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ABSTRACT: The X-ray structure of a derivative of urazoylbenzoic acid, i.e., 4-(l-but-l-en-3-yl-3,5-dioxo- 
1,2,4-triazolidin-4-yl)benzoic acid (I) proves the formation of an association polymer via intermolecular hydrogen 
bonding between either two carboxyl or two urazoyl groups. In addition, the X-ray structure shows the 
formation of an unusual dipole-dipole interaction between two antiparallel-oriented carbonyl groups of the 
heterocycle which has not been observed so far. The distance between the antiparallel-oriented carbonyl 
groups is only 2.980 A. By the combination of hydrogen bonds and this dipole-dipole interaction, a two- 
dimensional highly ordered assembly of six-membered supramolecular rings is formed, where each of these 
supramolecular rings is built by six molecules of 1 interlinked by six noncovalent interactions. Such two- 
dimensional layers act as extended junction zones in substituted polydienes and explain the unusual me- 
chanical properties of these materials. 

Introduction 
Due to their high reactivity in ene reactions, 4- 

substituted 1,2,4-triazolidin-3,5-diones have been used as 
modifying agents for various polydienes.' This polymer 
analogous reaction proceeds rapidly at  room temperature 
up to conversions >90 mol % . At low degrees of substi- 
tution the highly polar 4-substituted urazole groups (4- 
R-3,5-dioxo-1,2,4-triazolidin-l-yl groups) are attached 
statistically along the polymer chain. In the case of R = 
-C& binary hydrogen bond complexes are formed 
between the urazole groups,1g2 leading to a thermorevers- 
ible network. These systems are useful as model systems 
for ionomers, because the degree of substitution is well- 
defined and the number of effective hydrogen bond 
junctions can be determined quantitatively from IR 
spectroscopy.2elf If polybutadiene is modified with the 
corresponding benzoic acid derivative 4-(3,5-dioxo-1,2,4- 
triazolidin-4-y1)benzoic acid (2), each of the functional 
groups attached to the polymer is capable of forming two 
hydrogen bonds. Both {acid:acidJ and (urazole-urazole) 
as well as {urazole-acid) hydrogen bonds may form,3 
resulting in an association polymer in the unpolar poly- 
butadiene matrix (Figure la). On the basis of the unusual 
properties of these materials, which already are observed 
at  rather low degrees of substitution (0.5-5 mol %), we 
have postulated the formation of an ordered supramo- 
lecular structure by the lateral aggregation of such 
association chains (Figure lb ,  taken in part from ref 
Evidence of the formation of an ordered structure by the 
polar side groups came from differential scanning calo- 
rimetry (DSC),4blc+ small-angle X-ray ~ c a t t e r i n g , ~ ~ , ~ ? ~  IR 
spe~troscopy,~~~6 and mechanical measurements.481d From 
IR-dichroism experiments it has been concluded that only 
{urazole-urazole) and {acid:acid) dimers are forming the 
association polymers within the ordered clusters (Figure 
IC) .  

However, the question remains open how an ordered 
aggregation of such association polymers can be possible 
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Figure 1. (a) Formation of association polymers in statistically 
modified polybutadiene. (b) Schematic representation of a 
domain formed by association polymers, according to ref 4c. (c) 
Sketch of an association polymer formed by the urazoylbenzoic 
acid groups attached to polybutadiene." 

in a polymer matrix. Recall that two nonpolar polybu- 
tadiene chains of each repeating unit of such an association 
chain are emerging. To get a more detailed picture about 
the molecular organization of these polar side groups in 
the modified polymer, 2 was reacted with trans-but-2-ene 
to give 4-(l-but- 1-en-3-yl-3,5-dioxo-1,2,4-triazolidin-4-yl)- 
benzoic acid (1, Scheme I).' 

In the present paper we report on the crystal structure 
of 1.8 So far only Butler et al. reported the structure of 
a urazole derivative, the brominated addition product of 
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Figure 2. Structure of 1.8 Benzoic acid moiety (Ph-Ac): C=O, 
1.239 (6); C-OH, 1.271 (7) A. 3,5-Dioxo-1,2,4-triazolidin-l-yl (ura- 
zoyl) moiety (Ur): N-N, 1.404 (6); N-C, 1.366 (5);  (2-0, 1.204 
(6) ("dipolcarbonyl"; see Figure 3 and text); C-N, 1.394 (6); N-C, 
1.389 (6); C=O, 1.218 (6) ("H-bridge carbonyl"; see Figure 3 and 
text); C-N, 1.352 (6) A; torsionalangles +13.1(6),-10.6 (5 ) ,  +4.8 
(6), +3.1 (6), -9.7 (6)' (close to planar, approximately c2 
symmetry). Butenyl moiety (Bu): end group =CH2, disordered. 
Torsion: AcversusPh,4.1 (3)';PhversusUr, 40.9 (3)'; Buversus 
Ur, 79.6 (5)'. 

Scheme I 

S- (-) -4- (a-methylbenzy1)- 1,2,4- triazolidin-3,Bdione with 
p r ~ p e n e . ~  However, as will be discussed below, the 
situation in the chiral molecule is very much different 
from the urazoylbenzoic acid derivative. 

Results and Discussion 
Figure 2 shows the structure of 1 in the crystal. In the 

following discussion we will distinguish between the car- 
boxylic acid (Ca), the phenyl ring (Ph), the urazoyl 
heterocycle (Ur), and the butenyl group (Bu). It is evident 
from Figure 2 that the carboxylic group and the phenyl 
ring are close to coplanar (torsional angle 4'). The 
heterocycle (Ur) is nearly planar with an approximated CZ 
symmetry. Bond distances and angles are in good agree- 
ment with the data reported by Butler et al.9 The torsional 
angle between Ur and Ph  is 40.9O.'O In the butenyl part 
(Bu) the final methylene unit is crystallographically 
disordered. Bu has a torsional angle with respect to Ur 
of 79.6O; i.e., the butenyl moiety, which represents a small 
portion of a polybutadiene chain, is about perpendicular 
to the plane of the urazole ring. 

The >C(8)=O(4) carbonyl group in the neighborhood of 
N-H has a length of 1.218 A, which is slightly longer than 
the >C(9)=0(3) group. This already may be taken as an 
indication that the >C(8)=O(4) carbonyl group is involved 
in the hydrogen bond. Contrary to this result, Butler et 
al. reported a length of 1.185 A for the carbonyl 

carbonyl group analogous to >C(g)=O(3) and concluded 
from this that  a single hydrogen bond between 

Figure 3 shows the arrangement of 1 in the crystal. The 
intermolecular distances prove the formation of binary 
cyclic hydrogen bond complexes involving two hydrogen 
bonds between acid groups on the one hand and two - 
CONH- units of urazole rings on the other hand. The 

the neighborhood of the N-H group and 1.236 rp for the in 

>C(9)=0(3)...H-N(2) is formed." 

Figure 3. Sketch of the crystal structure of l.8 Threefold in- 
terlinking of 1 molecules (around three symmetry centers (SC): 
(I) Ac part (0-H--0 hydrogen bond, -OH, 0.85 (8) A; -OH 
-0,1.80 (7) A; O S O ,  2.616 (5) A; angle, OH. h.O=C 162 (8)'; 
SC at l/2,0,'/~ m), two times at the Ur ring. (11) >NH-O=C< 
- hydrogen bond, NH, 0.89 (8) A; >NI-GO=C<, 1.95 (9) A; >NH 
a .o-C, 2.820 (6) A; angles, >NH. A -O=C<, 164 (7)'; SC at O,l /z ,  
O(c). (1II)Dipole-dipoleinteraction: C=O=C,3.021(6)A;angle, 
>C=O- J .C 99.3 (3)'; SC at l/2,0,0 (d)).  Layer structure formed 
by a six-membered ring: one ring consisting of six molecules of 
1 + six noncovalent interactions = "supramolecular" analogon 
to graphite). 

hydrogen bond between the carboxylic acid groups - 
COO(1)H-.0(2')=C< has the following characteristic 
dimensions: -OH, 0.8 A; S O = C ,  1.8 A; OH;sO=C<, 
2.616 A. The two carboxylic groups are in a plane; the 
angle -OH*A*O= is 162O. These data are in excellent 
agreement with the structure of the hydrogen bonds of 
benzoic acid.12 In contrast to this, the five-membered ura- 
zole rings are not coplanar. The urazole rings are shifted 
parallel with respect t o  each other. The  two 
>N(2)H--0(4')=C(8)< hydrogen bonds have the following 
characteristics: >NH, 0.89 A; >NH-O=C, 1.95 A; >NH - SO+<, 2.82 A. The NH- A *O=C angle is 164'. Due to 
the parallel shift of the five-ring planes and the torsion 
between Ph  and Ur, the resulting association polymer 
resembles a stairway, formed by (acid:acidJ and 
(urazole-urazole) linkages. This is the "secondary struc- 
ture" that has been proposed for the association polymer 
in the polybutadiene matrix on the basis of IR-dichroism 
experimentsS6 The X-ray structure gives no evidence for 
further hydrogen bonds or r-r interactions between the 
phenyl rings. However, an unexpectedly small distance 
in combination with a geometry which has not been 
described so far13 is observed for the carbonyl groups 
>C(9)=O(3) which are not involved in hydrogen bonding: 
The two carbonyl groups form a parallelogram with an- 
tiparallel-oriented carbonyl groups. The distance between 
>C(9)-.0(3') is only 3.021 A. The angle C(9)=0(3). J .C(9') is 
99.3O; i.e., the two carbonyl groups form a slightly distorted 
rectangle with a distance of only 2.98 A between the an- 
tiparallel carbonyl groups. This distance is considerably 
shorter than the van der Wads distance, which is estimated 
to be on the order of 3.2-3.3 A for C-0. This low distance 
indicates a rather strong bonding dipole-dipole (Le., quad- 
rupole) interaction.'4 

In total the individual molecule 1 experiences three non- 
covalent interactions. Both binary hydrogen bond com- 
plexes as well as the quadrupole are located around 
crystallographic symmetry centers (Ac:Ac symmetry center 
(SC) at  l/z, 0, l/z; Ur..Ur (H-bridge) SC at  0, l / z ,  0; Ur-Ur 
(quadrupole) a t  l/z, 0, 0; locations with respect to the 
elementary cell dimensions). Six molecules of 1 form a 
ring, kept together via sixnoncovalent interactions. These 
rings represent the basic motif of a two-dimensional 
network involving three different types of interactions. It 
may be regardedas a supramolecular analogon to graphite. 
The X-ray structure gives no indication for any unex- 
pectedly low distance between two of these layers. The 

- 
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alkenylchains (Bu) are located alternating above and below 
this layer. 

Conclusions 
The two-dimensional supramolecular layer structure as 

given in Figure 3 represents the key to understanding how 
these polar groups, even if they are attached statistically 
along a polybutadiene chain, arrange in an ordered domain. 
Hydrogen bonds form the association chains; these are 
linked together via dipole-dipole interactions. The po- 
lybutadiene chains are located above or below this two- 
dimensional structure of the urazoylbenzoic acid units. 
However, the size of these supramolecularly ordered 
domains is limited due to topological constraints which 
result from the fact that the polar groups are attached 
statistically to the polymer backbone.15 

IR spectroscopy on amphiphilic molecules, which were 
obtained from the reaction of 2 with long-chain a-olefins, 
shows that the same type of supramolecular arrangement 
is retained, irrespective of the length of the olefin. Melting 
of these molecules is associated with the cooperative 
breakup of the quadrupolar interaction, while the hydrogen 
bonds are still intact to a major extent.14b 

In contrast to other supramolecular structures based 
on hydrogen bonding between low molar mass molecules,16 
the combination of hydrogen bond motifs with other 
directed noncovalent interactions like the dipole-dipole 
interaction in the present system provides additional 
degrees of freedom to design defined supramolecular 
structures. In the present system the functional groups 
are attached easily to chain molecules, and the formation 
of domains of highly ordered polar groups results in 
unexpected material properties. 

One main question is how sensitive this structure is with 
respect to the chemical structure of the urazole derivative. 
In parallel work we have shown that the formation of the 
supramolecular structure is suppressed if the urazoyl 
groups are shifted from the para to the meta position of 
the aromatic ring.17 On the other hand, by suitable 
variation of the substitution pattern, the stability of the 
supramolecular arrays can be further increased.lg Further 
variation may result in supramolecular structures which 
can be switched 0ptical1y.l~ In addition, such polymers 
carrying these types of interacting groups with a strong 
tendency toward cooperative self-organization are ex- 
pected to show a very peculiar behavior in dilute and sem- 
idilute solutions. 
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