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The glass transition temperature, Tg, of an amorphous 
or a semicrystalline polymer is the most important material 
parameter that defines its temperature-dependent me- 
chanical and other physical properties.14 Although the 
true origin of the glass transition phenomenon, i.e., whether 
it is thermodynamic or kinetic, remains unclear;2 exper- 
imental facts of the glass transition are commonly ex- 
plained in terms of the rapid molecular motion of polymer 
chains above Tg and the substantially reduced chain 
mobility below Tr14 Above the Tg, a polymeric material 
can thus flow and be stretched or shaped into useful forms. 
Since the modulus and other physical properties of a 
polymer can change by orders of magnitude at Tg, h i s  
material parameter often sets the upper bound on use 
temperature in applications.14 The value of the Tg is 
thought to be determined by such factors as the chain 
stiffness (or flexibility), molecular symmetry, the presence 
of a side group (and its size and flexibility), molecular 
weight, chain branching, cross-linking, and intermolecular 
forces.14 We report here a direct experimental observation 
of the effects of intermolecular interactions on the Tg of 
diverse polymers and show that alleviation of such 
intermolecular forces causes a dramatic shift of the Tg to 
a lower temperature by as much as 470 "C in some cases. 
Complexation-induced alleviation of the intermolecular 
forces in superstrong, high-modulus, high-temperature 
polymers, such as poly@-phenylenebenzobisthiazole), 
turns them into rubbery materials at barely above room 
temperature (30 "C). Restoration of the intermolecular 
forces by decomplexation restores the materials to their 
pristine stiffness and properties. These results suggest 
that intermolecular forces in polymers can have a more 
dominant influence on the Tg than previously thought. 

It is well known that intermolecular interactions, such 
as hydrogen bonding, dispersion (van der Waals) forces, 
dipoledipole forces, and induction forces, determine the 
equilibrium structure and properties of synthetic and 
biological polymers,415 and indeed all condensed matter.7 
Among the many polymer properties that depend on 
intermolecular forces or cohesive energy are mechanical, 
surface and interfacial, thermophysical (e.g., Tg, Tm, 
thermal stability, crystallinity), optical, solubility, and 
miscibility proper tie^.^ We recently introduced the ap- 
proach of reversible Lewis acid-base coordination com- 
plexation of polymersa15 as a way of probing the effects 
of intermolecular forces in polymersgP10J~'5 The approach 
is based on the fact that most synthetic and naturally 
occurring polymers contain heteroatoms (ligands) such as 
oxygen, sulfur, nitrogen, or phosphorus with nonbonding 
electron pairs (Lewis base sites) in the main chain or side 
groups.@ Complexation of such polymer ligands with 
Lewis acids such as metal halides (AlCl3, BCl3, BF3, FeCl3, 
GaClS) gives coordination complexes with much weaker 
intermolecular attractions.l"17 The structure and prop- 
erties of the complexes are compared to those of the pure 
polymers to infer effects of intermolecular interactions. 
Furthermore, a suitable choice of a stronger Lewis base 
than the polymer ligands can reverse the complexation, 
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regenerating the pure p o l y m e r ~ . ~ J ~ J ~ J ~  We have already 
used this approach to examine the effects of intermolecular 
interactions on the solubility,~l5 polymer-polymer mis- 
cibility of several polymers, and preliminary observations 
of the effects of complexation on thermal properties, 
including the Tr14 

Several polymers with strong intermolecular interac- 
tions, whose molecular structures are shown in Figure 1, 
were investigated an aliphatic semicrystalline polyamide 
(nylon 66, Tg = 55 "C, T, = 260 "C); an amorphous 
aromatic polyamide, poly(trimethylhexamethy1eneter- 
ephthalamide) (PTMHT, Tg = 153 "C); a rigid-rod, high- 
modulus, high-strength polymer poly@-phenyleneben- 
zobisthiazole) (PBZT); and the semiladder and ladder 
poly(benzimidazolebenzophenanthro1ines) (BBB, BBL). 
The dominant intermolecular interaction in the poly- 
amides is hydrogen bonding.15 The conjugated polymers 
PBZT, BBB, and BBL are high-temperature materials6PJ0 
with thermal stability in excess of 600 "C in air and 700 
"C in nitrogen. PBZT retains its modulus and mechanical 
strength to at least 650 "C.18 PBZT can be expected to 
have a higher Tg than its nonfused analogue, poly(2,6- 
benzothiazolediyl-6,2-benzothiazolediyl- 1,3-phenylene), 
which has a Tg of 495 "C.19 It  was concluded from 
mechanical measurements that the Tg of BBB was 2500 
"C.20 The TB of BBL has been estimated to be 1500 "Ce6 
Our own prior differential scanning calorimetry (DSC) 
studies of PBZT, BBB, and BBL did not reveal a glass 
transition up to 500 OC.gJO We therefore take 500 "C as 
the best and conservative estimate of the Tg of either 
PBZT, BBB, or BBL. The strong intermolecular inter- 
actions in PBZT, BBB, and BBL have been theoretically 
shown to be van der Waals forces.21v22 

The idealized structures of the corresponding Lewis acid 
coordination complexes of the polymers, using gallium- 
(111) chloride as the Lewis acid, are also shown in Figure 
1. The detailed preparation of these complexes in 
nitromethane solutions was described p rev io~s ly .~J~J~  The 
solid complexes were obtained as films cast on glass 
followed by slow evaporation of nitromethane in vacuum 
at 65 O C  or in nitrogen at 50-60 "C. Decomplexation to 
recover the pure polymers from the complexes was 
accomplished by immersion of the solid complexes in water 
or methanol overnight. 

The DSC thermograms of the polyamides and their 
GaCl3 complexes are shown in Figure 2. The measured 
Tgs for the pure nylon 66 and pure PTMHT were 55 and 
153 "C, respectively. The observed Tgs of GaCl3-nylon 66 
and GaC13-PTMHT were -4 and 10 "C, respectively. The 
polyamide complexes were stretchable rubbery materials 
at room temperature. The decrease in Tg on complexation 
of nylon 66 and PTMHT, 59 and 143 "C, respectively, is 
due to the scission of the intermolecular N-H--O=C 
hydrogen bonds since the carbonyl oxygens are the 
complexation sites.15 The difference between the Tgs of 
the complexes is only 14 "C, compared with a difference 
of almost 100 "C in the pure polymers. Therefore, although 
in the pure PTMHT the aromatic group in the polymer 
backbone significantly reduces chain mobility and so 
increases Tg, this effect is largely negated in the complexes 
by elimination of intermolecular hydrogen bonding. On 
decomplexation, and hence restoration of hydrogen bond- 
ing,l5 the Tg8 of the recovered pure polyamides were 
identical to the pristine values (55 and 153 "C). 

Figure 3 shows the DSC thermograms of PBZT, BBB, 
BBL, and their GaCla complexes. The observed Tgs of 
the complexes were 26, 30, and 15 "C, respectively. 
Consistent with the low Tgs, the polymer complexes were 
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Figure 1. Molecular structures of the polymers investigated: 
nylon 66 (a), PTMHT (b), PBZT (c), BBB (d), BBL (e), GaCls- 
nylon 66 (0, GaC13-PTMHT (g), GaCl3-PBZT (h), GaC13-BBB 
(i), and GaCl3-BBL (j). 
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Figure 2. DSC thermograms obtained at a heating rate of 20 
OC/min: nylon 66 (a), GaCl3-nylon 66 (b), PTMHT (c), and 
GaCl3-PTMHT (d). 
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rubbery and stretchable a t  30 OC or higher. Figure 4 shows 
the temperature-dependent storage modulus (E') and loss 
tangent (tan 6) curves for the GaC13 complex of PBZT at 
a frequency of 0.16 Hz. The modulus scale of Figure 4 is 
relative since the sample was in between two glass plates. 
The loss tangent exhibited a minimum (T6) at 24 "C, which 
we take as the mechanical glass transition temperature 
and is very close to the calorimetric Tg measured by DSC. 
Similar experiments for the GaCls complexes of BBB and 
BBL revealed T6s of 12 and 29 OC, which are lower and 
higher, respectively, than the calorimetric T8. These glass 
transitions were reproducible on repeated thermal cycling 
up to 175 OC, above which the complexes start to 
decompose. These results show a shift in Tg to a lower 

- 1  50 4 1 I 
-50 50 150 250 350 

TEMPERATURE ("C) 

Figure 3. DSC thermograms obtained at a heating rate of 20 
"C/min: PBZT (a), GaCb-PBZT (b), BBB (c), GaCL3-BBB (d), 
BBL (e), and GaCl3-BBL (0. 
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Figure 4. Temperature-dependent loss tangent (tan 6) and 
dynamic modulus (E') of the GaCb-PBZT complex obtained at 
a frequency of 0.16 Hz. The sample was sandwiched between 
flat glass plates and so the modulus scale is relative. 

temperature by 470-485 "C. This dramatic shift in T, of 
high-temperature polymers on complexation can be ex- 
plained in terms of the reduction in intermolecular forces, 
as with the polyamides. Theoretical calculations of the 
intermolecular interactions in the three polymers show 
them to be dominated by strong attractive van der Waals 
forces.21*22 The net attractive intermolecular interaction 
energies between two chains packed face-to-face in a 
minimum energy arrangement in PBZT, BBB, and BBL 
have been estimated to be 123, 188.7, and 156.5 kJ/mol, 
respectively.21*22 Since the van der Waals forces fall off 
as the inverse sixth power of interchain d i ~ t a n c e , ~ * ~ ~ $ ~  even 
small increases in interchain separation will produce very 
large decreases in the intermolecular forces. Clearly, 
complexation forces the chains apart and consequently 
reduces the intermolecular forces and increases the free 
volume. 

The very low and virtually same Tg values (15-30 OC) 
observed for the complexes of PBZT, BBB, and BBL 
warrant further comment. Light scattering 
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have shown that BBB is a semiflexible chain polymer that 
does not form mesophases, and BBL and PBZT have 
rodlike conformations that permit them to form lyotropic 
mesophases. Chain stiffness, rodlike conformation, and 
?r-conjugation length of PBZT and BBL are retained in 
their complexes, as shown previously by their lyotropic 
mesophase formationgJO and UV-visible spectra. On the 
other hand, chain stiffness is an often cited molecular factor 
leading to a high Tg.14 The present results demonstrate 
that intermolecular forces can have a dominant influence 
on the glass temperature of polymers. 

One of the practical applications of reversible Lewis 
acid-base complexation of polymers is in developing novel 
processing techniques for polymers with diverse topologies 
and strong intermolecular interactions.a12 It has been 
shown that strong intermolecular forces (e.g., hydrogen 
bonding) represent the fundamental barrier to ultradraw- 
ing of flexible chain polymers, such as the polyamides, to 
high draw ratios and, consequently, high mechanical 
strength and stiffness using techniques such as tensile 
drawing or gel ~ p i n n i n g . ~ ~ ~ ~ ~  Our approach provides a way 
to temporarily suppress the effects of strong intermolecular 
forces while processing, allowing large-scale deformation 
and fabrication to the desired form, and then to restore 
the forces to the finished oriented material where the 
interactions are needed for mechanical strength and 
stiffness. We note that the Tgand other physical properties 
of the polymers are recovered after decomplexation by 
treatment of the complexes with water or methanol. 

A detailed investigation of the effects of intermolecular 
interactions on the Tg and other physical properties of 
polymers by Lewis acid coordination complexation is 
currently in progress, including computational modeling 
of the processes and structures and spectroscopic char- 
acterization of the solid complexes.28 
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