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X-Ray Single Crystal Analysis of Oligo(oxymethylene) Diacetates
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ABSTRACT: Individual homologues of oligo(oxymethylene) diacetates, CH;CO,(CH,0),-
COCHy3;, from the octamer to the hexadecamer (8 <7 < 16) were isolated from a reaction mixture of
paraformaldehyde and acetic anhydride by means of preparative supercritical fluid chromatography
(SFC). Each oligo(oxymethylene) diacetate showed a sharp endotherm due to melting, and no
other phase transition above —100°C. Plate crystals were obtained from ethanol solution of the
decamer; X-ray crystallographic analysis showed that the crystal is orthorhombic and belongs to
the space group P2,2,2,. The decamer chain assumes the structure of a 2/1 helix with one-handed
screw sense. The packing of the molecules in a unit-cell is of the herringbone type, and the sublattice
structure is similar to that of the orthorhombic modification of poly(oxymethylene). The nonamer
crystallizes in the monoclinic system of space group Cc, and the helix pitch of the acetal backbone
lies between 9/5 and 2/1. The molecular axis of the nonamer inclines slightly with the lamellar

normal (a-axis).
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Studies on normal alkanes have been useful
for analyzing the structure and properties of
high molecular weight polyethylene.!*? Similar
approaches to the other synthetic polymers
would be possible if a series of uniform
(monodisperse) oligomers having a sufficiently
large degree of polymerization (DP) are
available. Recently, much interest has been
devoted to chromatographic separation of
oligomer mixtures. Particularly, supercritical
fluid chromatography (SFC) is one of the most
promising techniques for the separation of high
DP oligomers,® 8 because supercritical mobile
phase offers the advantage of high diffusibilities
along with widely controllable power of solva-
tion. In the present work, we obtained single
crystals of uniform oligo(oxymethylene) dia-
cetates by preparative SFC.

Early attempts to fractionate low molecular

* To whom correspondence should be addressed.

weight poly(oxymethylene) were made by
Staudinger and his coworkers in the 1920s.° 1!
The oligo(oxymethylene) diacetates with 1<
DP <26 were isolated by fractional crystalli-
zation, and the DP dependence of some
physical properties such as melting point and
density was investigated. X-Ray diffraction
studies (Debye—Scherrer diagrams) of the
oligo(oxymethylene) diacetates from the non-
amer to the nonadecamer (19 mer) have also
been made. These studies provide the basis for
the formulation of many concepts essential in
macromolecular science.

Poly(oxymethylene) appears in two crystal
modifications: the stable trigonal form consist-
ing of 9/5-helix'?~ 1% and the metastable or-
thorhombic form consisting of 2/1-helix.**>~*7
Perfectly uniform oligo(oxymethylene) diace-
tates are expected to provide good models of
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poly(oxymethylene) crystals.

EXPERIMENTAL

Oligo(oxymethylene) diacetate was prepared
from paraformaldehyde and acetic anhydride
according to the procedure described in the
literature.® "' A mixture of paraformaldehyde
(Sumitomo Seika Chemicals Co., Ltd., 74.6 g)
and acetic anhydride (51.1 g) was heated in an
autoclave at 160°C for 30h under a nitrogen
atmosphere. The reaction mixture was poured
into 200 ml of diethyl ether and the insoluble
part (49.9 g) was filtered off after refluxing for
1h. The ether solution was washed with
aqueous sodium bicarbonate and evaporated.
A 44.1 g portion of the ether-soluble part was
subjected to distillation, and the residue
(bp > 140°C/0.08 Torr, 6.6 g) was fractionated
by crystallization from diethyl ether solution.
By crystallization above 0°C, 0.32g of
microcrystals was removed. The microcrystals
obtained by the crystallization at 0°C (0.55g)
were used for the fractionation with SFC.

SFC was performed on a JASCO SUPER-
200 chromatograph equipped with a 7.2 mm
i.d. x 250 mm column packed with non-bond-
ed silica gel (JASCO SUPERPAK Crest SIL,
particle size 5 um). Supercritical CO, was used
as mobile phase (flow rate=4.5mlmin '), and
ethanol was added as entrainer (flow rate=0.5
mlmin~!). The fluid pressure at the bottom of
the column was controlled to 200+ 1 kgcem ™2,
The column temperature was adjusted initially
to 130°C, and was lowered at a rate of 2°C
min~! to 40°C. Chromatograms were recorded
using a UV detector JASCO 875-UV operated
at a wavelength of 220 nm.

'H NMR spectra were measured in CDCl,
at 35°C on a JEOL INM-GX500 spectrometer.
Differential scanning calorimetry (DSC) was
performed on a Rigaku DSC-8230 instrument
at a heating rate of 5°Cmin~!.

All X-ray data were collected with a Rigaku
AFC-5R automated four circle diffractometer
using CuKo radiation (A=1.5418A, 40kV,
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200mA) in the w-scan mode. Unit-cell
parameters were derived from a least-squares
calculation based on 25 (for the nonamer
crystal), 20 (for the decamer crystal), or 48 (for
the undecamer crystal) intense reflections
whose 20 angles fell in the range of 55—60°
(the nonamer), 35—41° (the decamer), or
51—59° (the undecamer). Reflection data were
empirically corrected for absorption by the
method of North et al.'® Numerical corrections
for damage by X-ray radiation were also made.
Three standard reflections monitored every 100
reflections decayed by 1.2—1.5% (in |F,|)
during data collection. Crystal structures were
solved by the direct method (SHELXS'®). The
structure of the nonamer was refined by the
full-matrix least-squares procedure with an-
isotropic thermal parameters for all non-
hydrogen atoms. For the decamer, positions of
oxygen atoms were refined anisotropically and
those of carbon atoms isotropically. Hydrogen
atoms were not included in the refinements
because of shortage of observed reflections. The
lattice dimensions for the undecamer crystal
were confirmed by Weissenberg photographs.

RESULTS AND DISCUSSION

Figure la shows an SFC curve of the
oligo(oxymethylene) diacetate obtained by the
fractional crystallization from diethyl ether

n=10
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Figure 1. SFC curves of oligo(oxymethylene) diacetate
(a) and the decamer isolated by SFC-fractionation (b).
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Figure 2. DSC curves of the uniform oligo(oxymethylene)
diacetates from the decamer to pentadecamer (a) and
oligo(oxymethylene) diacetates obtained by fractional
crystallization (b).

solution at 0°C. The fraction consisted of the
oligomers from the hexamer to the tetra-
decamer. Individual oligomers were isolated by
repeated fractionation with the SFC, and
purified by crystallization from ethanol.
Reinjection of the oligomer crystals to the SFC
proved their purities; a representative chro-
matogram is shown in Figure 1b. The DP of
the oligomers was determined from an inten-
sity ratio of the 'H NMR signals due to the
methylene protons and the acetyl end-groups.
The value agreed well with the DP measured
by potassium ionization mass spectrometry of
desorped species.?®

Each oligomer showed a sharp endotherm
due to melting and no other phase transition
above —100°C (Figure 2a). The sharpness of
the melting endotherms of the oligomers
compares favorably with that of the oligo-
(oxymethylene) diacetates reported in the
past.?! The oligo(oxymethylene) diacetate
samples obtained by fractional crystallization
exhibited broader melting endotherms (Figure
2b), and the melting points were lower than
those of the uniform oligomers with the
equivalent DP. The melting points for the
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Table I. Crystallographic data on
oligo(oxymethylene) diacetates®

9mer 10mer 11mer
Formula Ci3H340,:  CiHz¢043 CisHp00
Formula 372.33 402.35 432.38
weight
Crystal monoclinic  orthorhombic monoclinic
system
Space group Cc P2,2,2, C2
a/A 46.360(3) 7.610(1) 114.56(1)
b/A 5.0538(5) 42.244(7) 9.080(2)
c/A 7.7366(8)  5.959(1) 7.838(2)
B/deg 91.061(1) 90.000 90.19(1)
V/A3 1812.3(3) 1915.7(6) 8153(2)
VA 4 4 16
D ,eq/gcm ™3 1.364 1.395 1.409
Measured 1451 1826 6957
reflections
Observed 1157[40] 1670[5q]] —
reflections
Number of 159 244 —
parameters
R®/% 10.30 9.11 —
R,°/% 12.55 12.04 —

* Estimated standard deviations in the least significant
digit are given in parentheses.

® R=Z||F,|-|F.||/Z|F,

¢ Ry=[ZwW(F,| = F.D*/Zw|F, 1'% w=1/c*(F,).

decamer, undecamer, and dodecamer as
determined by DSC were 63.1—66.2°C 71.2—
73.7°C, and 79.9—82.5°C, respectively. A
comparison of the melting points for our
oligomers with the data in the literature
(52—53.5°C for the decamer, 64— 65°C for
the undecamer, and 73—75°C for the dode-
camer)® " !! indicated a clear improvement
in purity in our materials.

Single crystals of each oligomer were grown
from ethanol solutions. The crystallographic
details are given in Table I. The calculated
density (D,,,.4) of the oligomers increased with
DP; D4 of the dodecamer (l12mer) was
1.411 gem ™3 as determined by X-ray crystallo-
graphic analysis. The values were almost
comparable with the experimentally found
density of poly(oxymethylene) (1.40—1.45
gcm ™ 3).22 The fractional atomic coordinates
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Table II. Fractional atomic coordinates
for deca(oxymethylene) diacetate®

Atom Xla Y/b Zlc
(01 0.8960(8) 0.4298(1) —0.3597(11)
02 0.7584(6) 0.4152(1)  —0.0511(8)
03 0.9410(5) 0.3717(1) 0.0033(8)
04 0.7996(6) 0.3521(1) 0.3230(8)
05 0.9522(5) 0.3038(1) 0.3587(8)
06 0.8068(5) 0.2851(1) 0.6780(8)
o7 0.9461(6) 0.2362(1) 0.7127(8)
08 0.7973(6) 0.2171(1) 1.0302(8)
09 0.9428(5) 0.1687(1) 1.0735(8)
010 0.7953(6) 0.1477(1) 1.3808(8)
Ol11 0.9489(5) 0.0993(1) 1.397009)
012 0.8109(7) 0.0804(1) 1.7143(9)
o13 0.9379(9) 0.0342(1) 1.6402(16)
Cl 0.7389(12)  0.4692(2)  —0.1433(19)
C2 0.8080(10) 0.4363(2) —0.1979(14)
C3 0.7850(8) 0.3828(1) —0.0978(13)
C4 0.9422(9) 0.3708(1) 0.2398(12)
(&) 0.8085(9) 0.3201(1) 0.2628(12)
C6 0.9504(9) 0.3027(1) 0.5943(12)
C7 0.8037(9) 0.2531(1) 0.6170(12)
C8 0.9454(8) 0.2345(1) 0.9522(12)
9 0.7987(8) 0.1850(1) 0.9720(12)
Cl10 0.9338(9) 0.1666(2) 1.3095(12)
Cll 0.8016(9) 0.1158(2) 1.3106(13)
Ci2 0.9588(9) 0.0973(2) 1.6331(14)
Cl13 0.8140(12)  0.0492(2) 1.7098(17)
Cl4 0.6422(16) 0.0352(3) 1.8053(31)

@ Estimated standard deviations in the least significant
digits are given in parentheses.

for the decamer and nonamer appear in Tables
IT and III.

The crystals of the decamer were obtained
in the form of oblong plates. The b axis is
normal to the plate, and the ¢ and a axes are
parallel to the longer and shorter sides,
respectively. Figure 3 shows the crystal
structure of the decamer. The packing of
molecules in a unit-cell was of a herringbone
type, i.e., the double-layered polytype stacking
of molecular layers in which the molecules are
inclined by 35° to the lamellar surface and
inclination direction rotates by 180° in the
neighboring layer. The unit-cell consists of four
molecules with the 2/1 helix conformation. The
crystal symmetry (P2,2,2,) leads to a remark-
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Table III. Fractional atomic coordinates
for ona(oxymethylene) diacetate®

Atom X/a Y/b Zc

Ol —0.1227(1) 0.3718(15) 0.1406(11)
02 —0.1007(1) 0.1478(16) 0.3593(10)
03 —0.0581(1) 0.3281(16) 0.2402(9)
04 —0.0193(2) 0.1959(20) 0.4160(10)
05 0.0216(1) 0.2827(19) 0.2433(10)
06 0.0611(1) 0.2372(20) 0.4372(9)
o7 0.1010(1) 0.2446(17) 0.2577(10)
08 0.1405(2) 0.2731(18) 0.4422(9)
09 0.1805(1) 0.2034(18) 0.2802(9)
o10 0.2201(2) 0.3149(19) 0.4509(11)
Oll 0.2619(1) 0.1696(16) 0.3302(10)
012 0.2865(2) 0.3709(17) 0.5483(12)
Cl1 —0.1428(2)  —0.0315(25) 0.2327(16)
C2 —0.1217(2) 0.1794(19) 0.2440(12)
C3 —0.0786(2) 0.3415(23) 0.3812(15)
C4 —0.0389(2) 0.1321(21) 0.2802(14)
Cs 0.0011(2) 0.3756(23) 0.3620(15)
(¢ 0.0414(2) 0.1148(22) 0.3266(13)
C7 0.0811° 0.4006(18) 0.3428°
C8 0.1215(2) 0.0849(29) 0.3639(16)
C9 0.1615(3) 0.4087(26) 0.3337(16)
Clo 0.2010(3) 0.1011(28) 0.4108(19)
Cl1 0.2427(2) 0.3935(22) 0.3327(15)
Cl12 0.2853(2) 0.2074(25) 0.4579(16)
Cl13 0.3065(2)  —0.0340(26) 0.4332(16)

® Estimated standard deviations in the least significant
digits are given in parentheses.

® The parameters were fixed to define the floating origin
in the space group (Cc).

able structural conclusion that the lattice must
be made up of one-handed helices. The
torsional angles for the acetal backbone are
given in Table IV. It is interesting to note that
the sublattice structure of the decamer crystal
(¢f. Figure 4a) is very similar to that of the
orthorhombic modification of poly(oxymethy-
lene).!5 These structural features of the
decamer crystal have made possible compre-
hensive analysis of the vibrational assignments
for the micron-sized orthorhombic poly(oxy-
methylene) single crystals on the basis of po-
larized infrared and Raman spectroscopies.?>

The nonamer crystallized in the monoclinic
system of space group Cc. Four molecules are
packed in a unit-cell with their molecular axes

Polym. J., Vol. 25, No. 12, 1993
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Figure 3. Crystal structure of deca(oxymethylene) diacetate.

Table IV. Dihedral angles in nona-
and deca(oxymethylene) diacetates®

Monomeric omer 10mer
unit 6 &’ é ¢’
1 75.3(12)° 82.9(10) 96.7(8)° 67.1(8)
2 71.9(11) 73.3(12) 58.3(8) 63.8(8)
3 69.6(13) 72.9(13) 66.0(8) 62.1(8)
4 72.4(12) 67.9(12) 67.0(8) 62.5(8)
5 74.1(11) 65.4(12) 66.0(8) 64.2(8)
6 69.9(13) 71.5(13) 66.5(8) 66.1(8)
7 65.9(13) 73.7(12) 64.1(8) 66.3(8)
8 65.7(13) 75.5(13) 69.1(8) 61.209)
9 65.4(13) 93.8(10)®  63.5(9) 60.8(9)
10 — — 64.2(9) 81.6(10)°
Average 71.1 64.4
0=C-O-C —4.0(15) —54(17) —9.6(13) 0.3(16)

» Estimated standard deviations in the least significant
digits are given in parentheses.

® Values were not included in the calculation of the
average dihedral angle.
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RS e U
¢ ¢
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inclined slightly (2°) with the lamellar normal
(the a axis) (Figure 5). Two of the four
molecules adopt the right-handed helix and the
other two, the left-handed helix. The average
dihedral angle in the acetal linkage is 71.1° (¢f.
Table 1V) which is intermediate between those
for the 9/5 (78°) and 2/1 helices (64°). A
molecular axis view of the nonamer crystal is
shown in Figure 4b.

The undecamer also gave plate crystals. The
crystal structure of the undecamer was not
determined completely because of the large
lattice dimensions. However, the partial chain
structure obtained by the direct method
(R=26%) indicated that the acetal backbone
of the undecamer consists of the 9/5 helix with
an average dihedral angle of 80°. This suggests
that the sublattice structure of the undecamer
crystal is close to that of the stable rrigonal
form of poly(oxymethylene).!*

Studies on the crystal structure of uniform
oligo(oxymethylene) diacetates described above
reveal that both packing and helix pitch of
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Figure 4. Molecular axis views of deca(oxymethylene) diacetate (a) and nona(oxymethylene) diacetate (b)

crystals. The end-groups are omitted for clarity.
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Figure 5. Crystal structure of nona(oxymethylene) diacetate.

the molecules in a unit-cell are dependent
on DP. The DP dependency is considered to
arise from the effects of the acetyl end-groups
which are “alien” to the oxymethylene back-
bones. This situation is in stark contrast to the
case of chloral (trichloroacetaldehyde) oligo-
mers (2<DP<6) in which the backbone
structure is 4/1 helix irrespective of DP and
end-groups.?425
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