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According to the temperature-composition phase diagram of cetyltrimethylammonium chloride 
(CTAC) and p-phenylphenol (p-PP), which was obtained by DTA measurement of powder 
mixtures at various composition ratios, it was found that only one complex with a 1 / 1  molar 
ratio was available for the CTAC/p-PP system. The single crystal structure of this complex, 
together with the crystal structure of CTAC, was determined by the X-ray diffraction method. 
Both crystals have a smectic layer structure stacked along the c-axis. The CTAC (and p-PP) 
molecules are arranged almost perpendicular to the layer surface. Within the smectic layer of 
the host (CTAC) crystal, long alkyl chains from both sides of layer surfaces are interdigitated 
mutually, which makes a hydrophobic region in the middle of the layer. In complex (CTACIp- 
PP) crystals, guest (p-PP) molecules were accommodated in the space formed by loosening their 
interdigitation. The arrangement of p-PP molecules found in the complex crystal is very similar 
to that in the p-PP crystal. The thermal behavior of complex crystals is also very similar to that 
of p-PP. Therefore, the complex structure seemed to be highly influenced by the guest-guest 
interaction. We call this type of complex structure a “guest-dependent” structure. 

Keywords: Complex formation; amphiphilic molecules; crystal structures; cetyltrimethylam- 
monium chloride 

*Corresponding author. Tel.: -81-423-88-7028. Fax: -81-423-88-7209. e-mail: okuyamak@cc. 
tuat.ac.jp. 
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102 K. OKUYAMA et al. 

INTRODUCTION 

Amphiphilic molecules with long hydrophobic alkyl chains, such as 
phospholipids in biological membranes and synthetic surfactants, can 
aggregate spontaneously in an aqueous solution. These aggregations can 
take various types of higher order organization, such as a bimolecular layer 
arrangement, spherical micelles and rod-shaped micelles. Here, the structural 
differences between these organizations depend mainly on their chemical 
structures and concentrations. In the solid state, however, most of 
amphiphilic molecules take very similar two-dimensional smectic layers. 
These layers stack along the normal direction to the layer surface to make a 
three-dimensional crystal structure. The molecular arrangement in the 
smectic layer depends on the chemical structure of an element amphiphile. 
For example, in the cases of dialkyldimethylammonium salts, amphiphiles 
can form a bimolecular layer with some tilt to compensate for the difference of 
cross-sections between the hydrophilic head part and the hydrophobic tail 
part [I, 21. On the other hand, in the cases of monoalkyltrimethylammonium 
salts, [3] alkyl long chains from both sides of the layer surfaces are packed 
together in an interdigitating manner to compensate for the large hydrophilic 
head part. Therefore, the thickness of the smectic layer is usually similar to the 
molecular length of this amphiphile, while the thickness of a smectic layer 
composed of dialkyldimethylammonium slats is usually larger than the 
molecular length but smaller than the bimolecular length. 

Recently, it was found that monoalkyltrimethylammonium salts can be 
crystallized with various aromatic compounds to form crystalline clathrate 
compounds [4- 81. Interestingly, the formation of clathrate compounds is 
available not only by recrystallization from their solution, but also by 
mixing host and guest crystalline powders in a mortar [7, 81. To get a better 
understanding of host-guest interactions in these clathrate compounds, we 
are studying various clathrates and host compounds from the structural 
point of view. In this manuscript, cetyltrimethylammonium chloride 
(CTAC, host) and its clathrate CTAC/p-phenylphenol (p-PP, guest) 
complex structures have been analysed. 

EXPERIMENTAL 

Samples of cetyltrimethylammonium chloride (CTAC), p-phenylphenol ( p -  
PP) and 1-naphthol were purchased from Tokyo Chemical Industry Co., 
Ltd. 
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CLATHRATE STRUCTURE OF CTAC/p-PP 103 

Construction of Phase Diagram for CTACIpPP System 

Mixed powder samples of CTAC and p-PP at various molar ratios were 
prepared by grinding for about 40 minutes in a mortar until powders 
became uniform. Thermal behaviors of these samples were observed by 
thermogravimetric analysis and differential thermal analysis (TG-DTA 
8110) on a Rigaku TAS-100 system at a heating rate of lWC/min with 
nitrogen purge gas at a flow rate of 35 ml/min. Each phase was investigated 
by an optical microscopic observation (SZH-10, Olympus) and a powder 
X-ray diffraction method (DIP-100, MAC Science Co., Ltd. and RAD-C, 
Rigaku). X-ray diffraction patterns from samples in a home-made heating 
cell were recorded on an imaging plate (DIP-100) at various temperatures, 
while X-ray diffraction curves were recorded on a chart (RAD-C) at  room 
temperature. 

Single Crystal Preparation and Data Collection 

Colorless, prismatic single crystals of CTAC were grown from the mixed 
solution of ethylacetate and acetone in which CTAC and 1-naphthol were 
dissolved at a 1/1 molar ratio. In spite of our trial to get single crystals of the 
CTAC/ I -naphthol complex, we obtained only single crystals of CTAC 
hydrate. On the other hand, all the trials to get single crystals of 
monoalkyltrimethylammonium chlorides including CTAC have been 
unsuccessful. The compound, 1-naphthol, may play some part in crystal- 
lization of CTAC. Colorless, platelike, single crystals of the CTAC/p-PP 
complex were obtained by keeping the ethylacetate solution of CTAC and 
p-PP at 1 / 1  molar ratio in the incubator at 20°C. Both crystals took about 1 
week to grow to suitable size for X-ray diffraction study. 

A crystal of CTAC (0.20 x 0.20 x 0.30 mm) and a crystal of CTAC/p-PP 
complex (0.15 x 0.10 x 0.20 mm) were used for the intensity measurement 
by a Rigaku AFC7R and AFCSR diffractometer, respectively. A graphite 
monochromated CuKa radiation (A = 1.5418 A) from a Rigaku rotating 
anode X-ray generator was used for both measurements. Cell constants and 
an orientation matrix for data collection were obtained from a least-squares 
refinement using the setting angles of 24 carefully centered reflections in the 
range of 78.06 < 28 < 80.00" for CTAC and 25 reflections in the range of 
27.71 < 28 < 45.42" for the CTAC/p-PP complex. Parameters for data 
collection and crystal data are listed in Table I. Since intensities of standard 
reflections of CTAC decreased by 18.6% during the data collection, a 
polynomial correction factor was applied, while no decay was observed for 
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104 K .  OKWAMA et al. 

TABLE I Parameters for data collection and cyrstal data 

Compound CTAC CTA Clp- PP 

Formula ClgH42NCl.O. 5H20 Ci9HaNCI. CnHioO 
Molecular weight 329:OI 490.2 1 
Space group PI P21Ia 
at4 19.499(3) 9.921(2) 
bl4 8.6228(9) 10.121(1) 
c/A 27.09 l(6) 3 1.970(4) 
a/” 92.47(2) 90.00 
Bl” 77.00(2) 92.14(1) 
YP 78.44(2) 90.00 
v/A3 4329(4) 3207.9(8) 
z 8 4 
p(CuKa)/cm-’ 15.6 11.9 
Dobsjg cn-3  - 1.02 
Dcal/g cm-’ 1.03 1.01 5 
F(0 0 0) 1504.0 1080.0 
Scan mode w-20 w-20 
Scan speed/” (in w) min-l 16 16 
Scan width/” (in w) 1.84 +0.30th0 2.00 + 0.30tanO 
Maximum 20/” I20 120 
No. of observed reflections Total: 13305 Total: 5425 

Unique: 12865 Unique: 5091 
No. of reflections used for 6250 1267 
refinement 10 > 3u(Io) FO > 4o(FO) 

CTAC/p-PP. Both intensity data were corrected for Lorentz and polariza- 
tion effects. Absorption corrections based on azimuthal scans were also 
carried out. 

Structure Determlnation and Refinement 

Both structures were solved by the direct method using the program 
SHELX-86 [9] and expanded by using Fourier techniques. The non 
hydrogen atoms were refined anisotropically. Hydrogen atoms were 
introduced by geometrical calculations but not refined. The final cycles of 
full-matrix least-squares refinement for CTAC were based on 6,250 
reflections and 776 variable parameters. In these calculations, the 00 1 
reflection was removed from the data set because of the disagreement 
between the equivalent reflections. In the case of the CTAC/p-PP complex, 
two phenyl rings were fixed to hexagon with C-C bonds restrained to 1.39 
A. Furthermore, all the bond lengths between carbon atoms were restrained 
to 1.52 A with 0.005 weight, while atomic distances between CI6  and CIS, 
and C17 and CI9 were restrained to 2.55 A with 0.020 weight to maintain 
appropriate values for bond angles of c16-cI7-cl8 and c17-c18-c19, 
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CLATHRATE STRUCTURE OF CTAC/p-PP 105 

respectively. The final cycles of full-matrix least-squares refinement for 
CTAC/p-PP were based on 1,267 reflections, 283 parameters and 17 
geometrical restraints. 

The goodness of fit, final crystallographic R-(calculated based on F) and 
Rw-factors (calculated based on F2, w =  l/a2(Fo)) were 1.66, 0.059, and 
0.079 for CTAC and 1.27, 0.078 and 0.179 for CTAC/p-PP complex. The 
maximum and minimum peaks on the final difference Fourier map were 0.43 
and -0.38 (e/A3) for CTAC and 0.14 and -0.13 (e/A3) for CTAC/p-PP. All 
calculations of data collection, structure determination and refinement were 
performed using a teXsan crystallographic software package of the 
Molecular Structure Corporation [lo], SHELX-86 [9] and SHELX-93 [l I], 
respectively. Final data may be obtained from the Cambridge Crystal- 
lographic Data Center, 12 Union Road, Cambridge, CB2 lEZ, UK. 

RESULTS AND DISCUSSION 

Phase Diagram of CTACIp-PP System 

Figure 1 shows TG and DTA curves of single crystals of the CTAC/p-PP 
complex with a 1/1 molar ratio crystallized from the solution. Single crystals 
obtained from the same batch were used for the X-ray data collection and 

€ 

Cfi 
4 a 

1 

FIGURE 1 
for single crystals of the CTAC/p-PP complex with a composition of l / l  molar ratio. 

Thermogravimetric (TG) and differential thermal analysis (DTA) measurements 
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106 K. OKUYAMA et al. 

the thermal measurement. Essentially the same TG and DTA curves were 
obtained from the powder sample prepared by grinding CTAC and p-PP 
crystalline powder in a mortar with 1/1 molar ratio. The DTA curve consists 
of five endothermic peaks at 79, 87, 132, 163 and 254°C. Judging from the 
weight decrease starting from 200"C, the broad peak at 254°C can be 
assigned as its decomposition. The other four peaks seem to correspond to 
phase transition temperatures and these were plotted as data points at 1/1 
molar ratio in the phase diagram (Fig. 2). The phase at room temperature 
(below 79°C) is a crystalline state according to the X-ray diffractions from 
the single crystal and equimolar mixture of CTAC and p-PP, in which many 
Bragg diffractions can be observed in the whole 28 range. The phase above 
163°C seemed to be a liquid-crystal state from an optical microscopic 
observation and an X-ray diffraction pattern, in which some Bragg 
diffractions and broad halo diffractions were observed. The details of other 
phases between the above transition temperatures were not investigated in 

I I I I 

) 0.2 0.4 0.6 0.8 

Composition ratio of CTAC 
0 

FIGURE 2 Temperature-composition phase diagram of the CTAC and p-PP system. Filled 
squares denote phase transition temperatures observed in DTA curves for each composition 
ratio. 
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CLATHRATE STRUCTURE OF CTAC/p-PP 107 

this study. By changing the CTAC ratio from 0.0 to 1 .O at regular intervals, 
phase transition temperatures of mixed specimens were obtained from the 
DTA curve at every ratio. These were plotted as filled squares in Figure 2. 
Host (CTAC) and guest (p-PP) were mixed by grinding their powder 
samples in a mortar with a pestle to obtain individual composition ratios. 
From the data obtained, the phase boundary was estimated and shown as 
solid lines in the diagram. Although we didn't examine the details of each 
and every phase, phases of G, H, C, G + C, H + C, LC, G + LC and H + LC 
were confirmed by an X-ray diffraction method and an optical microscopic 
observation. Here, G, H, C and LC stand for the crystal state of guest, host, 
complex with 1 : 1 ratio, and liquid-crystal state, respectively. From this 
phase diagram, we may deduce the following conclusion. Since it has only 
one single peak at  the composition ratio of 0.5 in this diagram, it is clear that 
only one complex with the host/guest ratio of 1/1 is possible for this system. 

Molecular Structure of the CTAC and its Complex with p P P  

The molecular structure of the CTAC/p-PP complex with atomic numbering 
is shown in Figure 3. Similar atomic numbering was used in the case of the 
CTAC crystal. Since there are four CTAC molecules in an asymmetric unit 
of the CTAC crystal, the atomic numbering of the j-th atom in the i-th 
molecule is designated as Ni, Cl; and Clooi+j. All the bond distances and 
angles of four CTAC molecules are in the normal range (Tab. 11), from 
1.493(6) to 1.524(6)A for C-C and from 109.9(4) to 115.8(4)O for 
C-C-C, and from 1.481(6) to 1.517(5) A for C-N and from 106.4(3) to 
112.0(4)' for C-N-C. All the dihedral angles in the alkyl chain parts are 
in the range of 180*5", with the exception of C2o4-c2os-c2o6-c2o7 
(- 172.7(4)"). These extended conformations of alkyl chains in the chloride 
salt are somewhat different from those in the bromide salts, where many 
dihedral angles deviate more than lo" from 18W, which causes the right- or 
left-handed twist of alkyl chains along the chain axis [12]. The alkyl chain in 
the CTAC/p-PP complex crystal has also an extended conformation (Tab. 
11, (c)), as found in many other complex crystals [6,7,8]. As shown in Figure 
3, carbon atoms in the alkyl terminal region and in one of the phenyl rings 
(CZ6 N C31) have larger temperature factors than those in the vicinity of 
ammonium cation and in the other phenyl ring (C2,, - respectively. The 
reason for this will be discussed later. 

Although two phenyl moieties of the p-PP molecule were constrained to 
the hexagon with the C-C bond length of 1.39 A, the rotation of phenyl 
planes around c23-c26 was freely allowed and the dihedral angle between 
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108 K. OKUYAMA et al. 

CI 

ci 

c20 

FIGURE 3 Molecular structures of CTAC and p-PP observed in the CTAC/p-PP complex 
crystal together with atomic numberings. Each atom is represented by the ellipsoids with 50% 
probability. Hydrogen atoms are not shown for the sake of clarity. 

these two planes was found to be 28.2". This value is close to one of the two 
common regions (around 0" and 30") for the dihedral angle of biphenyl 
derivatives. 

Packing Structures 

The crystal structure of CTAC consists of smectic layers stacked along the c- 
axis (Fig. 4). In a smectic layer, alkyl chains linked to the nitrogen atoms at 
both sides of layer surfaces interdigitate mutually and make a hydrophobic 
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CLATHRATE STRUCTURE OF CTAC/p-PP 109 

TABLE I1 
and CTAC/p-PP crystals 
(a) Bond lengths 

Bond lengths, bond angles and dihedral angles of CTAC molecules in the CTAC 

CTAC CTA CIp-PP 
i= 1 i = 2  i=  3 i = 4  

N(i) -C( i0 1 ) 1.496(5) 1.499(6) 1.506(6) 1.491(6) 1.51(1) 
N(i)-C(iO2) 1.492(6) 1.510(6) 1.48 l(6) 1.494(6) 1.48( 1) 
N(i)-C(i03) 1.495(6) 1.496(5) 1.50 l(5) 1.506(6) I .48( 1) 
N( i )  -C( i04) I .5 I 7( 5) 1 .5 14(5) 1.507(5) 1.517(5) 1.52(1) 
C(iO4)-C(iO5) 1.498(6) 1.504(6) 1.493(6) 1.5 l4(6) I .5 14(5)' 
C(iO5)-C(iO6) 1.51 l(6) 1.507(6) I .524(6) 1.5 1 l(6) 1.520(5)' 
C(iO6)-C(iO7) 1.508(6) 1.5 1 O(6) 1.5 16(6) 1.521(6) 1.515(5)' 
C(i07) -C( iO8) 1.5 19(6) 1.513(6) 1.51 l(6) 1.514(7) 1.510(5)' 
C(iO8) -C( i09) 1.5 18(6) 1.504(6) I .515(6) I .5 1 l(6) 1.520( 5)' 
C(i09)-C(ilO) 1.503(7) 1.516(6) 1.509(6) 1.506(7) 1.5 l4(5)' 
C( i 10) -C( i 1 1 ) I .5 17(6) 1.516(6) 1.5 14(6) 1.518(6) 1.51 7(5)' 
C(iI I)-C(i12) 1.505(7) 1.5 I 2(7) 1.502(6) 1.510(7) 1.517(5)* 
C(i12)-C(i13) 1.518(6) 1.501(6) 1.508(6) 1.508(6) 1.516(5)' 
C(i13)-C(i14) 1.510(6) 1.5 1 O(7) 1.503(7) 1.508(7) 1.517(5)* 
C( i 14) -C( i I 5) 1.5 12(6) 1.510(6) 1.51 l(6) 1.51 7(6) 1.519(5)' 
C(i15)-C(i16) 1.512(6) I .502(7) 1.5 1 O(7) 1.508(7) 1.51 6(6)' 
C(i16)-C(i17) 1.516(6) I .513(7) 1.508(6) 1.511(7) 1.520(6)' 
C(il7)-C(i 18) 1.503(7) 1.501(7) 1.507(7) 1.5 1 O(7) 1 .524(6)' 
C(i 18)-C(i 19) 1.508(7) I .504(7) 1.509(8) 1.5 1 l(8) 1.5 1 3(6)' 

*The bond length was restrained to 1.52 A with 0.005 weight during refinement calculation by using the 
Shelx-93 program. 

(b) Bond angles 

C(iOl)-N(i)-C(i02) 
C(iOI)-N(i)-C(i03) 
C( i0 1 ) - N(i) ,C( i04) 
C(i02) -N(i)-C(iO3) 
C(i02) -N(i)-C(i04) 
C(i03) -N(i) -C(i04) 
N( i) -C( i04) -C (i05) 
C(i04) -C(iO5)-C(iO6) 
C(i05) -C(iO6)-C(iO7) 
C(i06) -C( i07)-C(iOS) 
C(i07) -C(iOS)-C(i09) 
C(iO8)-C(iO9)-C(ilO) 
C(i09) -C(i 10) -C(i I I )  
C(i IO)-C(i I 1 ) -C(i 12) 
C(il I )  -C(il2)-C(il3) 
C(i12)-C(i13)-C(i14) 
C(i13)-C(i14)-C(i15) 
C(i 14) -C(i I5)-C(i 16) 
C( i 1 5) -C( i I 6) - C( i 1 7) 
C( i 1 6) -C (i  1 7) - C( i I 8) 
C(i17)-C(i18)-C(i19) 

~ ~~ 

CTAC CTA C/p- PP 
i=  1 i=  2 i =  3 i = 4  

109.7(4) 109.6(3) 109.0(4) 108.5(4) 108.3(8) 
108.4(4) 108.3(3) 109.0(3) 109.3(3) 109.2(8) 
I 10.3(4j 
109.3(4) 
1 I 1.2(4) 
107.9(3) 
116.7(4) 
109.9(4) 
114.7(4) 
113.2(4) 
I 15.3(4) 
113.9(4) 
1 15.0(4) 
114.4(4) 
I14.8(4) 
114.9(4) 
I15.0(4) 
114.3(4) 
114.8(4) 
114.8(4) 
I14.2(5) 

I 07.5(3 j 
108.6(3) 
I I I .2(3) 
11 I .6(3) 
I 15.4(4) 
I 11.2(4) 
113.6(4) 
114.1(4) 
114.3(4) 
114.3(4) 
114.5(4) 
114.4(4) 
114.5(4) 
114.4(4) 
I 15.0(4) 
114.8(4) 
1 15.4(4) 
114.3(4) 
I13.9(5) 

106.4(3) 
109.2(3) 
11 1.5(4) 
1 I1.7(3) 
115.6(4) 
1 1  1.9(4) 
113.0(4) 
115.7(4) 
112.2(4) 
115.6(4) 
113.9(4) 
115.8(4) 
114.8(4) 
1 15.4(4) 
115.3(4) 
I14.9(4) 
I14.6(4) 
114.9(4) 
114.5(5) 

I 12.oi4j 
108.2(3) 
107.7(3) 
11 1.0(3) 
114.9(4) 
110.3(4) 
112.9(4) 
114.8(4) 
I l3.9(4) 
114.9(4) 
114.5(4) 
114.6(4) 
114.6(4) 
114.8(4) 
115.1(4) 
114.8(4) 
114.9(4) 
1 14.8(5) 
113.6(5) 

I 10.3(8j 
109.8(8) 
112.3(8) 
107.1(8) 
1 15.0( 10) 
112(1) 
I I l ( 1 )  
113(1) 
114(1) 
115(1) 

11 l ( 1 )  
I12(1) 
1 I5(2) 
1 lO(2) 
103(2) 
107(2) 
1 lO(1)" 
1 12( I)" 

115(1) 

**The bond angles were restrained by keeping distances of C(i16). . C(i18) and C(i17).' C(i19) to 2.55 A with 
0.02 weight during refinement calculation. 
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110 K. OKUYAMA et al. 

TABLE I1 (Continued) 
(c) Dihedral angles 

CTAC CTACIp-PP 
i= 1 i =  2 i=  3 i = 4  

N(i)--C(i04)-C(iOS)-C(i06) 117.1(4) 
C(i01)-N(i)-C(i04)-C(i05) 53.8(5) 
C(iO2)-N(i)-C(iO4)-C(iO5) -68.2(5) 
C(i03)-N( i) -C(iO4)-C(iO5) 172.0(4) 
C(i04)-C(iOS)-C(i06)-C(iO7) 175.2(4) 
C(iO5)-C(iO6)-C(iO7)-C(iO8) -179.9(4) 
C (i06) -C( i07) -C( i08) -C( i09) 178.0(4) 
C (i07) -C( i08) -C( i09) -C( i 10) - 179.1 (4) 
C(i08) -C(iO9)-C(i1O)-C(il1) 179.1(4) 
C (i09) -C( i 10) -C( i 1 1) -C(i 12) - 179.2(5) 
C(ilO)-C(ill)-C(il2)-C(il3) 179.9(4) 
C( i 1 1 ) -C( i 12) -C(i 1 3) -C( i 14) 179.7(5) 
C( i 12) -C(i 1 3) -C( i 14) -C( i 1 5 )  179.8(4) 
C( i 13) -C(i 14) -C(i I 5) -C( i 16) - 179.0(4) 
C(il4)-C(il5)-C(il6)-C(i17) -179.9(4) 
C(il5)-C(i16)-C(i17)-C(i18) -179.4(5) 
C(il6)-C(il7)-C(il8)-C(i19) 179.2(5) 

-173.7(4) -178.3(4) - l78.1(4) 
- I7 1.2(4) - l73.3(4) 67.4(5) 

68.8(5) 67.9(5) -173.4(4) 
- 52.6(5) - 54.6(5) - 55.1(5) 
- l72.7(4) - 176.4(4) - 17744) 

179.9(4) - l78.7(4) - l79.8(4) 
- 17744) - l80.0(4) - l79.0(5) 

- 179.7(5) 179.8(4) - l79.8(4) 
179.7(4) 180.0(4) -180.0(4) 

-179.5(4) 179.8(4) -179.9(4) 
-179.5(4) -178.9(5) -179.5(4) 

179.8(5) - l79.3(5) - l79.8(4) 
179.4(5) 179.4(5) -179.3(4) 
179.4(5) -179.7(5) 179.8(5) 

-179.815) 179.7(5) -179.8(5) 

180.0(5) 179.6(4) 179.5(5) 

179.9(4) 179.8(4) 179.5(4) 

174( 1) 
57U) 

-W1) 
176(1) 
180( 1) 

176( 1) 

179( 1) 
177(1) 
179( I) 

177(2) 
I79(2) 
179(2) 
178(2) 
178(21 

- 180( I )  

- l79( 1) 

- 178(2) 

FIGURE 4 Stereo drawing of smectic layers of CTAC. 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 1
0:

52
 2

0 
A

ug
us

t 2
01

2 



CLATHRATE STRUCTURE OF CTACIp-PP 111  

region. Since the mean deviation from the plane defined by 17 atoms of N;, 
Cio4,. . .,CiI9 in each chain is less than 0.077(5)& all four chains in an 
asymmetric unit have a good planarity, These four planes are almost parallel 
to each other with the largest angle of 5" between plane normals, and these 
are parallel to the crystallographic (011) plane. Except for two methylene 
moieties near the trimethylammonium cation, all the methylene moieties 
(C,  - CI9) are sandwiched by those from the other side of the surface, which 
makes extra space in the hydrophilic region for chloride anions and water 
molecules. Ammonium cations and chloride anions are located at the layer 
surface, and they make a hydrophilic region together with two water 
molecules in an asymmetric unit. These two water molecules are linked to 
chloride anions by two hydrogen bonds, Cll . . . O1 3.238(4) and C13.. .O1 
3.258(4)A with CI1 . . . O 1  . . .CI3  118.0(1)", and CI1 ...02 3.236(4) and 
C12...02 3.214(4)A with CI1 ...O2...CI2 113.2(1)" (Fig. 5). Although the 
C14 anion does not participate in any hydrogen bond with water molecules, 
it has very short contact between one of the methyl carbon atoms, 
C14.. . C202 3.267(5) A. Taking into account that this methyl carbon atom 
links to the nitrogen cation, the observed short C202-H . . . Cl, interaction 

FIGURE 5 Packing structure of the hydrophilic region of a CTAC crystal. Alkyl chains 
beyond C6 atom are excluded in this figure for the sake of  clarity. Larger gray circles represent 
chloride anions and smaller circles represents water oxygen. Each CTAC molecule has a 
number from I to 4 to show the symmetrically equivalent molecule. Short atomic contacts are 
shown by dotted lines with contact length in A. 
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112 K. OKUYAMA er al. 

can be reasonably described as a C-H...Cl hydrogen bond. Another 
plausible candidate for the C-H . . . CI hydrogen bond was found between 
CI1 and C1ol with 3.425(5)& which is slightly shorter than van der Waals 
distance, 3.45A, for these atoms. Other carbon atoms around chloride 
anions with a distance shorter than 3.65A are C11..-C4o1 3.564(5), 
Clz. . - (2102 3.5 18( 5) ,  C13 . * - Cm3 3.5 15(5), C13 . . . C302 3.5 17(5), C13 . . . Clol 
3.639(5) and C 4 . .  . C203 3.554(5)A. These observations clearly showed that 
the hydrophilic region of the CTAC crystal is packed very compactly. On 
the other hand, alkyl chains in the hydrophobic region are loosely packed in 
this crystal. For example, in this structure, there are seven short contacts 
between carbon atoms less than 3.90A. These are Clol -..C301 3.771(7), 

C203. . . C302 3.858(7), C402. Cm3 3.773(7), and CN3. . . CN3 3.88( 1) A. 
Only one interaction (ClO4. . . CZl8 was found in the hydrophobic region. 
The rest of them were in the hydrophilic region. 

In the CTAC/p-PP complex crystal, the interdigitation of alkyl chains 
from both sides of the layer surface becomes shallow and the smectic layer 
width elongates by about 5A. By loosening the interdigitation of alkyl 
chains, it became possible to accommodate a p-PP molecule in the space 
between the head and tail part of CTAC molecules (Fig. 6). The resulting 
complex compound has the 1:l molar ratio of CTAC/p-PP. Here, for 
convenience, we shall call CTAC a host, and p-PP a guest molecule. The 
guest p-PP molecule links to the chloride anion by a strong hydrogen bond 
with a CI . . .O distance of 3.01 l(8) A and a CI . . . H-0 angle of 172" (Fig. 
7). There is another noticeable short contact between 0 and one (Cl) of the 
methyl carbon atoms linked to the ammonium nitrogen with a distance of 
3.13( 1) A. For the same reason as mentioned for the short contact between 
C14 and C202 in CTAC crystal, this is described as C-H . . . O  hydrogen 
bond. Because of these hydrogen bonds between hydroxyl moieties of p-PP, 
C1- and methyl moieties in the hydrophilic region together with electrostatic 
interactions between N +  and CI- (3.97 and 3.99 A), the thermal movement 
of atoms in this region is restricted to a certain extent as compared with that 
in the hydrophobic region. This was clearly shown in Figure 3, in which the 
size of the atom corresponded to the magnitude of its temperature factor. 

The most interesting structural feature found in this complex crystal is the 
arrangement of host and guest molecules. In many complex crystals [5, 7, 81 
including the dodecyltrimethylammoniumbromide (DTAB)/p-PP complex 
[6], guest aromatic molecules were packed isolately within a space obtained 
by loosening the mutual interdigitation of alkyl chains, so that there is no 
specific interaction between guest molecules. Guest molecules in the CTAC/ 

Cl03.*.C303 3.823(7), C104.**C218 3.797(7), C201 ...C203 3.766(7), 
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CLATHRATE STRUCTURE OF CTAC/p-PP 113 

0 0  0 0 0  

FIGURE 6 Stereo drawing of smectic layers of CTAC/p-PP. 

p-PP complex, however, seem to have some guest -guest interactions since 
the herring-bone structure of guest molecules was found in the complex 
crystal, which is very similar to that found in the guest single crystals [14]. 
Host molecules also show the herring-bone structure because of a glide 
symmetry along the a-axis. Although the planarity of the alkyl chain is very 
good (the mean deviation from the plane defined by 17 atoms from N to Cl9 
is 0.085 A) as in the CTAC crystal, the neighboring alkyl planes are almost 
perpendicular (about 70"), which is very different from the parallel packing 
in the CTAC crystal. 

The crystal-liquid crystal transition temperature (163°C) and its peak 
profile of the CTAC/p-PP complex crystal (Fig. 1) is very similar to the 
melting temperature (168°C) and its peak profile of guest crystals. These 
structural and thermal similarities between the CTAC/p-PP complex and the 
p-PP crystal suggest that the complex crystal structure is influenced largely 
by the guest p-PP packing structure. Therefore, we may call this type of 
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1 I4 K. OKUYAMA ef al. 

FIGURE 7 Packing structure of the hydrophilic region of the CTAC/p-PP complex. Gray 
circles represent chloride anions. Some short atomic contacts are shown by dotted lines with 
contact length in A. 

structure a “guest-dependent’’ packing structure. The other complexes 
belonging to this packing structure and observed so far were the 
dodecyltrimethylammonium chloride (DTAC)/p-PP and the DTAC/p- 
iodophenol complex [13]. On the other hand, most of the other complexes 
obtained so far have a “host-dependent” packing structure, where the 
packing structure of complex crystals is very similar to that of host crystals 
and no specific interaction between guest molecules is found. 
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