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The area-creep mechanism for the crystalline monolayer of stearic acid on the water surface was discussed
on the basis of area-creep measurements and transmission electron microscopic observations. The area-creep
behaviors of the crystalline monolayer at a high surface pressure region (>15 mN m™') was apparently different
from those at a low one (<10 mNm™!). At a high surface pressure region, the area-creep behavior of the
monolayer was mainly classified into the two processes in shorter and longer creep time regions with respect to
around 1x10% s. The area strain in a short creep time region was small and increased linearly with the creep
time, that might be attributed to rearrangement of molecules in the crystalline monolayer during the area-creep
(molecular creep). On the other hand, the area strain in a long creep time region increased remarkably owing
to collapse of the monolayer (geometrical aggregation creep). Also at a low surface pressure region, the area
strain was small and became almost constant at around 1x10* s after the area-creep experiment started. In
the case of the area-creep of the crystalline monolayer at a low surface pressure, rearrangement of molecules
in the crystalline monolayer and/or filling in vacancies of molecular level in the interfacial regions among the
crystalline monolayer domains were proceeded with a creep time, and then, the crystallographical regularity in
the monolayer was increased owing to molecular rearrangement and/or sintering at an interfacial region among
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crystalline monolayer domains (molecular creep).

Since Langmuir—Blodgett (LB) films prepared by
transferring monolayers onto solid substrates provide
the desired structure at a molecular level,>"? the LB
films have been applied for various important func-
tional characteristics, such as electric conductive,?®
photoelectrical,*> and nonlinear optical properties.®”
For attainment of ultimate functional properties of LB
films, construction of defect-diminished monolayers is
required.®) Analyses of the aggregation structure and
mechanical properties of monolayers on the water sur-
face may give an useful piece of information for con-
struction of defect-diminished monolayers and LB films.

The aggregation structure of fatty acid monolayers
on the water surface has been proposed on the basis
of recent morphological and structural studies.®—'® By
transmission electron microscopic observations, fatty
acid monolayers on the pure water surface was classified
into a crystalline monolayer and an amorphous one at
the subphase temperature (7Ts,) below and above the
melting temperature (Ty,) of monolayer, respectively.
These aggregation states were independent of the mag-
nitude of the surface pressure. Therefore, it is apparent
that the 7—A isotherm for the fatty acid monolayer rep-
resents the gathering and packing processes of isolated
domains grown right after spreading a solution on the
water surface.®1?

Monolayers on the water surface frequently exhibit
area-creep phenomena*—2% for which the surface area
decreases with time at a constant surface pressure. The
area-creep phenomena of monolayers may be caused by
the molecular relaxation in the monolayer domain, re-
arrangement of domains in the monolayer, and the col-
lapse of the monolayer. Hence, the area-creep behavior
of monolayers reflects the aggregation structure of the

monolayer on the water surface.!® Therefore, analysis
of the relaxation mechanism of monolayers will give us
a good information to construct the defect-diminished
monolayer on the water surface.

The area-creep behavior of monolayers on the wa-
ter surface has been discussed.!>2® The area-creep of
the stearic acid monolayer at various surface pressures
was measured, which reported that the area decrement
of monolayer on the area-creep measurement was not
observed at the surface pressures below 10 mN m~!.1®
The area-creep behavior of the stearic acid monolayer
at various subphase pHs for 7=32.5 mNm~! was ex-
amined and reported that area losses at low and high
pH were due to collapse of the monolayer, and disso-
lution into the subphase, respectively.!” It was also
reported that the monolayer should be collapsed by
the area-creep at a high surface pressure and this col-
lapse was caused by the mechanism of nucleation in the
monolayer.'® 2% These results mentioned above were
discussed on the basis only of mechanical properties of
monolayer without any examination of the aggregation
structure of the monolayer at the area-creep process.
There were only a few morphological observations after
the area-creep at a high surface pressure (>30 mN m™1)
where the monolayer was locally collapsed right after
compression.?!:??)

In this study, the relaxation mechanism of the crys-
talline monolayer at various surface pressures on the
water surface was investigated on the basis of area-
creep measurements and transmission electron micro-
scopic observations.

Experimental

Monolayer Preparation and Area-Creep Measure-
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ment. Stearic acid (Cis, chromatographical reference
quality) was used without further purification. A benzene
with spectroscopic quality was used as solvent. Benzene
solution of stearic acid was prepared with a concentration
of 3.0x1073% M (1 M=1 moldm™2) for a spreading solu-
tion. Subphase water was purified by the Milli-QII® system
(Millipore Co., Ltd.). The sample solution was spread on
the water surface at the subphase temperature (7Tsp) of 293
K. Since this Tsp is below Tr, and the crystalline relaxation
temperature (Tq.) of the stearic acid monolayer (T =317
K, Ta.=298 K, evaluated from the static elasticity and ED
pattern of monolayer),” the stearic acid monolayer on the
water surface is in a crystalline state. The dimensions of the
trough were 404 mm in length, 150 mm in width, and 5 mm
in depth. The surface pressure was measured by the Wil-
helmy method. Compression and area-creep measurements
of the monolayer were operated with a micro processor-con-
trolled film balance system (FSD-20, USI System Co., Ltd.).
The monolayer was compressed at a constant rate of area
change of 1.1x10™% nm? molecule™ s~! until the desired
surface pressure was attained. After compressing the mono-
layer, the variation of surface area of the monolayer was
recorded for 4x10* s, while maintaining the monolayer at a
constant surface pressure with a pressure variation of +0.5
mNm™!. The area-creep behavior of the monolayer was in-
vestigated by the time dependence of area strain. The area
strain of the monolayer after area-creep for ¢ s is obtained
from Eq. 1.

area strain (¢t) = {A(0) — A(¢t)} /A(0) (1)

where A(¢) and A(0) are the monolayer area at creep time ¢
s and at the start of area-creep measurement, respectively.
Electron Microscopic Observation. The monolayer
on the water surface was transferred onto a hydrophilic SiO
substrate (static water contact angle: 6=30°) where the
monolayer could be transferred without any phase or crys-
tallographical change.”) The substrate was prepared by va-
por-deposition of SiO onto a Formvar-covered electron mi-
croscope grid (200-mesh). The monolayer was transferred
by the vertical dipping method at a transfer rate of 1.0 mm
s~!. Bright field electron micrographs and electron diffrac-
tion (ED) patterns were taken with a Hitachi H-7000 trans-
mission electron microscope (TEM), which was operated at
an acceleration voltage of 75 kV, a beam current of 0.5 pA
and an electron beam spot size of 2 pm ¢. TEM observa-
tions were carried out at a corresponding temperature to Typ
at which the monolayer was prepared. Pt—carbon was va-
por-deposited onto the monolayer samples with a shadowing
angle of 23° for the bright field electron micrographs.
Evaluation of Crystallographical Quality of Mono-
layer. Crystallographical quality of the monolayer was
evaluated by means of the magnitude of crystallographical
distortion (D) and continuity (Lia¢) in a direction along
the monolayer surface, that is, the hk0 direction. D¢ cor-
responds to the root mean square value of differential rate
between the positions of ideal crystalline lattice and real
crystalline lattice, and Liat the crystalline lattice length con-
tributing to the electron diffraction coherency. These val-
ues were quantitatively evaluated by a modified single line
method based on the Fourier analysis of ED profiles.®2—27)
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Results and Discussion

Area-Creep Behaviors for Crystalline Mono-
layer of Stearic Acid at Various Surface Pres-
sures. Figure 1 shows the area-creep curves for
crystalline monolayer of stearic acid at Ty of 293 K
(< Ta, < Try) under the surface pressures of 1, 5, 10, 15,
and 24 mNm™!. The area strains of the monolayers
at 1, 5, and 10 mNm™! increased gradually with creep
time and almost remained constant after about 1x10*
s. On the other hand, the area strains at 15 and 24
mNm~! increased continuously even after about 1x10*
§ area-creep.

Figure 2 shows the bright field electron micrographs
for the crystalline monolayer of stearic acid after 4x10*
s area-creep at 10 and 15 mNm~! at 293 K. The bright
field micrograph at 10 mN m~! (Fig. 2(a)) showed that
the monolayer was morphologically homogeneous, while
the monolayer was inhomogeneous at 15 mNm™!, as
shown in Fig. 2(b). Since the monolayers right after
compression to 10 and 15 mNm™! were morphologi-
cally homogeneous, the inhomogeneous morphology of
the monolayer at 15 mNm™! area-creep (Fig. 2(b))
might be due to collapse of the monolayer during an

0.5 _?TEAzg!;CKACID
Sp=. *
04 " o
r 1+ 1mNm7
= 03; 2. s5mNm’! .
(4 g © 10 mN-m” 4
© «+ 15 mN‘m” ad
g 021 5. 22 mNm! Ce
0-1 i 0 ® 000; .8: :o 000000 %
D0l s iR S
100 102 1) 1t 10°
Time / sec
Fig. 1. Area-creep curves for crystalline monolayer of

stearic acid at various surface pressures at 293 K.

(a) 10 mN m™!

Fig. 2. Bright field electron micrographs of stearic acid
monolayer after 4x10* s area-creep at (a) 10 mNm™?,
(b) 15 mNm™*.

(b) 15 mN m™!
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area-creep process.
Thus, the area-creep behavior for the crystalline
monolayer of stearic acid depends on the magnitude of
surface pressure and is principally classified into the be-
haviors at high (>15 mNm™!) and low (<10 mNm™1)
surface pressure regions in the case of Ty, of 293 K.
Area-Creep Behavior at High Surface Pres-
sures (>15 mN m~1). Figure 3 shows the area-creep
curve for the crystalline monolayer of stearic acid at
293 K and at 24 mN m~! where the monolayer right af-
ter compression was morphologically homogeneous,®*?
and the bright field electron micrographs of the mono-
layers at creep times of 60, 7x10%, and 2x10% s. The
area strain of the monolayer at a creep time shorter than
about 1x10? s increased almost linearly with creep time
and the increment of area strain was small, whereas the
area strain at a creep time longer than around 1x102
s increased remarkably. Thus, the area-creep behavior
of the monolayer at 24 mNm~! was roughly classified
into the area-creep behaviors in shorter and longer time
regions than the creep time of 1x102 s. The electron
micrograph at the creep time of 60 s showed that the
monolayer was still morphologically homogeneous. In
contrast, the electron micrographs at the creep times of
7x10? and 2x10% s showed that the monolayer was het-
erogeneous owing to collapse of the monolayer. There-
fore, the remarkable increment of area strain in the
long time region may be attributed to collapse of the
monolayer. In the case of Ty, below T, , the isolated
two-dimensional crystalline domains are formed right
after spreading a solution. With compression of mono-
layer, these crystalline domains are gathered together
into morphologically homogeneous, with alignment of
their crystallographic axes, owing to the sintering at
interfacial region among crystalline domains.®!? Since
sintering among the crystalline domains takes a fairly
long time, the compression studied in Fig. 3 was in-
sufficient to form a large homogeneous monolayer.%:2"
Then, the vacancies among crystalline domains were
still remained in the monolayer, even though compres-
sion was carried out up to such high surface pressure
(24 mNm™!) with the constant rate of compression
(120 mm?s~1!). Therefore, it seems reasonable to con-
sider that the sintering among the crystalline domains
are so incomplete that vacancies at a molecular level
among the crystalline domains still remain. Since such
a monolayer is structurally inhomogeneous, a compres-
sion force cannot propagate equally in the monolayer.
In this case, high surface pressure is partially applied
in the monolayer. From above reasons, it is reasonable
to conclude that the collapse at a high surface pressure
in a long time area-creep may be easily induced by this
partial stress concentration, as shown by the electron
micrographs at a long time area-creep. On the other
hand, it is clear from the homogeneous morphology of
the monolayer as shown in Fig. 3 that the area-creep be-
havior in a short time region is not due to the collapse
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of monolayer.

In order to clarify the area-creep mechanism of the
crystalline monolayer at a high surface pressure in a
short time region, the area-creep behavior was discussed
on the basis of the relationship between area strain
and elasticity of the monolayer. Static elasticity, K
of monolayer was evaluated by the derivative of 7 with
respect to A, —A(dn/dA).” The various types of aggre-
gation structure of monolayers have been reported on
the basis of lower or higher T, with respect to T, and
T of monolayers.>?® In these studies, the maximum
of Ks (Ks(max)) Was used as a characteristic mechanical
value for the monolayer being composed of assembly of
crystalline domains in the monolayer. Figure 4 shows
the relationship between the area strain and log K(max)
of the various monolayers. The area strains of the
myristic (Ci14, Tep=293 K> T1n=278 K), palmitic (Cye,
Ta.=291 K< Ty, < T =301 K), and stearic (Cis, Tsp<
T, =298 K< Ty, =317 K) acid monolayers at 1x10? s
upon the area-creep measurements were measured at
the surface pressures where the each monolayer was
morphologically homogeneous (C14: 14 mNm™?, Cyg:
20 mNm™!, C15: 24 mNm~?!). Also the results for the
palmitic acid monolayers at Typs of 288 K (Top < To,)
and 306 K (Tsp> Tr) were shown in Fig. 4.

As previously reported,?® the molecular aggregation
in the monolayer on the water surface was different de-
pending on Ty, pH, alkyl chain length of fatty acid
molecule and so on, that in fusing-oriented crystalline
monolayer, randomly assembled crystalline monolayer
and amorphous monolayer. The relationship between
the area strain and log Ksmax) shown in Fig. 4 ap-
parently indicates that the area-creep behavior of the
monolayer in a short time region as shown in Fig. 3 is
strongly related to the molecular rearrangement, which
is the change of molecular position or molecular orien-
tation, rather than the geometrical restructuring such
as disappearance of voids or interfaces. Therefore, it is
reasonable to conclude that the area-creep behavior of
the monolayer in a short time region at a high surface
pressure results from the rearrangement of molecules in
the crystalline domain.

Area-Creep Behavior at Low Surface Pres-
sures (<10 mNm™1).  Figure 1 showed that the
area strain at 10 mNm~! became constant after about
1x10* s area-creep where the monolayer morphology
was homogeneous as shown in Fig. 2. This indicates
that the area-creep behavior for the crystalline mono-
layer of stearic acid at a low surface pressure is not due
to collapse of the monolayer. Hence, it is reasonable
to consider that the area-creep behavior of the mono-
layer might be caused by filling the vacancies among the
crystalline domains with molecules or the molecular re-
arrangement in the crystalline domain of monolayer.

Figure 5 shows the molecular occupied area with time
during the area-creep for the crystalline monolayer of
stearic acid at 293 K. The molecular occupied area
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Fig. 3. Area-creep curve for crystalline monolayer of stearic acid at 24 mNm™?, at 293 K, and the bright field images

of monolayer.
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Fig. 4. Relationship between the log K(max) and the

area strain of fatty acid monolayers at the creep time
of 1x10? s and at T, of 293 K.

corresponds to A of the 7—A isotherm. The straight line
in Fig. 5 represents the molecular occupied ares, Acaicd
calculated on the basis of the ED pattern of the stearic
acid monolayer being transferred onto the substrate at
10 mNm~! at 293 K. Since stearic acid molecules in
the monolayer are packed in a hexagonal unit cell at
Tsp of 293 K, the magnitude of Acajcqa can be calculated
from (10) spacing, dig by Eq. 2

Acalcd =2X (3_1/2) (dlo)2 (2)

The molecular occupied area just after compression
to 10 mNm~! was larger than Acacq. The area decre-
ment of the monolayer at 10 mNm™! was about 6 %
of the initial area at the start of area-creep. This mag-
nitude of area decrement was so large that it is con-

sidered that this may not arise only from the molec-
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Fig. 5. Change of molecular occupied area during

area-creep for crystalline monolayer of stearic acid
at various surface pressures at 293 K.

ular rearrangement but the decrement of the area of
vacancies among crystalline domains. The molecular
occupied area at 10 mN m~! became comparable to the
calculated molecular occupied area after about 1x10*
s area-creep where the monolayer morphology was still
homogeneous with a TEM observation level. Since the
crystalline lattice spacing of the stearic acid monolayer
was constant during the area-creep at 10 mN m™!, it is
reasonable to consider that the area decrement for the
crystalline monolayer of stearic acid arises mainly from
decrement of the area of vacancies among the crystalline
domains in the monolayer.

Table 1 shows the variations of crystallographical dis-
tortion (Dj,t) and continuity (Lia) for the crystalline
monolayer of stearic acid during the area-creep measure-
ment at 10 mNm™! at 293 K. The magnitude of Dj,;



946 Taishi KURI, Yushi OI1sHI, and Tisato KAJIYAMA

Z N
AL

_ /\
_

Stress

Area-creep
(Short time)

Area-c
(Long t';?neo?)

(a) High surface pressure

Fig. 6.
and (b) low surface pressures.

Table 1. Variations of Crystallographical Distortion
and Continuity of Stearic Acid Crystalline Mono-
layers in Area-Creep Measurement at 293 K, 10

mNm™!
Creep time  Crystallographical ~ Crystallographical
s distortion, Diat/%  continuity, Lja¢/nm
0 5.4 4.6
1x10* 4.3 8.8
4x10* 3.9 10.9

decreased and that of Lj,; increased with creep time.
This indicates that crystallographical regularity on the
basis of the magnitudes of Dj,; and Ly, of the stearic
acid monolayer is progressed during the area-creep at 10
mNm™! at 293 K, probably because of sintering among
the crystalline domains under the experimental condi-
tion at Ty, below T, .>'® Hence, it can be considered
that the rearrangement of the stearic acid molecules in
the crystalline domain is also one of the main causes of
the area decrement of monolayer during area-creep at
a low surface pressure. Consequently, it is reasonable
to conclude from Figs. 2 and 5 and Table 1 that the
vacancies among crystalline domains in the stearic acid
monolayer are filled up with fatty acid molecules and
also the crystallographical regularity of the monolayer
is progressed during the area-creep at 10 mNm™!.
The Area-Creep Model on Aggregation Struc-
ture of Monolayer. Figure 6 shows the schematic
representation for change of the aggregation structure
in the crystalline monolayer of stearic acid during the

- Crystalline

domain \%\® @

concentration
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Collapsed film

(b) Low surface pressure

Schematic representation of aggregation structure of the crystalline monolayer during area-creep at (a) high

area-creep at a high surface pressure (a) and a low one
(b). In Fig. 6, straight and dotted lines in the crystalline
domain show crystallographic orientation and crystal-
lite boundary, respectively. The monolayer crystallite
means the crystal without any crystallographical defect,
and therefore, the size of the crystallite is equal to Lja;
being evaluated by the single line method.?® At Ty, be-
low T,,, crystalline domains are formed even though at
0 mNm™!, right after spreading a sample solution on
the water surface.®'® With compressing the monolayer
crystalline domains at a constant speed to a high surface
pressure (Fig. 6(a)), the crystalline domains were gath-
ered together, aligning their crystallographic axes owing
to sintering among the crystalline domains.” However,
some vacancies among the crystalline domains were still
remained by compression at a constant speed to a high
surface pressure as shown in Fig. 6(a). It seems rea-
sonable to consider that vacancies were remained by
aggregation-structural fixation induced by a continu-
ous compression up to a high surface pressure. The
existence of vacancies in general, causes a stress con-
centration around them in the monolayer, resulting in
collapse of monolayer by the long time area-creep at a
high surface pressure.

On the other hand, after compression of monolayer to
a low surface pressure (Fig. 6(b)), vacancies among the
crystalline domains also exist inducing stress concen-
tration. However, it can be considered that the surface
pressure of monolayer is so low that the magnitude of
stress concentration may be insufficient to collapse the
monolayer. Hence, the collapse of monolayer does not
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occur at a low surface pressure even after the long time
area-creep. The area of vacancies among the crystalline
domains decreases and crystallites in the crystalline do-
mains grow to be a larger one owing to sintering at the
domain interface during the area-creep of the monolayer
at a low surface pressure. Therefore, the area-creep at
a low surface pressure is considered to be one way to
prepare the defect-diminished monolayer.

Conclusion

The area-creep mechanism for the crystalline mono-
layer of stearic acid was classified into two regions based
on the area-creep behaviors at the different magnitudes
of surface pressures. At a high surface pressure, the
monolayer collapsed owing to a stress concentration
around the vacancies upon the area-creep for a long
time, although molecules in the crystalline domain were
rearranged during the area-creep for the short time. On
the other hand, at a low surface pressure, the area of
the vacancies among the crystalline domains decreased,
and also the crystallographical regularity of the mono-
layer was remarkably progressed. Then, the area-creep
behavior at a low surface pressure suggests us how to
prepare the defect-diminished monolayer.
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