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On the physical crosslinking of amine-extended polyurethane urea 
elastomers: 
A crystallographic analysis of bis-urea from diphenyl methane-4-isocyanate 
and 1,4-butane diamine*)**) 

L. Born and H. Hespe 

Zentrale Forschung und Entwicklung (Central Research and Development), Bayer AG, Leverkusen, West Germany 

Abstract: The substance under investigation is taken as a model for hard segments consist- 
ing of MDF) and 1,4-butane diamine. It crystallizes in the triclinic space group P I with a 
= 4.6297; b = 5.8259; c = 25.286 A; c~ = 90.721; ~ = 91.580; y = 102.90 degrees and Z = 
1. Bond distances and angles are given, together with some data on the conformation. 

The most significant finding is that neighbouring molecules in one and the same plane 
are linked to one another by means of bifurcated hydrogen bonds. 

A comparison with the corresponding data for an analogous bis-urethane provides a 
plausible explanation of the main differences between diamine and glycol extension in 
polyurethane elastomers. 
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1. Introduction 

It has been known for some time that polyurethane 
elastomers with diamines as chain extenders retain 
their elastic properties up to very much higher temper- 
attires than is the case with polyurethane elastomers 
which are produced using diols. The reduction in the 
modulus of elasticity brought about by increasing tem- 
perature is also much less with amine-extended pro- 
ducts. In many cases there is even an increase in the 
modulus - a feature which is also typical of chemically 
crosslinked elastomers (fig. 1). 

The greater heat stability of hard segments of diiso- 
cyanates and diamines is exploited, for example, in the 
production of elastic fibres with very short hard seg- 
ments, which yield elastic products having excellent 
recovery. Experience shows that replacing the diamine 
by a glycol, while otherwise leaving the formulation 
unchanged, leads to plastic products which cannot be 
used for the production of elastic fibres. 

*)  1,1'-tetramethylene-bis-[[3-(4-phenyl methyl)-phenyl]- 
urea] 

**) Dedicated to Prof. Dr. R. Bonart on the occasion of his 60th 
birthday 

1) MDI = diphenylmethane-4,4'-di-isocyanate 

K 874 

For many fields of application, a mayor disadvan- 
tage of amine extension is that the elastomers fre- 
quently lack thermoplastic processability. 
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Fig. i a. Shear modulus of polyurethane elastomers with different 
hard segments; a: 1,5-naphthylene diisocyanate + 1,4-butanediol; 
b: 1,6-hexamethylene diisocyanate + 1,4-butanediol; c: 4,4'-diphe- 
nylmethane diisocyanate + 1,4-butanediol; d: MDI + hydroquino- 
ne bis(2-hydroxyethyl) ether; Soft segment of all samples: (ethylen- 
glycol/butanediol) adipate 



336 Colloid and Polymer Science, Vol. 263 �9 No. 4 (1985) 

Shear Modulus 
G [MPa] 
103" 

102- 

101 - 

1 0  o - 

- 00 40 6 160 1;0 260 
Temperature T [~ 

Fig. 1 b. Shear modulus of an amine-extended elastomer; hard seg- 
ment: MDI + aromatic diamine; soft segment: as in figure I a 

The aim of this paper is to explain the reason for 
these differences in behaviour by means of crystallo- 
graphic analysis of a bis-urea which serves as a model 
for a hard segment consisting of MDI and 1,4-butane 
diamine. For purposes of comparison, the results of 
previous analyses on a bis-urethane are quoted [1, 2]. 

2. Experimental section 

The model substance under investigation is a bis-urea produced 
by reacting diphenyl methane-4-isocyanate with 1,4-butane dia- 
mine. It was produced in the same way as the bis urethane which is 
described in greater detail in [2]. 

The structural formula is shown below: 

I I I I  N--C--N--JCH~I --N--C--~ CH 
\ ~  j / /  ~ \ ~  j /  II L L..J 4 ~ 1 \ ~  j /  2 \'% j /  

~ 0 H H ~ J "  

Crystals of sufficient size were obtained from a DMF soiution. 
The quality of the crystals used was checked by means of some 
Weissenberg and rotating crystal photographs which also provided 
initial information on the symmetry of the crystals. The six lattice 
parameters and the reflection intensities were determined on a 
CAD 4 four-circle diffractometer (from Enraf-Nonius), coupled 
on-line to a PDP-11/23 computer, with 25 reflection positions being 
located, centred and indicated. In view of the symmetry of the space 
groups, and the number of molecules per ceil, it was only necessary 
to determine the atomic coordinates of one half of the molecule. 

Direct methods [3] were used to determine the structure. The 
urea, phenyl and phenyl methyl groups have been introduced into 
the calculation of the normalized structure factors (E-values). The 
320 largest of them yielded 4,703 phase relationships, of which 
4,395 were used. Further details, together with the atomic coordi- 
nates, are to be published in a separate paper. 

Table 1. Crystallographic data 

Substance bis-urea bis-urethane 

Molecular formula C32H34N40 2 C32H32N20 4 
Molecular weight (g/mol) 506.65 508.624 
Crystal system triclinic mor~octinic 
Space group P [ P 21/b 
Lattice constants (A) a = 4.6297 5.1031 

b = 5.8259 6.7354 
c = 25.2861 39.628 

Lattice constants (degree) a = 90.721 85.948 
/~ = 91.580 90.0 
y = 102.900 90.0 

Cell volume (A 3) V = 664.4 1358.7 
Molecules per cell Z = 1 2 

3. Results and discussion 

In the following section, the results of this analysis 
are set out and compared with the corresponding data 
of the analogous bis-urethane of diphenyl methane-4- 
isocyanate and 1,4-butane diol, which was the subject 
of a previous investigation. 

From table 2 it is clear that the bond distances do not 
differ noticeably from the values given in the literature. 
The only difference is that the C = O double bond is 
slightly extended unlike that of the bisurethane. In the 
urea group, the N - C  bond distance adjacent to the 
phenyl ring is 0.03 3, larger than the normal value for 
urea. The reason for this is probably the bonding of this 
nitrogen atom to a further atom (an aromatic C (sp 2) 
atom). Apart from the C = O double bond, there are 
no appreciable differences between the bis-urethane 
and the bis-urea as far as bond distances are concerned. 

The bond angles of the bis-urea also correspond 
broadly to the values given in the literature. In most 
cases the bond angles of the bis-urethane are smaller, 
which also agrees with the literature. The very small 
angle at the carbon atom of the carbonyl group 
(110.3 ~ can be explained, according to Gillespie [4], 
by the pressure of the double bond on the neighbou- 
ring single bonds. The tetrahedron angle at the central 
C-atom of the diphenyl methane group is clearly 
enlarged. The slight differences between the bis-urea 
and the bis-urethane should not be overestimated, 
because the outer benzene ring is subjected to strong 
thermal motions, which reduce accuracy when deter- 
mining its atomic coordinates. 

In addition to the benzene rings, the urea group and 
the chain extender sequence N - ( C H 2 ) 4 -  N can be 
termed largely "planar", and as such are completely 
analogous to the corresponding structural features of 
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Table 2 

Bond Distances Bond Angles 
(A) 
urea urethane urea urethane 

H16"H17,~[~ 16" d ( C = O )  1.238 1.215 

k , A  H17 1.526 1.518 
C16 ~ H16 

H8 

H14~ C15H15 1 . 5 0 9  1 . 4 9 8  

H9 

N2( ~ H2 ~ 

C14 

N1 

C10 

312 

HI 

~H10 

1 

1.454 1.444 

1.388 1.344 

1.363 1.342 

1.415 1.418 

114.49 ~ 111.3 ~ 

111.61 ~ 107.5 ~ 

120.61 ~ 115.5 ~ 

116.23 ~ 110.3 ~ 

124.25 ~ 126 ~ 

H13 
C131 H3 

H1 2 

C1 

C2 

H6 

113.8 ~ 115 ~ 

For the bis-urethane the N2H2 group has to be substituted by Oxygen 

bis-urethane. Table 3 shows the angles between some 
of the "best planes". 

Table 3. Angles between the best planes 

bis-urea bis-urethane 

72.2 85.5 

45.4 

Phenyl (outer)/phenyl (inner) 

Phenyl ( i n n e r ) / N -  C O  - N  
Phenyl ( i n n e r ) / N -  C O  - O 

N -  C O  - N / N -  (CH2) 4 - N 
N -  C O -  O / O  - ( C H 2 )  4 - O 

6.5 

27.6 

9.6 

This comparison shows two remarkable discrepan- 
cies: the angle between the two phenyl rings is conside- 
rably smaller in the case of the bis-urea, while the angle 
between the inner phenyl ring and the neighbouring 
urea group is considerably greater than the correspon- 
ding angle with bis-urethane. 

Figure 2 shows the arrangement of adjacent mole- 
cules linked together by hydrogen bonds, while figure 
3 shows the corresponding positions of adjacent mole- 
cules which are not linked by hydrogen bonds. 

It can be seen from figure 2 that, with bis-urethane 
and with bis-urea, a planar system of hydrogen bonds 
exists. Contrary to Bonart's earlier ideas [5], however, 
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Fig. 2. Arrangement of adjacent molecules, with hydrogen bonds in 
the drawing plane; a: bis-urea; b: bis-urethane 

bis-urea in fact features two bifurcated hydrogen 
bonds; in other words each carbonyl oxygen is bonded 
to both the N -  H dipoles of the opposite urea group. 
This statement is substantiated by the heteromolecular 
distances given in table 4. 

The practically symmetrical arrangement of the car- 
bonyl oxygen between the two N -  H protons of the 
adjacent molecule, and the stronger interaction be- 
tween adjacent molecules in the bifurcated hydrogen 
bonds lead to a noticeably tighter packing of the chains 
(cf. the C~ - C~ distances). As a resuk of this, the dis- 

Fig. 3. Arrangement of adjacent molecules, with hydrogen bonds 
perpendicular to the drawing plane; a: bis-urea; b: bis-urethane 

tance between the two adjacent phenyl rings is also 
reduced. The tighter packing of the phenyi rings is 
made possible by a greater indination towards the as- 
sociated urea group (45.4 ~ with bis-urea compared 
with 27.6 ~ with bis-urethane; cf. table 3). 

The increase in the C = O bond distance with bis- 
urea (cf. table 2) is due to the influence of the neigh- 

Table 4. Heteromolecular distances 

bis-urea bis-urethane 

C, -C ' I  
Ci - 02 
H1 - 02 
H 3  - 02 
N1 - 02 
N3 - 02 

4.63 A 
3.39 
2.27 
2.14 
2.96 
2.88 

cl O . . . .  

5.10A 
3.94 
2.08 

2.98 
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bouring N - H  groups. From the available data, 
however, it is not possible to infer the extents to which 
a) the intra-molecular influences and b) the inter- 
molecular influences contribute to this effect. Supple- 
mentary IR and DSC measurements were therefore 
carried out. 

IR measurements 

A Digilab FFS 15 E Fourier Transform Spectrometer was used 
for these measurements. The two substances were measured both 
in crystalline form aud dissolved in DMSO. The crystals were exa- 
mined using the FMIR method with a germanium crystal. In the 
case of bis-urethane, the concentration of the solution was 10 mg/ 
mI, while with bis-urea the solution was saturated. The irradiated 
layer was 0.2 mm thick. In both cases the spectrum of the solvent 
was subtracted. 

Figures 4 a and 5 a show the spectra of the two 
model compounds in the crystalline state, and figures 
4 b and 5 b show the spectra of the solutions. The wave 
numbers of the C = O stretching vibration are given in 
table 5. 

Even in solution, the wave number (frequency) of 
this stretching vibration is less with bis-urea than with 
bis urethane, a fact which is contributable to the influ- 
ence of the neighbouring N -  H groups within a mole- 
cule, and perhaps also to interaction with the solvent. 
The transition to the crystalline state causes the band to 
shift by 68 c m  -1 in the case of bis-urea, i. e. by more 
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Fig. 4b. Infrared spectrum of bis-urea, dissolved in DMSO 
(DMSO spectrum subtracted) 

than twice as much as with bis-urethane. This effect 
must be attributed to the stronger interaction between 
the molecules of the bis-urea. 
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Fig. 4 a. Infrared spectrum of bis-urea crystals 
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Fig. 5 a. Infrared spectrum of bis-urethane crystals 
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Fig. 5 b. Infrared spectrum of bis-urethane, dissolved in DMSO 
(DMSO spectrum subtracted) 

Table 5. Wave numbers of the carbonyl stretching vibration 

)~c=o (cm -1) 
Crystal Solution A Jl 

bis-urea 1,627 1,695 68 
bis-urethane 1,694 1,722 28 

Differential scanning calorimetry 
The Perkin-Elmer DSC-2 was employed, using standard alumi- 

num sample pans. The heating rate was 20 K/min, and the sample 
mass 1 rag. All the measurements were conducted under nitrogen. 

Figure 6 shows the DSC diagrams obtained. Table 6 
lists the values for melting temperature Tin, latent heat 
of fusion AH and entropy of fusion AS which were 
determined. 

Table 6. Thermal data 

{ cal / 
Tm AM (cal/g) AS ~g. K] 

~ K 

bis-urea 254 527 40.5 7.7.10 -2 
bis-urethane 161 434 31.4 7.2- 10 -2 
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Fig. 6. DSC scans of bis-urea and bis-urethane; heating rate: 20 K/min; sample mass: 1 mg 
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it is clear that the entropy of fusion is practically the 
same for both compounds, which was to be expected 
in view of their very similar structures. The higher 
melting point of the bis-urea is therefore due mainly to 
the greater interaction energy between the molecules 
(latent heat of fusion). This finding conf~rms the con- 
clusions reached on the basis of the IR spectra. 

4. Concluding remarks 

The most important finding here is the appearance 
of the bifurcated hydrogen bonds, and the strong inter- 
action which results between neighbouring urea 
groups in the crystal. This accounts for the greater heat 
stability of the bis-urea crystals compared with those 
of the corresponding bis-urethane. 

Analogous effects can also be observed when com- 
paring the hard segments in amine and glycol-extend- 
ed segmented elastomers. With the former, the melt- 
ing temperature of the hard segments is frequently so 
high that they cannot be melted without decomposing. 
To sum up, therefore, it can be said that amine-extend- 
ed etastomers, as a resuk of the extremely strorig inter- 
action of their hard segments, fill the gap between clas- 
sical thermoplastic elastomers and chemically cross- 
linked rubber. 
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