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ABSTRACT: The diffusion of deuterated hexane in conformational isomers of a heterogeneous polymer,
H12,MDI (4,4'-dicyclohexylmethane diisocyanate)/BD (1,4-butanediol)/PTMO (poly(tetramethylene oxide)),
was investigated at a fixed hard segment content of 30 wt % and compared to the diffusion of acetonitrile.
The effective diffusion coefficient of acetonitrile decreases with increasing trans—trans isomer content
while that for deuterated hexane remains constant. These results suggest that the trend observed from
acetonitrile diffusion is a function of penetrant—polymer interactions and not tortuosity effects. A model
with penetrant—polymer binding to the surface of the dispersed hard segment domains of the
heterogeneous polymer was developed to elucidate the main factors contributing to the interaction or
hindrance effect, which were determined to be the “available” surface binding sites and the surface-to-
volume ratio of the hard segment domains. FTIR-ATR spectroscopy was used to quantify this interaction

effect, and SAXS was used to confirm the findings.

Introduction

In a recent study,! the diffusion of acetonitrile in
conformational isomers of a phase-segregated (hetero-
geneous) polyurethane, H;2MDI (4,4-dicyclohexyl
methane diisocyanate)/BD (1,4-butanediol)/PTMO (poly-
(tetramethylene oxide)), was investigated at a fixed hard
segment content of 30 wt %, using FTIR-ATR spectros-
copy. Typically in polyurethanes at low hard segment
weight fractions, the hard segments hydrogen bond to
each other (NH- - -O=C) and form dispersed domains
within a soft segment continuum. For this particular
polyurethane, the conformational isomers of the hard
segment (H;2MDI) exist as three separate isomers: cis—
cis, cis—trans, and trans—trans, shown in Figure 1,
which hydrogen bond to one another to form amorphous
domains. Samples with higher trans—trans content
revealed increased hydrogen bonding between hard
segments and a lower effective diffusion coefficient for
acetonitrile.! In addition, the infrared revealed changes
in the C=0 and NH spectra in the hard segment of the
polymer and the C=N spectra of the penetrant, eluci-
dating hydrogen bonding between penetrant and poly-
mer. The trend observed for the effective diffusion
coefficient was attributed to both penetrant—polymer
interactions and changing tortuosity, due to the chang-
ing morphology among the different polyurethane iso-
mers.

Diffusion in a heterogeneous system without pen-
etrant—polymer interactions has been explored by many
investigators.2=2° In one of the earliest and best known
studies,? Maxwell examined diffusion in a heteroge-
neous material containing nonoverlapping spherical
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Figure 1. H;;MDI conformational isomers.

inclusions randomly placed throughout the material.
The resulting equation is expressed as

Desr o 2Dp + Dg — 2¢(D, — Dg)
(D) 2D, + Dg + ¢(D, — Dg)

1)

where Dy is the effective or overall diffusion coefficient
of the penetrant in the entire system and Da and Dg
are the penetrant diffusivities in the continuous and
dispersed phases, respectively. ¢ is the volume fraction
of the dispersed phase. When the dispersed phase is
impermeable (Dg = 0), eq 1 reduces to

Deff_ 2(1 — 4’)

Interestingly, Maxwell's equation reveals that the
ratio of the diffusivities is simply a function of the
volume fraction of the dispersed phase. Since this study,
other investigators3~7 have derived different equations
for the problem of dispersed spheres, but all have
arrived at a similar conclusion: the ratio of the diffu-
sivities is only a function of volume fraction. A more
recent study® has shown, through Monte Carlo simula-
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tions, that the spatial arrangement of dispersed spheres
has no effect on the diffusivity at constant volume
fraction. In addition, Fricke® concluded, for spheriods
suspended in a continuum, that the diffusivities are
independent of the size of the suspended particles at
constant volume fraction. Hamilton and Crossover?®
extended Fricke’'s model to ellipsoids and found that
shape has a negligible effect on the diffusivity. Cheng
and Vachon!! extended the work of Tsao!? to randomly
dispersed particles of irregular shape and size and
showed that the diffusivities depend only on volume
fraction. Numerical solutions by Bell and Crank!2 for
rectangular blocks and Keller and Sacks!* for uniform
cylinders both revealed that the diffusivity is related
to the width and radii, respectively, of the dispersed
phase which are both proportional to volume fraction.
Diffusion in semicrystalline polymers has also been
investigated!®16 and can be described as a heteroge-
neous system, in which the penetrant diffuses through
the amorphous regions and is altered in its path by
impermeable crystalline regions. The effective diffusion
coefficient in this system is commonly expressed by

Deff _ 1
D,  pr 3)

where S is the constriction factor, which is related to
the mobility of the amorphous chains, and 7 is the
tortuosity, which is a structure-dependent parameter
related to the altered path of a penetrant due to the
inhomogeneous nature of the diffusing medium. In
addition, diffusion in porous solids, which is analogous
to this problem, is traditionally represented by

%:E:l__‘ﬁ (4)
Dy, 7 T

where ¢ is the void volume or the volume fraction of the
continuous phase. Relationships for tortuosity have been
derived in many studies,’’~20 which show this param-
eter is a function only of volume fraction. All of these
studies suggest that the tortuosity will remain constant
at a fixed volume fraction in a heterogeneous system,
even if the size and shape of the dispersed phase change.

In the present study, the model predictions were
explored experimentally (FTIR-ATR spectroscopy) by
studying the diffusion of dueterated hexane, a nonin-
teracting penetrant, in conformational isomers of a
heterogeneous polyurethane, H12,MDI (4,4'-dicyclohexyl-
methane diisocyanate)/BD (1,4-butanediol)/PTMO (poly-
(tetramethylene oxide)), where the size and arrange-
ment of the dispersed phase changes (H;,MDI isomers)
but the volume fraction remains constant. A comparison
between these results and those from a previous study?
for the diffusion of acetonitrile provides insight into the
effect of penetrant—polymer interactions on the overall
transport rate in a heterogeneous system. A transport
model incorporating penetrant—polymer interactions to
hard segments in a heterogeneous polymer was devel-
oped to elucidate the main factors contributing to the
diffusion of acetonitrile. FTIR-ATR spectroscopy was
used to quantify these factors, and the approach here
is similar to a study conducted by Elabd and Barbari?!
where penetrant—polymer interactions were quantified
in a homogeneous polymer using this same experimen-
tal technique. Small-angle X-ray scattering (SAXS) was
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Figure 2. Schematic depicting acetonitrile diffusion through
the soft segment of a polyurethane with hydrogen-bonding
interactions with the surface binding sites of the hard segment
domains. Hydrogen-bonding interactions hinder the diffusion
process.

used to complement the transport model and FTIR-ATR
experiments, exploring morphological differences among
the isomers.

Model Development

Figure 2 is a schematic representation of the diffusion
process in a heterogeneous polyurethane with hard
segments at a low volume fraction and with binding to
their domain surfaces. The interacting penetrant, aceto-
nitrile, diffuses through the soft segment (PTMO) and
interacts through hydrogen bonding to hard segment
(H12MDI) binding sites (NH) on the surface of these
dispersed domains. The H;o,MDI hard segment domains
are glassy and amorphous.

To describe this process mathematically, a diffusion
model with a reversible binding reaction was developed.
The reaction between penetrant and binding site can
be written as

A+Bk~—kf—*AB (5)

where A, B, and AB represent the free penetrant
(acetonitrile), the polymer binding site (NH), and the
hydrogen-bound acetonitrile complex, respectively. kg
and k; represent the forward and reverse rate constants,
respectively. The one-dimensional continuity equation
for species A in a heterogeneous film is

aC, 9°C,
1- d’)ﬁ = Dyt re + ¢nra (6)

where z corresponds to the distance in the film, t
represents time, Cp is the concentration of A (free
acetonitrile), and 7 is the surface area-to-volume ratio
of dispersed hard segment domains. Des is the effective
diffusion coefficient of the diffusing or free penetrant.
For a fixed number of available binding sites, q%
(surface concentration or moles per area), the rate of
binding can be described by a Langmuir expression:

—1y = kCalp(1 — 0) — k,qg0 (7)

where 6 is the fraction of occupied sites, qAB/qg. The
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corresponding equation for hydrogen-bound acetonitrile
is

Mag 000
g Uy T A (8)
Adding egs 6 and 8 gives
9CA 9Cp 90
(L= @) =D — 91l (9)

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

qa0

= 10
Cadg(l — 0) 4o

At low penetrant concentrations, the binding sites never
reach saturation (6 < 1), and eq 10 reduces to

_ Uns

0 —
qBK - CA (ll)

By combining eqs 9 and 11, the continuity equation can
be written in terms of Ca only:

\9*Ca
(1 - ¢) + ¢nadK| o2

%n_ ( Dert (12)

at

Equation 12 can also be written exclusively in terms of
Cy, the total concentration of acetonitrile (free and
hydrogen bound):

lon ( Dest \o*Cy (13)

(1 ¢) + onodK] oz

Equation 13 can be used with the total concentration
or absorbance of acetonitrile that was measured in the
previous study.! Equations 12 and 13 describe the
transport of acetonitrile in terms of a new effective
diffusion coefficient, which includes the effect of inter-
actions between penetrant and polymer:

D* = ( Det ) (14)
@ - ¢) + ¢nadk

In eq 14, penetrant—polymer interactions hinder diffu-
sion by the factor (1 — ¢) + ¢ng2K.

Alternatively, the model could have been developed
with a bulk equilibrium binding term in place of the
surface binding term in eq 6. The same general form
results for eq 14 with nqg replaced with the bulk
concentration of binding sites in the hard segments,
Cg. This approach is similar to a previous study in
which the penetrant interacted with homogeneously
distributed binding sites.?! However, other studies have
experimentally shown that H1,MDI hard segment do-
mains are impermeable to a variety of penetrants.?2.23
Therefore, acetonitrile interactions with the hard seg-
ment domains were treated as an adsorption process.
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Table 1. H;,MDI/BD/PTMO 2000 Conformational Isomer
Samples and Their Densities

sample % cis—cis % cis—trans % trans—trans density (g/cm3)

| 10 61 29 1.08
11 1 9 90 1.05

Table 2. Hi,MDI/BD/PTMO Conformational Isomer
Samples and Their Compositions

wt %2 (¢) vol %

trans—trans PTMO/H{>2MDI/BD hard hard
sample (%) mole ratio segment segment
1 29 1/2.6/1.5 30 22
1 90 1/2.6/1.5 30 24

2 Hard segment (wt %) = [(moles of H12MDI) x Muiampr +
(moles of BD) x Mgp]/[(moles of PTMO) x Mprmo + (moles of
H12MD|) X Mu12mpr + (moles of BD) X MBD] x 100%, where Mptmo
= 1934, Mu12mD1I = 262, and Mgp = 90.

Using FTIR-ATR spectroscopy, the effective diffusion
coefficient can be determined from the regression of
experimental ATR absorbance to the ATR solution of
eq 13:1

At
A_eq =
8 = e[fe ' + (— 1)"(2/d)]
t md (1 — e?H®)i=  (2n + 1)(4/d? + 1) :
where

—Dy(2n + 1)°7°t

= 16

g e (16)
_@n+

F=—r (17)

d, = 4 (18)

.2 (nl)2
2n,m, [sin“ 0 — |—
n,

A is the integrated infrared absorbance of the diffusing
penetrant at time t, A¢q is its value at equilibrium, dp
(eq 17) is the depth of penetration of infrared radiation
into the polymer film where n; and n; are the refractive
indices of the polymer and the ATR crystal, respectively,
0 is the angle of incidence, and 4 is the wavelength of
absorbed light.

Experimental Section

Materials and Sample Preparation. Samples of H;,MDI
/BD/PTMO 2000 polyurethane were supplied and synthesized
by the Army Materials and Mechanics Research Center.?* Hi,-
MDI (4,4'-dicyclohexylmethane diisocyanate) is the hard seg-
ment, BD (1,4-butanediol) is a chain extender, and PTMO 2000
(poly(tetramethylene oxide)) (mol wt 2000) is the polyether soft
segment. The diisocyanate isomer ratios and properties of the
H12MDI/BD/PTMO polyurethane samples used in these ex-
periments are shown in Tables 1 and 2. Details concerning
the synthesis and preparation of these samples for FTIR-ATR
experiments can be found elsewhere.>?* Deuterated hexane
was purchased from Aldrich Chemical Co. Inc. (30300-3) with
a purity of 99 at. % and was stored under nitrogen.

ATR and Gravimetric Experiments. An FTIR spectrom-
eter (Mattson Research Series 1) with a horizontal ATR cell
and a zinc selenide trapezoidal ATR crystal (Graseby Specac,
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Figure 3. Time-evolved deuterated hexane absorbance spec-
tra in Hi,MDI/BD/PTMO at 23 °C (90% trans—trans isomer).

Inc.) was used to obtain all infrared spectra for the diffusion
experiments at 23 + 1 °C. A conventional quartz spring
gravimetric balance was used to obtain weight gain measure-
ments of acetonitrile in the polyurethane samples at a vapor
activity of approximately one. For gravimetric experiments,
the polyurethane films were prepared similarly to those for
the FTIR-ATR experiments but were cast into an aluminum
mold and hung directly on the quartz spring. Details regarding
the experimental equipment and procedures can be found
elswhere.>25

Density Experiments. The density of each H1,MDI/BD/
PTMO polyurethane sample was measured using a helium
pycnometer (Quantachrome Ultrapycnometer 1000), and the
results are listed in Table 1. This is a noninvasive procedure
using purified helium as the displaced medium. After calibra-
tion, the specimens were placed in the measurement cell and
purged with helium for 6 min. Fifteen samples were taken for
each data point.

SAXS Experiments. Small-angle X-ray scattering (SAXS)
was performed on a beamline X27C at the National Synchro-
tron Light Source, Brookhaven National Laboratory, Upton,
NY. Two-dimensional scattering patterns were collected on a
pinhole-collimated system using Fujitsu image plates and read
by a Fujitsu BAS 2000 image plate reader. Specialty software
available at Brookhaven National Laboratory was used to
reduce two-dimensional data to one-dimensional intensity vs
scattering vector (q) plots after background subtraction by
circular averaging. The X-ray wavelength employed was 1.307

Results and Discussion

Deuterated Hexane Diffusion. To distinguish be-
tween penetrant—polymer binding and tortuosity effects
between the two isomer samples, the diffusion of deu-
terated hexane, a noninteracting penetrant, in the Hj,-
MDI polyurethanes was investigated. Time-evolved
infrared spectra representing the C—D stretching of
deuterated hexane diffusion in the 90% trans—trans
isomer of the H1,MDI polyurethane (sample I1) is shown
in Figure 3. Deuterated hexane was chosen instead of
hexane because the C—D stretch (2300—2000 cm~1) does
not interfere with the C—H stretching of the polyure-
thane (3000—2700 cm™1). The C—D stretch was inte-
grated at each time point over this wavelength range
with a procedure described in a previous study.! Figure
4 displays the results of the normalized integration over
time with open symbols. The solid line represents the
regression to eq 15 for the determination of the effective
diffusion coefficient. Table 3 lists the diffusion coefficient
of deuterated hexane in both samples, I and 11 (29% and

Penetrant—Polymer Interactions in Heterogeneous Polymer 6271

—T L —— — T T T T

COUOCUTUUUTOUUL

Time (min)

Figure 4. FTIR-ATR data (open symbols) for diffusion of
deuterated hexane in H;;MDI/BD/PTMO at 23 °C (90% trans—
trans isomer) regressed with a Fickian model (solid line).

Table 3. Diffusion Results for Deuterated Hexane and
Acetonitrile in H;zMDI/BD/PTMO

Desi(deuterated hexane)
(x107) (cm?/s)

D*esi(acetonitrile)?

sample ¢ (x107) (cm?/s)

| 0.22
1 0.24

3.4+03
29+04

13.0 £ 0.7
52+03

2 Reference 1.

Table 4. NH, C=0, and C=N Concentrations in
H12MDI/BD/PTMO

hydrogen-bound C=0 (%)2

without with
sample NH (M) acetonitrile acetonitrile® acetonitrile (M)
| 2.06 59 51 0.74
1 2.01 71 50 0.67

a Reference 1. ° At equilibrium sorption.

90% trans—trans, respectively). The diffusion coef-
ficients are, within experimental error, the same at a
fixed hard segment volume fraction. The diffusion
coefficients measured for acetonitrile from a previous
study! are repeated here in Table 3 for comparative
purposes. The experimental results for deuterated hex-
ane confirm the theoretical developments discussed
above, illustrating that the diffusivities in the absence
of binding are a function of only the volume fraction.
This suggests that penetrant—polymer interactions are
the reason for the large difference observed for aceto-
nitrile with changing polyurethane isomer content
(shown in Table 3). It should be noted that acetonitrile
is much smaller (V = 52.2 cm®mol) then deuterated
hexane (V = 130.8 cm3/mol) and is expected to have a
higher diffusion coefficient.

Penetrant—Polymer Interactions. From the previ-
ous study,! hydrogen bonding between the C=N bond
in acetonitrile and the NH bond in the hard segment of
the polyurethane was observed through changes in C=
N, NH, and the C=O0 infrared stretching vibrations.
Additional peaks appeared in the C=N stretch of the
penetrant and NH stretch of the polymer hard seg-
ments, representing hydrogen bonding between pen-
etrant and polymer. Interestingly, a population shift
between the hydrogen-bound and free C=0 groups in
the hard segments was observed, shown in Table 4. The
acetonitrile molecules compete with the NH---O=C
bond to hydrogen bond to the NH groups on the surface
of the hard segment domains, hindering their diffusion
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Figure 5. FTIR-ATR data (open symbols) for the diffusion of
acetonitrile (circles) and the change in free C=0O groups
(squares) in Hi;MDI/BD/PTMO at 23 °C (90% trans—trans
isomer). The data were regressed to a Fickian model repre-
sented by the solid line.

(NH- - -N=C). To confirm the assumption of local equi-
librium in the model development here, the increase in
free C=0 groups over the diffusion time was compared
to the rate at which acetonitrile increases, shown in
Figure 5. The increase in free C=0 groups occurs at the
same rate as the diffusion of acetonitrile, suggesting
that the adsorption or binding between acetonitrile and
the polymer is proportional to the change in C=0
groups.

Determination of Penetrant—Polymer Interac-
tion Effect. To determine the extent to which diffusion
is hindered, (1 — ¢) + ¢17qu (eq 14), the individual
parameters in this expression must be quantified ex-
perimentally. The measured concentration of hydrogen-
bound acetonitrile (moles/volume of polymer) can be
related to the surface concentration (moles/area of
dispersed phase), surface area-to-volume ratio, and
volume fraction of dispersed phase:

Cag = ®10ap (19)

Substituting eq 19 into eq 11 results in

C
oK = = (20)
A

From Figure 5, the difference in C=0 groups (1:1 ratio
to NH groups), ACg, is equivalent to the hydrogen-
bound acetonitrile concentration, Cag:

ACg = Cpg (21)

and is listed in Table 4. This calculation was made using
equivalent extinction coefficients for both hydrogen-
bound and free carbonyl bands, which has been demon-
strated experimentally in a variety of polyurethanes.26-30
In addition, the concentration of free acetonitrile, Ca,
can be determined from eq 21 and experimental data
for total acetonitrile concentration, Cr:

Ca=Cr—Cpg (22)
In this study, the total acetonitrile concentration was

determined from gravimetric sorption at unit activity,
and the results are shown in Table 4. The hindrance
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Table 5. Penetrant—Polymer Interaction Effects for
Acetonitrile in H,MDI/BD/PTMO

D}«(acetonitrile)2 (1 —¢)+ Des(acetonitrile)

sample  (x107) (cm2/s)  ¢ng2K  #pqaK  (x107) (cm2/s)
| 13.0 £ 0.7 0.28 1.06 13.8 £ 0.7
1] 52+0.3 1.68 2.44 12.7 £ 0.7

2 Reference 1.

Intensity (x 10'6)
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q(Ah

Figure 6. SAXS intensity profile (I vs q) for 29% (circles) and
90% (squares) trans—trans isomer Hi,MDI/BD/PTMO.

factor, (1 — ¢) + ¢>17qu, was calculated with the use of
eqs 20—22 using equilibrium concentrations, and the
results are shown in Table 5. The effect of penetrant—
polymer interactions illustrates that the overall trans-
port rate is hindered by a factor of 1.06 for sample |
and 2.44 for sample I, corresponding to the differences
in hydrogen-bound penetrant in Table 4. The larger
hindrance factor for sample Il can be attributed to a
larger surface area-to-volume ratio of the dispersed
phase () and consequently more available surface
binding sites (qg), since the equilibrium constant (K)
and volume fraction (¢) are constants for this system.
Upon accounting for the interactions, the actual effective
diffusion coefficients are, within experimental error, the
same, as would be expected at a fixed volume fraction
of the dispersed phase, and which was demonstrated
with the diffusion of deuterated hexane (Table 3).

SAXS Data and Analysis. To confirm this variation
in morphology between the two different isomers, small-
angle X-ray scattering (SAXS) experiments were con-
ducted on both samples. Figure 6 shows intensity
profiles (I vs q) for each sample where q is the scattering
vector:

47 sin(0/2
- @
and 6 and A are the scattering angle and wavelength,
respectively. Scattering intensity describes the local
heterogeneities in the electron density of the material,
and the intensity maxima in Figure 6 (between 0.02 and
0.08 A1 (g)) are an indication of the microphase
separation that occurs. These results are analogous to
a study conducted by Van Bogart et al.3! on H;;MDI
polyurethanes with varying soft segment molecular
weights at a fixed hard segment content. Their study
revealed increases in intensity similar to Figure 6, and
they calculated an increase in hard segment domain size
and a decrease in the surface area-to-volume ratio as
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Table 6. SAXS Analysis

sample trans—trans (%) Qmax (A1) L (A)
| 29 0.047 133.6
1 90 0.036 174.5

the soft segment molecular weight increased. In addi-
tion, the long spacing, which has been interpreted as
the average separation distance of the microdomains,
can be calculated from Bragg's law:32

A = 2L sin(6/2) (24)

The long spacing, L, is determined from the maximum
in the scattering intensity in Figure 6, and the results
are listed in Table 6. These results reveal a smaller
separation distance in sample | (29% trans—trans),
suggesting larger hard segment domain size and a
decrease in the surface area-to-volume ratio. Physically,
this may occur because decreasing the trans—trans
isomer content results in more steric hindrances?43334
and less ideal packing conditions among the hard
segments. This results in fewer hard segment domains
of larger size, producing larger surface area-to-volume
ratios and fewer “available” surface binding sites. This
morphological change agrees well with the transport
model and FTIR-ATR experiments.

Conclusions

In this study, the ability of time-resolved FTIR-ATR
spectroscopy to quantitatively monitor changes in the
molecular state of both the penetrant and the polymer
was demonstrated. The technique also provides insight
into transport mechanisms in more complicated sys-
tems, such as multicomponent or heterogeneous poly-
mer membranes and penetrant—polymer binding to the
surface of phase-segregated domains. The transport
model developed for penetrant—polymer binding in a
heterogeneous polymer reveals that the main factors
hindering diffusion are the surface area-to-volume ratio
of the dispersed phase and the “available” surface
binding sites. These factors were quantified with FTIR-
ATR spectroscopy, and when accounted for, the results
for the interacting penetrant (acetonitrile) compare well
with those obtained from the diffusion of a noninter-
acting penetrant (deuterated hexane). SAXS results also
confirm the observations in this study.
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