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Bilayer Structure Fluctuation of Amphiphilic Compounds during 
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The amphiphilic monomer consisting of trialkyl ammonium salts and styrene units formed 
the self assemble bilayer structure. By irradiation of X-ray during the phase transition from 
the crystalline state to the smectic phase, the bilayer structure of monomer was fixed in its 
polymeric compound by "self assemble polymerization". The phase transition behavior and 
structural changes of model compound, which had ethyl benzene units instead of styrene unit, 
were investigated by the simultaneous DSC-SAXS measurement. The structural fluctuation 
change of alkyl chains, hydrophilic part and ethyl benzene unit were evaluated by the SAXS 
profile fitting. The disordering of alkyl chains occurred at the beginning of phase transition, and 
the ordering of ethyl benzene unit occurred during the phase transition. The mechanism of"self 
assemble polymerization" was proposed that the vinyl groups belonging to the closed bilayers 
aligned in the same two dimensional field during the phase transition and the "self assemble 
polymerization" occurred. 
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I. INTRODUCTION 
Controlling high-order structure of polymers has 

been paid many attentions in order to develop advanced 
functional materials. Various processing methods are 
applied to polymers under the stretching force, pres
sure, magnetic and electric fields to control high-order 
structure of polymers. However, it is difficult to control 
the long range order of polymers because the entropy 
loss due to conformational ordering is higher than the 
enthalpy gain due to orientational ordering of polymer 
chains. From thermodynamic viewpoint, to control 
long range order of low molecular weight materials is 
much easy than polymers. Thus, several trials to fix the 
order structure of monomers into polymers by speci
fied polymerization techniques, such as photo-polym
erization ofmonomer single crystal [1], as-polymerized 
crystallization [2] and polymerization in vesicles [3, 4]. 
The needle like single crystal of poly(oximethylene) 
is obtained upon cationic polymerization [2], and the 
monolayer polymer is reported by polymerization in 
vesicles [3]. Although amphiphilic monomers are po
lymerized in the bilayer vesicles, the order structure of 
bilayer is vanished by polymerization [5, 6] and the size 
of obtained polymer by these methods is below mm, it 
is too small to use as a functional engineering materi
als. 

Recently, we have proposed the "self-asseble polym
erization" in which the self-assemble structure of am-
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phiphilic monomer on various substrates was fixed into 
the polymers by irradiating low energy electron beam 
or X-ray [7, 8]. The optical transparent polymer films 
were obtained by the "self-assemble polymerization" 
of amphiphilic monomer consisting of trialkyl ammo
nium [8] or trialkyl phosponium salts [9]. The obtained 
polymers were composed of the stacked bilayer struc
ture, which was formed by amphiphilic monomers on 
the substrates. That is to say, the polymers obtained by 
the "self-assemble polymerization" has the anisotropic 
structure in which the ordered bilayers are stacked par
allel to the polymer surface and low ordered alignments 
exist in the direction perpendicular to the polymer sur
face [10]. During the "self-assemble polymerization" 
of amphiphilic monomers, vinyl groups aligned in two 
dimensional anisotropic interface between bilayers. 
The distance and ordering between vinyl groups in the 
interface have the important role of "self-assemble po
lymerization". 

In this study, the structural changes of bilayers dur
ing the "self-assemble polymerization" were investigat
ed by the profile fitting of small angle X-ray scattering 
(SAXS) profiles in order to analyze the mechanism of 
"self-assemble polymerization" of amphiphilic mono
mers. However, the polymerization of amphiphilic 
monomer occurred easily by irradiating X-ray. There
fore, the model compound having ethyl groups instead 
of vinyl groups was synthesized and used for the SAXS 
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measurement in this study. 
II. EXPERIMENTS 

Amphiphilic monomer (M2 I8, scheme I) was syn
thesized from N, N,-di-n-octadecylmethylamine and 
p-chlorometylstylene in di-chloromethane solution for 
48 hrs at room temperature. Model compound (E

2
I8, 

scheme 2) was synthesized from N, N,-di-n-octadecyl
methylamine and chloromethyl-4-ethyl-benzene in di
chloromethane solution for 48 hrs at room temperature. 
The obtained M2I8 and E218 were purified by a column 
chromatography and re-crystallization, and were iden-

Scheme 1 

Scheme 2 

tified by FAB-MASS and 1H-NMR. 
Differential scanning calorimetry (DSC) measure

ments were performed by DSC 5200 (SEIKO Instru
ments Inc.) equipped with cooling control apparatus in 
the temperature range between -20 and llO °C. Scan
ning rate was 1 K min-1 in a flowing nitrogen atmos
phere (50 m! min·1

). Samples weight for DSC measure
ment was about 3 mg. 

Simultaneous DSC and small angle X-ray scatter
ing measurement (DSC-SAXS) were performed by 
a synchrotron radiation X-ray facility of the 2.5-GeV 
storage ring at BL-IOC in Photon Factory, High Energy 
Accelerator Research Organization (Tsukuba, Japan). 
The simultaneous DSC instrument [1I] was setting on 
SAXS optics, and the monochromatic synchrotron ra
diation X-ray by double Si crystals (the wavelength of 
X-ray was 0.1488 nm) was used for DSC-SAXS meas
urement. The distance between sample and one-dimen
sional position sensitive proportional photon counter 
(PSPC) was 560 mm, which covered 0.8 <q =41t sine/ A 
<5 nm·1, where e and A were a half of diffraction angle 
and X-ray wavelength, respectively. Scanning rate of 
DSC and time resolution of XRD were 5 K min·1 and 
I2 sec., the temperature resolution of one SAXS profile 
was 1 K [12]. Samples weight for DSC-SAXS measure
ment was about 10 mg. 

III. RESULT AND DISCUSSION 
As both samples decomposed at temperature above 

I20 oc, the solution grown crystals of M
2
I8 and E

2
I8 

were heated up to llO oc (1st heating) and cooled at 
1 K min·1 to -20 oc. During cooling from llO to -20 
°C, both samples crystallized around 30 oc, the melt 
crystallized samples were heated again from -20 to llO 
oc (2nd heating). DSC 2nd heating curves of M 18 and 
E218 were shown in Fig. 1. 
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Two endothermic peaks were observed for both 
samples, these endothermic peaks were also observed 
at similar temperature during 1st heating. From DSC
SAXS measurement described below, the endothermic 
peak at 30 oc corresponded to the transition from crys-
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Fig.l: DSC heating curves ofM
2
18 and E

2
18 obtained 

at 1 Kmin-1• Both samples were prepared by 
cooling at I Kmin-1 from II 0 to - 20 °C. 

tal to smectic state, because the diffraction peak from 
the smectic layer remained in the temperature range 
above this transition to 110 °C. The origin of small en
dothermic peak at around 40 oc was not clear in detail 
at present, however, this transition related to the transi
tion between the smectic phases. The transition from 
crystal to smectic state was observed at 33.7 and 32.3 
oc for M

2
I8 and E

2
I8, respectively. The transition en

tropy ofM
2
I8 and E

2
I8 was 115.3 and 124.7 JK-1 moi-1, 

respectively. The transition entropy difference between 
both samples was less than the entropy due to the con
formational freedom of one carbon-carbon linkage ( 
AS = Rln 3 = 9.1 JK-1 moJ-1). The entropy difference 
was a result of freedom difference between vinyl group 
ofM2I8 and ethyl group ofE

2
I8. These results suggest

ed that the phase transition behavior ofM
2
I8 and E218 

were essentially the same. This indicated that M
2
I8 and 
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Fig.2:Stacked SAXS profiles ofM
2
18 observed during 

heating by the simultaneous DSC-SAXS meth
od at 5 Kmin-1 (A), and the intensity change of 
diffraction peak corresponding to (OOI) plane 
of polymeric compound overlapped with DSC 
heating curve (B). 



Takes hi Yamada et al. Transactions of the Materials Research Society of Japan 30[3] 675-678 (2005) 

E
2
18 had the same phase transition. 
Stacked SAXS profiles of M

2
18 obtained by DSC

SAXS on heating were shown in Fig. 2 (A). Two dif
fraction peaks were observed at 2.05 and 4.1 nm·1 at 
room temperature, which were assigned to (001) and 
(002) plane of lamellar structure, respectively. The 
distance of (OOl)L plane was 2.9nm, which was 20 % 
longer than the M

2
18 assuming all trans conformation. 

N, N, -di-n-octadecyl methylamines form bilayer struc
ture with evaluating the electron density correlation 
function form SAXS profile [16], M

2
18 formed bilayer 

structure. From the molecular length of M218 evalu
ated by the molecular mechanical calculation, M

2
18 

molecules tilted about 32° from the substrate plane in 
the bilayer. The new broad diffraction peaks were ob
served at 1.7 nm·1 at temperatures above 35 oc. These 
peaks correspond to a lamellar structure of the poly
mer, because the insoluble fraction in methanol, which 
was good solvent for M

2
18, was obtained from the sam

ples after DSC-SAXS measurement. As the peak width 
and the intensity of (OOl)L and (002\ of the obtained 
polymer were broader and weaker than the monomer, 
the order of lamellar structure in polymer obtained by 
the "self-assemble polymerization" was lower than the 
self-assemble lamellar structure of monomer. At the 
temperature range above 35 °C, both (OOl)L peaks of 
M

2
18 and polymeric compound were observed. The 

intensity change of (001 \ of the polymeric compound 
was plotted with DSC heating curve in Fig. 2 (B). The 
(001 \ peak of polymer appeared immediately after the 
transition peak, and the peak intensity increased and 
leveled off with increasing temperature. 
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Fig.3: Stacked SAXS pforiles of E218 obtained by 
the simultaneous DSX-SAXS measurment at 5 
Kmin·1• 

Fig. 3 shows the stacked SAXS profiles ofE218 ob
tained by the simultaneous DSX-SAXS measurement 
during heating. Two diffraction peaks due to (OOl)L and 
(002)L of E

2
18 are observed at the same q range with 

M
2
18. No peaks corresponding to polymer structure 

were observed at temperature above 35 °C. The SAXS 
profiles obtained by DSC-SAXS were analyzed by the 
profile fitting of multilamellar structure model pro
posed by Lemmich et a! [13]. As this model evaluate 
the profiles without decoupling the structure and the 
form factors based on the paracrystalline theory [14], 
the model is suitable for analyzing SAXS profiles upon 
phase transition in which the form factor changes. 

Within this model, the bilayer structure ofE
2
18 was 

separated to alky chain part (AL), hydrophilic part 
including both ammonium and chloride ions (H) and 

ethyl benzene unit (EB) corresponding to polymeri
zation unit. The scattering function was given as fol
lows. 

F,(q) =exp( -iqd, -(112)q'a :) 
( v =H, AL, EB) 

(1) 

(4) 

(5) 

(6) 

The thickness of the layers is assumed to fluctuate 
independently according to Gaussian distribution with 
mean values dAL' dH and dEB and corresponding stand
ard deviations aAL' crH and crEB" The electron density of 
each parts were indicated by b (v = AL, H, EB). Nand 
G indicated the number of sta~ked layers and the nor
malization constant, respectively. 

The experimental SAXS profile at room temperature 
and the fitting result calculated by eq. (1) were shown 
in Fig. 4. The crH vale was fixed to 0 nm during cal
culation because the hydrophilic part was thin and its 
fluctuation was small. The good agreement was ob
tained between the experimental SAXS profile and the 
calculated results in the q range between 1.5 and 4.5 
nm·'. The obtained fitting parameters of the best result 
were dH = 0.19139 nm, dEB = 1.0902 nm, dAL=l.588 nm, 
crEB = 0.13728 nm, crAL = 0.094087 nm, b, = 0.11362, 
N = 410.34, G = 2.8358. The SAXS profiles obtained 
at various temperatures were analyzed by the profile 
fitting. 
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Fig.4: Experimental SAXS profile (triangle) of E
2
18 

observed at room temperature by the simultane
ous DSC-SAXS method and the profile fitting 
results (solid line). 
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Fig.5: Distance changes of ethyl benzene unit (filled 
triangle) and alkyl chains (filled square) and 
structure fluctuation changes of ethyl benzene 
unit (triangle) and alkyl chains (square) evaluat
ed by the SAXS profile fitting ofE2I8 observed 
by the simultaneous DSC-SAXS method over
lapped with DSC heating curve. 

The distance and structure fluctuations of alkyl chain 
(dAL' crAL) and ethyl benzene parts (dEs' crEs) obtained by 
the profile fitting of SAXS profiles at various tempera
tures were plotted with DSC curve obtained by DSC
SAXS in Fig.5. The dEs decreased about 0.3 nm and 
crEs approached to 0 during the phase transition. On the 
other hand, dAL increased about 0.3 nm and crAL almost 
increased to constant value during the phase transition. 
The large values of crEs and crAL indicate the disordering 
of each part, the decrease of crEs at the phase transi
tion suggests that the ordering of ethyl benzene part 
occurred with the melting. However, above 40 oc the 
fitting became difficult because the SAXS intensity de
creased extremely after the phase transition. 

The results shown in Fig.5 suggested that the fol
lowing structural changes occurred during the phase 
transition. Vinyl groups in styrene units of amphiphilic 
monomers aligned in each bilayers in the crystalline 
state as shown in Fig. 6 (A), which was supported by 
the electron diffraction ofbilayer [I5]. The distance be
tween vinyl groups in the same layer is about 0.2 nm, 
which is too far to react between vinyl groups. At the 
beginning of phase transition, the disordering of long 
alkyl chains occurred because the ordering of alkyl 
chains were supported by weak van der Waals interac
tions, and the molecular motion oflong alkyl chains in
creased crAL" As dEs values decreased during the phase 
transition, vinyl groups existed in the upper and lower 
bilayers aligned in the same layer as shown in Fig.6 (B) 
with increasing the molecular motion of alkyl chains. 
These coagulations of vinyl groups increased the or
der of interface and crEs value decreased. The distance 
between vinyl groups shown in Fig. 6 (B) is estimated 
about 0.1 nm, which is sufficiently close each other to 
occur polymerization. The "self-assemble polymeri
zation" occurred in two dimensional anisotropic field 
caused by the fluctuation ordering of bilayers accom
panying with the phase transition. 

before phase transition initial stage of phase transition 

Fig.6: Schematic image of the ordering change of the 
polymerization unit during phase transition. 

IV. Conclusions 
The "self-assemble polymerization" of trialkyl am

monium salt type amphiphilic monomer M218 oc
curred during the phase transition from the crystal to 
the smectic phase at 33 °C. With evaluating the distance 
and the structure fluctuation, the polymerization part 
existed in the upper and lower bilayers aligned in the 
same layer the ordering of the polymerization part oc
curred during the phase transition. The mechanism of 
"self-assemble polymerization" of amphiphilic mono
mer was proposed. 
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