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ABSTRACT: Infrared and Raman spectra of macrocyclic poly(oxymethylene) (MC-POM) samples having
M, = 1090 have been investigated in relation to the unusually large and specific frequency shifts of the A,
infrared bands of linear POM accompanied by the change in morphology from the extended-chain crystal
(ECC) to the folded-chain crystal (FCC). The MC-POM sample deposited from solution gives rise to an IR
spectrum having the A, bands at frequencies very close to those of FCC of linear POM. The A; bands of
melt-crystallized MC-POM are red-shifted compared to those of the solution-deposited sample in a similar
manner, but with smaller band shifts. The E; IR bands as well as the Raman-active A; and E, bands of
MC-POM are essentially the same as those of linear POM (both ECC and FCC) regardless of the sampling
process, indicating that the stems of the macrocyclic molecule assume the same (9/5)-helical conformation
as that of linear POM. The LAM-1 Raman band of MC-POM is observed around 30 cm™! as anticipated from
the stem length (evaluated from M,) and the Young’s modulus of the (9/5) helix (estimated by a spectroscopic
method). The remarkably large dependence of the A; frequencies of MC-POM on the sampling process has
been interpreted by the difference in the stacking mode of molecules among the samples. On compression,
MC-POM is only weakly transformed to the metastable orthorhombic modification compared with linear

POM.

Introduction

Poly(oxymethylene), (CH;0), (abbreviated POM), is a
well-known engineering plastic. It appears in two crystal
modifications: the stable trigonal form (t-POM) and the
metastable orthorhombic form (o-POM). The trigonal
form consists of (9/5)-! or (29/16)-helical? molecules and
is obtained exclusively through ordinary crystallization
from the melt or from dilute solutions. The orthorhom-
bic form consists of (2/1)-helical molecules.? This form
was first prepared by Mortillario et al.# through polym-
erization of formaldehyde in aqueoussolution. Thereafter,
Kobayashi, in collaboration with Iguchi et al., showed that
0-POM is obtained as a byproduct of a heterogeneous cat-
ionic polymerization of trioxane which was originally
designed for preparing needlelike single crystals of
t-POM.5€

The trigonal form of POM is obtainable in various
morphological structures between the two extreme cases
of the fully extended-chain crystal (ECC) and the folded-
chain crystal (FCC), depending on the methods of sample
preparation and/or sample processing. A typical ECC
sample is obtained through heterogeneous cationic po-
lymerization of trioxane,”® giving micron-sized needlelike
single crystals where the extended POM molecules align
parallel to the needle axis. A typical FCC sample is
obtained by crystallization from dilute solutions, giving
hexagon-shaped lamellar crystals with a thickness of about
10 nm. The solution-grown powder sample is converted
partly to an ECC type by rolling it at elevated temper-
ature or by milling with KBr powder.

In a series of previous papers,®12 it was demonstrated
that the vibrational spectrum of t-POM changes in a very
specific manner with changing morphological structure.
The infrared bands belonging to the A; symmetry species,
having the transition dipole moment along the chain axis
(the parallel bands), show a remarkable high-frequency
shift as the sample goes from ECC to FCC. On the other
hand, the E; bands, having the transition dipole perpen-
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dicular to the chain axis (the perpendicular bands), as
well as the Raman-active and infrared-inactive A; and E,
bands appear at the same frequencies in hoth FCC and
ECC samples. The same spectral change has been found
in the case of 0-POM samples which are converted from
the ECC and FCC of t-POM through a pressure-induced
phase transition.!® A series of t-POM oligomers having
acetylated hydroxyl terminal groups gives rise to an
infrared spectrum resembling that of FCC.14 Thissuggests
that the characteristic feature of FCC is not ascribed to
the folding structure, but to the short crystal dimension
along the fiber axis. A similar but less significant spectral
change has been observed for poly(ethylene oxide)!51€ and
also for poly(tetrafluoroethylene).l?

Thus, these very significant and specific spectral changes
with changing crystal morphology are concluded to be not
limited to the particular case of t-POM but to be generally
observed for highly polar crystalline polymers. Although
the origin of this very interesting phenomenon is not fully
understood yet, the magnitude of the frequency shift of
the Ay IR band has been found to be proportional to its
oscillator strength.131819 Thigleads to the conclusion that
the transition dipole interaction plays an important role
in this phenomenon. Quantitatively, however, the ob-
served shifts, which exceed 100 cm~! for some strong bands,
are large compared with the values estimated from the
measured oscillator strengths through the theory of
transition dipole—dipole interaction developed by Hex-
ter.20 Therefore, we have to search for another factor to
be taken into account for the full explanation of this
phenomenon. For this purpose, we need additional
spectral data.

Recently, Hasegawa et al.2! succeeded in preparing mac-
rocyclic POM samples with a narrow molecular weight
distribution. These samples were isolated from alkaline-
degraded bulk polymers synthesized by cationic polym-
erization of trioxane. They were very stable to alkaline
degradation and exhibited no 'H NMR signals due to
terminal groups formed in cationic polymerization. They
were therefore recognized to be of macrocyclic structure
consisting of 50-70 monomeric units, judging from the
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Table I
Number of Normal Modes (z;), Infrared and Raman
Selection Rules, and Polarizations of the (9/5)-Helical
Molecule of Trigonal POM [D(10x/9)])

species n; infrared Raman
Ay 5 forbidden (taa + aw), e
Ay 5 He forbidden
E, 11 X2 (ka I‘l’) (ctac, tac)
E, 12x 2 forbidden (0tas — tow’s Oaw’)
E; 12x2 forbidden forbidden
E, 12%x2 forbidden forbidden

averaged molecular weight of M, = 1500-1680 or M, =
1670-2070. Investigation of the infrared spectra of the
macrocyclic oligomers might give us valuable information
about the origin of the morphology-dependent frequency
shift of the parallel bands, because these samples have
morphologies quite different from those of linear POM.
This is the main motive of the present work.

Secondly, we are concerned with convincing spectro-
scopic evidence indicating the macrocyclic structure and
with structural changes occurring in the macrocyclic oli-
gomers on various thermal and mechanical treatments.

In the present work, we are concerned with the infrared
and Raman spectra of MC-POM samples, especially the
spectral changes with change in morphological structure
induced by various sample processing. All the experi-
mental results are compared with those of linear POM
embedded in both ECC and FCC.

Experimental Section

Samples. A sample of macrocyclic POM (MC-POM) was
prepared and purified from hexafluoro-2-propanol (HFIP)/
acetone (in Hasegawa’s laboratory, University of Tokyo). It was
characterized as follows: M, = 1090, M, = 1710, mp = 160 °C;
the degradation temperature was 190 °C. The sample gave rise
to an X-ray diffraction pattern (powder pattern) characteristic
of the trigonal modification.?* For comparison, we reexamine a
typical FCC sample (crystallized from a bromobenzene solution
of Delrin resin (E. I. du Pont de Nemours)] and a typical ECC
sample [needlelike crystals (whiskers) prepared by heterogeneous
cationic polymerization of trioxane] of linear POM supplied by
Dr. Iguchi of the Research Institute for Polymers and Textiles.

Spectral Measurements. Infrared spectra were taken with
a JASCO 8000 type FT-IR spectrometer with a DTGS detector.
Raman spectra were taken with a JASCO R-1000 double mono-
chromator equipped with both a photomultiplier and an image
sensor intensified multichannel detector (with 1024 channels).
The 514.5-nm light from an Ar* laser was used as the excitation
source.

Results and Discussion

(1) Normal Vibrations of t-POM. The unit cell of
t-POM contains one molecular chain having a uniform
(9/5)-helical conformation in which nine monomeric units
turn five times within the fiber identity period of 1.73
nm.! Themolecule has the line group symmetry of D(10x/
9) (isomorphous with the Dy point group), and the mo-
lecular vibrations (the optically active zone-center modes)
are classified into six symmetry species A; through E, as
described in Table 1.22 The number of normal modes as
well as infrared and Raman selection rules and polariza-
tions for each species are given in the table. The A; modes
areinfrared-active and have the transition moment parallel
to the chain axis, while the E; modes are active in both
IR and Raman spectra and have the transition moment
perpendicular to the chain axis. The A; and E; modes are
Raman-active. There is only one chain per unit cell, so
that no Davydov band splits are anticipated to be observed.
As has been mentioned in a series of previous papers, the
A; IR bands are very sensitive to the change in crystal

IR end Raman Spectra of Macrocyclic Poly(oxymethylene) 4797

{8
i gn 5
Nujol mull A |6P| 938

1134
§

— Macrocyclic
--- Solution-grown

Absorbance

(3
E|'4ss E(4) A2)
1434 1383

1140 1003

1800 1000 500
Wavenumber / cm”
Figure 1. Infrared spectra of MC-POM deposited from a HFIP
solution (—) and solution-grown (from bromobenzene solution)
linear POM (- - -) measured on Nujol-mulled samples. The
assignments of the fundamentals of the (9/5)-helical molecule
are indicated.

morphology. Therefore, our attention is focused mainly
on the behavior of the A; bands of MC-POM.

(2) Characteristic Features of the IR Spectrum of
Macrocyclic POM. The MC-POM sample as precipi-
tated from HFIP/acetone (obtained as a fine powder) was
mulled with liquid paraffin (Nujol mull) and subjected to
IR measurement. Inthe mulling process, special care was
taken to prevent the original sample from structural
changes induced by mechanical stress. InFigure 1,the IR
spectrum (after subtracting the absorption due to liquid
paraffin) thus obtained (solid line) is compared with that
of a solution-grown sample of linear POM (abbreviated
SG-POM) treated by the same mulling process (broken
line). The assignments of the bands are indicated, with
the numbering, from high to low frequency, of the
fundamentals for each of the A; and E; species being
described in parentheses.

As a whole, the two spectra are very similar and are
typical of FCC type of linear POM.!! However, the strong
As(3) and As(4) bands are red-shifted by 6-7 cm~! from
the corresponding bands of SG-POM, while all the E;
bands are unshifted. The Raman spectra of three POM
samples, the needlelike crystals (ECC) and the solution-
grown lamellar crystals (FCC) of linear POM and the
solution-deposited sample of MC-POM, are compared in
Figure 2. Here, the A;, E;, and E; modes are observed.
The spectra in the 3100-400-cm™! region are essentially
the same for the three samples, except for the compar-
atively narrow bandwidths in ECC caused by its extremely
high degree of crystal perfection. The MC-POM molecules
inthe present sample consist, on average, of about 40 mon-
omeric units. The similarity in the Raman spectrum
mentioned above tells us that the main part of the molecule
assumes the same (9/5)-helical conformation as that of
linear t-POM, though the stem length is as short as ~4.0
nm (Figure 3).

To check the polarization direction of the 1134- and
996-cm™! bands of MC-POM, IR spectra were taken on
samples with different plane orientations: the powder
sample mulled with liquid paraffin was sandwiched
between two KBr windows with and without spacers of
different thickness. Asshown in Figure 4, the intensities
of these bands relative to that of the 1091-cm~! band E;(7)
or the 935-cm™! band E;(8) increase with an increase in
the cavity thickness. This indicates that the polarization
direction of the 1134- and 996-cm™! bands tends to align
perpendicular to the window surface as the cavity thickness
decreases. A similar and more pronounced intensity
change has been observed for the solution-grown lamellar
crystals of linear POM (cf. Figure 5inref 11). Thisspectral
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Figure 2. Raman spectra of MC-POM (deposited from a HFIP
solution) (top), solution-grown FCC of linear POM (middle), and
needlelike crystal (ECC) of linear POM (bottom).
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Figure 3. Molecular model of MC-POM.

change is accounted for by the preferred orientation of
the lamellae: the fine lamellar crystals dispersed in liquid
paraffin are aligned parallel to the window surface, with
the molecular chains orienting perpendicular to it, when
the mull is pressed between two optical windows, giving
rise to the A, bands, which are weakened significantly in
the IR spectrum taken with the normal incidence of
radiation. Inthethicker mulls putinthe cavity supported
by the spacer, the lamellae are more randomly oriented,
causing a recovery of the A; band intensities. Thus, the
present result suggests that the MC-POM sample depos-
ited from HFIP solution has a lamellar morphology like
the FCC of linear POM, although the lamellae are
presumably not so uniform in thickness as in the latter
case, judging from its less pronounced plane orientation.

When the solution-deposited sample of MC-POM was
ground with KBr powder, the IR spectrum changed
dramatically as shown in Figure 5: (1) the 1137- and
996-cm~! bands shifted to 1103 and 920 cm™, respectively,
(2) all the E; bands were weakened and broadened, and
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Figure4. Infrared spectraof MC-POM (deposited from a HFIP

solution) measured on Nujol-mulled samples with different
thicknesses.

(3) broad bands appeared around 1495 and 1400 cm™! which
were due to the amorphous part. The spectral change is
ascribed partly to the reduction in the degree of crystal-
linity accompanied by conformational disordering. When
the ground sample is heated at 110 °C (below the melting
point of MC-POM) and 180 °C (above the melting point)
for 15 min and then cooled slowly to room temperature
the intensities of the E; bands are restored and the
amorphous bands are weakened by recrystallization of the
sample. Especially , the intensity of the crystallization-
sensitive band at 1238 cm™ %0 is restored to that of the
starting sample (Figure 6). Moreover, the spectrum in
the 1500-1350-cm™! region resembles those of solution-
grown and needlelike crystals (Figure 7). Nevertheless,
the Az bands do not return to the starting profile; the
1103- and 920-cm-! components still exist, and there appear
broad shoulders around 1120 and 970 cm™.

On the basis of the IR and Raman spectral features
mentioned above, the difference in the A; IR bands
between the solution-deposited and melt-crystallized MC-
POM samples is considered to be ascribed to different
packing of macrocyclic molecules having the same stem
conformation. Here, we mention the fact that the Az IR
band profiles of the former sample are very close to those
of SG-POM, which constructs a typical lamellar structure
with a long spacing of ~10 nm. Therefore, it is assumed
that in the solution-deposited sample, the macrocyclic
molecules are so aligned that the (9/5)-helical stems
construct the same trigonal lattice with an interstem
distance of 0.446 nm as the case of linear POM, and the
molecules are positioned at nearly the same height forming
a lamellar-like structure as depicted in Figure 8a. The
lamellar thickness of ~4 nm is only half or less of the
case for SG-POM. The difference in the stem length, or
the orderliness in the lamellar formation, seems to cause
the difference in the A2 band frequencies between the two
cases.

The A band profiles of the MC-POM sample ground
with KBr and then annealed differ from those of any
sample of linear POM treated by the same procedure
(Figure 9). The most conspicuous difference is found in
the low-frequency limit of the Ay(4) band. The band
appears at the lowest position of 897 ¢cm™! in the needle-
like crystals (ECC) and shifts to 904 cm™ in highly oriented
linear POM or SG-POM well ground with KBr. In un-
oriented or less oriented films, the Az(4) band spreads
over a wide frequency range and two components are
observed with rather broad peaks around 998 and 904
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Figure5. Infrared spectra of a MC-POM sample deposited from

a HFIP solution after various processing: mulled with liquid

paraffin (—); ground with KBr powder and pressed (- - -); melt-
crystallized (--).
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Figure 6. Change in infrared spectrum on annealing a MC-
POM sample ground with KBr powder.

e

~
. .
— ~—.

Apsorbmce

1550 1450 1350
Wavenumber / cm’

Figure7. Infrared spectrain the CH;scissoring and and wagging
region of various trigonal POM samples: (a) MC-POM deposited
from a HFIP solution; (b) FCC of linear POM; (c) melt-crystallized
MC-POM; (d) ECC of linear POM.

cm!, the former and the latter corresponding, roughly
speaking, to the folded and extended molecules. In MC-
POM, on the contrary, extended chains cannot be formed
by grinding with KBr powder. In fact, the low-frequency
limit of the As(4) band appears at 920 cm™!, blue-shifted
by 23 cm™! from the position of the ECC sample.

In the case of linear POM, the remarkable frequency
shifts of the A; modes accompanied by the change in
morphology have been considered to originate mainly from
strong transition dipole—dipole interactions induced along
the POM chains by the in-phase vibrations of the molecules
constructing lamellar crystallites, although the mecha-
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Figure 8. Models of molecular aggregation in MC-POM.
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Figure 9. Comparison of the Az(3) and A;(4) IR bands among
MC-POM (ground with KBr powder and then annealed) (—), a

solution-grown sample of linear POM (ground with KBr powder)
(- - -), and needlelike crystals (ECC) of linear POM (--).

nism is not fully understood. The origin of the similar but
less significant band shifts found in MC-POM is rather
difficult to understand, since the cyclic structure, i.e., the
folding as an attribute of the molecule, should remain
unchanged regardless of the sampling process. One
possible interpretation is as follows. As described above,
the MC-POM sample deposited from a HFIP solution
seems to form a lamellar-like structure. In this case, the
transition dipole interaction might be very close to the
case of SG-POM, giving rise to similar IR spectra. Inthe
melt-crystallized MC-POM, the molecules are supposed
to pack in a nonlamellar fashion as described in Figure 8b.
In such a case, the centers of the transition dipole are
located at different heights, so that the resultant dipolar
interactions on a particular helix stem differ from molecule
to molecule depending on the locations of the surrounding
molecules, giving rise to a broadened band profile of the
As(4) mode.

(3) Low-Frequency Raman Spectra of Macrocy-
clic POM. The Raman spectra above 400 cm™! of MC-
POM and the ECC and FCC samples of linear POM are
essentially the same, though they are different in the higher
order structure. The difference is reflected in the low-
frequency Raman spectrum (Figure 10). In this range
there appear the E;(11) mode [the lowest E; fundamental
of the (9/5)-helical moelcule] and the so-called LAM-1
mode (the accordion-like vibration of the finite chain).
The former appears at 64—65 cm™! in all three samples,
while the sharpness is quite different among them,
reflecting the difference in crystal order. The 41-cm™!
band of needlelike POM is unassigned.

The LAM-1 frequency depends on the stem length L,
the density p, and the Young’s modulus E of the molecule
as expressed by the equation

v = (1/2cL)(E/p)'"? (1)
where ¢ denotes the velocity of light in a vacuum.?® The
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Figure 10. Low-frequency Raman spectra of MC-POM (de-
posited from a HFIP solution) (top), solution-grown (FCC) linear
POM (middle), and needlelike ECC of linear POM (bottom).
The sharp bands marked by asterisks are due to the nature
emission from the laser.
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Figurel1. Infrared spectra of two trigonal POM samples partly
transformed to the orthorhombic modification by compression
(detected by the appearance of the 534-cm™! band in the solid
curves) and the samples returned to the trigonal modification by
heating (broken curves).

p of t-POM is 1.49 g cm™3, and E has been estimated as
109 GPa.2¢ Therefore the relationship between v (incm™1)
and L (in nm) is

v =143 X 10%/L (2)

In MC-POM (golution-deposited), there appears a very
broad band centered at ~30 cm™, Estimating from M,
and My, of the present MC-POM sample, the molecule has
astem length of 2.9-4.8 nm (assuming that three chemical
units construct the fold parts), which corresponds to a
LAM-1 frequency of 49-30 cm™1, The broad profile may
be due to the molecular weight distribution and disordering
inthelamellarstacking. In SG-POM there appearsaband
at 21-22 cm™!, which corresponds to a stem length of 6.8-
6.5 nm (or a long spacing of 9.7-9.3 nm when the degree
of crystallinity is 70%). In the needlelike crystal, no
LAM-1bands are observed down to 15 ¢cm™1, as anticipated
from the ECC structure.

(4) Pressure-Induced Transition tothe Orthorhom-
bic Phase. It has been demonstrated that the trigonal
phase of linear POM is partly (20 mol % or less)
transformed to the metastable orthorhombic phase (o-
POM) by compressing the powder sample.!® The resultant
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orthorhombic phase is fully converted to the trigonal phase
by heating the sample above 70 °C. The occurrence of
these transformations is detected by the appearance and
disappearance of the 594-cm™! band of o-POM (Figure
11). On compression of the MC-POM sample, the
appearance of an orthorhombic phase is also detected,
but the amount is very small compared to the case of linear
POM. The GPC curve indicates that the present MC-
POM sample may contain a trace of the high molecular
weight component of linear POM.2! Therefore, it is likely
that only the contaminating linear molecules transform
to 0-POM. The difficulty in the pressure-induced phase
transition of the macrocyclic POM molecules is considered
to come from the difficulty in constructing the orthorhom-
bic unit cell (containing two chains passing through it) by
one molecule consisting of two (2/1)-helical stems which
should be correlated to each other by the P2;2,2, space
group symmetry.?
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