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N,N’'(1,6-Hexanediyl)bisurea oligomerizes thermally in the melt (>190°C) to urea-terminated poly(1,6-
hexamethyleneurea) with the volatilization of ammonia and isocyanic acid. At higher temperatures
(225-250°C) in the liquid phase, the trimerization of isocyanic acid to cyanuric acid also occurs.
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INTRODUCTION

Recently, we have been studying the synthesis
and characterization of urea-terminated poly(1,6-hexa-
methyleneurea) particles in polyols as reinforcing fillers
in polyurethanes!'2, As synthesized, these particles are
2-5 um in length and have a unique spiral fibre bundle
morphology with aspect ratios of 10-20. During the
course of this study, an unusual thermal effect was
observed by heating N,N'-(1,6-hexanediyl)bisurea (1)
above its melting point. This communication describes
the thermal oligomerization of 1 to urea-terminated
poly(1,6-hexamethyleneurea) (2); when n=1, compounds
1 and 2 are one and the same.
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EXPERIMENTAL

Materials and equipment

Urea, 1,6-hexanediamine, and methanesulfonic acid
were purchased from Aldrich Chemical Co. Differential
scanning calorimetry (d.s.c) was done on a DuPont
910 instrument at a rate of 10°C min~! under
nitrogen. Carbon-13 n.m.r. spectra (in methanesulfonic
acid) were obtained on a Varian Gemini-300 Spectrometer
(75 MHz for carbon) using methanesulfonic acid as the
internal reference line (40.0 ppm). Thermolysis samples
were analysed by thermogravimetry/mass spectrometry
(t.g.a./m.s.) and thermogravimetry/gas chromatography/
mass spectrometry (t.g.a./g.c./m.s.) during heating to
280°C in a helium atmosphere using a Cahn 131 TGA
and a Trio-1 GC/MS controlled by a Camiile™ 2000.
High-temperature visual observations were made using
a Bausch & Lomb hot-stage microscope. Scanning
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electron microscopy (SEM) was done on a Hitachi S-570
SEM. The FTi.r. spectra were obtained on a Nicolet 5SPC
FT-IR spectrophotometer in KBr pellets.

Preparation of N,N'«(1,6-hexanediyl)bisurea (1)

Urea (180.2 g, 3.0 mol) was placed in a 500 ml flask
under nitrogen containing a condenser, thermometer and
mechanical stirrer and heated to 145°C (m.p.=135°C).
1,6-Hexanediamine (58.1 g, 0.50 mol) was added in small
portions over a 4h period, while maintaining the
temperature at 145°C. Thirty minutes after the final
addition, the crude reaction product was poured into
water (700 ml) and the resultant slurry was neutralized
with H,SO, (1 N) to pH ~4 and filtered. The solid white
product was washed several times with water, recrystallized
from water, and dried in a vacuum oven at 120°C, m.p.
188-192°C (structure consistent with carbon-13 n.m.r.
and FTir. of authentic sample).

RESULTS AND DISCUSSION

N,N’~(1,6-Hexanediyl)bisurea (1) is a well known material
that can be synthesized by several methods®>”. However,
this communication is the first known report of its
synthesis directly from urea and 1,6-hexanediamine
in molten urea and its subsequent oligomerization
to urea-terminated poly(1,6-hexamethyleneurea) under
thermolysis conditions.

When a well characterized sample of 1 was heated on
a hot-stage microscope, its melting range was observed
from 188 to 192°C. However, when heating was
continued, the melt solidified at about 202°C. Further
heating lead to the melting of this second solid at 250°C.
This observation suggested that 1 was reacting in the
melt to produce a higher-melting material. This experiment
was scaled up by heating a 3 g sample of 1 in a vacuum
oven at 203-204°C, where any physical changes could be
observed. The sample began melting in 15 min and was
completely melted in 20 min. Some gas was evolved. By
24 min some solid was observed and by 40 min only solid
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was present. After 45 min, the sample was cooled under
nitrogen. The resultant white solid (2a) represented 88.5%
of the initial sample weight.

The melt and subsequent reactions were studied
further by the simultaneous technique of t.g.a./m.s. and
t.g.a./g.c./ms. A sample of 1 was heated from ambient to
280°C and real-time mass spectra were taken of the vapour.
A small amount of water was detected at about 100°C.
Between 190 and 215°C, ammonia and isocyanic acid
(HCNO) were detected as major volatiles. Trace amounts
of cyanuric acid were detected between 250 and 280°C.
Total weight loss was about 19%. A portion of the volatiles
was trapped throughout the experiment and analysed by
g.c./m.s. Urea was the major component, as well as smaller
amounts of ammonia, water and cyanuric acid. Urea is
presumably a secondary product formed by the reaction
between ammonia and isocyanic acid. From these data it
is clear that the predominant reactions occurring when 1
is heated above its melting point involve the release of
ammonia and isocyanic acid. Both of these materials are
reasonable thermal decomposition products of ureas®°.
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The non-volatile isocyanate and amine components can
react further to form internal urea moieties.

— CHNOD 4+ —CH,NH, ——» — CH;NHCNHCH;—

This thermolysis sequence was further characterized by
the carbon-13 n.m.r. spectra of 1 and 2a in methanesulfonic
acid. Structure 1 had a four-line pattern. The terminal urea
carbonyl carbon atoms were present at 161.2 ppm (Figure
I). The six-carbon-atom segment between the terminal
urea moieties had a three-line pattern, due to symmetry,
at 42.6, 28.9 and 26.5 ppm for the methylene carbon atoms
o, fand y to the terminal urea carbonyl atoms, respectively.
The thermolysis product 2a had a five-line pattern indictive
of urea-terminated poly(1,6-hexamethyleneurea)®. Terminal
urea carbonyl carbon atoms and internal urea carbonyl
carbon atoms were present at 161.2 and 159.6 ppm,
respectively (Figure 1). The six-carbon-atom segment
between the urea moieties had a three-line pattern at
42.6, 28.9 and 26.5 ppm for the methylene carbon atoms
a, B and y to the urea carbonyl atoms, respectively?.

Two additional, but smaller, carbonyl lines at 161.9 and
163.0 ppm have not yet been identified. However, the
163.0 ppm line is consistent with urea. This thermolysis
sequence resulted in the polymerization of 1 to 2.
Quantitative carbon-13 n.m.r. (based on the relative
heights of the terminal and internal urea carbonyl carbon
atoms?) indicated that M, had increased from 202 (1) to
538 gmol ! (2a) (Table I).

When characterized by d.s.c., 1 had a melt endotherm
centred at 190°C. However, an additional broad, multiple
endotherm was observed between about 210 and 270°C
(Figure 2). This multiple endotherm was a consequence
of the oligomers formed by molecular-weight advance-
ment during further heating, since the carbon-13 n.m.r.
spectrum of 1 indicated no higher-molecular-weight
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Figure 1 Carbon-13 n.m.r. spectra of carbonyl region
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Figure 2 Ds.c. traces of N,N’-(1,6-hexanediyl)bisurea and its
thermolysis products

Table 1 Thermolysis conditions of N,N'{1,6-hexanediyl)bisurea and product characterization

Carbon-13 n.m.r. data

Vacuum oven D.s.c. data
Polymer/
Temperature Weight Melting AH, M, cyanuric acid
Sample “C) loss (%) point (°C) dgh (g mol™1) (wt ratio)
1 - - 190 190.0 202 -
2a 203-204 1.5 220 47.7 538 97.6/2.4
2b 225-228 19.0 243 67.5 1283 85.3/14.7
2c 249-250 225 254 61.3 3500 80.1/19.9
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oligomers (lack of line at 159.6 ppm). Thermolysis
product 2a gave a d.s.c. trace with a multiple endotherm
observed between about 210 and 230°C (consistent with
oligomer formation); 1 was absent. A small amount of a
higher-melting impurity was detected as a melt endotherm
centred at 372°C (conmsistent with cyanuric acid).
Unfortunately, SEM results indicate the 2 made by the
above process does not possess the spiral fibre bundle
morphology useful in polyurethane reinforcement-2.

This reaction sequence was studied further by heating
1 at 225-228°C (2b) and at 249-250°C (2¢) in a vacuum
oven (Table I). The semicrystalline, urea-terminated
poly(1,6-hexamethyleneurea) oligomers were formed at
increasingly higher M, (2b, M,=1283; 2¢c, M, =3500 ¢
mol™!) and had increasingly higher melting points as
melt reaction temperatures were increased. When the
reaction proceeded to an oligomer composition with a
melting point above the reaction temperature, oligomeriz-
ation rates were reduced considerably. However, cyanuric
acid was present in larger quantities as reaction
temperatures were increased. Cyanuric acid was indicated
by an additional line in the carbon-13 n.m.r. spectrum
(methanesulfonic acid) at 151.2 ppm (Figure 1), identical
to the known material. No other significant lines were
present. Thermolysis products 2b and 2¢ were confirmed
to contain cyanuric acid by the FTir. spectra and by
ds.c. melt endotherms at 377°C. Cyanuric acid was
formed by the high-temperature trimerization of isocyanic
acid. This is similar to the commercial process where urea
is heated (200-300°C) to produce isocyanic acid, which
trimerizes to cyanuric acid!®.

Poly(1,6-hexamethyleneurea) is reported to have a
melting range from 270 to 300°C**~!2 and to be thermally
stable to about 350°C'*. However, urea-terminated
poly(1,6-hexamethyleneurea) decomposes slowly at its
melting point (about 270°C)*%,

The urea cleavage method is an important phosgene-
free isocyanate synthesis'®. These thermal decomposition
reactions are typically carried out on trisubstituted ureas
in the vapour phase at temperatures between 135 and
500°C in the presence of acidic materials to produce the
corresponding amines and isocyanates'’. The liquid-
phase decomposition of di- and trisubstituted ureas to
isocyanates has been carried out in the presence of acidic
materials to interact with amine by-products®18-2°, In
one report, a solvent was used at 230°C2!. It has been
reported that compound 1 has been heated in a sealed
tube at 206°C both neat and in toluene for 17 h to yield
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an unidentified material that was not poly(l,6-hexa-
methyleneurea)®?. As shown in this communication,
oligomerization of 1 and 2 is driven by loss of ammonia
and isocyanic acid under thermolysis conditions, a
process that is negated in a sealed tube.
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