, suggesting
that the diffusion coefficient for MEK in PIB is independent
of the nature of the components responsible for creating the
additional free volume. If this is true, then the diffusion coef-
ficient for MEK in the MEKrBOHrPIB system should be
the same as that in the MEKrACNrPIB system at the same
system free volume, provided that all interactions have been
accounted for correctly. All of the diffusants in this study have

Ž .approximately the same mass density see Table 1 . There-
fore, the total mass concentration of the mixture is a measure
of the total volumetric swelling in the system, assuming no
volume change upon mixing. Figure 13 suggests that the con-
centration of ACN is very small relative to that of MEK, since
within experimental error, the total concentration is zero at a

Ž .MEK mole fraction of zero ACN mole fraction of one . As a
result, ACN does not contribute measurably to the swelling
in the system. Since the molar volumes of MEK and BOH
are nearly identical, it is reasonable to assume that the occu-
pied volume is also similar. Therefore, the volumetric swelling
Ž .reflected in total mass concentration in both the
MEKrACNrPIB and MEKrBOHrPIB systems is a measure
of additional free volume, and the MEK diffusion coeffi-
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Figure 12. Equilibrium spectra for 0.3:0.7 MEK:ACN in
PIB at 23
C.

Figure 13. Total concentration of MEKrrrrrACN penetrant
mixture in PIB vs. MEK mole fraction in liq-
uid mixture.

cients in each system should be equal at the same total mass
concentration. The diffusion coefficients for MEK in both
systems are plotted vs. the total concentration of the mixture
in Figure 14. The results demonstrate that the MEK diffu-
sion coefficient is only dependent on total system free vol-
ume, represented here by total mass concentration of the

Figure 14. Diffusion coefficients for MEK in the MEKrrrrr
( )BOHrrrrrPIB system � and in the MEKrrrrrACNrrrrr

( )PIB system � vs. total mixture concentra-
tion.

mixture, and that accounting for hydrogen-bonding interac-
tions explicitly results in the correct individual diffusion coef-
ficient for MEK.

If the diffusion coefficient for MEK had been measured
with conventional techniques, the resulting value would have
been a concentration-weighted average between the MEK
and MEK-BOH diffusion coefficients determined in this study
from FTIR-ATR spectroscopy. These weighted values would
be lower than those in Figure 14, reinforcing the advantages
of using FTIR-ATR spectroscopy to more fully elucidate
transport mechanisms in complex systems.

Local equilibrium
To confirm the local equilibrium assumption in the model-

ing arguments, the absorbance values for all three species
should be related at all times through the equilibrium con-
stant, which can be written as

CABnKs . 36Ž .nrmC CA Bm

Equation 36 relates the individual concentrations to the equi-
Ž .librium constant K and the ratio of MEK-BOH complex

Ž .size to BOH cluster size nrm . Substitution of Eq. 11 into
the local equilibrium expression, Eq. 36, leads to an equation
that relates the experimental integrated absorbances at all
times to both K and nrm

AABn

�ž /� dAB pn A Bn
Ks . 37Ž .nrm

AA BA m

� �ž / ž /� d � dA p B pA m Bm

In Eq. 37, A , A , and A are the integrated ab-A AB Bn m

sorbances for MEK, MEK-BOH complex, and BOH cluster,
respectively. Also, �� and d are the effective extinction co-i pi
efficient and depth of penetration, respectively, for each re-
spective component. Equation 37 can be rearranged to

nrm�� dA AAB pAB n A B Bn n msK , 38Ž .� �ž / ž /A � d � dA A p B pA m Bm

and further to

A nABnln s ln A qlnŽ .Bmž /A mA

nrm�� d 1AB pn A BnK , 39Ž .� �ž /ž /� d � dA p B pA m Bm

Ž . Ž .where both K from the intercept and nrm slope can be
determined from a log�log plot of A rA vs. A , shownAB A Bn m

in Figure 15. In this figure, the data are well regressed lin-
early for all times during the diffusion experiment, confirm-
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Figure 15. Log-log plot of A rrrrrA vs. A for the con-AB A Bn m

firmation of local equilibrium.

( )Table 2. Values of Intercept and Slope nrrrrrm from
( )Local Equilibrium Calculation Eq. 39

Ž .MEK Mole Fraction Intercept Slope nrm

0.2 0.278�0.004 0.418�0.012
0.3 0.362�0.048 0.396�0.049
0.4 0.467�0.137 0.365�0.061
0.5 0.515�0.125 0.337�0.047
0.6 0.683�0.153 0.400�0.024

ing the local equilibrium assumption in Eq. 36. Values of the
Ž .intercept and slope nrm were calculated for each mixture

composition, and the results are shown in Table 2. The inter-
cept increases with increasing MEK mole fraction, while the

Ž .slope nrm remains relatively constant over this concentra-
tion range.

Conclusions
In this study, the diffusion of a hydrogen-bonding mixture

Žin a polymer was examined both experimentally FTIR-ATR
.spectroscopy and numerically. The key result, as it pertains

to the area of multicomponent diffusion in polymers, is that
the diffusion can be both measured and modeled physically
in terms of the species that result from these interactions
Ž .MEK-BOH complex and BOH cluster . Additionally, the
ability to measure each component at all times can be used
to confirm the local equilibrium assumption often assumed in
diffusion analysis. Comparing the experimental results to the
numerical solution clearly demonstrated that effective and
individual diffusion coefficients are the same when all of the
interactions are accounted for explicitly under local equilib-
rium. This was further demonstrated by comparing a hydro-
gen-bonding system to one that does not hydrogen bond,
which led to insights regarding the use of conventional tech-
niques and the effects caused by solute�solute interactions.
These results confirm that time-resolved FTIR-ATR spec-
troscopy is a powerful tool for accurately measuring diffusion
coefficients for both interacting and noninteracting diffusing
mixtures in polymers.
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Notation
A s integrated absorbance component i in a multicomponenti

system
A s integrated absorbance at equilibriumi,eq

AsMEK monomer
AB sMEK-BOH complexn
B sBOH clusterm
C sconcentration of component i in a multicomponent system,i

molrcm3

C sconcentration at equilibrium, molrcm3
i,eq
d sdepth of penetration of infrared radiation into the polymerp

film, cm
D s individual diffusion coefficient of component i in a multi-i

component system, cm2rs
D seffective diffusion coefficient of component i in a multi-i,eff

component system, cm2rs
k s forward rate constantf
k sreverse rate constantr
Ksequilibrium constant
Lsfilm thickness, cm

Ž .mssize of the BOH cluster number of BOH monomers
Žnssize of MEK-BOH complex number of BOH monomers per

.MEK
ts time, s
zsspace, cm

Greek Letters
��seffective extinction coefficient for FTIR-ATR spectroscopy,

cm2rmol
� sdimensionless concentration of component i in a multicom-i

ponent system
�sdimensionless time
	sdimensionless space
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