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ABSTRACT: Poly(tetramethylene oxide) (PTHF) oligomers, M, = 650-2000, have been capped with ph-
thalate ester (2) and with phthalic half-ester (3). Properties of the latter are strongly influenced by hydrogen-
bonding association of carboxylic acid termini. DSC revealed new, high-temperature transitionsin the carboxyl-
terminated oligomers (3) which decreased in temperature as PTHF molecular weight increased. Ester-
terminated oligomers 2 have the rheological properties of simple liquids. Oligomers 3 exhibit melt viscosities
and dynamic moduli which decrease sharply at the highest DSC transition temperature but nevertheless
exceed those of 2 over the entire range studied. These carboxyl-terminated oligomers exhibit elasticity-
dominated responses to small strains with a linear viscoelastic region and good recovery to large strain
amplitude oscillatory shear. All observations are consistent with formation of large crystalline aggregates
of carboxyl-terminated chain ends below the high-temperature DSC transition. Solid-state 13C-NMR suggests
the presence of phthalic half-ester end groups in both crystalline and amorphous environments.

Introduction

A material possessing good mechanical properties over
its useful temperature range and having a low-viscosity
melt at modestly higher temperature would offer signif-
icant processing advantages. A polymer with a temper-
ature-dependent molecular weight—high at low temper-
ature and low in the melt phase at higher temperature—
suggestsitself. This could be a polymer with “sticky” ends
which associate reversibly. Wagener2e and Saegusa® have
described reversible formation of full covalent linkages.
Carboxylic acid dimerization, which is rapid, is truly
reversible, and has AH ze0c values of 5-10keal/mol, is strong
enough to provide an ideal test case.? Carboxyl dimer
formation occurs in the crystal, liquid crystal, and liquid
states. Lenz et al.* have reported an example involving
polymer liquid crystallinity which they have interpreted
in terms of dimer formation by carboxylic acid chain ends.

Dissociation of hydrogen-bonded dimers by itseif would
cause only a gradual change of effective molecular weight
and properties with temperature. Thus, we have selected
crystallization as a strategy to prevent all dissociation.
Test materials should have carboxylated termini capable
of aggregating to form crystalline domains. Only above
the melting temperature of these crystalline domains
should dissociation of hydrogen-bonded dimers occur.4

To test this concept, we have prepared poly(tetrame-
thylene oxide) (PTHF) oligomers having associative or
nonassociative termini (Chart I). Comparative charac-
terization of these macromolecules by DSC, solid-state
13C-NMR, and dynamic mechanical measurements dem-
onstrates the chain extension through associative inter-
action.

Experimental Section

Materials. PTHF-650, -1000, and -2000 were purchased from
Fisher Scientific as were inorganic reagents. Organic solvents
and reagents were purchased from Aldrich Chemical Co. Py-
ridine was refluxed over CaH;for 24 h and distilled under nitrogen
just prior to use. THF was refluxed with Na/K for 72 h and
distilled under argon just prior to use. PTHF was dried in vacuo
for 24 h at 80 °C.

a,w-Bis(p-(benzyloxycarbonyl)benzoyl)poly(tetra-
hydrofuran)s (2a—c). p-(Benzyloxycarbonyl)benzoyl chloride
(9.08 mmol in 20 mL of dry THF) was added via cannula to 20
mL of a dry THF solution of poly(THF) (2.46 g, 3.78 mmol)
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Chart I
RO(CH;CH,CH,CH0),.R
cmpd R M, (PTHF)
la H 650
1b H 1000
lc H 2000
2a CO-p-CsH4COOCH2Ph 650
2b CO-p-CeH,COOCH Ph 1000
2c CO-p-CsH,COOCH,Ph 2000
3a CO-p-CsH,COOH 650
3b CO-p-C¢H,COOH 1000
3c CO-p-CeH,COOH 2000

protected under an argon atmosphere in a Schlenk tube. Py-
ridine (20 mL) was then added, and the mixture was stirred at
room temperature overnight. It was then poured into water (2
volumes) and shaken with ether (3 X 50 mL). The combined
organic layers were washed in turn with 0.1 N hydrochloric acid
(5 X 50 mL), saturated aqueous NaHCOj; (5 X 50 mL), and water
(8 X 30 mL) to neutrality and finally washed with saturated
NaCl solution. The organic layer was dried with K,CO; and
filtered, and solvents were evaportaed under vaccum. The viscous
yellow liquid was purified by flash chromatography. Flash
columns were prepared with 35 g of silica gel (60 A); the eluent
was hexane/acetone 10/3. Yellow impurities were separated after
34-36 fractions, each 15 mL. The solvent was slowly changed to
hexane/acetone 10/5. Products were obtained in fractions 42—
52, each 10 mL. These fractions were combined, and the solvent
was evaporated under vacuum to give 2a as a viscous, colorless
liquid in 70% yield (2.96 g). This sample was homogeneous by
TLC (silica/hexane-acetone 2:1). IR (film): 1720-1735 cm!
(broad). 'H-NMR (80 MHz, CDCl;): 6 1.7 (t, 3-CHy’s), 3.28 (t,
a-CHy's), 4.36 (t, J = 6 Hz, CH; « to ester), 5.39 (s, benzyl CHy),
7.43 (s, CsHs), 8.12 (s, phthaloyl ring H’s).

Polymers 2b and 2¢ were prepared in an analogous fashion.
The former was obtained as a colorless viscous liquid which
crystallized after 10 days at 25 °C in 73% yield. The latter was
a slightly yellow viscous liquid crystallized after 4 days at 25 °C
in 78% yield.

a,w-Bis(p-carboxybenzoyl)poly(tetrahydrofuran)s (3a-
c). Benzyl ester-terminated polymers were converted to their
carboxyl-terminated analogues by hydrogenolysis.> Polymer 2a
(0.95 g, 0.84 mmol) was dissolved in 10 mL of anhydrous methanol
and 10 mL of dry THF. The mixture was cooled to 0 °C, and
then ammonium formate (322 mg) and a Pd/C (10% Pd) catalyst
(322 mg) were added. The mixture was stirred 15 min, slowly
warmed to room temperature and stirred for 2 h, filtered, and
poured into 50 mL of water. Fifty milliliters of ether was added,
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and the mixture was shaken in turn with water (5 X 50 mL),
half-saturated aqueous NaHCQj3 (2 X 20 mL), 0.1 N hydrochloric
acid (2 X 20 mL), water to neutrality, and finally saturated NaCl
(2X30mL). Theorganiclayer was dried over MgSO, and filtered.
Then solvents were evaporated under vacuum to give 3a in 80 %
yield as a colorless oil which dried into a weak, transparent film.
'H-NMR (80 MHz, CDCly): 1.55 (t, 3-CHy'’s), 3.35 (t, a-CHy's),
4.32 (t, J = 6 Hz, CH; o to ester end group), 8.08 (s, phthaloyl
ring H’s). M, by 'H-NMR integration was estimated as 710 =
40.

Polymers 3b and 3¢ were prepared in an analogous fashion:
3b, weak, colorless translucent film, 80% yield, M,, = 1014 £ 60;
3¢, weak, slightly yellow translucent film, 68% yield, M, = 2140
% 80.

Methods. DSC data were determined with a Du Pont 2000
thermal analyzer at a heating rate of 20 °C/min and calibrated
using an In standard. After recording the first scan from ~10 to
+90 °C, the specimen was cooled at a rate of ca. 20 °C/min, and
subsequent DSC scans were recorded until transition temper-
atures were reproducible.

Solid-state *C-NMR spectra were obtained at 50 MHz with
an IBM 200AF spectrometer equipped with an IBM solid
accessory rack and a Doty Scientific solid probe with a variable-
temperature/magic-angle spinning system. The measurement
conditions were as follows: 5 us for 7/2 carbon and proton pulses,
spinning rate at or near 4 kHz, cross polarization by a n/2 proton
pulse followed by 2-ms simultaneous *C and 'H spin-lock, 50-us
acquisition with simultaneous high-power proton decoupling, and
recycle time of 3s. Carbon spin-lattice relaxation time (T) was
measured by a CP-r—7-7 sequence.

H-NMR spectra were recorded on an IBM NR80AF spec-
trometer at 80 MHz in CDCl; with TMS as an internal standard.
IR spectra were recorded on a Perkin-Elmer 1420 spectropho-
tometer.

Results and Discussion

Thermal Transitions. The benzyl ester-terminated
oligomers resemble the PTHF oligomers from which they
are derived. Both la and 1b are viscous liquids at room
temperature. At intermediate M, 2a is a liquid while 2b
slowly crystallized at 25 °C. The high-M,, samples 1¢ and
2c are both soft waxy solids, T, ~ 27 °C, probably due
to crystallization of PTHF.

The carboxyl-terminated oligomers are all semicrys-
talline. Samples obtained by evaporation of diethyl ether
solutions exhibited high-temperature endotherms which
we associate with melting of aggregated “hard-segment”
chain ends. In contrast to PTHF, T, decreases with
increasing molecular weight: 62, 45, and 36 °C for 3a, 3b,
and 3¢, respectively. Oligomer 3a crystallized on cooling,
but second scans of 3b and 3¢ did not exhibit high-tem-
perature endotherms. The observed decrease in melting
temperature as hard segments are diluted by longer flexible
segments is exhibited by block copolymers with mi-
crophase-separated morphology.®1® While these obser-
vations do not prove carboxylic acid dimerization, the
strong tendency of carboxylic acids to crystallize as
hydrogen-bonded dimers suggests this as a driving force
for chain-end aggregation.!l

Rheological Properties. Melt viscosities of the ben-
zyl ester-terminated oligomers are very close to those of
the PTHF samples from which they were derived. They
exhibit frequency-independent complex viscosities above
30 °C (Figure 1) as is typical for low molecular weight
homopolymers in the low-frequency limit, indicating the
absence of significant heterophase structure. At 41 °C
the corresponding carboxyl-terminated macromolecule 3a
is 2.5 times more viscous than 2a (Figure 1).

When carboxyl-terminated macromolecules were heated
above the melting temperature of the PTHF spacers (~25
°C), the samples became opalescent and exhibited un-
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Figure 1. Variation of complex viscosity with frequency at 40
°C for (a) polymer 2a and (b) polymer 3a.
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Figure 2. Variation of dynamic moduli with temperature
measured at the frequencyof 1 rad s™; (a) polymer 3a; (b) polymer
3b.

usually high dynamic moduli. This behavior suggests that
the association of carboxyl groups is accompanied by the
formation of a heterophase structure. Phase transitions
were observed as a rapid decline of dynamic moduli shown
in Figure 2. The midpoints of transition for polymers 3a
and 3b are about 62 and 50 °C, respectively. These
transition temperatures correspond closely to the high-
temperature DSC transitions assigned as melting of
aggregated chain termini (vide supra).

There are other differences between the heterophase
state below the phase transition temperature and the
simple liquid above it. The former exhibit elasticity-
dominant responses to very small strains in the frequency
range0.01-100rad s (Figure 3). Figure 4shows the effect
of temperature and of strain on the storage modulus. In
the low-strain region, the upper strain limit of the linear
viscoelastic region and the value of G’ decreased about 1
order of magnitude with each 5 K increment of temper-
ature. This phenomenon indicates gradual dissociation
of the associated termini, resulting in loss of strength in
the heterophase structure and a reduction of aggregate
size as the temperature increases.

Figure 5 presents an experiment in which dynamic
moduli were measured first at asmall strain of 0.2% . When
a large shear strain of 8% was applied, there was an
immediate drop of moduli. Upon removal of this oscil-
latory shear, the dynamic moduli recovered rapidly.

Molecular Dynamics. The CP/MAS 3C-NMR spec-
tra for 3a were obtained from ~40 to +50 °C (Figure 6) to
investigate the molecular dynamics. Peak assignments
are listed in Table I. The small peak adjacent to and on
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Figure 3. Variation of G’ (A) and G” (0) with frequency for
polymer 3b at 45 °C.
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Figure 4. Variation of G’ with strain for polymer 3b at various
temperatures measured at 1 rad st
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Figure 5. Recovery of dynamic moduli after large strain
amplitude oscillatory shear for polymer 3b at 41 °C and 1 rad
sL

the upfield side of the OCH; resonance is the terminal
OCH; a to the ester carbonyl. The !13C spin-lattice
relaxation times are given in Table IIL

The CH; resonances contain both a crystalline com-
ponent at 27.0 ppm and a noncrystalline component at
26.4 ppm. The same is true for the OCH; carbons with
resonances at 72.0 and 70.4 ppm for the crystalline and
amorphous components, respectively. They shift down-
field with decreasing temperature. These asymmetric
peaks were analyzed in terms of two Lorentzian functions
as shown in Figure 7. Peak positions, line widths, and
heights were varied to fit the observed spectrum. The
variations of line width with temperature are shown in
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Figure 7. Line-shape analysis of the OCH; resonance.

Table 1
13C Chemical Shifts (ppm) for 3a at Various Temperatures

temp, °C CH; OCH; Cgi® Cuob COOR COOH

50 264 704 129.7 1337 164.0/164.8 1714
40 266 704 1299 1339 164.0/165.0 1715
30 264 704 130.0 1339 164.1/1649 1713
20 266 705 130.3 1339 164.0/1649 171.3
10 266 707 130.3 133.7 163.7/164.7 1713
0 266 720 130.6 1337 163.7/164.8 1714
-10 269 720 1305 133.7 163.7/184.7 1714
-20 270 720 1305 1337 163.7/164.7 1714
-30 274 720 1305 1337 164.3 171.2
-40 276 721 1305 1337 164.2 171.2

@ Protonated aromatic carbons. ® Unprotonated aromatic carbons.

Table 11
3C Spin-Lattice Relaxations for 3a at Room Temperature
carbon type chem shift, ppm T.s

C*H, 26.4 0.1

27.0 27
OC*H, 70.4 0.1

72.0 55
C*an 130.3 4,76
C*ara 133.9 10, 104
C*QO0OR 164.0/164.9 7,75
C*QO0H 171.3 90

Figure 8. The decrease of line width with increasing tem-
perature suggests two transitions, one at ca. -40 °C and
the other at +20 °C. However, variation for the OCH,
line width at 70.4 ppm is monotonic.

The OCH; and CH; carbons exhibit two T values at
different chemical shift positions. The upfield line with
the shorter T, and the downfield line with the longer T}
are assigned to the noncrystalline (a) and crystalline (¢)
components, respectively. The total 3C magnetization
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Figure9. Variation of mass fraction of OCH; and CHj; carbons;
symbols as in Figure 8.

1
40

M(t) is given by the equation

M(t) = M, exp[1-2exp(-t/T, )] +
M, . exp[l-2exp(-t/T, )] (1)

The integrated mass fractions of the CH; and OCH;
peaks from line-shape analysis are shown as a function of
temperature in Figure 9. The crystalline phases of these
carbons gradually change to noncrystalline phases with
increasing temperature. There are appreciably sharper
changes at ca. —30 and +50 °C. Of course, the integrated
mass fraction is not a quantitative measure because of
possible differences in the cross polarization for various
carbon types in the crystalline and amorphous domains
and as functions of temperature.

The ester carbonyl peak resolves into two components;
their line widths both decrease significantly at -30 °C
(Figure 10) and have two T', values. The aromatic carbons
also exhibit two different T’s. Theshorter T lies between
4 and 10 s; the longer T's have values of 75-104 s. The
two distinct lines for the ester carbonyl carbons suggest
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Figure 10. Variation of line width with temperature: ester car-
bonyl, (0) 164.0 ppm, (@) 164.8 ppm; carboxyl, (a) 171.3 ppm.
that two ester conformations may exist. Similar confor-
mations were observed by 13C-NMR for the ester group
coupling the mesogenic terminal groups to the spacer in
the twin liquid crystalline macromolecules.!?

The doublet of the carbonyl carbon coalesces at -30 °C.
The noncrystalline component of the OCH; at 70.4 ppm
disappears at —40 °C. These changes are due to motion
effects and may correspond to a glass transition. There
is a secondary relaxation transition at room temperature.

The carboxyl carbon resonance was a singlet, and its
chemical shift was temperature independent. Its line-
width change with temperature parallels that at the ester
carbonyl. These observations are consistent with complete
carboxylic acid dimerization over the temperature range
-40 to +50 °C.

Conclusion. Carboxylic acid-terminated PTHF oli-
gomers exhibit properties markedly different from those
of their benzyl ester-terminated analogues. They exhibit
“high-temperature” DSC endotherms, whereas benzyl
ester-terminated PTHF samples do not. Rheological
measurements reveal unusually high complex moduli for
the carboxy-terminated oligomers and document their
dramatic decrease as the temperature range of the high-
temperature DSC transition is traversed. Below this
transition, they behave as elasticity-dominated het-
erophases. In contrast, PTHF and benzyl-terminated
PTHF behave as simple viscous liquids at all tempera-
tures above ambient. These observations lead to the
conclusion that, driven by carboxylic acid dimerization,
carboxylated chain ends aggregate to form crystalline
domains which function as physical cross-links. Solid-
state 13C-NMR spectroscopy reveals two signals with
strikingly different relaxation times for several end groups
and PTHF carbons. These have been interpreted in terms
of crystalline and amorphous regions. The COOH signal
is temperature-independent, indicating nearly complete
H-bonded dimer formation in the temperature range -40
to +50 °C.
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