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ABSTRACT: Morphology dependent anomalously large frequency shifts of infrared parallel absorption
bands found in some crystalline polymers, including poly(oxymethylene) and poly(ethylene oxide), have
been accounted for by the strong transition dipolar interactions among the molecules constructing one
crystallite domain of the lamella-type.’® In order to get conclusive evidence supporting this mechanism,
infrared spectra of lamella-type mixed crystals of normal and deuterated paraformaldehydes (PFA and
PFA-d,, linear oligomers of poly(oxymethylene)) were investigated. The A; parallel bands due to both
PFA and PFA-d; were found to exhibit remarkable changes in both peak position and profile with variation
in the PFA/PFA-d; composition, whereas the E; perpendicular bands remained unchanged. The main
feature of the observed spectral changes was interpreted in terms of the reduction of the transition dipolar
interactions in the infrared-active zone-center modes (due to the in-phase oscillation of the transition
dipoles) caused by the frequency mismatch between the normal and deuterated molecules. The simplest
spectral change was found for the Ay(4) band of PFA-d; which shifted from 850 cm™! (in pure PFA-d;
under the highest transition dipolar interactions) to 833 cm™! (highly diluted with PFA). The observed
spectral change in the 860—830 cm™! range was reproduced fairly well by a Monte Carlo simulation
based on the transition dipolar coupling theory. The more complicated spectral change seen for the Ap-
(4) of PFA and Ay(3) of PFA-d; was accounted for by the vibrational coupling between the two isotopic

species generated in the mixed crystals.

Introduction

In a series of previous papers!~1° we have demon-
strated that for some crystalline polymers anomalously
large and very specific infrared (IR) spectral changes
are induced by changes in crystal morphology. The
morphology dependent IR spectral changes are observed
most significantly for the trigonal modification of poly-
{oxymethylene) (—CH;0-), (abbreviated as t-POM)
which is known to construct various crystal morpholo-
gies situated between the two extreme cases of the fully
extended-chain crystal (ECC) and the folded-chain or
lamellar crystal (FCC). The typical ECC (micron-sized
needle-like single crystalsi!!2) and FCC (lamellar crys-
tals grown from a dilute bromobenzene solution!314)
samples of t-POM give rise to essentially the same X-ray
diffraction pattern. Nevertheless, their IR spectra are
remarkably different from each other.2 Moreover, the
difference is very specific; as the morphology of the
sample goes from the ECC to the FCC type, the Ag IR
bands having the transition moment parallel to the
chain axis (the parallel bands) are shifted toward the
high-frequency side by as large as 100 cm™!, whereas
the E; bands having the transition moment perpendicu-
lar to the chain axis (the perpendicular bands) appear
at the same position regardless of the crystal morphol-
ogy. The infrared-inactive Raman bands (due to the A;
and E; symmetry species) of the two samples appear at
the same frequencies.

Such a specific IR spectral phenomenon is not limited
to t-POM but is commonly found in other polymer
crystals, including the orthorhombic modification of
POM (0-POM),? poly(ethylene oxide) (abbreviated as
PEO),*% and poly(tetrafluoroethylene) (PTFE).%10 The
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morphology dependent spectral changes found in these
polymers have the following common characteristics. (1)
As the morphology goes from ECC to FCC, only the IR
parallel bands are blue-shifted. (2) The FCC-type IR
spectrum originates not from the folded-chain structure
but from the lamellar-type crystal morphology.¢ (3) The
magnitudes of the band shifts are proportional to the
oscillator strengths of the bands. (4) The remarkable
band shifts are observed only for the fundamental
modes but not for the multiphonon modes (overtones
and combinations). (5) The intense IR parallel bands
exhibiting large frequency shifts have a rather broad-
ened profile in contrast to the sharp Lorentzian profile
of the IR perpendicular bands as well as the Raman
bands. All the characteristic features were interpreted
quantitatively in terms of the transition dipolar coupling
theory.15

The theory tells us that the blue shifts of the IR
parallel bands of the lamellar crystal are attributed to
the in-phase oscillation of parallel transition dipoles
associated with the ensemble of molecules constructing
a single domain in the lamellar crystal. Therefore, the
theory predicts that such a dipolar interaction is reduced
to a great extent in mixed crystals of normal and
deuterated molecules even though the molecules are
accommodated in typical lamellar crystals, because the
in-phase oscillation is distributed by the frequency
mismatch between the two isotopic species. If this is
confirmed experimentally, we are able to get conclusive
evidence that supports our transition dipolar coupling
mechanism presented as the origin of this specific
spectral phenomenon.

To this end, in the present work, IR spectra of lamella-
type mixed crystals of normal (H) and deuterated (D)
paraformaldehyde (PFA and PFA-dy, linear oligomers
of POM and POM-d;, respectively, consisting of about

© 1995 American Chemical Society
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Figure 1. Infrared spectra of paraformaldehyde (PFA) and
perdeuterioparaformaldehyde (PFA-d;) measured on lamellar
crystals deposited from hexafluoro-2-propanol (HFIP) solu-
tions. The assignments of the IR-active fundamentals are
indicated.

100 monomeric units) grown from dilute solutions were
investigated. In the crystalline phase PFA molecules
are known to be arranged in the t-POM lattice. Our
attention was focused on the spectral change of the
parallel bands accompanied with variation of the H/D
composition. The observed spectral changes were at-
tempted to be reproduced by a Monte Carlo simulation
based on the transition dipolar coupling theory.

Experimental Section

PFA and PFA-d; samples used were purchased from Na-
karai Chemical Ltd. (Japan) and MSD Isotopes (Canada),
respectively. They were purified by reprecipitation from
hexafluoro-2-propanol (HFIP) solutions with acetone. Lamel-
lar crystals of pure PFA (or PFA-d;) were prepared as follows.
About 100 mg of PFA (or PFA-ds) was dissolved in 5 mL of
HFIP, and acetone (5 mL) was added rapidly to the solution
with stirring. The gelatinous precipitate obtained was col-
lected by filtration and washed with acetone. The wet
precipitate was suspended in cyclohexane and freeze-dried,
giving a white fine powder. The trigonal crystal form as well
as the lamella-type crystal morphology of the samples thus
obtained was confirmed by infrared spectroscopy as described
below. Lamellar crystals of PFA/PFA-d; mixtures of various
compositions covering the H/D mole ratio from 90/10 to 10/90
were prepared by the same procedure.

The fine powder samples thus obtained were mulled ten-
derly with liquid paraffin to be subjected to IR measurements.
In the sampling process special care was taken for protecting
the lamella-type crystal morphology from mechanical destruc-
tion. The PFA and PFA-d; samples thus prepared gave rise
to IR spectra typical of the lamellar crystal of trigonal POM,
as shown in Figure 1 (compare with the spectra of ECC and
FCC samples of POM and POM-d; reproduced in Figure 2),
where the parallel bands due to the As(3) and Ax(4) modes
appear, respectively, at 1134 and 995 cm~! for PFA and 1095
and 850 cm™! for PFA-d,.

In the spectra of the same solution-grown samples ground
with KBr powder, the absorption profiles of these parallel
bands are deformed to a great extent in a manner similar to
the case of low-molecular-weight POM diacetate,’ reflecting
the destruction of the lamellar morphology.
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Figure 2. Infrared spectra of ECC and lamellar crystals of
high-molecular-weight poly(oxymethylene) (a: upper two) and
poly(oxymethylene-d;) (b: lower two). Reproduced with per-
mission from ref 2. Copyright 1988 Butterworth Publishers.

Results and Discussion

Infrared Spectra of Mixed Crystals of PFA and
PFA-d;. The zone-center molecular vibrations of a (9/
5) uniform helix in the trigonal lattice of POM are
classified into six symmetry species as I’ = 5A; + 5A;
+ 11E; + 12E2 + 12E3 + 12E4. The A; and E; species
are Raman-active, Ay is IR-active giving rise to parallel
bands, E, is active in both IR (perpendicular bands) and
Raman, and the other species are optically inactive. The
details of the assignment of the IR and Raman bands
are given in previous papers.2”1518 In the present work
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Figure 3. Infrared spectra of PFA/PFA-d; mixed crystals of
various H/D compositions. (a) H/D = 100/0—50/50, (b) H/D =
40/60—-0/100. The vertical lines indicate the peak positions
of the E; fundamentals (associated with both PFA and PFA-
ds) whose frequencies are unaffected by the morphological
change.
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Figure 4. Comparison between the 1:1 addition of PFA and
PFA-d; spectra (A) and the spectrum measured on the 50/50
mixed crystal (B). A significant difference between the two is
seen for the A; bands, as indicated by arrows.

we are concerned with the Ay and E; IR bands appear-
ing in the midinfrared range.

Figure 3 shows the IR spectral change with variation
in H/D composition measured on a series of PFA/PFA-
d2 mixed crystals precipitated from HFIP solutions. The
sharp absorption bands marked with vertical lines are
due to the E; fundamentals (the perpendicular bands)
of the normal or deuterated poly(oxymethylene) mol-
ecules. Their frequencies remain unaltered with change
in composition. On the contrary, the absorptions due
to the A; fundamentals (the parallel bands) exhibit
dramatic changes in both peak position and shape
depending on H/D composition. This is demonstrated
by comparing the spectrum of a 50/50 mixed crystal (B
in Figure 4) with the 1:1 addition of the two
components (A). The A(3) and As(4) bands of PFA and
the Ay(3) band of PFA-d; in the mixed crystal are quite
different from those in the pure samples, as indicated
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Figure 5. Infrared spectral change of the Ay(4) and E.(8)
bands of (—CD;0—), with variation in H/D composition of the
PFA/PFA-d; mixed crystals.

by the arrows. In contrast, all the E; bands (marked
with vertical lines) appear at the same positions in the
two spectra.

The main features of the spectral change shown in
Figure 3 are as follows. With decreasing H/D value the
1134 cm™! Ay(3) band of PFA is red-shifted to ca. 1110
cm™! (the shoulder observed in the 20/80 sample). The
latter frequency corresponds to that of the Ay(3) mode
of the ECC sample of POM (see Figure 2a) in which the
effect of the transition dipolar interactions vanishes. The
frequency shift can be interpreted qualitatively as being
caused by the reduction of transition dipolar interac-
tions among the neighboring PFA molecules with the
increasing extent of isotopic dilution with PFA-d,
molecules. However, quantitative analysis of the ab-
sorption profile is rather difficult because of superposi-
tion with the 1091 cm~! E1(7) band of PFA and the 1095
cm~! Ay(8) and the 1125 em! [presumably the Ei(4)]
bands of PFA-ds. The 995 cm™! Ay(4) band of PFA
changes in a very complicated fashion; with decreasing
H/D the peak position is blue-shifted continuously
toward 1095 cm™! of the Ax(3) band of PFA-ds. Ac-
companying this spectral change, a broad absorption
appears in the 960—890 cm ™! range and gets stronger.
The appearance of the latter absorption is accounted for
by the red shift of the As(4) band of PFA caused by the
reduction of the transition dipolar interactions. The
former noticeable spectral change is accounted for by
the strong coupling between the As(4) mode of PFA and
the Ay(3) mode of PFA-d; in the mixed crystals. The
occurrence of such a vibrational coupling between H and
D molecules may be possible because the Ax(3) mode of
PFA-d; molecules surrounded by PFA molecules (free
from transition dipolar coupling) appears around 960
cm™1, just in the frequency range where the Az(4) mode
of the surrounding PFA molecules appears. However,
the spectral change of such a coupled A; mode with H/D
composition occurs in a too complicated way to be
analyzed quantitatively.

Quantitative analysis of the change in absorption
profile induced by isotopic dilution in the lamella-type
H/D mixed crystals was performed for the Ag(4) band
of PFA-d;. This band is free from the interference by
the absorption associated with PFA. This band moves
from 850 cm™! (for the ideal lamellar crystal) to 833
cm™! (for the ideal ECC) as shown in Figure 2b. In this
frequency range there appears only one additional sharp
band due to the E1(8) fundamental of PFA-ds whose
position (840 cm™!) remains unaffected by the isotopic
dilution. The spectral change with H/D composition is
reproduced in Figure 5. The As(4) band is shifted from
850 cm™! of pure PFA-d; to 836 cm™! of the mixed
crystal of H/D = 90/10.
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Figure 6. Infrared spectra of POM/PFA-d; mixed crystals
(deposited from HFIP solution) of various H/D compositions:
(a) H/D = 100/0—60/40; (b) H/D = 40/60—0/100.

Thus, the features of IR spectra measured for the
lamella-type crystals of PFA/PFA-d; mixtures are in
accordance with the prediction from the transition
dipolar coupling theory.

Isotope Phase Separation Occurring on Crystal-
lization. Isotopic (H/D) blends of polymers have been
used for studying phase separation or segregation
occurring on crystallization. In the case of PFA/PFA-
d2 mixtures mentioned in the preceding section, there
is no indication of the occurrence of isotopic phase
separation during the formation of lamellar crystals
from HFIP solution. In contrast, the mixtures of high-
molecular-weight POM (M, = 4 x 10%) and PFA-d; (M,
= 3 x 10%) deposited from HFIP solutions gave rise to
the IR spectra shown in Figure 6. All the spectra are
approximately reproduced by the weighted superposi-
tion of the spectra of pure POM and PFA-d;, although
for some samples the absorption profiles due to the Ay
modes are deformed a little from the superposed ones.
The small deformation might be caused by disturbance
of the lamella-type crystal morphology that happened
on mulling the polymer samples with Nujol. Figure 7
shows the spectra of the POM/PFA-d; mixtures in the
860—830 cm~! range. Here, the intensity scale is so
reduced that the absorbance of the 840 cm~! E;(8) band
is proportional to the mole fraction of the D species. No
frequency shift is observed for the Ax(4) band of PFA-
ds, indicating that one isotopic species forms crystallites
segregated from the other species, in great contrast to
the cocrystallization of PFA and PFA-d; (Figure 5).

For studying such an isotopic phase separation in
polymeric systems, the neutron diffraction method has
been used. For the case of some polymer crystals in
which strong transition dipolar interactions act among
the neighboring molecules, like in POM and PEO, the
infrared method is very sensitive and powerful for the
study of the aggregation state among the normal and
deuterated species.
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Figure 7. Infrared spectral change of Ay(4) and E;(8) of
(~CD20-), with variation in the H/D composition of POM/
PFA-d; mixed crystals.
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Figure 8. Transition dipolar interaction.

Transition Dipolar Interactions and Resultant
Bandshifts in H/D Mixed Crystals. According to the
theory developed first by Hexter,17:18 the magnitude of
the bandshift (in em™!) for the IR-active kth fundamen-
tal (due to the 0 — 1 transition) of the zone-center modes
of a crystal caused by transition dipolar interactions
among the oscillating molecules is expressed by the
equation

Av,(0 — 1) = (1/82°c%,")(8u/3@Q,)"Y K/R? (1)

where u denotes the dipole moment of the whole
crystallite, @; is the normal coordinate of the kth mode,
and ;0 is the intrinsic frequency (in em™!) of the mode
free from the transition dipolar interactions (the ;°
value includes the contribution from the other short-
range intermolecular interactions). X(Ki/R;?) is the
geometric factor (the Madelung constant) related to the
spatial distribution of the transition moment within the
whole crystallite. Each Ki/R;® term for the interaction
between the transition dipoles at the origin (the zeroth
site) and the jth site is expressed by the following
equation using the parameter defined in Figure 8

KJ/R? = (cos 6; — 3 cos §y cos YR®  (2)

Here, we consider a crystal in which only one polymer
molecule passes through the unit cell, like the case of
t-POM. For the crystal consisting of H or D polymers
alone, the IR-active parallel bands arise from the in-
phase oscillation of the transition dipoles along the
chain axis, so that the geometric factor for such an “in-
phase mode” is reduced to

Y (K/R? =3 (1 — 3 cos® /R (3)

We have demonstrated in ref 15 that the magnitude
of this factor is strongly dependent on the morphology
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Figure 9. Model of the PFA/PFA-d; mixed crystal. The
normal (O) and deuterated (®) poly(oxymethylene) chains are
arranged randomly at the sites of the two-dimensional hex-
agonal lattice under the restriction of a constant preset H/D
composition. The chain axes are directed normal to the lattice
plane.

of the crystallite; it vanishes for the extreme case of the
ideal ECC and increases monotonously as the crystal
morphology goes to the lamella type (see Figure 12 in
ref 15), approaching the maximum for the other extreme
case of the two-dimensional lattice (the ideal lamellar
crystal). For the latter case the geometric factor is
simply given by ZR;3. Therefore, the frequency gap of
the kth paraliel band between the two extreme cases of
crystal morphology, Avy™®* = y(lamella) — v (ECC), is
expressed as

Av,™* (in em ™) = (U827, Yaw/oQ,) " QO R, (4)

The (3u/3@r)o? in eq 1 is expressed in terms of the
integrated absorption coefficient A (in cm mol™! per
monomeric unit)

(3/8Q,),” (in em® s71) = 3pc®A/N,r = 1.42 x 1073
(5)

where ¢ (cm s71) denotes the velocity of light in vacuum
and N, is the Avogadro constant. Here, we assume that
p monomeric units contribute to the unit transition
dipole moment along the chain axis. Thus eq 4 is
reduced to

A = p(1/87%c*XAM,") (in er® mol ™) (YR, ™)
(in A™%) = 2.009 x 107%p(A/,") (in cm® mol ™! per
monomer unit) (3 &,”*) (in A™%) (6)

In H/D mixed crystals, the in-phase condition of the
dipolar oscillation does not hold in the strict sense. In
order to reproduce the observed IR spectral change with
variation in H/D composition, we consider molecular
vibrations in the following two-dimensional hexagonal
lattice depicted in Figure 9 where the molecules are
arranged with the chain axes perpendicular to the
lattice plane. The central molecule is surrounded with
90 molecules positioned at the sites of the hexagonal
lattice points. Firstly, a D molecule (solid circle) is put
at the central site and each of the other sites is arranged
80 as to be occupied by an H (open circle) or D molecule
(solid circle) in a random way that the overall H/D mole
ratio coincides with a preset composition (Figure 9
shows the case H/D = 80/20). For one preset H/D
composition, a series of such models was generated
using a table of random digits.
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Figure 10. Change in the IR absorption profile (in the 860~
830 cm™! range) of PFA/PFA-d; mixed crystals with variation
in H/D composition: (left) observed; (right) calculated by a
Monte Carlo simulation. The calculated profile of the Asx(4)
component of (—~CDy0-), i described with broken lines.

For a particular molecular arrangement, the dynami-
cal matrix describing the parallel oscillations of mol-
ecules is given as

|
FVOD fo,r fo,2 fo,a fon-1 fon

fro  You fra  frs .. frn- frx

fa0 for Vop f2,3 fan—1 fon

fs,o f3,1' fe,,z Yop .. fa,N—1 f:'s‘N' )
fN—z',o fN—z’,l' fy-22 .. Vou fn—on-1 Fu-ow
fN-1,o fu-11 fN—1,2 fN-l,N-Z' VoD fN—l,N’

fN’,O fN’,l’ fN’,N—Z’ fwN-1 You
] L

where f;; = f3; or fo.r = fr - (Symmetric matrix) and the
suffices with and without prime indicate that the sites
are occupied by H and D molecules, respectively. The
term oy or vop is the intrinsic A; mode frequency of H
or D molecules free from transition dipolar interaction.
If the vibrational coupling between H and D molecules
is very small, the f;» (or fy,) terms vanish and the
dynamical matrix is diagonalized into two blocks which
are associated with H and I) molecules, respectively. In
such a case, the frequency of the most-in-phase oscil-
lation of the D molecules is given approximately by the
equation

vp = Vop + F fo, =vep + FO 'R, (8)

where X’ denotes that the summation covers only the
terms due to the interactions between D molecules.
The Az(4) mode of PFA-d; in H/D mixtures can be
analyzed using eq 8. In this particular case, vop = 833
cm™! (the frequency of the ECC sample of POM-d5) and
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the proportionality constant F is determined so that the
two-dimensional lattice consisting of D molecules gives
vp = 850 cm™!. The simulation of the spectral change
shown in Figure 5 was performed as follows. For each
model of mixed crystals generated randomly under the
condition of a constant H/D composition, the vp value
was calculated according to eq 8. All the Lorentzian
functions centered at various vp positions thus calcu-
lated, which have the common FWHH (the full width
at the half-height) of 5.2 cm™! [the value of the Ag(4)
band of pure PFA-d;] and the common peak height (an
arbitrary value), were superposed, giving the Ax(4) band
profile for the preset H/D composition. By the same
procedure, the Ag(4) band profiles were obtained for
various H/D compositions. Every As(4) profile was
superposed by a Lorentzian curve due to the E;(8) band
that is centered at 840 cm™! having the FWHH = 7.8
cm™! and the integrated intensity 1.67 times greater
than that of the Ay(4) band (the experimental values
evaluated from pure PFA-d;). Thus, for PFA/PFA-d;
mixed crystals with various H/D compositions, we
simulated the absorption profiles in the 860—830 cm ™!
range.

The result is compared with the observed spectral
change in Figure 10, where the composition is repre-
sented by the mole fraction Xp of the deuterated species.
In each calculated profile, the Ag(4) component is
described with a broken curve. The simulation repro-
duced fairly well the feature of the observed spectral
change with Xp, although a discrepancy in shape is seen
in each pair of the observed and calculated profiles. The
discrepancy is mainly due to a broadened shape of the
observed Ag(4) component compared with the calculated
one. This broadness arises presumably from the fact
that in the mixed crystals even the modes other than
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the zone-center mode get IR activity by the breakdown
of the translational symmetry. Such additional absorp-
tions were ignored in the present calculation.

For the simulation of a very complicated spectral
change in the 1100—900 em™! range (Figure 3), we need
a more comprehensive normal mode analysis taking the
vibrational coupling between the normal and deuterated
molecules into account. This will be reported elsewhere.
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