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Abstract

The diffusion of acetonitrile in conformational isomers of the aliphatic polyurethane, H12MDI (4,4 0-dicyclohexylmethane diisocyanate)/
BD (1,4-butanediol)/PTMO (poly(tetramethylene oxide)), was investigated at a fixed hard segment content of 29.9 wt%. The effective
diffusion coefficient, measured experimentally using FTIR-ATR (Fourier transform infrared-attenuated total reflectance) spectroscopy,
decreased as the trans–trans percentage in the hard segment increased. The spectra for the polyurethanes revealed higher fractions of
hydrogen-bound CyO (carbonyl) groups at higher trans–trans percentages, which was consistent with higher values of hard segmentTg.
During acetonitrile diffusion experiments, a shift from hydrogen-bound to free carbonyl groups in the hard segment domains occurred and
hydrogen-bound CxN and NH peaks appeared suggesting that acetonitrile is solvating to the hard segments in the polymer. Based on these
findings, the trend observed for the effective diffusion coefficient may be attributed to tortuosity and penetrant solvation in the polyurethane.
q 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

1.1. Polyurethane structure

Polyurethanes are used as coatings, adhesives, thermal
insulation and more recently, biomaterials. Thermoplastic
polyurethane elastomers are typically phase segregated and
consist of a combination of hard, rigid, glassy segments and
soft, flexible, rubbery segments. Typically, the hard
segments contain a diisocyanate group with a chain exten-
der, a diol or diamine, and the soft segment is usually either
a polyether or polyester. Their structure and morphology
have been studied extensively [1–7] because of their excel-
lent elastomeric and thermal properties.

1.2. Phase segregation

The elastomeric properties of polyurethanes can be attrib-
uted to phase segregation. Many studies [2,4,5,8] have
shown that microphase segregation occurs in polyurethanes
due to the thermodynamic incompatibility of the hard and
soft segments and physical crosslinking among hard

segments. Phase segregation leads to a variety of morphol-
ogies depending on the content of hard or soft segment in
the polymer. Usually, at phase ratios greater than 2:1, the
minority phase is dispersed in a matrix of the majority
phase, while at near 1:1 phase ratios, lamellae structures
are observed [7,12]. The extent of segregation varies
depending on the amount of physical crosslinking that
takes place, usually through hydrogen bonding. Hydrogen
bonding can occur between the urethane groups of different
hard segments, or between the urethane group in a hard
segment and the oxygen in a polyether or polyester soft
segment [8,23,25]. More crosslinking between hard
segments leads to a higher degree of phase segregation
while hydrogen bonding between hard and soft segments
leads to phase mixing.

1.3. H12MDI

Polyurethane hard segments consist of a diisocyanate
group, which can contain either aromatic rings, usually
MDI (4,4 0-diphenylmethane diisocyanate) or TDI (2,4-
toluene diisocyanate), or aliphatic rings such as H12MDI
(4,40-dicyclohexylmethane diisocyanate). Both aromatic
and aliphatic hard segments have been studied [1–8,27,28]
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and one difference to note between the two is the ability of
the latter to isomerize. Byrne et al. [9] have studied the
properties of the conformational isomers of H12MDI poly-
urethanes and have shown that H12MDI can exist as three
separate isomers, cis–cis, cis–trans, and trans–trans (Fig. 1).

1.4. FTIR-ATR

Several investigators have studied small molecule diffu-
sion through polyurethanes using such techniques as mass
spectroscopy and gravimetric sorption [10–17]. In this
study, FTIR-ATR (Fourier transform infrared-attenuated
total reflectance) spectroscopy [18–21] was used to measure
the effective diffusion coefficients of acetonitrile in aliphatic
polyurethane films. Hong et al. [20] compared this techni-
que with conventional gravimetric sorption to confirm its
accuracy. This technique can examine multicomponent
penetrant diffusion [21], characteristics of the polymer
during diffusion, and penetrant interactions with the
polymer.

1.5. Objective

Although many papers have documented structure–
property relationships [1–8] of polyurethane elastomers
and the effect of varying hard segment content on small
molecule diffusion [10–17], few have investigated the effect
of varying isomer content on polymer properties [9,27,28].
In this paper, the effect of varying isomer content at a fixed
hard segment content on the diffusion of acetonitrile was
examined with FTIR-ATR spectroscopy and thermal
analysis.

2. Experimental

2.1. Materials and sample preparation

Samples of H12MDI/BD/PTMO 2000 polyurethane were
supplied and synthesized by the Army Materials and
Mechanics Research Center [9]. H12MDI (4,4 0-dicyclohex-
ylmethane diisocyanate) is the hard segment, BD (1,4-buta-
nediol) is a chain extender, and PTMO 2000
(poly(tetramethylene oxide)) (mol. wt. 2000) is the poly-
ether soft segment. The polyurethanes were synthesized
by separating H12MDI hard segment isomers by fractional
crystallization and adding PTMO 2000 to form a prepoly-
mer. The prepolymer was then cured with the 1,4-butanediol
at a constant hard segment content of 29.9 wt%. The
diisocyanate isomer contents of the polyurethanes used in
these experiments are shown in Table 1. Acetonitrile,
hexane, and polyether glycol 650 (Terathanew) (mol. wt.
650) were obtained from Aldrich.

Samples for the FTIR-ATR experiments were prepared
by pipetting a 5 wt% solution of each H12MDI/BD/PTMO
2000 sample in chloroform on a level ATR crystal. After
drying for 24 h in a clean hood, the films were placed in a
vacuum oven to remove residual solvent for approximately
24 h at 508C. No residual chloroform was detected spectro-
scopically in the film attached to the ATR crystal, confirm-
ing solvent removal.

2.2. ATR diffusion experiments

An FTIR spectrometer (Mattson Research Series 1w)
with a horizontal ATR cell (Fig. 2) and a zinc selenide
trapezoidal ATR crystal (Graseby Specac) was used to
obtain all infrared spectra for the diffusion experiments.
The ATR crystal had entry and exit beveled faces at a 458
angle of incidence for the IR beam and a refractive index of
2.4. The liquid penetrant is injected into the top of the cell
and the ATR cell can be temperature regulated by circulat-
ing water from a bath through the outside jacket of the cell.
In this study, the diffusion experiments were conducted at
room temperature, 23̂ 18C. The sampling parameters for
the FTIR-ATR experiments are provided in Table 2. Film
thickness, which ranged from 60 to 90 microns for the spec-
troscopic experiments, was measured using a micrometer
[20–21].

2.3. Diffusion model

The one-dimensional continuity equation for a single
penetrant was used to model these experiments with a
concentration-averaged effective diffusion coefficient
taken as constant.

2C
2t
� Deff

22C

2x2 �1�

In Eq. (1),C is the concentration of the penetrant andDeff is
the effective diffusion coefficient. Referring to Fig. 2, the
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Fig. 1. H12MDI conformational isomers.

Table 1
H12MDI/BD/PTMO 2000 conformational isomer samples

Sample Cis–cis (%) Cis–trans (%) Trans–trans (%)

H12MDI-90 1 9 90
H12MDI-64 5 31 64
H12MDI-53 7 40 53
H12MDI-29 10 61 29



surface exposed to the penetrant corresponds tox� L in the
model while that attached to the ATR crystal corresponds to
x� 0. The initial and boundary conditions for a polymer
film of thicknessL exposed to an infinite reservoir of pene-
trant are:

C � 0 at 0, x , L; t � 0 �2�

2C
2x
� 0 at x� 0; t $ 0 �3�

C � CL at x� L; t $ 0 �4�

The Laplace solution to Eq. (1) with these boundary and
initial conditions is

C
CL
� 1 2

4
p

X∞
n�0

�21�n
2n 1 1

� exp
2D�2n 1 1�2p2t

4L2

" #
cos

�2n 1 1�px
2L

� �
�5�

Eq. (5) can be related to the experimental infrared absor-
bance data with the use of the ATR differential form of the

Beer–Lambert law [18–21]

A�
ZL

0
epCE2

0 exp
22z
dp

 !
dz �6�

wheree p is an effective extinction coefficient for FTIR-ATR
spectroscopy,A the ATR absorbance,E0 the field strength at
z� 0, anddp is the depth of penetration for the IR beam into
the polymer film. Substituting Eq. (5) into the absorbance
expression, with assumptions of weak infrared absorption
and negligible changes in polymer refractive index [18–21],
results in

At

Aeq
� 1 2

8
pdp�1 2 e22L=dp�

X∞
n�0

eg�f e22L=dp 1 �21�n�2=dp��
�2n 1 1��4=d2

p 1 f 2�
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where

g� 2D�2n 1 1�2p2t

4L2 �8�

f � �2n 1 1�p
2L

�9�

dp � l

2n2p
���������������������
sin2 u 2 �n1=n2�2

p �10�

The effective diffusion coefficient can be determined by
regressing the experimental data to Eq. (7), whereAt is the
integrated infrared absorbance of the diffusing penetrant at
time t, and Aeq is its value at equilibrium. The other
constants arise from the physics of attenuated total reflec-
tance [18–19] wheren1 andn2 are the refractive indices of
the polymer (1.47) and the ATR crystal (2.4), respectively,
u the angle of incidence, andl is the wavelength of
absorbed light.
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Fig. 2. Schematic of the ATR cell.

Table 2
Sampling parameters used in FTIR-ATR experiments

Parameter Value

Resolution 4 cm21

Starting wavenumber 675 cm21

Ending wavenumber 4000 cm21

Sample scans 20
Signal gain 1
Scan velocity 2.5 cm/s
Sampling time 6.6 s



2.4. Thermal analysis experiments

The glass transition temperatures of the hard segments
were determined by differential scanning calorimetry
(DSC) using the midpoint with a heating rate of 208C/min
and sample weights of 10̂ 1 mg. Dynamic mechanical
thermal analysis (DMTA), with a heating rate of 58C/min
and temperature range of2100 to 11008C, was used to
determine the glass transition temperatures of the soft
segments using samples that were 10�^0:6� ×
13�^0:2� mm and 1�^0:1�mm thick. The loss modulus
method was used to determine the glass transition tempera-
tures of the soft segments.

3. Results and discussion

3.1. Diffusion coefficients

Time-evolved spectra for acetonitrile diffusion in one of
the polyurethane samples are shown in Fig. 3. Two bands
are present over the range shown, 2253 and 2294 cm21,
representing vibration modes of acetonitrile. The larger
band at 2253 cm21 is assigned to the CxN stretching
mode and the weaker band at 2294 cm21 is a combination
of both CH3 bending and C–C stretching modes [29,30].
This region was integrated at each time point using a numer-
ical peak integration algorithm in WinFIRSTw (Mattson
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Fig. 3. Time-evolved acetonitrile absorbance spectra in H12MDI/BD/PTMO2000 (64% trans–trans isomer content).

Fig. 4. Acetonitrile diffusion data regressed with Fickian model (64% trans–trans isomer content).
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Fig. 5. Effective diffusion coefficients for H12MDI polyurethane isomers.

Fig. 6. Carbonyl absorbance spectra for H12MDI hard segment: (a) 29% and (b) 90% trans–trans isomer content.



Instruments) over the wavelength range of 2325–
2213 cm21. The effective diffusion coefficient was then
determined by regressing the integrated absorbance data
with Eq. (7) using a least squares regression technique
[18–21] as shown in Fig. 4 for one of the samples. All of
the isomer samples displayed Fickian behavior similar to
Fig. 4. Other investigators [10–13] have shown Fickian
behavior in polyurethanes at low hard segment contents,
while also observing relaxation effects at higher hard
segment contents [10,12]. Fig. 5 shows the trend in the
effective diffusion coefficient with varying isomer content.
The effective diffusion coefficient decreased with increasing
trans–trans percentage of the hard segment. The magnitude
of the diffusion coefficients measured here is consistent with

that for rubbery polymers in general, suggesting diffusion
occurs through the soft segment matrix. At this hard
segment content, other investigators [10–17] have shown
that diffusion occurs in the soft segment matrix in a tortuous
path around dispersed hard segment domains.

3.2. Hard segment domains

To aid in understanding the results from Fig. 5, the hard
segment CyO (carbonyl) spectra and the glass transition
temperatures of the hard and soft segments were examined.
The carbonyl stretching region for the 29 and 90% trans–
trans samples are shown in Fig. 6. For the 90% trans–trans
sample, two peaks are evident, a free carbonyl band at
1720 cm21 and a hydrogen-bound carbonyl band at
1685 cm21. In the 29% trans–trans sample, three peaks
appear, a free carbonyl band at 1720 cm21, a hydrogen-
bound carbonyl band at 1695 cm21, and an additional
band at 1660 cm21 which other investigators have identified
as urea linkages within the hard domains [22,24]. The urea
band was detected only in the H12MDI-29 and H12MDI-53
samples. To quantitatively analyze the change which occurs
with the carbonyl groups of the different isomer samples, the
spectra were deconvoluted (Fig. 7) using a peak fitting algo-
rithm in Advanced FIRSTw (Mattson Instruments). This
algorithm deconvoluted the overlapping peaks by fitting
synthetic Gauss–Lorentz sum peaks to the experimental
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Fig. 7. Deconvolution of a typical carbonyl absorbance spectrum (90% trans–trans isomer content).

Table 3
Changing percentage of free carbonyl population in the polyurethane
samples

Sample Trans–trans (%) Free carbonyl (%)

Without acetonitrile With acetonitrilea

H12MDI-90 90 29 50
H12MDI-64 64 30 36
H12MDI-53 53 46 55
H12MDI-29 29 41 49

a At equilibrium sorption.

Table 4
Glass transition temperatures of soft and hard segments in polyurethane samples

Sample Trans–trans (%) Soft segmentTg (8C) Hard segmentTg (8C)

H12MDI-90 90 2 54 178
H12MDI-64 64 2 54 147
H12MDI-53 53 2 54 128
H12MDI-29 29 2 54 128



data at each time point to determine the integrated absor-
bance of the separate bands [19]. To quantify the difference
between the two populations of carbonyl groups, the frac-
tion of free carbonyls was determined assuming the same

extinction coefficients for both bound and free carbonyl
bands [22–26] (the urea band was included with hydro-
gen-bound urethane carbonyl groups). At higher trans–
trans isomer content in the hard segments, the infrared
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Fig. 8. Time-evolved carbonyl absorbance spectra (90% trans–trans isomer content) during acetonitrile diffusion.

Fig. 9. Carbonyl absorbance spectrum for hexane diffusion (90% trans–trans isomer content): (a) before diffusion experiment; (b) in the presence ofhexane.



spectra show higher extents of hydrogen bonding (lower
free carbonyl content) consistent with a previous study [9]
(see Table 3).

The glass transition temperatures are listed in Table 4.
The glass transition temperature of the hard segment
increases with increasing trans–trans isomer content
among the samples. Physically, more hydrogen bonding
among hard segments requires more thermal energy for
the glass transition. The glass transition temperature of the
soft segments remains constant at2548C for all isomer
samples (Table 4), which indicates no changes in the degree
of phase mixing.

Several investigators have shown decreasing diffusion
coefficients with an increase in hard segment content,
which were explained by a reduction in soft segment mobi-
lity because of phase mixing [10,11,15,17] This investiga-
tion differs from previous ones because the hard segment
content remains constant among the samples, only the
isomer content within the hard segment is different. The
results here suggest that increasing trans–trans percentage
may result in an increase in the number of impermeable
hydrogen-bound hard segment domains, which causes the

effective diffusion coefficient to decrease owing to increased
tortuosity. The greater extent of hydrogen bonding indicates
that these domains may be more ordered at higher trans–
trans percentages.

3.3. Acetonitrile solvation to hard segments

The carbonyl, CxN, and NH stretching bands were moni-
tored during the diffusion process to determine if there were
any molecular interactions between acetonitrile and the
polymer. In Fig. 8, the time-evolved carbonyl spectra are
shown for the H12MDI-90 sample. Interestingly, the free
carbonyl band (1720 cm21) increases while the hydrogen-
bound carbonyl band (1685 cm21) decreases during the
diffusion experiment (see Table 3). During the diffusion
experiments, the urea band remained constant in the
H12MDI-29 and H12MDI-53 samples. These observations
suggest that acetonitrile either competes with carbonyls
for hydrogen bonding to the NH groups and solvates to
the hard segments or induces swelling to the extent that
hydrogen bonding is disrupted. To determine which of the
two mechanisms is responsible, the carbonyl region was
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Fig. 10. Deconvolution of CxN spectrum: (a) in H12MDI polyurethane (90% trans–trans isomer content); (b) in polyether glycol 650.



examined during a diffusion experiment with hexane, a
penetrant with a mass uptake in the polymer comparable
to that of acetonitrile (,2 wt%). Fig. 9 shows the carbonyl
bands with and without hexane present in the polyurethane.
Shifting between carbonyl groups was not observed with
hexane, suggesting acetonitrile solvation to the hard
segments of the polyurethanes.

Fig. 10 further supports acetonitrile solvation by compar-
ing the CxN stretching band in the polyurethane (Fig. 10a)
with that in a low molecular weight soft segment analog,
polyether glycol 650 (Fig. 10b). In Fig. 10a, the CxN band
is deconvoluted at equilibrium sorption showing the free
band and the hydrogen-bound band, while Fig. 10b shows
no hydrogen-bonding effects in the soft segment alone. The
shifting of the CxN stretch during hydrogen bonding has
been observed by other investigators [29,30].

Additionally, NH stretching bands were examined to
provide more information about the hydrogen bonding
that takes place in the polyurethane. Three proton acceptor
groups in polyurethanes can hydrogen bond to the NH

group: the carbonyl group in the hard segment, the oxygen
of the polyether soft segment, and the alkoxy oxygen in the
hard segment [25]. If the amount of hydrogen bonding with
the alkoxy oxygen is assumed to be small [25], the peak at
3300 cm21 represents hydrogen bonding of the NH group
with both the carbonyl group in other hard segments and
with ether oxygens in the soft segments. Deconvolution of
the NH band prior to a diffusion experiment is shown in Fig.
11a. The peak located at 3430 cm21 represents free NH
groups, and the one at 3300 cm21 represents hydrogen-
bound NH groups [22–26]. Fig. 11b displays a decrease in
the absorbance intensity because of spectral broadening in
the presence of acetonitrile. This occurs because an addi-
tional peak at 3380 cm21 appears in the NH region at the
conclusion of a diffusion experiment as shown in Fig. 11b.
Differences in the extinction coefficient among the NH
peaks may also contribute to the decrease in intensity
[26]. This additional peak may be the result of hydrogen
bonding between the NH group and the acetonitrile, again
suggesting solvation of the penetrant to the hard segments.
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Fig. 11. Deconvolution of NH absorbance spectrum (90% trans–trans isomer content): (a) before diffusion experiment; (b) in the presence of acetonitrile.



Since penetrant solvation to a polymer can hinder diffusion,
these results suggest that hydrogen bonding between
acetonitrile and the polyurethane may influence the trend
in the effective diffusion coefficient.

4. Conclusions and future directions

Fickian diffusion behavior was observed among all
H12MDI polyurethanes, 29, 53, 64, and 90% trans–trans
content, using the FTIR-ATR spectroscopy technique. At
a fixed hard segment content of 29.9 wt%, the effective
diffusion coefficient decreased with increasing trans–trans
percentage. From spectroscopic and thermal analyses, there
is evidence of increased hydrogen bonding among hard
segments as the trans–trans isomer content increases.
Further study of the carbonyl, CxN, and NH regions of
the spectra during the diffusion experiments demonstrate
that solvation occurs between acetonitrile and the NH
groups on the hard segments of the polyurethane. These
results suggest that the value of the effective diffusion coef-
ficient is influenced by tortuosity and penetrant solvation to
the hard segments. At present, a diffusion model is under
development to account for solvation in a phase-segregated
polymer which will be combined with small-angle X-ray
scattering experiments to determine the size of the hard
segment domains.
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