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Abstract: Novel synthetic methods for polyureas from diamines and CO; using ionic liquids as both
catalysts and solvents or Cesium salts as catalysts in NMP were developed, instead of the conventional
methods using toxic monomers such as diisocyanates and phosgene. Among
1-methyl-3-butylimidazolium-type ([bmim]) ionic liquids, [bmim][Cl] was most effective to give
polyurea with inherent viscosity of 0.17~0.23 dL/g at 170°C for 36h from various aliphatic diamines
and CO2 (3MPa). However, aromatic diamine could not be used as monomer in this polymerization.
Among various cesium salts, cheaper Cs2COs with NMP as solvent was more suitable catalytic system
to provide polyurea with inherent viscosity of about 0.56 dL/g in high yield at higher temperature
(190 'C) for 36h from 1,6-hexamethylenediamine and CO. (4MPa). It was found that the use of
Cs2COs3 (10mol%) could provide desired polyureas with higher molecular weights compared with the
use of [bmim][Cl], even though the polymerization condition was severe.
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1. Introduction

Polyureas are a class of polymers that have excellent physical and chemical properties, such as good
thermal stabilities, flexibilities, abrasive resistances, and age resistances.  Corrosion protection is
considered as an important application for the polyurea materials. Polyureas were prepared mainly
by two synthetic methods!.  One is the polyadditions of high reactive diisocyanates with diamines.
Another is the polycondensations of phosgene and diamines. As diisocyanates and phosgene are highly
toxic compounds, the developments of safe and environmentally friendly methods for the synthesis of
polyureas are desirable.

Carbon dioxide (CO») is a easily available renewable carbon resource, which has the advantages of
being nontoxic, abundant, and economical. COsz is also attractive as an environmentally friendly
chemical reagent and is especially useful as a phosgene substitute. A lot of research has been
conducted on reaction using COz as a raw material to produce methanol, carboxylic acids, organic
carbonates, carbamates, and ureas>. Among these products, urea, as one of the most important bulk
chemicals, was first industrialized in the 1920s from ammonia and CO2}. As COsz is a relatively inert
molecule, drastic conditions (200°C, and CO; pressures higher than 10MPa (100 atm) or the presence
of stoichiometric amounts of bases, such as DBU*% and dehydrating agents such as
dicyclohexylcarbodiimide’, MesNSOs¢, or diphenylphosphite’.  Ureas have also been prepared
catalytically in fair yields using ionic liquids (ILs) and cesium salts®-!!.
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Herein, we will show a new process for the synthesis of polyureas from diamines and CO: with ILs
and Cs salts as catalysts (Scheme 1).

0)
cat. I
H,N-R-NH, + CO, W %NH—R—NHC}‘ (1)
n

2. Results and Discussion

In an initial approach, the polymerizations of 1,6-hexamethylenediamine and CO> using catalytic
amounts of 1-methyl-3-butylimidazolium-type ILs ([bmim][X]) or Cs salts in N-methylpyrrolidone
(NMP) as reaction mediums were carried out (Scheme 2). The results were shown in Table 1.

catalyst / NMP Q
H2N_(CH2)6_NH2 + C02 > NH_(CH2)6_NH_C (2)
n
When no catalyst was used, the urea forming reaction did not proceed and polymer was hardly

obtained. Ionic liquids and Cs salts except for cesium chloride provided the desired polyureas in
moderate to high yields. In particular, [bmim][Cl], cesium hydroxide, and cesium carbonate were
effective for this polymerization of diamines and CO.. In next sections, further studies were
accomplished for each catalyst to discuss the optimum polymerization conditions in detail.

Table 1 Effect of ionic liquids or Cs salts on the polymerization
of 1,6-hexamethylenediamine and CO, in NMP ?

ILs or Cs salts Yield (%) n inh (dL/g) ®
— 3 —
[bmim][CI] 43 0.22
[bmim][Br] 39 0.20
CsF 35 0.07
CsCl 2 —
CsOH 72 0.29
Cs2CO3 63 0.31

a) conditions : 1,6-hexamethylenediamine (6.0mmol), CO> (4MPa),
ILs or Cs salts (25mg), NMP (2mL) at 70°C for 36h. b) Measured
at a concentration of 0.5 g/dL in H2SO4 at 30°C.

2-1) Synthesis of Polyureas using Ionic Liquids

The polymerizations of 1,6-hexamethylenediamine and CO» were carried out in various mixtures of
[bmim][CI] and NMP (Table 2). Total amount of solvents were kept in about 2mL to prevent the
change of the striring.  The yields of obtained polyureas increased with the increase of amount of
[bmim][CI] in the mixtures. Even in the use of only [bmim][Cl] without NMP, the polymer could be
obtained in high yield and its molecular weight was the highest. It was found that [bmim][CI] could
act as both catalysts and medium to provide polyureas.
Other [bmim]-type ionic liquids such as [bmim][Br], [bmim][OH], [bmim][BF4], and [bmim][PFs]
were used as medium for the polymerization (Table 2). Whereas [bmim][PFs], [bmim][BF4], and
[bmim][AcO] with low Lewis basicity gave the polyureas in low yields, [bmim][Cl] and [bmim][Br]
with high Lewis basicity provided polymers with higher molecular weights in high yields.

Table 2 Effect of amount of [bmim][Cl] on the polymerization of
1,6-hexamethylenediamine and CO; in NMP #
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[bmim][Cl] (mL) NMP (mL) Yield (%) n inh (dL/g) ®
0 2.0 3 —
0.03 2.0 43 0.22
0.5 1.5 67 0.13
1.0 1.0 84 0.22
2.0 0 73 0.25

a) conditions : 1,6-hexamethylenediamine (6.0mmol), CO: (4MPa) at 170°C
for 36h. b) Measured at a concentration of 0.5 g/dL in H2SO4 at 30°C.

Table 3 Effect of ionic liquids on the polymerization of
1,6-hexamethylenediamine and CO; ?

Ionic liquids Yield (%) ninh (dL/g) ®
[bmim][C1] 73 0.25
[bmim][Br] 70 0.19
[bmim][OH] 50 0.06
[bmim][AcO] 3 —
[bmim][BF4] 28 0.10
[bmim][PF¢] 4 —

a) conditions : 1,6-hexamethylenediamine (6.0mmol), CO>
(4MPa), ionic liquids (2mL) at 170°C for 36h. b) Measured
at a concentration of 0.5 g/dL in H2SO4 at 30°C.

Using [bmim][Cl], the effect of temperature on the polymerization was investigated. =~ As shown in
Figure 1, temperature more than 160 °C were at least necessary to provide the polyureas. The
polymerization at 170 °C  gave the polyurea with the inherent viscosity of 0.14 dL/g in 95%.
Therefore, further polymerization were carried out at 170°C.
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of 1,6-hexamethylenediamine and CO2 (4MPa)in  polymerization of 1,6-hexamethylenediamine
[bmim] [C1] for 36h. and CO2 in [bmim] [Cl] at 170°C for 36h.

All polymerizations were carried with under high pressure of CO; in the stemless tube as the
polymerization vessel. Lower initial pressure of CO, than 1MPa (about 10 atm) gave no polymer.
The increase of the initial pressure caused the higher of the inherent viscosities of obtained polyureas
as shown in Figure 2. The polymer with the highest molecular weight could be obtained under 3
MPa of CO,.

Under the optimum condition obtained above, various kinds of diamines reacted with CO; in
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[bmim][Cl1] at 170°C for 36h (Table 4). Aliphatic diamines such as 1,6-hexamethylenediamine and
1,8-diaminooctane could provide polyureas in high yields. = Benzylamine-type diamines such as
p-xylylenediamine and m-xylylenediamine gave polymers with lower molecular weights in low yields.
Aromatic diamines such as 4,4’-methylenedianiline gave no polymer, because of low nucleophlicity of
aromatic amines.

Table 4 Polymerization of various diamines with COz in [bmim][Cl] ?

Diamines Yield (%) ninh (dL/g) ®
1,6-Hexamethylenediamine 81 0.17
1,8-Diaminooctane 75 0.23
p-Xylylenediamine 28 0.13
m-Xylylenediamine 19 0.05
4,4’-Methylenedianiline 0 -

a) conditions : diamines (6.0mmol), CO, (3MPa), [bmim][Cl] (2mL) at

170°C for 36h. b) Measured at a concentration of 0.5 g/dL in H>SO4 at

30C.
2-2) Synthesis of Polyureas in [bmim][Cl] with Cs Salts
Various Cs salts and potassium hydroxide, which were effective in NMP as solvents, were added to the
polymerization solution of 1,6-hexamethylenediamine and CO; (4MPa) in [bmim][Cl]. The increase
of yields and the inherent viscosities of polyureas prepared with any Cs salts were not observed, as
shown in Table 5. On the contrary, large amount of CsOH decreased both the yield and the molecular
weight of obtained polymer.

Table 5 Polymerization of 1,6-hexamethylenediamine and
CO; in [bmim][CI] with Cs salts 2

Cs salts Yield (%) ninh (dL/g) ®
— 73 0.25
CsF 80 0.25
CsOH 84 0.24
CsOH ¢ 71 0.16
Cs:CO; 77 0.20
KOH 82 0.10

a) conditions : 1,6-hexamethylenediamine (6.0mmol), CO>

(4MPa), [bmim][Cl] (2mL), Cs salts (0.17mmol) at 170°C

for 36h. b) Measured at a concentration of 0.5 g/dL in

H>SO4at 30°C.  ¢) Cs salts (1.0mmol)
2-3) Synthesis of Polyureas using Cs Salts

Among four kinds of Cs salt as shown in Table 1, CsOH and Cs2CO;3; were the effective catalysts for

the polymerization of 1,6-hexamethylenediame and CO; to give the polyureas with the moderate
inherent viscosities in moderate yields. The difference of catalytic abilities between both CsOH and
Cs2COs are not clear judging from the yields and the inherent viscosities of obtained polyureas.
Using various amounts of CsOH and Cs2COs, the polymerizations of 1,6-hexamethylenediamine and
CO: in NMP were carried out at 170°C for 36h. Figure 3 shows the effect of amount of CsOH on the
polymerization. Even in the use of same amounts of CsOH, constant values could not be obtained,
mainly because CsOH absorbed readily water during the measurement of weights. As shown in
Figure 4, Cs2CO3 shows clear tendency in the yields and molecular weights of obtained polymers.
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10mol% of Cs2COs3 based to diamines gave the highest yield of 79% and the inherent viscosity of 0.3
dL/g. It has been thought that Cs>COs is the suitable catalyst than CsOH for this polymerization.

Figure 3 Effect of amount of CsOH on Figure 4 Effect of amount of Cs2CO3 on
polymerization of 1,6-hexamethylenediamine polymerization of 1,6-hexamethylenediamine
and CO2 (4MPa) in NMP at 170°C for 36h. and COz (4MPa) in NMP at 170°C for 36h.

The effect of temperature on the polymerization with 10mol% of Cs;CO3 in NMP was investigated.
As shown in Figure 5, the increase of temperature from 160°C increased both yields and the inherent
viscosities of obtained polyureas. According to the ability of heating system to keep temperature
constant, further polymerization were carried out at 190°C.

Figure 5 Effect of temperature on polymerization
of 1,6-hexamethylenediamine and CO, (4MPa)
with Cs;CO3 (10mol%) in NMP for 36h.

Using eight solvents, which could absorb CO», the polymerization of 1,6-hexamethylenediamine and
CO> were carried out at 190°C for 36h (Table 6).  The solvent with higher boiling temperature such
as hexamethylphosphoric triamide and NMP gave the polyureas with higher molecular weight.

Table 6 Effect of polymerization solvents on the polymerization of 1,6-hexa-
methylenediamine and CO; with Cs2CO3 ?

Solvents b.p. (C) Yield (%)  minh (dL/g) ®
Hexamethylphosphoric triamide 235 90 0.53
1,3-Dimethyl-2-imidazolidinone 225.5 35 0.30

N-Methylpyrrolidone 202 90 0.56
N,N-Dimethylformamide 189 52 —¢
N,N-Dimethylacetamide 166 trace —
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Dimethyl sulfoxide 153 55 0.11
pyridine 115 6 0.08
acetonitrile 82.1 53 0.09

a) conditions : 1,6-hexamethylenediamine (6.0mmol), CO, (4MPa), solvent

(2mL), Cs2COs3 (10mol%) at 190°C for 36h. b) Measured at a concentration

of 0.5 g/dL in H,SO4 at 30°C. c¢) partially soluble in H2SOa.
3. Conclusions

Due to both environmental and safety concerns, novel synthetic methods for polyureas without the

use of irritant diisocyanate or toxic phosgene are necessary. It has been known that urea bonds
could be prepared from aliphatic amines and CO>, which is cheap and stable material, by the use of
ionic liquids and/or Cs salts as catalysts. In this study, the synthesis of polyureas from diamines and
CO; with ionic liquids as both catalysts and solvents or Cs salts as catalysts in NMP was investigated
in detail. Among 1-methyl-3-butylimidazolium-type ([bmim]) ionic liquids, [bmim][Cl] was most
effective to give polyurea with inherent viscosity of 0.17~0.23 dL/g at 170°C for 36h from various
aliphatic diamines and CO, (3MPa). Among various cesium salts, cheaper Cs,CO3; with NMP as
solvent are most suitable catalytic system to obtain polyureas with inherent viscosities of about 0.56
dL/g in high yields at higher temperature (190 °C) for 36h from 1,6-hexamethylenediamine and CO»
(4MPa). It was found that the use of Cs>CO;3; (10mol%) could provide desired polyureas with higher
molecular weights compared with the use of [bmim][Cl], even though the polymerization condition
was severe.
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