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ABSTRACT: The molecular association complexes of aliphatic 6,n-ionenes: 
++CH2-¾-N$(CHs)2Br8-+CH2+,.-N$(CHs)2Br8~-, n=3, 4, 5, 6, and 10; with thio-
urea were obtained. Their elemental analyses were consistent with association of only 
one molecule of thiourea per quaternary ammonium nitrogen site. The IR spectra of 
the ionene complexes resembled the spectrum of the noninclusion-type 2 : I thiourea 
complex of hexamethylene-bis(cetyldimethylammonium) dibromide rather than that of 
the well-defined thiourea inclusion compound of cetyltrimethylammonium bromide. 
The IR band at 710-730 cm-1 turned out to be useful in distinguishing the ionic non
inclusion-type thiourea complexes from the inclusion compounds. The melting temper
atures measured by DSC lay between !30°C and 150°C. A typical even-odd alternation 
was recognized: when n was even, the melting temperature of a complex was higher 
by ca. 10°C than when n was odd. 
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The crystalline molecular complexes of poly
mers with urea (U) or thiourea (TU) can be 
dassified into several kinds. Polyethylene and 
aliphatic polyesters form so-called inclusion 
compounds ( or adduct) with U. 1 •2 Poly( ethyl
ene oxide), on the other hand, forms complexes 
with U and TU, which are not regarded as in
clusion compounds. 3 ' 4 The TU complexes of 
poly(vinylpyrrolidone) and poly(r-benzyl L-gluta
mate) are known, but their structures are un
,certain. 5 

this paper. Because aliphatic ionenes possess 
both relatively long methylene chains and many 
quaternary ammonium cation sites in the skele
tons, these polymers might give inclusion com
pounds and/or ionic-type complexes. 

As for ionic guest molecules, quaternary am
monium salts with a long alkyl chain, such as 
cetyltrimethylammonium bromide (CTAB), form 
inclusion compounds with TU. 6 The TU-com
plex of pyridinium bromide, C5H 5NHBr. 2TU, 
however, resembles the TU-complexes of metal 
halides, MX,4TU, as evidenced by X-ray dif
fractions. The nature of the hydrogen bonding 
of TU in these inorganic and pyridinium com
plexes are considered to be similar. 7 • 8 We refer 
to these complexes as ionic-type complexes, in 
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Figure 1. m, n-ionenes and their model quaternary 
ammonium compounds. 
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Recently, we found that the 6,n-ionenes of 
the general formula given in Figure 1 formed 
crystalline molecular complexes with TU. In 
order to elucidate the structures of the ionene
TU complexes, we examined their IR spectra 
and X-ray diffraction patterns and compared 
them with those of the TU complexes of CT AB 
and hexamethylene-bis(cetyldimethylammonium) 
dibromide (HBCD)-the former is a well-defined 
inclusion compound, 6 and the latter is an ionic
type complex with the stoichiometry of HBCD. 
2TU. 

EXPERIMENT AL 

Materials 
By the addition polymerization of N, N, N', 

N'-tetramethylhexamethylenediamine and a,w
dibromoalkanes, 6,n-ionenes (n=3, 4, 5, 6, and 
10) were prepared. 9 Intrinsic viscosities of these 
polymers measured in 0.4-M KBr aqueous so
lutions at 25.0°C were 0.17 dl/g (6,3-ionene), 
0.20 (6,4-), 0.30 (6,5-), 0.25 (6,6-), and 0.28 
(6,10-). The molecular weight of the 6,6-ionene 
was calculated to be 3.1 X 104 from the [17]-.M~ 
relationship of 6,6-ionene reported by Casson 
and Rembaum. 10 

CTAB (commercial reagent) was recrystallized 
from ethyl acetate. HBCD was obtained by the 
reaction of N, N, N', N'-tetramethylhexamethyl
enediamine with cetyl bromide in ethanol. It 
was then recrystallized twice from ethanol. TU 
was recrystallized from methanol. 

Formation of Molecular Association Complexes 
Equal volumes of 1-% methanol solutions of 

each ionene polymer and 5-% methanol solution 
of TU were mixed at room temperature. The 
mixture was then placed in a refrigerator (ca. 
5°C) and allowed to stand for a week. The 
complexes of 6,3-, 6,4-, 6,5-, and 6,6-ionenes 
were obtained as milky precipitates. No pre
cipitation occurred in the solution containing 6, 
10-ionene and TU. In this case, a saturated 
TU solution was used in place of the 5-% TU 
solution, and the complex of 6, 10-ionene was 
obtained. The solution containing the milky 
precipitate was centrifuged and the solvent was 
decanted, and the remaining precipitate was 
washed with a small amount of cold methanol. 
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The mixture was centrifuged again and the solvent 
was decanted. Complexes which gave reproduci
ble values of elemental analyses were obtained 
after three repetitions of the above procedure, 
except in the case of the 6, 10-ionene complex. 
Preparation of the complexes using several dif
ferent TU or polymer concentrations was also 
examined. The compositions of the complexes 
were not affected by TU/polymer mole ratio. 

The complexes of CT AB and HBCD were 
made by the following method. In a 2-% 2-
propanol solution of TU, 1-% by weight of 
CTAB or HBCD was dissolved by heating, and 
the solution was allowed to stand for three days 
at room temperature. The CTAB complex and 
the HBCD complex crystallized as prisms and 
thin plates, respectively. 

Measurements 
IR spectra were recorded by the KBr disk 

method on a Perkin-Elmer 337 type spectropho
tometer. The spectra by the KBr disk method 
were compared with those by the nu jol mull 
method in order to examine the possibility of 
formation of TU complex with KBr. 11 No dif
ference was observed between the two spectra. 

The wide angle X-ray diffraction patterns of 
powdery samples were recorded on flat photo
graphic films by using a nickel-filtered Cu-Ka 
radiation. 

Thermal data (DSC) were obtained using a 
Rigakudenki differential scanning calorimeter. 
Powdery samples (6 mg) were used, and the 
heating rate was l0°Cfmin. 

RESULTS AND DISCUSSION 

The results of the elemental analyses of the 
complexes of 6,n-ionenes are shown in Table 
I together with those of the CT AB complex 
and the HBCD complex. The calculated values 
for the polymer complexes in Table I correspond 
to the structures in which one TU molecule 
associates with each quaternary ammonium ion 
site of the polymers (1 : 1 complex). The cor
respondence between the experimental and the 
calculated values was fairly good for four poly
mer complexes. We failed to get reproducible 
values of the composition of the 6,10-ionene 
complex owing to the difficulty in removing the 
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remaining free TU. This correspondence brought 
us to the hypothesis that the structures of the 
ionene complexes belonged to the category of 
ionic complexes, and that the polymer complexes 

had nearly 10096 crystallinity. We must keep 
in mind, however, that the mere coincidence 

of the average compositions of the ionene com
plexes with the assumed uniform structures does 
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Figure 2. IR spectra of CT AB complex and HBCD complex. The broken lines show the 
spectra of their component materials. 
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Figure 3. IR spectra of TU, 6,6-ionene, and 6,6-ionene complex. 
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not necessarily rule out the possibility that only 
part of every ionene chain is included by TU 
and the remainder is almost bare. The calculated 

values of the CT AB complex and the HBCD 

complex in Table I correspond to the structures 

CTAB- lOTU and HBCD,2TU, respectively. 

Schlenck reported the relation between the chain 
length of a guest molecule and the number of TU 
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Table I. Elemental analyses of molecular complexes 

Calculated, % Found, % 
Complex 

C H N C H 

6,3-ionene 34.22 7.27 15.96• 33.09 7.27 
6,4-ionene 35.55 7.45 15.54 36.10 7.56 
6,5-ionene 36.82 7.63 15.15 36.20 7.60 
6,6-ionene 38.02 7.80 14.78 36.33 7.63 

6,10-ionene 42.29 8.39 13.45 
CTAB 30.95 7.34 26.14b 30.71 7.29 
HBCD 56.50 10.56 8.98< 56.30 10.56 

• Calculated for (CH2)s(CH2)n(CHs)4N2Br2·(CSN2H4)2 (n=3, 4, 5, 6, and 10). 
b Calculated for C16HssN(CHs)sBr-(CSN2H4)10. 
c Calculated for (C15Hss)2(CHs)4(CH2)sN2Br2 · (CSN2H•)2. 
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Figure 4. Comparisons of IR spectra of TU, 6,6-ionene complex, CTAB 
complex, and HBCD complex in the low-wave-number region. 
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molecules per guest molecule in the inclusion 
compounds of TU. 12 An application of this 
relation immediately reveals that the CTAB 
complex is an inclusion compound, but the 
HBCD complex is not. 

The IR spectra of the CTAB complex and 
the HBCD complex are shown in Figure 2, along 
with those of component materials. The spectrum 
of the CTAB complex coincided with those of in
clusion compounds of TU reported previous! y. 13 • 14 

Figure 3 shows the spectra of the 6,6-ionene 
complex, 6,6-ionene, and TU. At a first glance, 
the spectra of both HBCD complex and 6,6-
ionene complex look very similar to those of 
inclusion compounds. Examined in detail, how
ever, there are distinct differences in the relative 

intensities of the bands at 2800-3000 cm-1 and 
in the location of the band at 710-730cm-1 • 

The difference in the intensities of the bands at 
2800-3000 cm-1 is caused by the difference in 
the mole ratio of TU and the guest molecules. 
The band at 710-730cm-1, where the contri
bution of a C=S stretching vibration is known 
to be about 50%,15 sharply reflects the type of 
complexes. The difference in the state of S-H 
hydrogen bonds influences this band. The TU 
molecules in ionic type complexes are aligned 
as sheets by hydrogen bonds between a sulfur 
atom and two hydrogen atoms. On the other 
hand, the sulfur atom in the inclusion com
pounds enter into hydrogen bonds with four 
equivalent hydrogen atoms, thus forming a three 

(a) (b) (c) 

(d) (e) 
Figure 5. X-ray diffraction patterns of complexes and their component materials: (a) TU: (b) 6,6-
ionene; (c) 6,6-ionene complex; (d) CTAB complex; (e) HBCD complex. 
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dimensional network of TU molecules. 16 •8 

Whereas the band of inclusion compounds ap
pear at 715 cm-1 , 13 •14 the band of the HBCD 
complex is found at 730 cm-1. Since the band 
of the 6,6-ionene complex lies also at 730 cm-1, 

the polymer complexes are considered to have 
a structure similar to that of the HBCD complex, 
and the formation of an uniform 1 : 1 complex 
is further supported (Figure 4). 

Figure 5, shows the X-ray diffraction patterns 
of TU, 6,6-ionene, the 6,6-ionene complex, the 
CT AB complex, and the HBCD complex. The 
diffraction pattern of the 6,6-ionene complex 
does not contain patterns due to 6, 6-ionene or 
TU itself, and this clearly indicates the formation 
of a new crystalline association complex. In
clusion compounds of TU are known to crystal
lize in hexagonal lattice with a= 15.8 A and c= 
12.5 A. 16 It was impossible to ascertain whether 
the diffraction pattern of the CTAB complex 
could be indexed by the hexagonal lattice, owing 
to the limited number of reflections. Comparison 
of the diffraction patterns of the three complexes 
brings us to the conclusion that the crystal 
structures of the HBCD complex and the 6,6-
ionene complex differ from that of the CT AB 
complex i.e., differ from that of an inclusion 

compound. 
The DSC thermograms of the polymer com

plexes are shown in Figure 6. Shoulders were 
observed in the melting peaks of the 6,3-ionene 
complex and the 6,4-ionene complex. Rapid 
cooling in the process of crystallization in 
methanol might have given some imperfections 
in the crystals of the complexes. The small 
peak just below the main melting peak of the 
6, 10-ionene complex is considered to originate 
from partial solution and recrystallization during 
the process of washing the precipitated complex 
with fresh meth~nol. Though the sample of 
the 6, 10-ionene complex contained as impuri
ties small amounts of free TU, the main melting 
peak of the complex did not depend on the 
amounts of the free TU. The peak temperature 
of each thermogram was plotted against n, the 
number of carbon atoms in the skeletal chains 
of 6,n-ionene, in Figure 7. The melting temper
atures of the complexes with even n are approxi
mately ten degrees higher than those of the 
complexes with odd n. This is the particular 
case of m=6 in m, n-ionene complexes, but we 
expect that the alternation of melting temper
atures of this sort might be present in the series 
with another m values. Similar odd-even re-

DSC Thermograms of 6,n-lonene Complexes 
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Figure 6. DSC thermograms of 6,n-ionene complexes and TU. 
m,n-ionene complex. 
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Figure 7. Melting temperatures of 6,n-ionene 
complexes. 

lations in melting temperatures are well-known 
phenomena for aliphatic polyesters, polyamides, 
and polyurethanes. 17 ' 18 ' 19 Differences in the ease 
of hydrogen bonding are believed to be responsi
ble for this odd-even alternation. A similar 
interpretation may also hold in the case of the 
6,n-ionene complexes. The stability of hydro
gen bonds of TU molecules as well as the ease 
of packing of the ionic parts and the methylene 
sequences of the polymers, influence the melting 
temperatures of the polymer complexes. 

The presence of the odd-even relation in the 
melting of the polymer complexes gives further 
evidence that the structure of the polymer com
plexes differs from inclusion compounds. Since 
there is little interaction between the hexagonal 
lattice of TU and the guest molecules in inclusion 
compounds, a small change in the shape of the 
guest molecules should not greatly influence the 
melting of the hexagonal lattice of TU, and the 
odd-even relation in melting temperatures is not 
expected. 
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