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Samples of a,w-alkoxy-poly{ethylene oxide} with oxyethylene inner blocks of 70 to 150 chain atoms
and end blocks ranging from Cq (methoxy) to C4g (octadecoxy) have been prepared and character-
ized. Several experimental methods have been used to investigate their crystalline structure and melt-
ing behaviour. The polymers crystallize into stacked structures in which crystalline and non-crystal-
line layers alternate. The methylene chains are in the non-crystalline layers together with a significant
fraction (about 0.2) of the oxyethylene inner block. The crystalline layers contain extended or
folded oxyethylene chains, depending upon the relative lengths of the inner and end blocks. The
melting points either are roughly independent of methylene block length (extended-chain crystals)

or increase with methylene block length (folded-chain crystals). This melting behaviour is explained
by a combination of two important effects: conformational restriction of the cilia emerging into the
non-crystalline layer and mixing of the methylene and oxyethylene chains in the meit.

INTRODUCTION

The crystallization of low molecular weight aw-hydroxy-
poly(ethylene oxide), and the morphology and melting of
the solids so obtained, has been extensively studied’™®. The
stacked lamella structure of the solid is particularly well
defined: several orders of Bragg scattering can be observed
by small-angle X-ray scattering' ~ and Raman scattering
from the longitudinal acoustic mode of the helix in the cry-
stal is also prominent!®!!, Within the crystalline lamellae
the poly(ethylene oxide) chains are folded to an extent
which depends upon the chain length and the crystallization
temperature?~%%1% samples of molecular weight less than
M, = 3000, crystallized above room temperature, have
essentially unfolded (extended chain) structures.

From similar, though less extensive, investigations of
low molecular weight poly(ethylene oxide) fractions with
other end-groups’?~16it appears that the predominant deter-
mining factor for the structure is the chain length (at least
for the samples of narrow chain length distribution used in
crystallization studies). In other words, such changes in
properties as are attributable to end-group effects do not
significantly disturb the overall pattern of results which has
been established for hydroxy-ended polymers.

Block copolymers containing poly(ethylene oxide) have
also been investigated with respect to their crystallization
and crystallinity. We have shown?"" that the properties of
oxyethylene—oxypropylene diblock (PE) and triblock (PEP)
copolymers relate to those of poly(ethylene oxide) homo-
polymers. In that these block copolymers necessarily crys-
tallize into structures containing alternating crystalline and
non-crystalline layers they form useful models for investi-
gating the bulk crystallized state of polymers.

In this paper we report the preparation and properties of
a,w-alkoxy-poly(ethylene oxide) samples with end-groups

ranging from Cj(methoxy) to Cg(octadecoxy). These
compounds form a bridge between what are conventionally
regarded as homopolymers and what might be thought of
as methylene—oxyethylene block copolymers (MEM). In a
subsequent paper we hope to report on similar samples with
end-groups longer than Cyg.

EXPERIMENTAL AND RESULTS

Preparation

A modified?® Williamson ether synthesis was used to pre-
pare a,w-alkoxy-poly(ethylene oxide) from a,w-hydroxy-
poly(ethylene oxide) samples of molecular weight (M,) 1000
and 1500 (Shell Chemical Co. Ltd.) and 2000 (Hoechst Chemi:
cals Ltd.). Preparative details are given in Appendix 1.

Notation

We denote samples by their number-average block lengths,
expressed in oxyethylene or methylene chain units as app-
ropriate: thus aw-heptoxy-poly(ethylene oxide) prepared
from poly(ethylene oxide) 2000 is labelled 7-45-7. We pre-
pared two sets of samples from poly(ethylene oxide) 2000.
In tabulating results we refer to these as preparations A and
B.

Characterization

Infra-red spectroscopy was used as described earlier?® to
determine conversions of hydroxy to alkoxy of better than
97%. Low frequency (720—765 cm™!) absorptions, assigned
to rocking motions of the alkoxy end-groups, were observed
for all samples with end-groups longer than C». End-group
analysis (phthaloylation in pyridine) was used to confirm
the infra-red estimates of the conversions. No trace of iodine
could be detected by elemental analysis or by heating the
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Table 1 Molecular characteristics

M, (g/mol)

My /Mp
Sample Predicted V.p.o. G.p.c. G.p.c
0-230 1000 980 1000 1.06
1-231 1028 980 1000 1.05
2-23-2 1056 - 1000 1.05
3-23-3 1084 - 1120 1.06
4234 1112 - 1150 1.06
7-23-7 1196 1230 1270 1.06
10-23-10 1280 - 1350 -
122312 1336 - 1400 1.07
16-23-16 1448 - 1600 -
18-23-18 1504 - 1650 -
0-340 1500 - 1490 1.04
1-34-1 1528 - 1490 1.05
2-34-2 1556 — 15610 1.04
3-343 1584 — 1560 -
4-344 1612 - 1600 -
7-34-7 1696 - 1700 -
10-34-10 1780 - 1800 -
12-34-12 1836 - 1850 -
16-34-16 1948 - 2050 -
18-34-18 2004 - 2100 -
A2 B2
0450 2000 1980 2000 2000 1.06
145-1 2028 1980 2000 2000 1.04
245-2 2056 2000 2000 2040 1.05
345-3 2084 - — 2050 1.06
4454 2112 - 2100 2080 1.06
745-7 2196 2200 2250 2210 1.06
1045-10 2280 - 2300 2330 1.07
1245-12 2336 - 2400 2370 1.06
1645-16 2448 - 2500 2410 1.07
1845-18 2504 - 2600 2530 1.08

3Results for preparations A and B. All other resuits {v.p.o.,
Mw/Mp) for the 45 series are for preparation B

samples with silver nitrate in a mixture of methanol and
nitric acid. _

Number-average molecular weights (M,) were measured
by vapour pressure osmometry (v.p.o., Mechrolab, benzene
at 25°C). Number-average molecular weights were also de-
termined from the elution volume in gel permeation chro-
matography (g.p.c., tetrahydrofuran at 25°C) by comparison
with the elution volumes of standard samples. Details of
the conditions for g.p.c. are given elsewhere?!. A complete
analysis of the g.p.c. data was not carried out for every
sample. Values of M, and of My,/M,, (where appropriate)
are given in Table 1. The values of M, are in good agreement
with those predicted (Table 1) from the manufacturer’s
molecular weights of the original poly(ethylene oxide)
samples*. The values of M,,/M,, are essentially unchanged
by alkoxylation.

X-ray scattering

Wide-angle X-ray scattering (WAXS) photographs (Debye—
Scherrer camera, CuKa radiation) of selected samples
(1-23-1, 12-23-12, 1-45-1, 18-45-18) crystallized at 25°C

* The close agreement between the g.p.c. results on the one hand
and the v.p.o. and predicted results on the other, implies that, in
tetrahydrofuran at 25°C, the contribution of the methylene chain
to the hydrodynamic volume is roughly equivalent to that of an
equal mass of oxyethylene chain. This is consistent with the
solubility parameter of tetrahydrofuran being about halfway be-
tween those of polyethylene and poly(ethylene oxide)22,
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were identical, except for the amorphous background, one
with another and with photographs of the poly(ethylene
oxide) homopolymers. It is concluded that the alkyl chains
do not crystallize in these samples.

Small-angle X-ray scattering (SAXS) photographs
(Rigaku—Denki slit collimated camera, CuKa radiation'®) of
the solid polymers, crystallized at 25°C, were similar to
those reported previously for poly(ethylene oxide) homo-
polymers! ™ and block copolymers'”~'°. Lamella spacings
(Iy), calculated by direct use of Bragg’s Law, are listed in
Table 2. For comparison the lengths of the extended chains
() are also given: we take the length of an oxyethylene
chain unit to be 0.28 nm and that of a methylene chain unit
to be 0.125 nm?2. Results obtained for samples crystallized
at 35°C differed insignificantly from those for samples crys-
tallized at 25°C; however, certain samples crystallized at 45°C
showed significantly different photographs. Two sets of
Bragg peaks were observed for samples 0-23-0 and 1-23-1
(and also for sample 2-23-2 crystallized at 35°C); this obser-
vation is attributable to fractionation during the crystalliza-
tion process'. Broad peaks were observed for samples with
long (3C;¢4) alkoxy end-groups.

The SAXS results (Table 2) show that crystallization at
25°C leads to extended-chain structures for polymers with
short methylene chains and to folded-chain structures for
polymess with long methylene chains for all three series.
The methylene chain length (r) at which the transition from
extended to folded-chain structure occurs, varies with the
oxyethylene block length (E) roughly as follows: £ = 23,
n<16;F=34,n<12;E=45n="17. The significant effect
of crystallization temperature (T,) on the spacings is illus-

Table 2 Small-angle X-ray and Raman scattering®

Approximate Raman
chain length Lamella spacing frequency
Sample ! (nm) Ix {nm) 7y (em—1)

0-230 6.4 7.6, 6.6 -

1-23-1 6.7 7.7,6.7 -

2-23-2 6.9 7.6 -

3-23-3 7.2 76 -

4-23-4 74 78 -

7-23-7 8.2 8.3 —
12-23-12 9.4 8.7 -
16-23-16 104 73 -
18-23-18 109 79;11.20 -

0-340 9.5 9.5 —

1-34-1 9.8 10.1 -

2-34-2 10.0 101 -
12-34-12 125 8.1 -
16-34-16 « 135 8.6 -
18-34-18 14.0 89;88,14.3° -

A B B

0450 12.6 - 13.2 9.0

1-45-1 129 13.3 13.8 8.3

2452 13.1 13.7 14.0 8.3

345-3 134 - 14.0 7.5

4454 13.6 14.1 141 7.5

745-7 144 - 89 75,120
1045-10 15.1 9.5 89 115
1245-12 15.6 - 9.3 115
16-45-16 16.6 - 9.5 11.0
1845-18 17.1 106;112> 96 11.0

8For samples crystallized at T, = 25°C except where noted;
br.=45°C
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Table 3 Specific volumes (vgp) at 25° C of samples crystallized at
25°C and calculated volume changes on crystallization (Av)

Av (cm3/g of

Sample vsp (cm3/g) oxyethylene}

0-230 0.832 0.059

1-23-1 0.835 0.066

2-23-2 0.845 0.066

3-23-3 0.852 0.067

4-234 0.868 0.059

7-23-7 0.876 0.073
12-23-12 0912 0.063

B

0450 0.822 0.069

1451 0.837 0.059

245-2 0.835 0.066

345-3 0.845 0.060

4454 0.846 0.064

7-45-7 0.874 0.047
1045-10 0.890 0.042
124512 0.893 0.047
16-45-16 0.899 0.056
1845-18 0.909 0.051

trated by the results obtained for the samples with octade-
coxy end-groups crystallized at T, = 25° and 45°C (Table 2).
SAXS was also used to examine the melts of certain
samples. Films of molten polymer (thickness ~1 mm) were
enclosed in thin Melinex polyester films in a Rigaku—Denki
fibre specimen holder held at 63 + 1°C and exposed to CuKa
radiation in a Rigaku—Denki slit collimated gonimeter. The
intensity of scattered radiation was measured by use of a
Phillips scintillation detector system. The scattering enve-
lopes from samples 0-23-0, 12-23-12, 0-45-0, 7-45-7 and
18-45-18 were practically identical one with another. Thus
we find no evidence from SAXS to support the view that
the melts of any of our samples are inhomogeneous.

Raman scattering

Raman spectra were obtained, as described elsewhere
for series 45. Samples of series 23 and 34 were not investi-
gated by this method; results for the a,w-hydroxy-polymers
have been given elsewhere!®. The fundamental frequencies
(1y) of the longitudinal acoustic modes of vibration of the
lamellae are listed in Table 2. These results confirm the
conclusions drawn from the SAXS experiments, and show
explicitly the two types of lamellae (extended and folded)
present in sample 7-45-7 crystallized at 25°C. For a given
type of crystal the fall in by with increasing length of the
alkoxy end-group is indicative of the effect of the non-
crystalline components of stacked lamella structures on the
longitudinal acoustic vibration!!23,

10,11

Picnometry

Specific volumes at 25°C (vsp) of the solid polymers,
crystallized at 25°C, were determined by picnometry as
described elsewhere!®. Results are given in Table 3: repro-
ducibility was 0.003 cm3/ g- The increase in vy, with in-
creased length of the methylene chain is due mainly to the
increased proportion of non-crystalline material in the solid.
A better presentation of the results is as Ay, the change in
volume on crystallization at 25°C per gram of oxyethylene.
This can be calculated, assuming additivity of volumes in
the supercooled melt, from the known specific volumes of
the oxyethylene chain (0.891 cm3/g)* and the methylene

chain (1.182 cm3/g)*. For a given type of crystal (extended-

chain, folded-chain) Av is seen to be constant: the scatter of

results is a consequence of the imprecision of the method

of measuring v, for small samples. The values found for

Av are about 0.064 cm3/g for extended-chain crystallization
and about 0.049 cm3/g for folded-chain crystallization.
These values are to be compared with Av0 = 0.075 cm3/g
which can be calculated for the perfect crystallization of
poly(ethylene oxide) from the specific volume, 0.816 cm3/g,
of perfectly crystalline poly(ethylene oxide) at 25°C found
from WAXS experiments?2.

Differential scanning calorimetry

Specific heats of fusion at the melting temperature
[Af(Tin)] of the solid polymers, crystallized at 25°C, were
determined from endotherm peak areas obtained by diffe-
rential scanning calorimetry (d.s.c., Perkin—Elmer DSC-2).
The heating rate selected was 2.5 K/min. The calorimeter
was calibrated daily by melting indium.

Samples 0-23-0, 1-23-1 and 2-23-2 showed multipeaked
endotherms which are attributable to fractionation during
the crystallization process’ (see SAXS results). Sample
7-45-7 showed two distinct endotherms due to the presence
of extended-chain and folded-chain structures (see SAXS
and Raman results). The folded-chain crystals (lower melt-
ing) contribute about 75% of the heat of fusion of the
sample crystallized at 25°C. This proportion is independent
of the heating rate (0.6 to 5.0 K/min) and so the folded
form can be categorized® as kinetically stable. The thickness
of this kinetically stable lamella (22 oxyethylene chain units,
6.5 nm) is very much smaller than the minimum thickness of
stable folded lamellae formed from a,w-hydroxy-
poly(ethylene oxide)’. We noted in preliminary d.s.c. experi-
ments that the folded chain crystals formed at 25°C from
samples 16-23-16, 18-23-18, 12-34-12, 16-34-16 and 18-34-18
were kinetically unstable.

The other samples investigated showed single-peaked
endotherms. Specific heats of fusion could be derived with
a reproducibility of £5 J/g. Values of Ahs (Tyy,) are listed in
Table 4. Also listed are values of Ah(54° C) the heat of
fusion per gram of oxyethylene corrected to constant tem-
perature (54°C) by using C, ~ 0.7 J/K g%. For a given type
of crystal Ah(54°C) is seen to be constant; the values found
are about 170 J/g for extended-chain crystals and about 140
J/g for folded-chain crystals. These values are to be compared
with a value of A#9 = 200 J/g (corresponding to 210 J/g at

Table 4 Heats of fusion of samples crystallized at 25°C

Ah(84°C) (J/g of

Sample Ahsp(Tm) (J/g) oxyethylene)
3-23-3 163 167
4-234 158 165
7-23-7 148 166

12-23-12 135 175

B
0-450 171 171
14541 171 173
245-2 171 176
3453 163 169
4454 164 172
7-45-7 149 158

1045-10 140 141

1245-12 126 140

16-45-16 120 141

1845-18 118 144
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Table 5
Melting points3,
Tm °C)
Microscopy
Sample Ds.c. Dilatometry Reichert Low Cp
0230 - 38.4b - -
12341 - 37.4b 37.2 -
2232 - 40.00 - 396
3233 405 - 393 389
4234 40.3 39.9¢ 39.1 382
7237 406 - 39.2 38.4
10-23-10 - - 39.7 _
122312 423 - 42,1 41.8
18-23-18 - 53.99 - -
0-34.0 - 47.8P - -
1-34-1 - 47.4b - -
2342 - 47.9b 482 -
3343 - - 48.1 -
4344 - - 475 -
7-347 - — a5 -
10-34-10 - - a5 -
18-34-18 - 47.7,53-559 47 -
B A A B
0450 53.6° §3.6 53.6 -
1451 52.4 53.2b 53.4 52.6
2452 53.2 53.8P 53.8 53.7
3453 52.3 - - 52.8
4454 52.4 52.7d 52.2 53.0
7457 428,470 — - -
1045-10  43.1 - 433 436
12-45-12 - - 440 43.8
16-45-16  46.5 - 48.2 451
1845-18 489 - 50.4 478

3For samples crystallized at T, = 256°C except where noted;
bpata from ref. 16; €T, = 36°C; 9T, = 45°C; ®Calibrant for d.s.c.

68°C?" for the heat of fusion of perfectly crystalline
poly(ethylene oxide)T,

Melting points (T},;) of the solids, crystallized at 25°C,
were determined by d.s.c. from the endotherm peak posi-
tions; the temperature scale of the calorimeter was checked
daily for linearity and was calibrated against sample 0-45-0
(Ty, = 53.6°C). Measurements were made at several heating
rates and also extrapolations were made to zero heating rate.
Within the reproducibility of results (£0.5K) there was no
difference between values of T}, obtained at zero and at
2.5 K/min. Melting points are given in Table 5.

Dilatometry

Melting points were determined by dilatometry following
the procedures described elsewhere!®, Melting points, defined
as the temperature of disappearance of the last trace of cry-
stallinity, are listed in Table 5. Dilatometric melting points
were independent of T, within the ranges T, = 25° to 35°C
(series 23 and 34) and T, = 35° to 45°C (series 45).

The dilatometric results for sample 18-34-18 are interes-
ting since the sample, crystallized at 25°C, melted completely
at 47.7°C at a heating rate of 6 K/h and then slowly recrys-
tallized when held at temperatures about 47° or S0°C. The
solids so formed melted at 53.4°C (T, ~ 47°C) or 55.1°C
(T, ~ 50°C). It seems that sample 18-34-18 is an example

+ Devoy’s value of Ahgp (68°C)27 was obtained from measurement
of the melting point depression of high molecular weight poly(ethy-
lene oxide) by an added solvent. The method is described else-
where28,
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of a material in which recrystallization in extended-chain
form of unstable folded-chain crystals is sufficiently slow to
be studied most easily by dilatometry.

Optical microscopy

Melting points of the solid polymers were determined on
the hot stage of a polarizing microscope. Samples were cry-
stallized at T, = 25° or 35°C. A wide variety of crystalline
morphologies were apparent (spherulitic, dendritic, fibrillar,
etc.); no attempt was made to record these in detail since,
for many samples, the morphology was markedly dependent
on the crystallization conditions. Two methods were used.
In early measurements a Reichert hot stage polarizing
microscope was used at a heating rate of 1 K/min to deter-
mine approximate melting points (x0.5K). In later measure-
ments a hot stage of low heat capacity regulated (to £0.01K)
by a proportional heater and capable of a controlled heating
rate of 2 K/sec was employed. Samples were crystallized at
25° or 35°C and then rapidly heated to a temperature 2K
below T, before traversing the melting region at 0.1 K/min.
This procedure avoided complications of premelting and
recrystallization. Calibration was by eight melting point
standards in the range 35° to 68°C. Results are given in
Table 5, melting points being defined as the temperature of
disappearance of the last trace of birefringence. The melt-
ing points of samples crystallized at 35°C differed insignifi-
cantly from those of samples crystallized at 25°C. Few results
are quoted for the unstable folded-chain crystals of series 23
and series 34 because of difficulty in quantifying the gradual
changes in birefringence which were observed.

Nuclear magnetic resonance

Proton magnetic resonance spectra of the solid polymers
of series 45, crystallized at 25°C, were recorded at 20°C by
means of a Varian Associates SC-300 spectrometer operating
in continuous wave mode at 300 MHz. Selected spectra are
illustrated in Figure I: the spectra are sensitive to traces of
impurity and differed in detail, but not in a significant way,
between the two preparations. A broad peak is associated
with immobile protons and a ‘narrow peak’ with mobile
protons situated, presumably, in the disordered layers. The
narrow peak in Figures 1b— le is just resolved into two com-
ponents separated by ~2 ppm corresponding to oxyethylene
protons (lower shielding) and methylene protons (higher
shielding), showing that the disordered layers are a mixture
of oxethylene and methylene chains.

The fraction of mobile protons (p), assessed as the ratio
of the area under the narrow peak to that under the broad
peak, is listed for each of the samples of preparation B in
Table 6. (The results for preparation A are identical within
+0.02.) Even allowing for the large error in p (£0.02)
arising from the difficulty of clearly separating the broad
and narrow peaks, the mobile fractions for the longer
methylene end blocks are significantly lower than those ex-
pected if all methylene protons are mobile. Judging by the
tendency of p to approach an asymptote of ~0.1, corres-
ponding to about 20 mobile protons, as the alkyl chain
length increases, it seems likely that only protons on the {ast
two or three alkyl carbon atoms are sufficiently mobile to
give a peak as narrow as the mobile oxyethylene component.
Further work is in progress on this point.

Proton and 13C spin lattice relaxation times (7';) of mol-
ten samples 7-45-7 and 18-45-18 and of molten octadecane
were measured by means of a Varian Associates XL-100
spectrometer by the (w-r-n/2) inversion recovery technique
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at frequencies of 100 MHz (1H) and 25.14 MHz (13C).
Results are given in Table 7. Distinct 13C resonances in the
proton decoupled spectra were assigned via the additivity
coefficients found?” for alkanes with the assumption that the
relaxation times decrease towards the chain centre. The
value of T for an interior methylene carbon was estimated
by linearly extrapolating log T’y against l/n to 1/n = 0.

The solubility limit of heptane in poly(ethylene oxide)
homopolymer of molecular weight M, = 2000 is about 0.08
volume fraction®. The volume fraction of end-groups in a
liquid sample of 7-45-7 is about 0.10%*%%, and the connec-
tivity of the chain will increase the mutual solubility of the
oxyethylene and methylene blocks. Hence we can be sure
that the melt of sample 7-45-7 will be homogeneous, and
that the values of Ty recorded for this sample will be those

o

%___

{ It | 1
-50 -25 O 25 50
Bo (kHz)

Figure 7 300 MHz proton magnetic resonance spectra of samples:
{a) 0-45-0; (b) 4-454; (c) 7-45-7; (d) 10-45-10; {e) 18-45-18.
Crystallization temperature was 25°C; spectra were recorded at
20°C. The zero of the abscissa corresponds to the mobile oxyethy-
lene absorption

Table 7 N.m.r. spin lattice relaxation times at 60°C

characteristic of a local environment of mixed oxyethylene
and methylene chains. Comparison with the values of T
found for octadecane support this view. The values of T
found for sample 18-45-18 are practically identical with
those found for sample 7-45-7 and so lend support to the
view that the melt of sample 18-45-18 is homogeneous. This
conclusion is in keeping with the SAXS results for the mol-
ten polymers.

DISCUSSION

Crystal structure

The SAXS and Raman scattering results show that the
basic crystalline structure of all our samples is stacked lamel-
lae which can be characterized as either extended or folded.
The WAXS and d.s.c. results show that only the oxyethylene
units crystallize. Moreover it is clear (WAXS) that they do
so in the usual 7:2 helical conformation. There seems to be
no doubt, and the n.m.r. results for the solid polymers
(Figure 1) lend support to this view, that the methylene
chains of the end-groups are in disordered layers which al-
ternate with crystalline layers in the stacked structure.

The crystallinities which can be derived from the picno-
metric and d.s.c. results, and also the n.m.r. results for the
solid polymers, are consistent with the presence in the dis-
ordered layers of a significant proportion of the oxyethylene
chain units. A simple two phase model (i.e. perfect crystal
plus perfect liquid with negligible excess surface quantities),
used in conjunction with the picnometric (Table 3) and the
d.s.c. (Table 4) data, leads to the estimates of the fractional
crystallinity of the oxyethylene block (X = Av/Av0 or
Ah/AKD) which are listed in Table 8. The agreement between
the values calculated from the two kinds of experimental
data is satisfactory.

Table 6 N.m.r. assessment of mobile protons in solid polymers at
20°C

Sample

B P
0450 0.03
145-1 0.02
2452 0.02
3453 0.04
4454 0.04
745-7 0.08

104510 0.1

124512 0.12

1845-18 0.08

T, (sec)
13C resonance 1H resonance
Methylene Oxyethylene Methytene Oxyethylene
Sample 1 2 3 4 5 Int ‘
745-7 39 1.9 1.3 0.92 0.86 0.72 0.55 0.60 0.46 0.46
1845-18 - — - - - 0.50 0.65 0.46 0.49
Octadecane 5.3 4.0 3.0 - - 1.6 - 1.03 -
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Table 8 Crystallinity of the oxyethylene block

X
Crystal type Picnometry D.s.c.
Two-phase model:
Extended-chain 0.85 0.85
Once-folded chain 0.65 0.70
Buckley and Kovacs model:
Extended-chain - 0.85
Once-folded chain - 0.70
Ashman and Booth model:
Extended-chain 0.68 —
Once-foilded chain 0.78 -

Enthalpy of fusion

An interesting feature of our results is the constant value
of the enthalpy of fusion per gram of oxyethylene for a given
type of crystal. A component of the enthalpy of fusion is
the enthalpy of mixing of the methylene chains, which are
partly segregated in the surface layers of the crystalline
lamellae, with the oxyethylene chains. We have discussed
this elsewhere', For complete segregation of end-groups,
which represents an upper limit to the effect, the enthalpy
of mixing per gram of oxyethylene can be written (see
Appendix II):

Ahmixing = RTXH mel44 ey

where ¢y, is the volume fraction of the methylene blocks
and yy is the Flory—Huggins enthalpy parameter for inter-
action of methylene and oxyethylene chain units. If we set
X =0.7'%%, we find Ahpixing~ 13 J/g for sample 12-23-12,
which has the largest value of ¢,,,. (0.31) of the samples
studied by d.s.c. If the end-groups are randomly mixed with
oxyethylene groups in the disordered layer then the corres-
ponding value of Ak xing for sample 12-23-12 (¢, = 0.31,
crystallinity = 0.8) is (see Appendix II) Ahpyixing ~ 7 J/8.
Thus we see that the mixing effect is small compared to the
total heat of fusion (probably <5%) and is not discernible
within our experimental errors.

Models of the solid polymer

The two phase model is unlikely to be correct for our
systems, in which the disordered polymer is intimately
associated with the ordered polymer. In considering other
models the possible effect of the distribution of chain lengths
in the crystallizable oxyethylene blocks must be bome in
mind.

Buckley and Kovacs®*? have pointed to the 2vidence for
molecular segregation during the crystallization of low mole-
cular weight poly(ethylene oxide)!*! and have used a model
in which chain ends and folds are paired in the surface layers
of crystalline lamellae of variable thickness. The surfaces
have constant (MWD independent) properties. For example
the heat of fusion measured in J/(mol of oxyethylene units)
of a sample of average chain length X,, units with an average
of t crystalline sequences per molecule is:

AH(T) = AHY(T) — 2tAH/%, )

where AHO is the thermodynamic heat of fusion (of an
infinitely large perfect crystal) and AH¢ is the excess heat of
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fusion of the real crystal measured in J/(mol of chains emerg-
ing). Non-integral values of ¢ are possible if extended- and
folded-chain lamellae both exist in the sample. In particular
if the stacks consist of a random mixture of extended- and
folded-chain lamellae®! ¢ can be calculated from the LAXS
results. The data of Table 2 yield ¢t ~ 1.7 for the folded-chain
crystals of series 34 and 45. (We discount series 23 here

since we are wary of fractionation effects.) For most pur-
poses we can set ¢ = 2 for the folded-chain crystals. Taking
AH(54°C) to be 8.8 kJ/mol (corresponding to 200 J/g: see
earlier) and using the values from Table 4 of t = 1, AH(54°C)
= 7.48 kJ/mol and ¢ = 2, AH(54°C) = 6.16 kJ/mol we obtain
for series 45 AH¢ = 30 kJ/(mol of chains emerging) inde-
pendently of ¢. This result, that AH§ is not greatly dependent
on the nature (all cilia, mixed cilia and folds) of the surface
layer, is unexpected for the model.

The crystalline fractions predicted by assuming, following
Buckley and Kovacs, that the enthalpy of a chain unit in the
non-crystalline surface layer is equal to that in the melt are
necessarily equal to those calculated earlier from the d.s.c.
data. The point is made in Table 8.

Ashman and Booth® have assumed complete molecular
mixing during crystallization (except for those systems in
which there are overt signs of fractionation) so that all chains
are accommodated, extended or folded as appropriate, within
lamellae of uniform thickness. In this model a disordered
layer contains end-groups and folds at various depths, and
the thickness of the disordered layer is influenced by the
distribution of oxyethylene block lengths. With some assump-
tions concerning the extent of chain-folding!®!® this model
has been used to characterize the solids formed from oxy-
ethylene homopolymers and oxyethylene—oxypropylene
block copolymers. Applying similar techniques to our pre-
sent data (MWD, SAXS, vy, ) we find results which parallel
in most respect those presented earlier!®'?; in particular we
find that the crystalline fraction is lower in the extended-
chain crystals than in the folded-chain crystals (see Table §)
for which ¢ is approximately 1.7. The values of X differ from
those calculated from picnometric data by means of the two
phase model (Table 8) because the Ashman model allows the
specific volume of the polymer in the disordered layer to be
evaluated (rather than requiring it to be identical with that
of the melt), and we find the ratio of the specific volume of
the material in the disordered layer to that of melt of the
same composition to be about 0.97 for the extended-chain
systems and about 1.02 for the folded-chain systems.

These results can be reconciled with the d.s.c. results
(Table 4) only if the enthalpy of formation of melt from the
disordered layer is much larger for an extended-chain solid
than for a folded-chain solid. We can regard the low specific
volume and enthalpy of the disordered layers of the extended
chain crystals as a manifestation of partial crystallization
within the layer and this amounts to a reconciliation with
the Buckley and Kovacs model. We find no such reconcilia-
tion between the two models for the folded-chain crystals.

In our discussion of the melting points (which follows)
we will simply assume an alternating layer model in which
the disordered layers comprise the complete methylene
blocks plus 20% of the oxyethylene blocks.

Melting points

In Figure 2 we plot melting points (averaged values, +1K)
against the number of methylene units in the end-group (n).
For the extended-chain crystals (Figure 2a) T, is broadly
independent of n in the range n=0to 5. For the folded-
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Figure 2 Effect of methylene chain length (n) on melting point
of {a) extended-chain crystals; {b) folded-chain crystals. The
assignment to (a) or (b) is on the basis of the LAXS results of
Table 2. Melting points are averaged values taken from Table 5:
W series 23; 4, series 34; @, series 45

chain crystals (Figure 2b) T, increases as n increases in the
range n = 7 to 18. (The high values of T,, obtained for
samples 18-23-18 and 18-34-18 crystallized at 45°C are
omitted from the plots.) We cannot explain the erratic
dependence of T, on n for n>§ in Figure 2a. However, we
place most reliance on the melting points obtained for
series 45, for which we have duplicate samples, and it is
these results which we compare with calculations in
Figure 3.

For our polymers the melting point can be related to
structural variables via the Flory—Vrij equation®32:

T = TO{1 — 20,/ AHOL} /{1 — RTIn(0oe D)/ AH Ot}

(3)

in which the only symbols yet undefined are T,(,),, the
thermodynamic melting point of poly(ethylene oxide);

0., the end interfacial free energy of the crystalline lamellae
(i.e. the free energy of formation from the melt of the dis-
ordered layer and the disordered/crystalline interface); I,
the thickness of the crystalline lamellae (in chain units); and
I, the combinatorial entropy parameter for the crystal (i.e.
effectively the probability that a sequence of #l, chain units
is entirely composed of oxyethylene units®%33,

In this discussion we shall assume that for a given type of
crystal (extended or folded) formed from samples containing
a given oxyethylene block (23, 32, or 45 units) the crystal-
line lamella thickness (J,) is constant. This is in keeping with
the picnometric and d.s.c. results. We shall also assume that
the folding parameter is either # =1 (extended) or £ = 2
(once-folded) for our samples. With these assumptions / is

constant for a given series (i.e. for a given MWD of the oxy-
ethylene block) and so, since T,?, and AHO are constants for
the oxyethylene chain, the only variables which influence
the relative values of T, within a series of samples, are
$oe and o,

The end interfacial free energy o, can be written:

O, =0pt 0y 4)

where g is the free energy of formation from the melt of

‘ the crystal—non-crystal interface (i.e. a term due to the im-

balance of intermolecular interaction at the interface), and
04 is the free energy of formation from the melt of the non-
crystalline layer. This latter contribution can itself be
written:

04=0mto, (5)

where 0y, is the free energy change (enthalpy and non-
combinatorial entropy changes) due to concentration, rela-
tive to the melt, of methylene units in the disordered layer,
and o, is the free energy increase due to conformational
restrictions, relative to the melt, of the chains in the dis-
ordered layer. We assume hereafter that o is constant for
the samples of a given series. We justify this by recalling
that some 20% of the oxyethylene units are in the dis-
ordered layer so that the crystal/non-crystal interface is
probably best regarded as an ordered poly(ethylene oxide)/
disordered poly(ethylene oxide) interface. In what follows
we examine the effect upon Ty, of variation of ¢, 6, and
Om.

+I0F /‘ a

Tmn =~ Tmo K)
\

_|o -
¥ b
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Figure 3 Effect of methylene chain length (n) on melting points
of series 45. (a) Contributions to Ty n—Tm, p from dilution

(— — —), conformational restriction (—-— - — ) and mixing
(—ev—-- —) together with the combined effect (——). (b} Com-
parison of experimental meiting points (®) with those calculated
as described in the text (—)
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Effect of dilution: ¢ge. Equation (3) can be written:

" &_—611 N9o0c ©
where
a=(1—RTY 1nl/AH t1,)/TS(1 — 20,/AHOI,) @)
and
B=R/[AHOH (1 — 20,/ AHY,)] (8)

Differentiation with respect to ¢, gives:
(AT, /ddge) = ﬁT,%,/d’oe 6]

whence, the increase in T}, consequent upon an increase in
$oe is:

AT, = ﬁT,%l AdoelPoe (10)
For any reasonable value of g,
B~ R/AHOH, ~ 10-3/11, ~ 10-3/%, (11)

where X, is the average chain length of the oxyethylene
block. Thus for small values of ¢ the difference in melt-
ing point between hydroxy-ended (7', o) and alkoxy-ended
(Tyn,n) samples due to the dilution effect is:
Tmn = Trm,0~ —1073T2 0(1 — doe)/ % (12)
Effect of conformation restriction: 0,. Equation (3) can
be written:

T =vT0(1 — 20,/AH°1) (13)
where
= [1 —RT S 1n(Ipoe)/ AH 81, ]~} (14)

Consequently the difference in melting point between
hydroxy-ended and alkoxy-ended samples due to the confor-
mational effect is

Og, n) (15)

where § = 27T0/AH Olc is a constant. The evidence we have
from our work with oxyethylene/oxypropylene block co-
polymers'®*®, for which mixing effects are small, is that o,
varies as the loganthm of the emerging chain length. This
result is in conformity with theoretical predications®~%,
Consequently we write:

Ton,n — Tm,0 = (/)logyo(n’/n’ +n) = (e/)logyo(1 + n/n’)

(16)

where ' is the length (in chain atoms) of the oxyethylene
component of the emerging chain and ¢ is the appropriate
constant of proportionality. For series 45 with X = 0.8, i.e.
n' = 14, the melting point results for type PEP copolymers
(Table 2 of Ref 19) are roughly consistent with e = 30K
(extended-chain) or e = 40K (folded-chain).

Tin,n— Tn,0=6(0g,0 -
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Effect of mixing: 0. The n.m.r. and SAXS results for
the molten polymers are consistent with homogeneous melts
and so we rule out of consideration aggregation (micelliza-
tion) in the melt. We further assume that the melt and the
disordered layer are random mixtures of oxyethylene and
methylene chains, whence conventional polymer mixing
theory leads (see Appendix II) to the expression:

O = —RTX(1 = boe) U1 2(1 — X o) (17)
where y is the Flory—Huggins interaction parameter for the
system based on a segment volume equal to that of an oxy-
ethylene unit in the melt. Assuming that the oxyethylene and
methylene chains have similar equations of state we can
approximate X by xg, the enthalpy parameter, for which we
have the value of 0.7'%3, Introduction of 0,, into equation
(13) with y approximated by unity (which is sensible for
any reasonable value of 1) gives:

Ty ~ T — 20,,,/AHO1,) (18)
Consequently the difference in melting point between
hydroxy-ended and alkoxy-ended samples due to mixing
effects is:
~RT2, o1 — doe)*[AHO(1

Tm,n_ Tm,O —X¢oe) (19)

where we use Ty, o ~ 79,.

Overall effect and comparison with experiment

In Figure 3a the three contributions to Ty, , — Tiy 0
which can be estimated for the samples of series 45 are
plotted separately and also combined to illustrate the over-
all effect of oxyethylene chain extension by methylene
chains. In Figure 3b we use T, o = 53. 6°C (extended-chain
crystals) and T, o ~ 43°C (estlmated for folded-chain
crystals; in Figure 3a Ty , — Tyn,0~ OK for n = 10) to com-
pare measured and calculated meltmg points for the series
45. The rough agreement between the two results is justifi-
cation of our treatment of the effects.
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APPENDIX 1

Alkoxylation of aw-hydroxy-poly(ethylene oxide)

The methoxylation of a,w-hydroxy-poly(ethylene oxide)
has been described elsewhere®®. The same type of Williamson
synthesis was used for the higher alkoxides: changes in
method are noted below.

For alkyl halides with f-hydrogen atoms the nucleophilic
substitution reaction:

RO~ +R'I->ROR’' +1~
is accompanied by an elimination reaction:
RO~ + R""CH,CH,I - ROH + R"CH=CH; + I~

Large molar excesses of hydroxide (50-fold) and iodide (4 to
8-fold) serve to compensate for losses by this route.

Chlorobenzene was used as solvent. Solid octadecyl
iodide was dissolved in a little chlorobenzene before addition
to the reaction mixture.

Rotary evaporation at temperatures below 60°C served
to remove the bulk of the excess heptyl and lower iodides.
Higher alkyl iodides were removed by washing and
recrystallization.

The dichloromethane phase resulting from the washing
procedure was sometimes coloured by traces of iodine. This
was removed with active charcoal at this and, if necessary,
at later stages.

The solid residue from the dichloromethane phase was

taken up in dry benzene, cooled in ice, and precipitated by
adding a 10-fold volume excess of isooctane. The crystals
were removed by filtration (G4 sinter). This crystallization
process was repeated until the supernatent liquid was free
of iodide (silver nitrate test). Samples 10-23-10 and 12-23-12
proved difficult to recrystallize in this way: they were dis-
solved in hot isooctane and precipitated therefrom at 0°C.
The samples were finally dried by evacuation (<1 Pa) of
the melt at 70°C for several days.

APPENDIX 11

Non-combinatorial contributions to the free energy of crystal
formation

The combinatorial entropy of mixing of end and chain
segments is included in the Flory—Vrij treatment of crystal
formation®?. Here we compute the non-combinatorial con-
tribution to the free energy of formation from the melt of
the disordered layers of the stacked lamella crystal.

Let the average number of oxyethylene segments per
chain be roe and the corresponding number of methylene
segments be ry,.. (The segment size is (arbitrarily) identified
with that of the oxyethylene unit.) In terms of the volume
fraction of oxyethylene, assuming negligible volume changes
on mixing,

Yme = Toe (1 — $oe)/Poe (A1)
If the fraction X of the oxyethylene segments crystallize then
the number of disordered segments per chain is 7,, (1 — X) +
*me and the volume fraction of oxyethylene in the disordered
layer is:

Poe=(1 = X)/[1=X)+ (1 —doe)/doe]
With these definitions, and assuming random mixing in both
melt and disordered layer, the non-combinatorial free energy

of mixing oxyethylene and methylene per mole of chains in
the melt is>

AG 1= RTxpoe(1 — Poe Nroe/doe) = roe RTX(1 — doe)
(A2)

and the corresponding free energy of mixing per mole of
chains in the disordered layer is:

AG = roeRTX(1 — X)1 — doe)/doe [(1 — X) + (1 — boe)doe
(A3)

Hence the non-combinatorial free energy change on forming
the disordered layer from the melt is:

AG = AGy — AGy = ~roeRTX(1 — $0e)* X/(1 — X¢e)
(A4)
If the oxyethylene and methylene chains are completly
segregated in the disordered layer but randomly mixed in
the melt then:
AG = —10eRTX(1 — ¢oe) (AS)

The assumption that the non-combinatorial entropy contri-
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bution is small compared to the enthalpic contribution, Om = AG/2t = —roeRTX(1 — 90e)2X/2t(1 — Xpoe) (A6)

together with division by 44ro, to obtain the free energy

per gram of oxyethylene, leads to equation (1). where the factor 2f (¢ being the average number of crystalline
For the case of random mixing in the disordered layer the  sequences per chain) converts to the free energy contribution

contribution of mixing to the free energy of formation of per mole of chains emerging from the crystalline layer into

the disordered layer from the melt which we have called g,, the disordered layer. Since I, = roeX/t, equation (A6) is

is given by: identical with equation (17). ’
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