E L EVIE Polymer 43 (2002) 177-183

polymer

www elsevier.com/locate/polymer

The structures of poly(oxyethylene)s having sulfone groups in the
side chains

S.-Y. Park?® B.L. Farmer®™*, J.-C. Lee®

*Air Force Research Laboratory, Materials and Manufacturing Directorate, Wright-Patterson Air Force Base, OH, 45433-7750, USA
bSchool of Chemical Engineering, Seoul National University, Seoul 151-744, South Korea

Received 18 December 2000; received in revised form 27 July 2001; accepted 31 July 2001

Abstract

The structures of (—OCH,CHR—) with R = CH,S(CH,)SO,(CH,),H (ATP-M; M = 5,7,9) or R = CH,SO,(CH,)sSO,(CH,),H (ASP-M;
M =5,7,9) were studied using X-ray diffraction and differential scanning calorimetry. The X-ray patterns of all ATPs and ASPs studied show
a series of ordered reflections in the small angle region and a sharp wide angle reflection atd = ~4.4 A, characteristic of a smectic phase. The
smectic layer thickness corresponds to twice the most extended side chain length and linearly increases as the side chain length increases with
a slope of ~2.3 A per methylene spacer. This indicates that all ASPs and ATPs studied have a double layer structure with side chains normal
to the main chain and probably an all-frans conformation of the side chains. The correlation lengths measured from the wide angle reflections
are in the range of 80 £ 10 A for all the polymers except for ASP-5 (~40 A). These values indicate that quasi-long-range order exists in the
smectic layers whose structures can be defined as smectic B (Sg). The d-spacing of the wide angle reflection, 4.4 A, suggests that paraffinic
side chain crystallization does not occur and that the smectic mesophase develops through dipole—dipole interactions of sulfone groups in the
side chains. During heating, ATP-5 shows recrystallization after the first melting. The structure produced during recrystallization has a
similar smectic structure but with more dense packing between side chains than before the first melting. In the case of ASP-9, a smectic to
smectic transition was observed at ~110°C prior to the isotropic temperature at ~150°C. Both the correlation length (from the wide angle
reflection) and the layer thickness decreased from ~80 to ~30 A and from 46 to 40 A at this transition, respectively, indicating that the order
in the smectic layers is lost and the Sg structure has become a less ordered S, structure at this transition. © 2001 Elsevier Science Ltd. All

rights reserved.
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1. Introduction

Polymers containing n-alkyl side chains can form meso-
phases through side chain crystallization [1-13]. Kaufman
et al. discovered in 1948 that polymers containing long
paraffinic side groups give rise to side chain crystallization
[13]. Since then, many researchers have reached the conclu-
sion that a critical side-chain length (typically eight to nine
methylene groups) is required, that the section of the side
chain beyond that critical side-chain length participates in
crystallization, and that the crystallites are well formed irre-
spective of the main-chain conformation [6,7]. A sharp
reflection at d = ~4.17 A is found in the X-ray diffraction
patterns for most polymers having n-alkyl side chains,
such as poly(n-alkylmethacrylate)s, poly(n-alkylacrylate)s,
poly(n-alkylethylene)s, poly(n-alkylethylene oxide)s, poly-
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(vinyl n-alkyl ester)s, poly(n-alkyl acrylamide)s and so on
[3,8,11,14,15]. This d-spacing is similar to the spacing
observed in the hexagonal modification of crystals of
normal paraffins and this reflection is therefore attributed
to hexagonal packing of the n-alkyl side chains in these
polymers.

Some polymers containing n-alkyl side chains can form
mesophases in other ways. For example, poly(n-alkyl-
ethylene sulfone)s have side chains attached at every third
atom of the polymer backbone and have polar sulfone
groups in the main chain. These polymers show a rather
broad wide angle reflection at d=45-49 A and sharp
reflections (multiple orders) in the small angle region
[11,16]. This spacing (4.5-4.9 A) indicates that the meso-
phase does not develop through the crystallization of the n-
alkyl side chains. Poly(n-alkylethylene oxide)s, which have
a chemical structure analogous to poly(n-alkylethylene
sulfone)s with an oxygen atom replacing the sulfone moiety,
show a single, sharp reflection at d=4.12 A [11]. This
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Fig. 1. X-ray powder patterns of (a) ASP-5, (b) ASP-7, (c) ASP-9, (d) ATP-
5, (e) ATP-7, and (f) ATP-9 in the small angle region.

difference between poly(n-alkylethylene sulfone)s and
poly(n-alkylethylene oxide)s might be due to the steric
and polar character of the SO, group, compared with that
of an oxygen atom. The main chains of the two polymers
probably experience very different intra- and intermolecular
interactions, which in turn influence the packing of the side
chains.

The synthesis and properties of poly[oxy(n-alkylsulfonyl
methyl)ethylenes] (—OCH,CHR—); R = CH,SO,(CH,)yH)
(ASE-N) were reported by Lee et al. [17]. The ASE series
contains the very polar sulfone group (4.5 D) in the side
chains and has ordered liquid crystalline phases for poly-
mers having moderate alkyl side chains (N =15,8) while
polymers having shorter alkyl side chains (N=1-4) are
entirely amorphous. Fiber X-ray patterns showed a series
of sharp ordered equatorial reflections and a broad reflection
at d = ~4.5 A which had increased intensity on the meri-
dian, characteristic of an ordered smectic A (S,) material. It
was suggested that the interactions between sulfone groups
may induce the n-alkylsulfonyl side chains to form an
ordered phase even though the side chains are short.

Recently, other poly(oxyethylene)s with side chain
structures such as —CH,S(CH,)¢SO,(CH,),H (ATP-M)
and _CstOQ(CH2)6802(CH2)MH (ASP-M) have been
successfully synthesized [18,19]. The ASP series contains
two sulfone groups in the side chain while the ATP series
has one thioether and one sulfone group in the side chain.
Here, we report the structures of ATP-5, 7, and 9 and ASP-5,
7, and 9.

Table 1
The room temperature d-spacings and correlation lengths (L) determined
from the first reflection in the small angle region and from the wide angle

reflection

Small angle Wide angle

d-spacing (A) L (A) d-spacing (A) L (A)
ATP-5 38.7 0.5 233 £ 10 4.43 +0.02 96 £ 3
ATP-7 42.1+05 239 £ 10 4.35 +0.02 75+3
ATP-9 48.0 = 0.5 285+ 10 4.32 +0.02 82+3
ASP-5 37.5+0.5 184 + 10 4.50 + 0.02 43 +£3
ASP-7 41.9+05 232 £ 10 4.49 +0.02 74 £3
ASP-9 46.1 £ 0.5 239 = 10 4.47 = 0.02 72+3

2. Experimental

The synthesis and general characterization of the speci-
mens of ATP-Ms and ASP-Ms were reported previously
[18,19]. The number average molecular weight (M, )/poly-
dispersity index of ATP-5, -7, and -9 were 65,000/2.75,
78,000/3.56, and 69,000/3.65, respectively, and those of
ASP-5, -7, and -9 were 36,000/3.05, 42,000/2.80, and
30,000/2.6, respectively. (Polystyrene standards were used
in the calculation of the molecular weight.) Fiber specimens
for X-ray study were prepared by drawing (with tweezers)
the isotropic melt on a slide glass. Wide angle X-ray diffrac-
tion patterns were recorded on both Kodak Direct Exposure
film and a phosphor image plate (Molecular Dynamics®) in
a Statton camera. Monochromatic CuK, radiation from a
rotating anode X-ray generator operating at 40 KV and
240 mA was used. The sample to film distance was calibrated
by SiO, powders. X-ray patterns at high temperatures were
obtained using a heating accessory for the Statton camera.
Correlation lengths were estimated using the Scherrer
equation, wherein the peak width at half-height of each
reflection is reciprocally proportional to the correlation
length perpendicular to the reflection planes [20,21].

DSC experiments were carried out in a Perkin—Elmer
DSC-7. The temperature and heat flow scales were cali-
brated using standard materials. The sample size was
~1.5 mg.

3. Results and discussion
3.1. Smectic structures

Fig. 1 shows the X-ray powder patterns of the ASPs and
ATPs in the small angle region. A series of ordered reflec-
tions was observed. These reflections indicate that these
polymers have highly ordered smectic layered structures,
with their thickness corresponding to the d-spacing of the
first small angle peak as listed in Table 1. The thickness
increases as the side chain length increases (discussed
below). Fig. 2 shows the wide angle region of the powder
patterns (note: the intensity scale is expanded ~10X
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Fig. 2. X-ray powder patterns of (a) ASP-5, (b) ASP-7, (c) ASP-9, (d) ATP-
5, (e) ATP-7, and (f) ATP-9 in the wide angle region. (Intensity scale is
expanded ~10 X compared with Fig. 1.)

compared with Fig. 1). A single sharp reflection was
observed for each polymer with d-spacings in the range of
43-4.5 A, as listed in Table 1. ASPs values are system-
atically larger, probably due to the presence of the second
sulfone groups. These d-spacings do not correspond simply
to crystallization of the n-alkyl side chains. The strong
dipole—dipole interactions between sulfone groups in the
side chains may prevent crystallization of the n-alkyl side
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Fig. 3. X-ray powder patterns of ASP-5 at (a) 75°C and (b) 120°C.
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Fig. 4. The X-ray fiber pattern of ATP-9.

chains into a paraffinic structure yet still induce smectic
mesophase formation.

The degree of order in the smectic layers can be quanti-
fied by examining the width of the 4.4 A reflection.
Typically, smectic A or C phases have short-range order
in the layers and their correlation lengths are less than
30 A [20,21]. More ordered smectic structures can have
either quasi-long-range order (correlation length =~ 30—
90 ;\) or long-range order (correlation length > 100 10\).
The ASP and ATP polymers have correlation lengths
between 30 and 100 A, consistent with quasi-long-range
order in the layers. ATPs tend to have slightly longer
correlation lengths than ASPs. In the case of ASP-5, the
4.4 A reflection is broader than the others, giving a correla-
tion length of ~43 A. Fig. 3 shows the wide angle reflection
for ASP-5 at 75°C (below the first transition temperature)
and 120°C (higher than the isotropic temperature (113°C)).
The wide angle reflection of ASP-5 becomes still broader at
the isotropic temperature. The correlation length at 120°C is
~23 A, which is in the range of short-range order.
Thus, ASP-5 at room temperature has somewhat more
than short-range order.

Fig. 4 shows the X-ray fiber pattern of ATP-9. (The fiber
patterns of the other polymers are similar.) A series of
small angle reflections are located on the equator. A wide
angle reflection at d=4.32 A has increased intensity on
the meridian. This is a typical fiber pattern for a Sy
structure. The layer thickness, 48.0 A, corresponds to
twice the most extended side chain length (the length of
—CCH,S(CH,)6SO,(CH,)oH: ~24 A). The smectic struc-
ture is a double layer formed by side chains normal to
the main chain (fiber axis). The side chain conformation is
probably near to all-frans. The smectic layer thickness
increases as side chain length increases with the slope of
~23A per methylene unit. This slope (approximately the
length of two methylene units) also indicates that all the
polymers studied have a double layer structure.
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Table 2

Transition temperatures (°C) and enthalpies (J/g) (in parentheses) measured from DSC scans at a 10°C/min heating/cooling rate (Recryst: recrystallization, iso:

isotropic state, p: packing density in the side chain)

ASP-5 ASP-7 ASP-9 ATP-5 ATP-7 ATP-9
Cooling 58 (13) 124 (26) 105 (40) 42 (33) 35(9) 67 (11)
149 (10) 84 (32) 81 (32)
Heating 80 (17) 141 (26) 112 (41) 60 (25) 51 (8) 87 (35)
63cx0 (5)
113 (~5) 153 (15) 80 (9) 93 (29) 100 (6)
Nature of transition® Sg—Sp’ Sg— iso Sg— Sa Sp—Sp Sp—Sp’ Sp—Sp’

pT pT pt pT

(Recryst) (Recryst) (Recryst)

* The transition at the first endotherm during heating.

3.2. Thermal properties

Several thermal transitions were observed in the ATPs
and ASPs during DSC characterization. The transition
temperatures and the enthalpies are summarized in Table
2. Table 2 also summarizes the structure changes that
were observed. Thermal properties were strongly dependent
on the side chain length and the number of sulfone groups
in the side chain. It was previously reported [19] that a
transition from smectic B (Sp) to smectic B’ (S'g) was
observed at ~50°C for ATP-7. At this transition, the d-
spacing of the wide angle reflection increased step-wise
from ~4.35 to ~4.5 A without loss of long-range order
in the smectic layers. This suggests that one smectic B
structure changes to another slightly less dense smectic B
structure at this transition. During heating, ATP-5, ATP-9
and ASP-5 have a small endothermic peak after the first
melting (Fig. 5 for ATP-5). In contrast to ATP-7, these
polymers densify through recrystallization. ASP-9 has two
distinct transitions (at ~110°C and ~150°C) during heating
and cooling (Fig. 6).

-
|
\
\
\
\
)
/
o
~

Endo
J
!
|
|
|
|
|
|
|

Temperature (°C)

Fig. 5. DSC thermograms of ATP-5 during (a) heating and (b) cooling
(£10°C/min).

3.3. Recrystallization

Fig. 5 shows the DSC thermogram of ATP-5 during
heating and cooling. It shows a first melting peak at 60°C
(T}), a small exothermic peak at ~63°C (T;) and a second
melting peak at 80°C (7,). The exotherm indicates that
recrystallization occurs after the first melting. Recrystalliza-
tion phenomena in polymers having n-alkyl side chains have
also been reported [3,11] from poly(n-alkylethylene)s and
poly(n-alkylethylene oxide) [3,11]. In those studies, the
crystal structure produced through recrystallization was
attributed to the isotactic-rich materials, whereas the struc-
tures that melted at the first melting temperature were
formed from atactic material. The smaller enthalpy at 7,
(compared with that at 7)), suggests that the extent of
recrystallization is small. Fig. 7 shows the 26 scans of X-
ray powder patterns at different temperatures. The small
peak at 26 = 5.6° (arrow in Fig. 7) comes from the Kapton
film used to wrap samples during heating. The intensity of
the wide angle reflection at d = 4.5 A (26 ~ 20°) decreases
substantially at 65°C (~T}), but it does not disappear.

Endo —»

60 80 100 120 140 160 180
Temperature (°C)

Fig. 6. DSC thermograms of ASP-9 during (a) heating and (b) cooling
(£10°C/min).
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Fig. 7. 20 scans of X-ray powder patterns of ATP-5 at different temperatures.

Fig. 8 shows d-spacings of the wide angle reflection at
different temperatures.

The d-spacing for the wide angle reflection increases with
temperature below T (thermal expansion), decreases during
recrystallization, and then increases again above 75°C
before disappearing at 90°C (~T3). The decrease during
recrystallization indicates that crystals having more densely
packed side chains were produced. In the small angle
region, the d-spacing of the first Bragg peak changed only
slightly above T| (~38 to ~37 IOA). Thus, the structure
produced through recrystallization is nearly the same as
the initial structure except for the denser packing. Such
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Fig. 8. d-Spacings of the wide angle reflection of ATP-5 at different
temperatures.
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Fig. 9. 26 scans of X-ray powder patterns of ASP-9 at different temperatures.

recrystallization behavior was also observed for ATP-9
and ASP-5, both of which have a small second melting
after the first melting. Their d-spacing versus temperature
plots were also similar. The enthalpy of the second melting
was likewise small.

3.4. Smectic to smectic transition

Fig. 6 shows the DSC thermograms of ASP-9 during heat-
ing and cooling. Two transitions were observed at ~110°C
(T}) and ~150°C (T,). The second transition temperature is
quite high compared with polymers having n-alkyl side chains
without sulfone groups. This transition is not simple melting of
the n-alkyl side chains and is probably related to strong
interactions between sulfone groups. Recently, (n-hexa-
decylthio)methyl-substituted poly(oxyethylene) was syn-
thesized. This polymer has a flexible thioether (—S—)
linkage in the side chain but no sulfone group. Although,
the side chain length in this polymer (18 atoms) is very close
to that of ASP-9 (also 18 atoms), the isotropic temperature
was only ~50°C, much lower than that of ASP-9. This is
close to the melting temperatures of polymers with long
alkyl tails such as poly(n-alkylethylene) or poly(n-alkyl-
ethylene oxide) [3,11]. [The isotropic temperatures of poly-
(octadecylethylene) and poly(octadecylethylene oxide) are
~80°C and ~65°C, respectively.]

Fig. 9 shows the X-ray powder patterns from ASP-9
during heating and Fig. 10 shows the observed d-spacing
and correlation length of the wide angle reflection at differ-
ent temperatures. Below 105°C (~T)), a series of sharp
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Fig. 10. The observed d-spacings (@) and the correlation lengths () deter-
mined from the wide angle reflection of ASP-9.

small angle reflections and a wide angle reflection at
d=4.4 A were observed (as mentioned before) from the
Sp structure. The d-spacing of the wide angle reflection
increased monotonically with temperature. The correlation
length also increased somewhat during heating below 7. At
115°C (~T), the wide angle reflection became broad and
the correlation length decreased from ~80 to ~30 A.In the
small angle region, a series of reflections was still observed
(Fig. 9) although their intensity decreased substantially.
Apparently, some smectic organization remains above this
transition but the layer thickness decreases from ~46 to
~40 A at T,. This decrease of layer thickness could be
attributed to the partial collapse of the extended conforma-
tion of side chains or to tilting within the layers. Whatever
the cause, the order in the smectic layers diminishes and the
Sg structure converts to a less ordered smectic structure
(probably smectic A) at T;. This type of transition is not
observed in polymers with n-alkyl side chains and therefore
it appears to be an effect of having the strong dipoles in the
side chain.

No birefringence was detected in ASP-9 above T,
(150°C), indicating that this transition is to an isotropic
phase. ATP-9, which has a similar chain length but only a
single sulfone group in the middle of the side chain, has an
isotropic temperature at 87°C, much less than that of ASP-9
(two sulfone groups) and ASE-16 (isotropic temperature,
154°C, one sulfone group near the backbone). No smectic
B to smectic A transition was seen for ATP-9. Both the
number and placement of strong dipoles have an effect on
the thermal stability of the mesophase in these materials.

4. Conclusions

The structures of (—OCH,CHR—) with R =

CH,S(CH,)¢SO,(CHy)yH (ATP-M; M =5,79) and R=
CH,SO,(CH,)¢SO,(CHy)yH (ASP-M; M =15,7,9) were
studied using X-ray diffraction and differential scanning
calorimetry. The X-ray patterns of all ATPs and ASPs
studied show a series of ordered reflections in the small
angle region and a sharp reflection at d = ~4.4 A. The
small angle reflections were located on the equator. The
wide angle reflection had increased intensity on the meri-
dian in the X-ray fiber patterns, characteristic of a smectic
layer structure. The observed smectic layer thickness
corresponds to twice the extended side chain length and
increases linearly with side chain length with slope of
~23A per a methylene spacer. This indicates that all
ASPs and ATPs studied have a double layer structure
comprised of side chains normal to the main chain. The
correlation lengths measured from the wide angle reflection
are in the range of 80 = 10 A except for ATP-5 (~40 A).
These values indicate that quasi-long-range order exists in
the smectic layers and their structures can be defined as
smectic B (Sg). The d-spacing of the wide angle reflection,
4.4 A, indicates that paraffinic side chain crystallization of
n-alkyl groups does not occur. Instead, the smectic meso-
phases develop through dipole—dipole interactions of
sulfone groups in the side chains. Recrystallization was
observed in the case of ATP-5, ASP-5 and ATP-9. The
structures produced during recrystallization have more
densely packed side chains in the smectic layers than before
the first melting. ASP-9 showed a transition at ~110°C
before the isotropic temperature at ~150°C. The correlation
length of the wide angle reflection decreased from ~80 to
~30 A at this transition and the layer thickness decreased
from 46 to 40 A. The order in the smectic layers was lost and
the S structure became less ordered (probably converting to
Sp) at this transition. This transition was not observed for
ATP-9, suggesting that the S, structure for ASP-9 (above
T)) may be due to the dipole—dipole interactions of sulfone
groups closer to the main chain.
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