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ABSTRACT: Poly(n-butylisocyanates) were synthesized
by anionic homopolymerization with the addition of sulfo-
nate groups in the termination stage. Two types of func-
tional polymers were obtained from different quantities of
added 1,3-propanesultone (PrS). When a stoichiometric pro-
portion of sultone is added, the reaction with poly(n-butyli-
socyanate) renders a mix of a nonfunctionalized (PBIC) and
a telechelic polymer (PBICT). In the presence of an excess of
PrS, the proportion of end-functionalized chains was higher,
and a significant change in their thermal properties was
observed. Polymers were characterized by FTIR and NMR,
and measurements of intrinsic viscosity were made. Ther-

mal degradation of the polymers was studied under nitro-
gen atmosphere for various heating rates. The kinetic pa-
rameters such as the activation energy and the reaction
order were determined by using Ozawa’s method. Thermal
degradation analyses showed that the degradation pro-
cesses depend strongly on the concentration of functional
groups. © 2003 Wiley Periodicals, Inc. J Appl Polym Sci 90:
3594–3601, 2003
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INTRODUCTION

Polymers terminated with various types of functional
groups have attracted the attention of many research-
ers mainly because of the applications of these mate-
rials.1 Terminal functional groups modify the proper-
ties of the polymeric chains and may be susceptible to
transformation reactions used in the production of
novel block copolymers.2

The poly(isocyanate) molecule has a rod-like heli-
coidal structure.3 This molecule has been the subject of
a great deal of studies intended to test theoretical
models for rigid and semirigid chains.4–7 The aniso-
tropic conformation of the molecule in solution pro-
vides unique opportunities to study the self-organiz-
ing properties of these systems such as the presence of
crystalline structures in the liquid state.8–10 At a given
concentration, lyotropic liquid crystalline structures
are produced. However, their applications have been
restricted because of low thermal stability. According
to the current literature, the intramolecular cyclization
with initiation at the ends is the dominant mechanism
of thermal decomposition of poly(n-butylisocya-
nate).11

Recently, functionalization reactions have been
widely used to modify polymeric materials properties,
improving the performance of such materials. The
objective of this work in this regard includes the chain-
end functionalization of poly(n-butylisocyanate) with
a sulfonate group to increase the thermal stability of
this polymer. In addition, an analysis of such reaction
with charged groups is given, inasmuch as it may
promote the modification of the ordered phases,
which are very sensitive to the presence of terminal
groups in the chain.

Elastomers terminated with ionic groups such as a
carboxylates,12 sulfonates,13 or phosphines14 have
been the subject of numerous studies. These ionic
telechelic polymers showed interesting viscoelastic
and dielectric properties. However, lesser attention
has been given to telechelic rigid or semirigid materi-
als such as poly(isocyanates). Recently,15,16 there has
been interest in the study of asymmetric molecules
having a stable dipolar moment, for which several
computer simulations have been carried out and ex-
perimental data are still lacking. In this regard, telech-
elic poly(n-butylisocyanates) may provide results to
compare with theoretical predictions. Poly(isocya-
nates) have shown electrorheological properties,17 and
the increase in the dipolar moment of the molecule by
chemical modification may improve these properties.

This article presents the synthesis, characterization,
and thermal degradation of poly(n-butylisocyanates),
where the end group is a sulfonate group. A compar-

Correspondence to: R. Olayo (oagr@xanum.uam.mx).
Contract grant sponsor: Secretarı́a de Relaciones Exteri-

ores; contract grant sponsor: CONACYT Project 400200-5-
4283 PE.

Journal of Applied Polymer Science, Vol. 90, 3594–3601 (2003)
© 2003 Wiley Periodicals, Inc.



ison of properties between functionalized and non-
functional polymers is presented.

THEORY

Thermogravimetric (TGA) experiments for different
heating rates � � dT/dt allow the determination of the
polymer degradation kinetic parameters. The conver-
sion C at a constant temperature is defined as the
relative loss of weight: C � (w0 � w)/w0, where w0 and
w represent the initial and the weight at time (t),
respectively. The rate of chemical reaction can be ex-
pressed as a function of conversion C by the kinetic
equation:

dC
dt � kf�C� (1)

The rate of conversion depends on C according to the
equation

f�C� � �1 � C�n (2)

where n is the order of reaction. These equations can
be substituted into the Arrhenius equation to obtain

dC
dt � A�1 � C�ne�E/RT� (3)

In TGA experiments, the rate of heating � is kept
constant, and then eq. (3) can be written as

dC
�1 � C�n �

A
�

e��E/RT�dT (4)

The integration of eq. (4) was developed by Doyle18

and Ozawa,19 giving the following form:

�log �1 � 0.457
E1

RT1
� �log �2 � 0.457

E2

RT2
(5)

where R is the universal constant of gases, T1 and T2
are absolute temperatures associated with the differ-
ent heating rates �1and �2 for the same weight loss.

The determination of order of reaction was obtained
by using the relationship19,20 between C and n:

log � � �log��1 � C�1�n � 1� for n � 1
log�ln�1 � C� for n � 1 (6)

EXPERIMENTAL

Materials

n-Butylisocyanate and 1,3-propanesultone (PrS) (Al-
drich Chemical Co., USA) were used in the synthesis
with N,N-dimethylformamide (DMF), carbon tetra-
chloride (CCl4), and methanol (Baker Co., USA). All
reagents (99% purity) were purified by degassing and
vacuum distillation during the polymerization pro-
cess. Sodium cyanide (Aldrich) was used as the initi-
ator, previously activated by heating for 5 h at 423 K.

Polymerization conditions

Polymers were obtained by a method21 similar to the
one reported by Shashoua.22 Polymerization was car-
ried out in DMF at a temperature lower than 223 K,
with sodium cyanide as initiator. An unfunctionalized
poly(n-butylisocyanate), PBIC, and two end-capped
functionalized telechelic polymers (PBICTs) were ob-
tained. For the case of PBIC, methanol was added at
the terminal stage of the reaction. Conditions of this
polymerization were used as reference to obtain sam-
ples of PBICT1 and PBICT2, by modifying only the
terminal stage by adding PrS instead of methanol. The
first PBICT was obtained by functionalization under
stoichiometric conditions (sample PBICT1). Stoichi-
ometry was calculated on the basis of the molecular
weight of PBIC, adding two molecules of PrS per each
molecule of polymer. We assume 100% conversion.
The other PBICT sample (PBICT2) was terminated
with an excess of PrS to guarantee the highest degree
of functionalization. The quantity of PrS added to this
sample was 700 times higher than the one used under
stoichiometric conditions. All samples were purified
by dissolution in CCl4, precipitation with methanol,
and drying for 24 h at 313 K in vacuum. The resulting
telechelic polymers were also washed with acetone to
eliminate the excess of free PrS. Subsequently, the
functionalized samples were cleaned with a mixture
CCl4/HCl (99 : 1) to eliminate the excess of PrS that
could be interacting with the polymer molecule. These
samples were named PBCT1C and PBICT2C. In all
cases, polymers were not fractionated.

Characterization of polymers

Infrared spectra were obtained from thin polymer
films (CCl4) by using a Perkin–Elmer 1615 FTIR Spec-
trometer. NMR spectra of polymers were carried out
in deuterated chloroform recorded at 298 K in a 500
MHz Bruker DMX500 spectrometer. Elemental Anal-
ysis was used to verify the chemical composition of
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the polymers (Dessert Analytics, Tucson, AZ). The
proportion of carbon, hydrogen, nitrogen, and sulfur
was measured, and the oxygen content was obtained
by a mass balance. The intrinsic viscosity was deter-
mined at 303 K in an Ubbelohde viscometer by using
CCl4 as solvent. The molecular weight of the unfunc-
tionalized polymers was obtained by using the Mark–
Houwink constants reported by Ambler et al.23 for
PBIC (see Table I). The M� value for PBICT was ob-
tained by comparison with that of the PBIC sample,
synthesized at the same conditions. The contribution
of functional end groups was not considered in this
determination.

Thermal gravimetric analysis (TGA) was made in a
DuPont thermobalance model 910 linked to a Thermal
Analyzer 2100 microprocessor. The heating rate (�)
was set to 1, 5, 10, 20, and 40°C/min; the size of
samples was 4.8 � 0.5 mg and all experiments were
performed under nitrogen conditions by using a flow
of 50 mL/min.

RESULTS AND DISCUSSION

Polymerization was carried out at an initiator concen-
tration that guarantees a molecular weight below 106

Da. This favors the rod-like conformation of the mol-
ecules20,22 (see Table I). Under these conditions, the
polymerization renders low yields, with monomer
conversion between 11 and 23%.23 Results of elemen-
tal analysis are shown in Table II, where the expected
percentage of each element (theoretical) and the mea-

sured percentage (experimental) are reported. The last
column gives the number of sulfur atoms per each
polymer molecule. Data were calculated on the basis
of the PBIC content. With regard to the sulfur content,
one atom of sulfur was expected to appear per each
molecule of PBICT. However, for the sample PBICT2,
the sulfur content was abnormally high as compared
to the main elements of the monomer (N, C, and H).
The latter result indicates the possible presence of PrS
aggregates with the polymer. When sample PBICT2 is
washed with CCl4/HCl (99 : 1), a product with con-
siderable less sulfur is obtained (PBICT2C sample)
and its properties are very similar to those of the
original PBICT2. A polymer with one atom of sulfur
per each molecule was obtained after a double-wash-
ing process, but the polymer was degraded as its NMR
spectrum showed.

Results of the elemental analysis of PBICT1 render
nine sulfur atoms per molecule, which indicates that
some quantity of PrS is tied to the polymer. By wash-
ing the sample in a CCl4/HCl solution, the sulfur
content diminished to 1.8 sulfur atoms per polymer
molecule (PBICT1C). With additional washing, an ad-
ditional reduction to a constant value of 0.5 sulfur
atoms per each polymer molecule results. These re-
sults confirmed the hypothesis that stoichiometric
conditions are insufficient to give an entire function-
alization of all PBIC molecules and hence, a mixture of
PBIC and PBICT was obtained.

In all samples, infrared spectra show a strong ab-
sorption band at about 1700 cm�1 corresponding to
the carbonyl group, and a broad band in 1280–1390
cm�1 corresponding to the disubstituted amide struc-
ture. Both bands are characteristic of poly(isocya-
nates).3 The spectra of the PBIC and of PBICT1 are
very similar and correspond to spectra reported by
Shashoua.22 It was not possible to detect the small
quantity of terminal groups (NH, SO3

�) by using this
technique.

The FTIR spectrum of sample PBICT2 shows two
additional bands at 1200 and 1040 cm�1 [Fig. 1(a)],
which are characteristic for vibrations of asymmetric
and symmetric stretching of SO3

� groups. The exis-
tence of these groups in ionic form implies that the PrS
undergoes a ring opening reaction (Scheme 1), but is

TABLE I
Conditions of Synthesis, Viscosity, and Molecular

Weight of Synthesized Polymers

Sample
Initiator
(g/dL)

PrS
(g/dL)

[�]
(mL/g) M�

Conv.
(%)

PBIC 0.089 — 634 9.4 � 104 11.9
PBICT1 0.100 0.028 733 1.0 � 105 a 17.9
PBICT1C 0.100 0.028 725 1.0 � 105 a 17.9
PBICT2 0.091 20.8 2360 3.0 � 105 a 22.7
PBICT2C 0.091 20.8 2350 2.8 � 105 a 22.7

a Apparent M� because the synthesis conditions are very
similar to the PBIC.

TABLE II
Elemental Analysis for Synthesized Polymers

C (%) H (%) N (%) O (%) S (%)

No. STheo. Exp. Theo. Exp. Theo. Exp. Theo. Exp. Theo. Exp.

PBIC 60.6 60.3 9.1 9.1 14.1 13.7 16.2 16.9 0.03 — —
PBICT1 60.6 9.4 14.5 15.9 0.31 10
PBICT1C 60.7 8.8 12.3 18.2 0.06 1.8
PBICT2 53.6 8.5 12.1 22.5 3.30 97
PBICT2C 59.2 9.2 12.9 18.4 0.32 9.4
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not able to homopolymerize, as was reported else-
where.24,25 The generated SO3

� groups present electro-
static interactions with the polymer molecule and re-
main attached to it, making cleaning difficult. A sam-
ple cleaned up with the CCl4/HCl solution does not
show the band at 1040 cm�1 [see Fig. 1(b)]. This means
that the groups SO3

� covalently attached to the poly-
mer are not detectable by IR.

The 1H-NMR spectrum of the PBIC presents signals
corresponding to protons of butyl groups. The chem-
ical shifts are 0.9 ppm for the —CH3 group (A), 1.3
ppm (B), and 1.6 ppm (C) for the —CH2 middle
groups of butyl, and 3.9 ppm for N—CH2 (D). In the
stoichiometric functionalization, the quantity of pro-
pane sultone in the PBICT1 sample was small. This
makes the detection of its protons by NMR very dif-
ficult, so the spectrum was the same as in PBIC. Figure

2 shows the spectra of samples PBICT2 [Fig. 2(a)] and
PBICT2C [Fig. 2(b)]. In the PBICT2 spectrum, detec-
tion of all the proton signals of the butyl group (A to
D), and the new peaks (E to I), were assigned to the
PrS aggregates and impurities. Therefore, the peak in
Figure 2(a) (a triplet, G) at 3.1 ppm can be assigned to
two methylene protons, —CH2—SO3

�; the peak at 2.1
(a quintuplet, I) belongs to two methylene protons,
—CH2—CH2—CH2—SO3

�; the peak at 3.5 ppm (a trip-
let, E) belongs to two methylene protons, —CH2—
CH2—CH2—SO3

�. Finally, the peak at 2.7 ppm [a trip-
let, H in Fig. 2(a)] is assigned to two methylene pro-
tons in the middle of PrS in the cycle. These new
signals are not present in PBICT2C [see Fig. 2(b)]. This
sample also shows a change in the shape of peak D
corresponding to the isocyanate group, and this may
be an indication of the beginning of the degradation.
Assignments to all the peaks can be made by using the
two-dimensional scalar-coupling chart generated by
the COSY pulse sequence. Similar resonance values
for PrS were reported for protons of PrS in sulfobe-
taines.26

Viscosity measurements

Unfunctionalized PBIC has good solubility in carbon
tetrachloride, benzene, and chloroform. It also shows
partial solubility in toluene, and the functionalized
PBIC shows a reduction of solubility in these solvents.
It has been reported23 that chloroform induces degra-
dation of the polymer chain, and solutions in benzene8

need to be prepared at 313 K. Therefore, CCl4 was
chosen as solvent for viscosity measurements.

The intrinsic viscosity, ([�]), of the polymer samples
shows that the hydrodynamic properties depend

Figure 1 FTIR spectra for PBICT1 sample: (a) before, (b)
after cleaning with CCl4/HCl.

Scheme 1 1,3-propanesultone: (a) closed form, (b) zwitte-
rionic open form.

Figure 2 1H-NMR spectra of the samples: (a) PBICT2, (b)
PBICT2C.
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strongly on the presence of the sulfonate group.27

Under similar conditions, the polymers containing PrS
show a significant increase in the intrinsic viscosity
values (see Table I). For the PBICT2, the solution con-
centration needed for the viscosity measurements is 10
times smaller than that of PBIC; therefore, the intrinsic
viscosity obtained is higher in PBICT2, up to three
times (30 times at the same concentration) that of the
unfunctionalized PBIC sample. The PBICT2 sample
shows open PrS aggregates, and after a second clean-
ing process sample PBICT2C was obtained. To deter-
mine the influence of these aggregates on the [�]
value, the viscosities of PBICT2 and cleaned sample
(PBICT2C) were compared. The quantity of PrS aggre-
gates is 10 times higher in sample PBICT2 than in
PBICT2C. However, both samples show almost the
same intrinsic viscosity [�]. This means that the pres-
ence of end groups of PrS in PBICT2 is the primary
cause of the change in the viscosity, and the influence
of PrS aggregates is not significant for the hydrody-
namic properties of these polymers. According to the
elemental analysis results, only a reduced part of the
polymer chains in sample PBICT1 is functionalized.
For this reason, the change in viscosity for PBICT1 is
smaller than that observed in PBICT2. Indeed, only a
12% increase in intrinsic viscosity was observed in
samples PBIC and PBICT1, which implies that the

amount of functionalized chains in the PBICT1 sample
is small. Polymers PBICT1 and PBICT2C have similar
proportions of PrS open groups. Differences in viscos-
ity levels confirm the hypothesis that only the charges
linked to the polymer chain by covalent bond affect
the viscosity of samples. A portion of the polymer that
precipitates at the end of the polymerization may be
the reason for the large excess of PrS.

Thermal degradation

The temperature at which intensive degradation is
initiated, Ti, at a given heating rate, was taken as a
criterion of heat stability of the polymers. The initial
size of each sample was almost the same, 5 � 1 mg,
which allows us to compare the initial decomposition
temperature of various synthesized polymers. The
TGA curves for thermal degradation of a sample of
PBIC and PBICT2C are shown in Figure 3(a, b). The
graphs clearly reveal the strong influence of the heat-
ing rates on thermal decomposition. When the heating
rate is increased from 1 to 40°C/min, an increase of
50°C in the initial thermal decomposition temperature
(Ti) is measured in both cases. The difference of the
thermal behavior between functionalized and unfunc-
tionalized polymers can be seen in Figure 4(a, b).
These figures show the temperatures where the poly-
mer samples have lost 5 and 50% of their initial
weight, respectively, as a function of the heating rate

Figure 3 TGA curves of poly(isocyanates) at various heat-
ing rates in nitrogen atmosphere: (a) PBIC, (b) PBICT2C
samples.

Figure 4 Decomposition temperatures of poly(isocyanate)
for different heating rates: (a) 5% and (b) 50% of weight loss.
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(�). The decomposition behavior of the samples PBIC
and PBICT1 is very similar in both graphs, because in
this last sample the functionalization was not com-
plete. However, sample PBICT2C, which has the high-
est degree of functionalization, shows an increase in
thermal stability (50 and 10°C with 5 and 50% weight
loss, respectively), at all heating rates. Therefore, from
the above figures, it is shown that in the first stage of
decomposition (5% wt loss) PBICT2C is more stable
than during the second stage (50% wt loss) as com-
pared with unfunctionalized PBIC. This observation
may be explained in terms of the presence of the
sulfonate end groups on the macromolecule.

Durairaj et al.11 reported two stages of degradation
for different alkyl isocyanate polymers. In our case, it
is not easy to establish the different stages of degra-
dation from the TGA curves of PBIC [see Fig. 3(a)]. To
improve the understanding of these stages, the deriv-
ative dw/dT (where w is the weight) is plotted in
Figure 5. For � � 10°C/min, both processes occur at
almost the same time [Fig. 5(a)], but for � � 20°C/min,
the first degradation process is terminated at a lower
temperature [see Fig. 5(b)]. When the heating rate is
slow (� 	 10°C/min), the stage of polymer decompo-
sition begins at a lower temperature and occurs so
slowly that only one stage of the degradation process

is seen. For the telechelic sample PBICT2C, only one
degradation stage is observed [see Fig. 5(c, d)] at �
� 10 and � � 20°C/min.

Isothermal experiments confirm improvements in
the thermal stability of the telechelic polymers as com-
pared with the uncharged polymer. In Figure 6, the
weight loss as a function of time in an isothermal
process at 100°C is plotted. PBIC and PBICT1 samples
begin decomposition at 5 min. The PBICT2C sample is
stable up to 120 min, whereas PBIC exhibited a weight
loss approximately two times higher than the partially

Figure 5 TGA derivative curves for PBIC and PBICT2C samples at different heating rates (a) and (c) at � � 10°C/min; (b)
and (d) at � � 20°C/min.

Figure 6 Decreasing of weight loss for poly(isocyanate)
samples during isothermal process at 100°C.
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charged polymer (PBICT1). This means that under
these conditions, only unfunctionalized chains of this
sample are degraded.

To calculate the activation energy, Ozawa’s method
(see eq. 5) was used. Straight lines for various weight
fractions (C � 0.1–0.9) are shown in Figure 7 for three
polymers. In Figure 7(c), PBICT2C, data are restricted
within a narrow temperature interval, in contrast to
unfunctionalized PBIC [see Fig. 7(a)]. Data indicate an
increase in the thermal stability of functionalized poly-
mers, as compared to PBIC, during the degradation
stages. This supports the conclusion that the terminal
group induces an increase in the thermal stability of
the polymer.

The thermal degradation of telechelic and unfunc-
tionalized poly(n-butylisocyanates) is a very complex
process, and therefore the reaction order of this system
is not a meaningful parameter. Under low heating
rate, a single maximum of the derivative of weight
loss (Fig. 5) is apparent, from which it may be possible

to estimate an apparent order of the thermal degrada-
tion process for these samples. Figure 8 shows the plot
of eq. (6) intended to obtain the reaction order for two
samples. A good linear relationship is obtained for
two samples (PBIC and PBICT1), which renders a
reaction of order unity in both cases.

Figure 7 Log � versus reciprocal absolute temperature for the Ozawa method for (a) PBIC, (b) PBICT1, (c) PBICT2C samples.

Figure 8 Relationship obtained by the Ozawa method for n
� 1 (PBIC and PBICT1 samples).
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CONCLUSION

Functionalized poly(isocyanates) were obtained by
adding PrS at the final stage of the polymerization. An
excess of PrS renders a higher degree of functionaliza-
tion, but the purification of the polymer is difficult,
because the standard method to eliminate the PrS
excess produces degradation of the polymer. Func-
tionalized polymers have viscosity values higher than
those observed in the unfunctionalized polymer.

Thermal degradation of functionalized poly(n-bu-
tylisocyanate) is a complex process, which depends
strongly on the heating rate or time of exposure to
isothermal conditions. The experiments confirmed the
influence of the terminal group on the thermal stabil-
ity of the polymer. Functionalization of the polymer
from a stoichiometric proportion of propanesultone
did not affect their thermal properties, because not all
the molecules were functionalized. The higher the de-
gree of functionalization, the larger the increase in
thermal stability of PBIC. The functionalized polymer
represents a model chain of charged rods, whose
properties are currently under investigation in this
laboratory.
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