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Abstract
The first-order thermal transitions including side-chain melting, crystal-LC, biphasic chimney-like, and isotropic transitions of poly(n-un-
decyl isocyanate) (PUDIC) were investigated by varying its thermal history. After annealing at 140 �C for different periods of time, it leads
to different degrees of backbiting degradation into n-undecyl isocyanurate trimer which behaves as a solvent for the rest non-degraded/rigid
PUDIC to change into a lyotropic LC from thermotropic transition. Based on the degree of degradation, various amounts of trimers are present
and the PUDIC demonstrates different types of thermal transitions found in DSC thermograms due to the variation of the non-degraded PUDIC
concentration in solvent trimers. Finally, a phase diagram includes all types of crystallines, LC, and isotropic regions can be drawn according to
the DSC thermograms.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Alkyl substituted rigid polymers have attained a great inter-
est mainly due to their thermotropic or lyotropic liquid-crys-
talline behavior. The unsubstituted rigid polymers are
infusible and insoluble because of their ordered structures
and little space between the rods. In alkyl substituted rigid
polymers, n-alkyl groups are covalently attached to the back-
bone. Due to the compulsion forces between the polar main
chains and the non-polar side chains, these polymers are fus-
ible at convenient temperatures and soluble in common or-
ganic solvents.

The crystallization of alkyl side chains in flexible polymers
has been widely studied. For example, Levon and Kim [1,2]
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investigated the crystallization behavior of the alkylated poly-
acrylates and found the intercalating structure of the side
chains.

Flory [3,4] constructed a chimney-like phase diagram that
can describe the formation of both lyotropic and thermotropic
LC transitions for rigid polymer solutions. It is confirmed by
other researchers [5,6]. Polyalkylisocyanates were found to
undergo either thermotropic LC or lyotropic LC [7e10] tran-
sitions depending on the treatments.

The backbiting type of degradation of polyalkylisocya-
nates has been found at high temperature and the cyclized/
backbiting thermal degradation resulted in the isocyanurates
(trimer) [11,12]. The aim of this investigation is to control
the degree of backbiting degradation to produce various
amounts of trimers by annealing at high temperatures, staying
for different periods of time, which would induce a lyotropic
LC transition with the degraded trimers which behaved like

mailto:hks@cc.kuas.edu.tw
http://www.elsevier.com/locate/polydegstab


984 B.-Z. Hsieh et al. / Polymer Degradation and Stability 93 (2008) 983e989
solvents, except the common thermotropic LC transition of
PUDIC. We will use DSC thermograms to indicate the tem-
peratures and the presence or absence of side-chain crystalli-
zation, LC transition, LCechimney transition for lyotropic
LC, and finally isotropic transition for different annealing
times at degradation temperature. And combining with the
DSC thermograms, we can construct a phase diagram for PU-
DIC, revealing the formations of both the thermotropic and
lyotropic transitions.

2. Experimental
2.1. Synthesis of monomers
Monomer was prepared as follows: 23 ml (0.1 mol) of dis-
tilled lauroyl chloride (Aldrich, ACS grade) was mixed with
8 g of sodium azide (0.12 mol, Aldrich) in 250 ml dry toluene
(dried with sodium and followed by distillation) and refluxed
overnight. The unreacted sodium azide and by-product sodium
chloride were separated by vacuum distillation. A distillate
with b.p. at 80e85 �C (vacuumed to 800 Pa) was collected
with a yield of 29%.
2.2. Polymerization [13,14]
Dimethylformamide (DMF, Aldrich, ACS grade, 250 ml)
was placed into a 500 ml three-necked flask with 1 g phos-
phorus pentoxide (P2O5) overnight and then distilled with
a b.p. at 38 �C and 400 Pa. Sodium cyanide was dried in vac-
uum with P2O5 for 4 h and dissolved in dry DMF (in a 10 ml
volumetric flask) to make a saturated solution. A 100 ml
flask was dried on flame and inert gas (argon) was purged
through the system. The temperature was kept at �36 �C
by a dry ice/acetone bath. Thirty milliliters of DMF was
then injected into the flask, and 10 min later, 1 ml of undecyl
isocyanate. After 20 min one drop of the saturated sodium
cyanide solution of DMF was injected into the batch, a white
cluster of polymer suddenly appeared in the solution. Excess
methanol was poured into the mixture to terminate the
polymerization.

The polymer was isolated by filtration and 0.3 g of white
powder was obtained. This product was further purified by dis-
solution in chloroform, precipitation by methanol and drying
in vacuum. Poly(n-undecyl isocyanate) (PUDIC) (0.23 g)
was obtained with a yield of 23%.
2.3. Characterization and measurement

2.3.1. Nuclear magnetic resonance (NMR)
1H NMR spectrum for characterization of n-undecyl isocy-

anate was obtained in a deuterated chloroform solution using
a Bruker MSL-300 spectrometer operated at 300 MHz. And
PUDIC dissolved in the deuterated chloroform (conc. 1 mg/
ml) was placed in an NMR tube. 13C NMR spectra were re-
corded on a Varian Gemini 300 MHz NMR spectrometer.
Chemical shifts were referenced to 13C signals of the deuter-
ated solvent.
2.3.2. Wide angled X-ray diffraction (WAXD)
A Phillips X-ray generator was used for the X-ray diffrac-

tion studies. The samples were cast on the slide or placed on
the slide. The sample was exposed to Cu/Ni radiation with
45 kV and 35 mA from 2� to 40�, the exposure time, 50 s in
every 0.04� was used for this experiment.

2.3.3. Thermogravimetric analysis (TGA)
Samples were subjected to thermogravimetric analysis by

a TA SDT-2960 at 10 �C/min, under purging N2.

2.3.4. Differential scanning calorimetry (DSC)
About 8 mg of neat or blended sample was subjected to

DSC using TA-2920 and heated at 10 �C/min, in purging N2.

2.3.5. Optical microscopy
A Nikon FII optical microscope was applied for the mor-

phology studies. The temperature was controlled by a Mettler
hot stage. The crystal structures were characterized under
polarization.

3. Results and discussion
3.1. Characterization
1H NMR spectrum of the synthesized monomers proved
them to be n-undecyl isocyanate (Fig. 1), which possess four
types of methylenes eCH2e, and methyl eCH3 groups of
the n-undecyl chain as shown in the attached chemical struc-
ture. 13C NMR spectra were used to characterize PUDIC in
CHCl3-d. The result is shown in Fig. 1. The resonance peaks
of various carbons are illustrated in the attached chemical
structures. The aliphatic carbon peaks of n-undecyl side chain
can be seen around 10e40 ppm from Fig. 2 except the number
one carbon whose absorption peak is over 40 ppm and not
demonstrated in the spectrum.
3.2. WAXD patterns with various thermal histories
It is known that the hairy-rod structure of a rigid polymer
with long alkyl side chains easily demonstrates a self-orga-
nized layer-to-layer structure with alkyl side chains interdigi-
tized to each other and the layer-to-layer distance can be
determined from the diffraction angles (2q) around 2e5� in
its WAXD pattern [15e19]. The non-polar hydrocarbon side
chains were pushed away and extended from the polar back-
bones, resulting in an additional diffraction peak at lower an-
gles. These peaks represent the layer-to-layer distance
between PUDIC backbones that were separated by interdigi-
tized n-undecyl groups. To characterize the possible structural
variation of the layered structure of PUDIC, the X-ray diffrac-
tion patterns of PUDIC with various thermal histories were
taken and shown in Fig. 3. The distances between the layers
were calculated from the diffraction peak at 2q¼ 2.5� which
is corresponding to 2.47 nm with interdigitized side chains il-
lustrated in Scheme 2(a). When PUDIC was annealed at 50 �C
for 20 min to melt the side-chain crystals, the layered structure
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Fig. 1. 1H NMR spectrum of n-undecyl isocyanate monomers.
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was more significant as shown in Fig. 3(b) and Scheme 2(b)
and the layer’s distance remained the same indicating that
the main crystalline structure of PUDIC was not destroyed
with the melting of the side chains and no degradation phe-
nomenon can be found with its X-ray diffraction pattern re-
maining almost the same with that of neat PUDIC. In
Fig. 3(c) and Scheme 2(c) and (d), we found that the degrada-
tions werestrictly enhanced when the temperature was in-
creased to 140 �C for 10 min and the X-ray diffraction
patterns showed lots of sharp peaks in higher angles derived
from the crystallization of the trimers (n-undecyl isocyanu-
rates). These sharp peaks are contributed from the intercalated
crystalline of the long hydrocarbon tails of the trimer
molecules.
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Fig. 2. 13C NMR spectrum of PUDIC.
3.3. Thermal transitions and degradation
PUDIC was subjected to TGA to check its thermal degrada-
tion behavior. It seems very stable below 200 �C when the
heating rate was maintained at 10 �C/min according to
Fig. 4. However, the backbiting degradation of PUDIC
(Scheme 1) causes no weight loss that cannot be illustrated
by a TGA thermogram like Fig. 4. Actually, some fractal-
like crystallines of the low molecular weight n-undecyl isocya-
nurate were already seen when PUDIC was annealed at 140 �C
according to the polarized optical microscopic picture (POM)
in Fig. 5. Therefore, the slight weight loss around 200 �C is
more likely derived from the backbiting degradation of the
PUDIC backbone and the plunging weight loss from 300 to
400 �C in Fig. 4 is the evaporation of the degradation product,
trimers and other small fragments of PUDIC.
Fig. 3. Wide angled X-ray diffraction patterns of PUDIC with various thermal

histories: (a) solvent cast; (b) 50 �C, 20 min and (c) 140 �C, 10 min.
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Fig. 4. TGA thermogram of PUDIC in N2.

Fig. 5. POM picture with 200 � magnifications of crystallization of n-undecyl

isocyanurate (trimer) at room temperature after annealing PUDIC at 140 �C
for 10 min to indicate the presence of the unzipping degradation of PUDIC.

986 B.-Z. Hsieh et al. / Polymer Degradation and Stability 93 (2008) 983e989
The DSC thermogram of PUDIC prepared from solvent
casting is shown in Fig. 6(a) and all of the possible first-order
thermal transitions of PUDIC were found and depicted in
Scheme 2(a). It demonstrated first a well-defined layered 3D
crystalline that is often found for most rigid polymers with
long alkyl side chains with the main chains built into a 3D
structure and alkyl side chains extended out from the back-
bones, interdigitizing into another zigzag-like crystalline
structure.

The interdigitized side chains contributed to the lowest
melting point as shown in Fig. 6(a). The melted side chains
could provide necessary mobility and behave as lubricants
when the 3D structure of PUDIC transformed into the 2D ther-
motropic (nematic) LC as illustrated in the POM picture in
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Scheme 1. Thermal degradation mechanism of PUDIC.
Fig. 7. However, if PUDIC has been annealed at high temper-
ature, such as 140 �C, it could go on backbiting unzipping de-
grading into n-undecyl isocyanurates and the type of LC
transition can be varied into a lyotropic LC transition, which
is a rigid rod polymer dissolving in solvent (n-undecyl isocya-
nurates), before it went into the isotropic region. In other
words, PUDIC with high temperature history can demonstrate
a lyotropic LC when the degradation products, trimers have al-
ready melted at high temperatures and behave as solvents to
create a biphasic chimney-like transition derived by Flory
[3,4] which can be seen with double transitions at 100 and
120 �C in the DSC thermograms of Fig. 6(a) and (b).
3.4. Possible phase diagram with degradation
The presence of these transitions illustrated in Scheme 2
was further confirmed by their DSC thermograms that were
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taken for PUDIC with various thermal histories depicted in
Fig. 6. These DSC thermograms were used to draw a possible
phase diagram including all possible thermal transitions as
shown in Scheme 3. In Scheme 3(a), all transitions described
in Scheme 2 were clearly seen in the DSC thermogram for
the neat solvent-cast (n-hexane) PUDIC. There are side-chain
melting at arround 30 �C, 3D to 2D nematic LC at 55 �C, ne-
matic to biphasic/chimney-like lyotropic LC at 100 �C, and
isotropic transition at 120 �C characterized from Fig. 6(a).
Since there is no thermal history for the neat, solvent-cast PU-
DIC, we can assume that it followed the common thermotropic
transitions for regular alkylated polyisocyanates below 100 �C.
However, in the presence of the biphasic/chimney-like
transition, we can understand the occurrence of the backbiting
unzipping degradation of PUDIC (Scheme 1), which has been
confirmed by Refs. [11,12]. Interestingly, the side-chain crys-
tallization was not able to interdigitize into crystals after PU-
DIC was annealed at 140 �C for 5 min due to the interference
of the degradation products, alkyl isocyanurate trimers that
would then behave as solvents at high temperature. Therefore,
the phase diagram should be moved forward to the lower con-
centration with more solvents/trimers created with annealing,
resulting in the missing of the side-chain crystalline region as
described in Scheme 3(b). However, the main crystalline
(3D) and the thermotropic and lyotropic LC transitions can still
be found in Fig. 6(b) and Scheme 3(b). Finally, if it stayed at
140 �C for longer time, the concentration goes lower and the
phase diagram comes forward to a region beyond the main-
chain (3D) crystalline. In other words, there is only 2D/nematic
LC present at this stage and no 3D/2D transition can be found
for the thermogram as illustrated in Fig. 6(c) and Scheme 3(c).
Still, both the lyotropic LC and isotropic transitions are shown
in Scheme 3(c). Since the degradation goes on rapidly after an-
nealing at 140 �C for over 10 min, we were not able to find out
rest of the transitions that are depicted in the phase diagram.
Surprisingly, a special phase diagram including side-chain
crystalline, main-chain/layered crystalline, thermotropic ne-
matic LC transition, lyotropic LC transition, and isotropic re-
gion of PUDIC, accompanied with thermal degradation can
be drawn.

4. Conclusions

Liquid-crystalline polymers especially alkyl side-chain
polymers where additional crystallization may occur, should
be characterized only with a controlled thermal history.

We have shown that the structure of polyalkylisocyanate
depends greatly on previous history. The main-chain crystals



Scheme 3. Phase diagram of LC transition of PUDIC from DSC thermograms.
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may be the only form of order but can exist alsowith side-
chain crystals. It would be interesting to follow the kinetics
of side-chain and main-chain crystallization from the liquid
crystal as well as the isotropic phase.

There are several possible transitions that can be found by
DSC thermograms and these transitions resulted from a phase
diagram including side-chain crystal, main crystal, nematic
(thermotropic), lyotropic, and isotropic regions accompanied
with thermal/unzipping degradation of PUDIC. The phase di-
agram can be briefly drawn from the transitional temperatures
of DSC thermograms taken for PUDIC with various thermal
histories.
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