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ABSTRACT: An effect of tensile stress on the Raman and infrared spectra of a highly oriented poly(oxy-
methylene) sample has been investigated at various temperatures in the range 20160 °C. Among all the
observed bands, the vibrational frequency of the skeletal modes was found to shift largely toward the lower
side with increasing stress: Ap/Acs = -19 em™/GPa for the COC bending mode at 539 cm™, -15 cm™/GPa
for the skeletal torsional mode at 231 em™, and -6 ¢cm™/GPa for the CO stretching mode at 920 cm™. As
the temperature was raised, such a tendency became more remarkable. These spectroscopic results are consistent
with the theoretically calculated molecular deformation mechanism, i.e., the mechanical strain energy con-
centrates on the internal displacement coordinates of the bending, torsional, and stretching modes of the skeletal
chains. Such a deformation, intrinsic of the helical chain, is quite different from that of the planar zigzag
polymers such as polydiacetylene and polyethylene, where the in-plane skeletal bending and stretching modes
contribute mainly to the mechanical deformation. Based on the vibrational data, Young’s modulus was evaluated
as a function of stress and temperature by the lattice dynamical calculation. The calculated Young’s modulus
E2 is ahout 109 GPa for ¢ = 0 GPa and shows a negligibly small temperature dependence, different from
the behavior of the “apparent” crystallite modulus E ®® obtained by the X-ray diffraction measurement under
the assumption of homogenous stress distribution within the sample. Based on the mechanical complexed
model presented by Ward et al., the “true” crystallite modulus E,"® was estimated from E P, It is about
100 GPa at ~150 °C and close to the spectroscopically estimated value of 109 GPa. E ™ decreases drastically
above 100 °C and is about 75 GPa at 20 °C. The difference between E, 4 and E ¥ in the high-temperature
region may be ascribed to the decrease in modulus due to an occurrence of the large-amplitude molecular

motion.

Introduction

When a polymer crystal is mechanically deformed, the
atomic arrangement is forced to change so that the ener-
getical increment of the system is minimized.! The lattice
dynamical theory predicts such a mechanical deformation
mechanism at the atomic level. The most direct and
powerful way to prove such a prediction experimentally
may be a utilization of a vibrational spectroscopic method
under an external mechanical condition, because it is very
sensitive to the local changes in the internal coordinates
such as bond length, bond angle, and internal rotation. In
the present paper we will focus our attention only to the
case of the tensile force applied along the chain axis.

The measurement of infrared absorption spectra under
tension has been reported for several kinds of crystalline
polymers, the results being interpreted based on the con-
cept of anharmonic vibration.”” But most of these studies
have not been developed so as to predict the anharmonicity
or the stress and temperature dependence of the me-
chanical property such as Young’s modulus of the polymer
chain.

As a trial to grasp a concrete relationship between
Young’s modulus and the molecular deformation mecha-
nism of a polymer, we measured the resonance Raman
spectra of a polydiacetylene (PDA) single crystal under the
application of external tensile force.®2 This polymer can
be obtained in the form of a giant single crystal and so the
problem of the assumption of a homogeneous stress dis-
tribution may not be necessary to take into consideration.
The Raman bands intrinsic of the skeletal deformation
mode (stretching and bending modes of C=C and C=C
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linkages) were found to shift to the lower frequency side,
as reported first by Mitra and Batchelder.%!° In addition
to it, we succeeded in observing the low-frequency shift
of the stretching mode of the C—C single bond by the
polarized FTIR measurement for PDA single crystal under
tension.!! Such a spectral change is consistent with the
calculated atomic displacements of a polydiacetylene chain
induced by the tensile stress: the atoms are displaced so
that the strain energy concentrates on the stretching and
bending coordinates of skeletal chain. Based on thus ob-
tained vibrational data, we calculated Young’s modulus
of the polydiacetylene chain, which was found to decrease
with a rate of 0.7 GPa for a 1 GPa increment of tensile
stress. Such a tendency of decrement became remarkable
with increasing temperature, consistent qualitatively with
the observed stress/temperature dependence of the bulk
Young’s modulus of a polydiacetylene giant single crystal.
Quantitatively, however, the theoretical calculation could
not reproduce the observed behavior of Young’s modulus.
One of the reasons for such a discrepancy may come from
the lack of information concerning a contribution of the
internal rotational modes, which will displace the atoms
out of the zigzag plane and so reduce the modulus at a
finite temperature. But the data concerning such an in-
ternal rotational mode are difficult to obtain because of
the symmetry limitation for the optical activity for the
planar zigzag conformation. Thus the dependence of
Young’s modulus on stress and/or temperature has not yet
been discussed enough on the basis of a full set of vibra-
tional data including this additional information.

Then, as the second trial, we have searched for a polymer
system that can give us more fruitful information so as to
discuss the anharmonic behavior of Young’s modulus. We
selected poly(oxymethylene) (POM) as a candidate, which
has the simplest helical structure and provides a variety
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Figure 1. Schematic diagram of the Raman spectral measuring
system under stress.

of vibrational modes including bond stretching, bond angle
deformation, and internal rotations of the skeletal chain.
A great amount of the vibrational spectroscopic data ac-
cumulated so far will be an important and useful basis for
proceeding with the present study.'>15

The usually drawn POM samples are opaque with many
voids. These opaque samples are not suitable for the
optical scattering experiments and not strong enough for
mechanical deformation. Recently many trials have been
made to produce the ultradrawn POM samples.’®-1® The
so-called “pressurized drawing” method can produce suc-
cessfully the highly oriented and highly transparent POM
samples with 4 high Young’s modulus.!® In the present
paper, using this transparent POM sample, thie measure-
ment of the polarized Raman spectra and the infrared
absorption spectra was made under the externally applied
stress at various temperatures. The results were analyzed
by the normal coordinates treatment: the determined force
field was utilized to estimate the stress and temperature
dependence of Young’s modulus. Thus theoretically pre-
dicted anharmonic behavior of the modulus was actually
compared with the crystallite modulus measured by the
X-ray diffraction method. The molecular deformation
mechanism of a helical chain is predicted to be much
different from the case of a planar zigzag chain. The
vibrational spectroscopic data will be also used to discuss
such a difference in the deformation mechanism among
poly(oxymethylene), polydiacetylene, and polyethylene.

Experimental Section

Saniples. For the Raman spectral measurements under ten-
sion, two kinds of POM samples were utilized: (1) a sample
prepared by the so-called pressurized drawing method (the draw
ratio 17, bulk Young’s modulus 36 GPa) and (2) a sample prepared
by the dielectric heating method (the draw ratio 34, bulk modulus
58 GPa). The optical transparency is good for the sample (1).
Thus, the experimental results on the sample (1) will be mainly
described in this paper, although the essential feature of the data
is not so different from that of the sample (2).

For the far-infrared spectral measurement, the oriented POM
films prepared by stretching the melt-quenched samples (Delrin
100) to about 6.5 times the original length followed by a heat
treatment at 165 °C under tension were used. The film thickness
was about 50 um.
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Figure 2. Schematic diagram of the infrared spectral measuring
system under stress.

Raman and Far-Infrared Measurements under Tension.
For the Raman spectral measurements under tension at various
temperatures, a loading system shown in Figure 1 was designed
and utilized. The rod sample was set horizontally. One end of
the sample was fixed at the holder and the other end was tensioned
by applying a weight through a pulley set, which enlarges the stress
working on the sample by a principle of bar. The stress was
calculated from the applied weight divided by the cross-sectional
area of the sample. The sample was heated with a flexible heater
surrounding it. The temperature was monitored by a CA ther-
mocouple and controlled within £1-2 °C. The polarized Raman
spectra were measured with a 90° scattering geometry. The
514.5-nm emission line from an Argon ion laser was used as an
excitation light. The Raman spectra were taken with a Japan
Spectroscopic Co. NR 1000 Raman spectrophotometer. In order
to increase the measurement accuracy of the wavenumber, the
natural emission lines from the Ar ion laser were utilized as the
standard.

The stress dependence of the far-infrared absorption spectra
was measured by using an optical cell shown in Figure 2. The
POM film was set vertically and tensioned into the upward di-
rection. The far-infrared spectra were recorded at various tem-
peratures by a Hitachi FIS-3 far-infrared spectrophotometer.

Measurement of Stress—Strain Curves of the Crystalline
Region. The stress—strain curves of the POM crystalline phase
were measured by an X-ray diffraction method. The stretching
device was transferred from that used in the Raman scattering
measurement (Figure 1) with some modification. Nickel-filtered
Cu Ka (A = 1.5418 A) radiation was utilized as an incident X-ray
source. The stress dependence of the meridional (009) reflection
was measured by a 6-26 scanning method using an X-ray pho-
tocounter. Characteristic diffraction lines from an aluminium
powder were used as a standard for the 26 angle.

Results and Discussion

Stress Dependence of the Polarized Raman Spec-
tra. Figure 3 shows the polarized Raman spectra of POM
measured under free tension at room temperature. Po-
larization measurement could be made successfully by
using the transparent POM sample produced by the
pressurized drawing method. The Raman bands observed
in Figure 3 can be assigned to the A;, E,, and E; symmetry
species.!® Referring to the normal mode analysis, the bands
at 539 (A,), 635 (E,), 920 (A,), 937 (E,), and 1095 cm™ (E,)
were assigned to the vibrational modes of §(COC), 6(0CO),
,(COC), »,(COC), and »,(COC), respectively.’® Here §
denotes the bending mode of the bond angle and v the
bond stretching mode. The subscripts “s” and “a” denote
the symmetric and antisymmetric vibrational modes, re-
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Figure 3. Polarized Raman spectra of POM sample (z is parallel
to the chain axis).
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Figure 4. Stress dependence of the Raman spectra measured
for the §(COC) and »,(COC) bands of POM at 17 °C. The peak
at 521 cm™ is due to the emission from Ar* laser.

spectively. The bands located in the frequency region
higher than 1200 cm™ were assigned to such local vibra-
tional modes as twisting, wagging, and stretching modes
of the methylene side group.

Figure 4 shows the stress-induced Raman spectral
changes measured for the skeletal vibrational modes at 539
cm™! [A,, 6(COC)] and 920 ecm™ [A,, »(COC)] at room
temperature. A 521-cm™ peak is a natural emission from
Argon ion laser utilized as a wavenumber standard. As the
stress increases, the peak position of the bands is found
to shift to the lower frequency side. Similar measurements
were also made to the other Raman-active bands observed
in Figure 3. In Figure 5 is shown the change in the in-
frared-active skeletal torsional mode at 231 ecm™ [A,, 7-
(CO)] under tension at room temperature.

Figure 6 shows the stress dependence of the vibrational
frequencies of the bands observed in the Raman and
far-infrared spectra of Figures 3-5 at room temperature.
Among all the observed bands, the vibrational frequencies
related to the skeletal deformation modes, i.e., »,(COC),
1,(COC), 8(COC), and 7(CO), are found to decrease largely
by the application of tensile stress. In particular, the shifts
in 6(COC) and 7(CO) modes are remarkable: the slopes
are A?/Ag = -19 cm™/GPa and -15 cm™/GPa, respec-
tively. The shifts of »,(COC) and v,(COC) modes are about
-6 ¢m™'/GPa. The wavenumber changes of the local
methylene modes were too small to detect with high
enough accuracy in the stress range 0~0.5 GPa. The vi-
brational bands at 39 cm™ (E,) and 65 cm™ (E,) show a
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Figure 5. Stress dependence of the infrared spectra measured
for the skeletal torsional band 7(CO) of POM at 17 °C.
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Figure 6. Stress dependence of vibrational frequencies for some
observed bands of POM at 17 °C.

Figure 7. Atomic displacements and the potential energy dis-
tribution calculated for POM helical chain, polyethylene (PE)
and polydiacetylene (PDA) under the hypothetically large tensile
strain of 10%. The solid and broken lines represent the unde-
formed and deformed conformations of the chain, respectively.

high-frequency shift under tension. These bands may be
coupling modes between the skeletal torsional mode and
the vibrational lattice mode.!® The tension along the chain
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Figure 8. Comparison between the observed and calculated stress
dependence of the vibrational frequencies for the »,(COC), 6(COC),
and 7(CO) bands of POM at the various temperatures.

axis may cause the lateral shrinkage due to Poisson’s effect
which increases the intermolecular interaction, resulting
in the high-frequency shift of these bands.

Figure 7 shows the atomic displacements and potential
energy distribution (PED) calculated for a POM (9/5)
helical chain under the tensile strain of 10% in comparison
with those for polyethylene! and polydiacetylene. The
details of parameters used in calculation will be described
in a later section. For POM, the PED concentrates mainly
on the skeletal bending modes [6(COC) and §(OCO)], the
skeletal torsional mode 7(CO), and the CO stretching mode
»(COC). This is quite consistent with the spectroscopic
results measured under stress as shown in Figure 6. In the
case of planar zigzag conformation of polydiacetylene and
polyethylene, in contrast, the PED concentrates mainly
on the bond stretching and bond-angle deformation modes
of the skeletal chains in almost equal percentages. These
theoretical predictions were also proved experimentally by
the Raman and infrared spectral measurements under
tension, 781120

Stress and Temperature Dependences of the In-
tramolecular Force Field. Figure 8 shows the stress-
induced vibrational frequency shift measured at various
temperatures for three types of skeletal modes: »,(COC),
3(COCQC), and 7(CO). It can be noticed here that the fre-
quency shift becomes larger as the temperature is raised.
Using these spectral data, the intramolecular force con-
stants were determined as a function of stress and tem-
perature by the normal mode treatment so that the cal-
culated wavenumbers gave a good reproducibility for the
observed vibrational frequencies. The molecular structure
parameters used in the calculation are as follows: bond
lengths rg_g = 0.142 nm and r¢_y = 0.109 nm; bond angles
<COC = 112.4°, z0CO = 110.8°, zZHCH = 109.5°, and
(HCO = 109.1°; and internal-rotation angles 7(CO) =
78.2°.12 As the initial set of the force constants, we em-
ployed that reported by Tadokoro et al. (the Urey-Bradley
type, set 17).12 The normal mode calculation was made
according to the GF matrix method.?* A comparison be-
tween the calculated and observed stress dependence of
the vibrational frequencies of »,(COC), 6(COC), and 7(CO)
modes is made in Figure 8. A fairly good agreement was
obtained between them. In the normal mode calculation
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Figure 9. Stress dependence of intramolecular force constants
for a POM single chain at the various temperatures. The units
are 102 N m™! for K(CO), 102 Nm rad™2 for H(COC), and 102 N
m! for T(r¢o).

only three types of force constants K(CO), H(COC), and
T(rco) were modified, which relate with the skeletal modes
of chain. The force constants relating with the CH, side
groups [K(CH), HHHCO), and H(HCH)] were fixed in the
approximation because the vibrational modes localized in
such side groups did not show any frequency shift within
the experimental error as seen in Figure 6. Figure 9 shows
the stress dependence of the force constants K(CO), H-
(COC), and T(r¢q) at various temperatures. These force
constants soften gradually with an increment of stress and
temperature. For example, the decrease in K(CO), H(C-
0C), and T'(r¢g) is about 2%, 27%, and 14 %, respectively,
for the application of tensile stress of 1 GPa at room
temperature.

Stress and Temperature Dependences of Young’s
Modulus. Using thus obtained force constants, the the-
oretical Young’s modulus of POM chain E; 2 was calcu-
lated as a function of stress and temperature. The mo-
lecular chain is deformed under tension and the atomic
position as well as the force field may be modified by the
externally applied force. The chain conformation tends
to stretch toward the planar zigzag form although the
deformation is infinitesimally small, and so the geometrical
change may increase the modulus to some extent. But the
actually observed crystallite modulus decreases with ten-
sion (see Figure 13), indicating that such a geometrical
factor might not be so large compared with the influence
of the force-field change due to the anharmonicity. In the
present calculation, therefore, the geometrical factor was
neglected in the first approximation, i.e., the atomic pos-
itions were assumed to be the same as those under free
tension. Such a neglection of the geometrical factor is
considered to appear in the form of an overestimation of
the force constant change under tension. The calculation
was based on the lattice dynamic theory described in ref
22. In Figure 10, the calculated Young’s modulus is plotted
against stress. The calculated value under free tension is
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Figure 10. Stress dependence of Young’s modulus calculated
for a POM chain at the various temperatures.
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Figure 11. Stress dependence of the X-ray (009) reflection for
POM at 20 °C. The reflectional peak at about 44.7° is from an
aluminium powder.

109.2 GPa at room temperature. The modulus decreases
as the applied stress is increased. Such a tendency be-
comes more remarkable at higher temperature.

In order to check out the reasonableness of the calcu-
lated Young’s modulus, we have measured the crystallite
modulus as a function of stress and temperature by X-ray
diffraction method. The temperature dependence of
crystallite modulus of POM has been already reported by
several workers.?% According to Ward et al.,2* the
crystallite modulus and its temperature dependence are
not necessarily independent of the preparation history of
the sample, although the variation might not be so re-
markable. Therefore, we measured the crystallite modulus
for the sample just utilized in the present Raman spectral
measurements. Figure 11 illustrates an angular shift of
meridional (009) reflection induced by a tensile stress at
room temperature. A reflection at 44.7° is from an alu-
minium powder used as a standard for the diffractional
angle. In Figure 12 are summarized the stress and strain
curves measured for the POM crystalline region along the
chain axis at various temperatures. Differentiation of the
curve with respect to the strain or (ds/d¢),r gives an
“apparent” crystallite modulus E PP at each stress and
temperature. The term “apparent” is added, as proposed
by Ward et al., because the stress applied onto the crys-
talline region is assumed to be equal to the bulk stress. In
Figure 13 is plotted the stress dependence of thus obtained
E PP at various temperatures. The crystallite modulus
decreases with an increment of stress and/or temperature:
this tendency is qualitatively consistent with the theo-
retical results shown in Figure 10. Quantitatively, however,
the observed modulus is much smaller than E ' under
the same stress and temperature conditions: for example,
under free tension, the observed E P is about 47 GPa,
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Figure 13. Stress dependence of Young's modulus £ measured
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while the E 2 is 109 GPa. The calculated modulus is
almost constant in the temperature range 17-160 °C, while
the observed modulus decreases by about 43%. When the
tensile stress is increased from 0 to 0.5 GPa at room tem-
perature, the calculated decrease in modulus is only 5%,
while the observed decrement is about 34%. As the tem-
perature is increased, the difference between the calculated
and observed changes in modulus becomes more remark-
able.

Estimation of the Temperature Dependence of
True Crystallite Modulus. In the above paragraph, we
pointed out a large difference in the behavior of the
spectroscopically estimated and the X-ray observed mod-
uli. Before discussing the reason for it, we must first
eliminate the superfluous factor affecting apparently the
crystallite modulus measured by the X-ray diffraction
method, that is, an assumption of the uniform stress dis-
tribution. On the basis of the experimental results on E %P
measured in the temperature region of ~150 to 20 °C, Ward
et al. pointed out that the assumption of the series model
(the crystallite stress equals to the bulk stress) is not ap-
plicable at least for the POM case.?* They analyzed the
temperature dependence of E P on the basis of the com-
plexed mechanical model or the Takayanagi model and
estimated the “true” crystallite modulus E ™ of POM. In
order to estimate the temperature dependence of E,™ in
the whole range —150 to 160 °C on the basis of all the data
reported so far, their method of calculation is transferred
here. As shown in Figure 14, in the parallel-series model,
the material is regarded as a mechanical system composed
of the crystal (b)-amorphous (1 — b) parallel fraction (a)
coupled in series with the crystalline part (1 — a). [The
“series-parallel” model must be also considered here, which
is composed of the parallel arrangement of the crystal
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Figure 14. Schematic representation of the parallel-series model.

phase (b) and the amorphous (a)—crystalline (1 — a) series
phase (1 - b). But the calculated results are not so deviated
from those for the “parallel-series” model.] According to
this parallel-series model, E 2P and the bulk modulus E,
are expressed in the following equations.

-1
Es® = xE e 1 - g + ab )
b+ (1-bE/Efe]
1 -1
-a a
E, = + 2
b [Ec““e bEve + (1 - b)E,] ®

where E, and E.™ are the moduli of the amorphous and
crystalline phases, respectively. The degree of crystallinity
x is given by

x=1-a+ab (3)

The details of the calculating process are not described
here,2® but only the outlines are mentioned. By choosing
suitable values of the parameters x, a, and b as a function
of the drawing ratio of the sample and Young’s modulus
of the amorphous phase E,,* we can reproduce system-
atically and consistently all the data of E P and E, from
ref 23-25 and the present study. The most plausible value
of E ™ was estimated as about 75 GPa at room temper-
ature. [In Figure 15 is shown the comparison between the

Mechanical Deformation of Poly(oxymethylene) 763

observed and calculated moduli, where the straight 45° line
indicates a complete coincidence between the calculated
and observed values. As seen here, E,'"¢ = 75 GPa (+
10GPa) can give a satisfactory result within the experi-
mental error, while the utilization of the theoretical value
109 GPa as E ;™ gives too high calculated values of E 2.
The fact that the all reported data of E P and E, can be
simulated satisfactorily suggests a reasonableness of the
parallel-series model utilized here.

At the next stage, then, we try to estimate the tem-
perature dependence of E_ "¢ on the basis of the same
process as for the room temperature data. But the uti-
lizable experimental data of E2P° and E, at low- and
high-temperature regions are very limited and so we cannot
carry out the optimization of the E.** by such a treatment.
As pointed out above, we have now a set of the numerical
parameters a, b, and x for the POM samples with various
drawing ratios.?® Then by assuming that these values are
not dependent on temperature and also by assuming a
suitable temperature change in E,, which does not affect
the final result so seriously as clarified previously,?® the
E ¢ was obtained by solving eq 1 based on the reported
E PP values, where the data are from Ward et al.? and
Nakamae et al.?5 in the range —150 to 20 °C and from
Figure 13 in the range of 20-160 °C. Thus obtained E '™e
were plotted against temperature in Figure 16b. The E tv
exhibits an appreciably large temperature dependence:
E e is about 100 GPa below 120 °C, decreases down to
about 80 GPa at room temperature, and furthermore de-
creases to 40-50 GPa at higher temperatures. Contrary
to it, the theoretical modulus calculated based on the vi-
brational spectroscopic data, about 109 GPa, shows almost
no temperature dependence in the temperature region -150
to 160 °C. The value is rather close to the E "¢ value
estimated at a low temperature of —150 °C.

As a possible reason for such a discrepancy, there may
exist a problem of time scale in the measurement of the
modulus. The X-ray diffraction method is static, while
the vibrational data are for the frequency region of 10'?
s7l. That is to say, the former is in the isothermal con-
dition, whereas the latter is in the adiabatic condition. The
moduli for these two conditions are approximately related
with each other as?

1,1 LT

Ead ' Eiso : pCu

where E, 4 and E,, are the moduli for the adiabatic and
isothermal conditions, respectively. «, is a thermal ex-

pansion coefficient along the chain axis, p is a density, and
C, is a specific heat. In the case of POM, o = 0.5 X 107

4)

100 100 1
EFTYe.75 GPa Ez'“e-log _ﬁﬁ,.l { LT u109 +
807 £ 3.7 GPa / E =3.7 . /
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Figure 15. Comparison between the calculated and observed Young’s moduli of E PP and E,, for the various E . and E, based on

the parallel-series model (room temperature).
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Figure 16. (a) Temperature dependence of the observed E_ 2P
and the assumed E,. The data of E P are from ref 23, 24, and
25 and the present study. (b) Temperature dependence of E e
estimated from the observed E P (a). Cross points indicate the
spectroscopically calculated values of E ¥,

K p =149 g/em3, and C, = 0.35 cal/(g K) at room
temperature.?2%2® Then, at T = 300 K
Cn271
Ey—Ei, = (Byo)>—— = 2 %X 10* GPa (5)
eC,
which is negligibly small to explain the above-mentioned
difference in the modulus, 109 and 75 GPa. Thus the
difference in the time scale for the measurement of the
modulus may not be needed to consider at least for the
crystalline region.

The spectroscopically calculated modulus is considered
as a limiting modulus expected to appear at the absolute
temperature 0 K, because the calculation takes into ac-
count only the static potential field and any thermally
activated large-amplitude molecular motions are not in-
cluded. Chiba et al.® clarified that the POM molecular
chains experience a thermal motion due to the large-am-
plitude torsional modes around C-O skeletal bonds, which
begins to occur above -100 °C. Below it, the lattice is in
the standing state with rigid and regular chains. The
temperature dependence of the E ™ seen in Figure 16b
corresponds well to the curve for the second moment of
the broad-line NMR spectra.®® Occurrence of the rota-
tional fluctuation at room temperature in trigonal POM
has been detected by the disappearance of the 100-cm™
far-infrared band of the rotational lattice mode.?! That
is to say, the theoretically calculated modulus E 24,
without any consideration of thermally activated large-
amplitude molecular motions, is considered to correspond
to the E " at an extremely low temperature (<-150 °C).
The E ™ begins to decrease largely in the vicinity of the
temperature where the large-amplitude internal rotations
start to occur.

Conclusions

In the present paper we discussed mainly the following
three items.

(1) The Raman and infrared spectra of highly oriented
transparent POM sample were measured under tension,
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and the skeletal vibrational modes were found to show an
appreciably large frequency shift. These experimental
results are quite consistent with the theoretically predicted
molecular deformation mechanism of a POM helical chain.

(2) On the basis of lattice dynamics, the vibrational
frequencies and Young’s modulus were calculated as a
function of stress and temperature. The calculated
Young’s modulus is about 109 GPa and shows a small
decrease with increasing stress and temperature.

(3) The X-ray observed crystallite modulus was found
to show a much larger stress/temperature dependence
compared with the spectroscopically calculated result.
Then, utilizing the complexed mechanical model proposed
by Ward et al., the “true” crystallite modulus E_ ¢ was
estimated from the X-ray data in the temperature region
of =150 to 160 °C. The E ™ at low temperature, 100 GPa,
was found to agree well with the calculated modulus, 109
GPa. As the temperature increases, the E ¢ is found to
decrease largely. It is possibly because of an occurrence
of thermally activated molecular motion of the POM chain,
as supported by the X-ray and NMR studies.
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ABSTRACT: Three samples of poly(2-ethylacrylic acid) (PEAA) of different molecular weights (M,, = 164000,
43000, and 12 000) were prepared by radical polymerization of 2-ethylacrylic acid in bulk. The conformational
properties of the samples were determined and correlated with the pH-dependent structural reorganization
observed in phosphatidylcholine vesicles suspended in the respective polymer solutions. In all experiments
the sample of lowest molecular weight behaved differently from the other two: The cooperativity of the
conformational transition was reduced and the transition midpoint was shifted to lower pH as compared to
the samples of higher molecular weight. These effects of polymer molecular weight were reflected in the behavior
of the vesicle-to-micelle transition observed upon acidification of aqueous mixtures of PEAA and di-

palmitoylphosphatidylcholine.

Introduction

The pH-dependent conformational transition of poly-
(2-ethylacrylic acid) (PEAA, 1) has been used to sensitize

CH,CHg
—{'CHz—T‘ln—

CO,H
1

synthetic bilayer membranes to changes in pH,! temper-
ature,? light intensity,® and solute (e.g., glucose) concen-
tration. The mechanism of the membrane response has
been shown to consist of a structural reorganization of the
membrane lipid from a vesicular form at high pH to a
mixed polymer-lipid micelle at low pH, the reorganization
being driven by collapse of the polymer chain from an
extended, hydrophilic form to a compact, hydrophobic coil
upon acidification.’

The use of macromolecules to effect molecular switching
in synthetic bilayer membranes offers substantial advan-
tages in membrane design. One would anticipate, for ex-
ample, that the pH-dependent conformational transition
of PEAA®® would be subject to modulation by variation
in polymer chain structure (e.g., in tacticity or molecular
weight) and that one might exploit such variations to ad-
just either the “critical” pH for membrane regorganization’
or the cooperativity of the structural transition.

In our previous work on the interaction of PEAA with
dipalmitoylphosphatidylcholine (DPPC, 2), we prepared

CH,O0POCH2CH,NY(CH3)s

o
CHOCOC5Ha4

CH,0C0C,5H34
2

polymer samples that spanned a range of tacticities from
91% isotactic triads to 88% syndiotactic triads, and we

Table I
Radical Polymerization of 2-Ethylacrylic Acid

[AIBN], temp, time, conv, _
sample mol % °C h % M,

Pi64 0.05 50 96 22 164000 84000 1.96
P43 0.50 60 22 24 43000 22000 1.96
P12 5.00 70 475 25 12000 6500 1.85

Mﬂ M-W / MD

found that there were indeed useful shifts in critical pH
with changes in chain configuration.! But the preparation
of these samples required the use of a variety of polym-
erization methods, and variations in tacticity were accom-
panied by large differences in polymer molecular weight.
Furthermore, the cooperativity of the conformational
transition should be molecular weight dependent, so that
the shape of the polymer-driven vesicle-to-micelle tran-
sition might be subject to control. We describe herein an
investigation of the effects of polymer molecular weight
on the structural reorganization of phosphatidylcholine
vesicle membranes by poly(2-ethylacrylic acid).

Experimental Section

Materials. Diethyl ethylmalonate, formaldehyde solution
(37% w/w in water), diethylamine, and pyrene were obtained from
Aldrich Chemical Co. and used without further purification.
Azobis(isobutyronitrile) (AIBN) was purchased from Aldrich and
recrystallized from methanol. Synthetic L-a-dipalmitoyl-
phosphatidylcholine (approximately 99%) was obtained from
Sigma Chemical Co. and used without further purification.
Cellulose dialysis tubing (Spectra/Por 6, molecular weight cutoff
1000) was purchased from Fisher Scientific Co.

Polymerization. 2-Ethylacrylic acid (EAA) was synthesized
from diethyl ethylmalonate by the method described earlier.® The
monomer was distilled twice (bp = 48 °C (0.8 mm Hg)) and
transferred to ampules [10 g (0.1 mol) per ampule]. After adding
AIBN each reaction mixture was degassed by three freeze—thaw
cycles and each ampule was sealed under vacuum. Various po-
lymerization temperatures and AIBN concentrations were chosen
(cf. Table I) in order to obtain samples of different molecular
weights. The reaction mixtures were then diluted with diethyl
ether and filtered, and the recovered polymer was washed with
ether and dried under vacuum. In order to remove residual
monomer the polymer samples were suspended in water and
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