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Crystal transition behavior of lignoceric acid (LA) monolayer was structurally investigated by electron diffraction
(ED) in conjunction with scanning force microscopy (SFM). LA molecules form two-dimensional hexagonal crystallites
right after one spreads a solution at the air/water interface. The hexagonal-rectangular transition of the LA monolayer
was attained by two different experimental procedures: monolayer compression under an isothermal condition and
monolayer cooling under an isobaric condition. In the compression process, the hexagonal and rectangular phases coex-
isted in the monolayer at the surface pressure, 7, of 10 mN m~!, which was slightly lower than the plateau pressure, and
the subphase temperature of 293 K. When the 7 exceeded the plateau pressure, the hexagonal phase in the LA monolay-
er was entirely transformed to the rectangular one. High-resolution SFM showed that the crystal transition from the hex-
agonal to rectangular phase proceeded via a quasi-disordered phase upon compression. A similar hexagonal-rectangular
transition was also observed during the monolayer cooling process at the 7 of 15 mN m~'. Based on SFM observation,
we claimed that the molecular ordering or packing state in the rectangular lattice induced by cooling was better than that
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by the monolayer compression. Finally, the crystal transition mechanisms for these two procedures were proposed.

Langmuir-Blodgett (LB) films, which are prepared by the
successive deposition of monolayers onto solid substratum,
have been used in the development of molecular electronics,
non-linear optical devices, sensors, etc. Such researches have
experienced exponential growth in the number of publications
in the area.! However, it seems that the current reported capa-
bilities of LB films are far from what are expected. This is
mainly because both macroscopic and microscopic defects,
which might be introduced during a film preparation process,
randomly exist in those films. Hence, the most efficient way to
obtain ultimate properties in their applications is to use a de-
fect-free, or at least a defect-diminished, monolayer as a pre-
cursor of LB films. Learning how to construct a defect-free or
a defect-diminished monolayer would be realized with system-
atic understanding of aggregation structures of monolayers at
the air/water interface.

Molecular aggregation states of fatty acid monolayers have
been extensively explored owing to its quite simple structure,
composed of a hydrophobic alkyl tail and a hydrophilic car-
boxyl group.>> Consequently, the phase diagram for the fatty
acid monolayers at the air/water interface has emerged on the
basis of fluorescence and Brewster angle microscopy.'®!*!*
Also, the recent technique of grazing-incidence X-ray diffrac-
tion have revealed the molecular packing as well as the posi-
tional and orientational correlations of molecules in all phas-
es.>15"17 Authors have also reported on the aggregation states
of fatty acid monolayers with various alkyl chain lengths.'® Of
these monolayers, behenic (Cy) and lignoceric acid (Cyy)
monolayers exhibited the crystal transition from L, to CS
phase at a temperature which can be accessible experimentally.
The L, phase is historically defined as a rotator phase having
short-range positional order yet enough cross-sectional area to

allow free rotation, whereas the CS phase is the true two-di-
mensional crystal with alkyl chains oriented vertically with
long-range translational order. L, and CS phases can be crys-
tallographically regarded as two-dimensional hexagonal and
rectangular phases, respectively. Hence, the terms of “hexago-
nal” and “rectangular” are used hereafter in this paper. Al-
though both phases have been well characterized by many
groups, little information has been provided on its transition
process. In order to construct crystalline monolayers with
well-defined structure and thus control the phase, it is of pivot-
al importance to explicate the phase transition process.

In this study, we elucidate how the crystal transition in li-
gnoceric acid (LA) monolayers from the L, to CS phase takes
place during two different procedures; (1) monolayer compres-
sion under an isothermal condition and (2) monolayer cooling
under an isobaric condition.

Experimental

Monolayer Preparation. Lignoceric acid (LA) purchased
from Aldrich was used without further purification. Benzene of
spectroscopic grade was used as a spreading solvent. A benzene
solution of LA with the concentration of 31072 M (= mol dm ™)
was prepared for spreading. Water (pH = 5.8) used here was
house-deionized, then further purified with a Milli-QII system
(Millipore Co. Ltd.) with the initial resistivity greater than 16 MQ.
Surface pressure-area, 7-A isotherm measurements and monolayer
preparation were carried out with a microprocessor controlled film
balance system (USI, Co., FSD-20). The surface pressure was de-
termined by the Wilhelmy balance technique with a filter paper
plate.

To examine the crystal transition behavior of the LA monolay-
er, two different protocols were adopted in this study. First, the
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occupied area of the monolayer was varied by the continuous
compression method at the speed of 120 mm?* sec™' and the T, of
293 K. The monolayer was then transferred onto a solid substrate
by the vertical dipping method at a given &. The objective of the
first procedure is to study the surface pressure-induced crystal
transition under the isothermal condition. Second, the tempera-
ture effect on the crystal transition was examined under the isobar-
ic condition. The monolayer was compressed up to 7 = 15 mN
m~ ! at the T, of 303 K, which was above the crystalline transition
temperature from the hexagonal to rectangular phase, Txgr.kn, of
the LA monolayer.'® Then, the monolayer in the hexagonal crys-
talline state was slowly cooled down to 288 K with the cooling
rate of 2 K h™! at the fixed 7 of 15 mN m™!. The change in the oc-
cupied area induced by structure relaxation®® and/or crystal transi-
tion was continuously monitored during this process.

Structural Characterization of Monolayers. In order to
study molecular aggregation states of a monolayer by using trans-
mission electron microscope (TEM), the monolayer should be
transferred onto a substrate without any change of aggregation
state or crystallographic structure of the monolayers on the water
subphase.® Thus, the monolayer was transferred onto the collodi-
on-covered electron microscope grids covered with an evaporated
hydrophilic SiO layer by the upward drawing method. Electron
diffraction (ED) pattern of the monolayer was obtained by TEM
(Hitachi H-7000), which was operated at the acceleration voltage
of 75 kV and the beam current of approximately 0.5 pA. The
electron beam diameter was 2.5 um. The temperature at the sam-
ple stage of TEM was completely the same as that for the mono-
layer preparation.

Brewster angle IR spectroscopic measurement!'®2°

was per-
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formed to evaluate molecular aggregation state of the monolayer
transferred onto a piece of mica. The incident angle of p-polar-
ized infrared beam was 54.7° so as to eliminate the multiple reflec-
tion of the infrared beam within the mica substrate. The spectrum
was recorded at the resolution of 2 cm™' with Nicolet Magna 860
which was equipped with a mercury—cadmium—tellin (MCT) de-
tector. In order to obtain the spectrum with a high signal-to-noise
ratio, 256 scans were collected.

Surface morphology and local mechanical properties of the
monolayer were examined by a scanning force microscope (SFM;
Seiko Instrument Inc., SPA 300). A Si;N, tip on a cantilever with
the nominal spring constant of 0.02 N m™~! was used. The normal
force for SFM was kept as small as possible to avoid scratching
the monolayer.

Results and Discussion

I. Crystal Transition by Monolayer Compression at
Constant Subphase Temperature. Figure 1 shows the sur-
face pressure-area (7-A) isotherm of the LA monolayer at the
T, of 293 K, which is slightly below the Txr.ky of 295 K.'
The ED patterns of the transferred LA monolayers at 7 = 5,
10, and 15 mN m ™' are also inserted in Fig. 1. The 7 abruptly
increased with decreasing occupied area when the area reached
around 0.26 nm? molecule !. Beyond the plateau pressure of
approximately 12 mN m™!, the 7 kept increasing until the
monolayer collapsed. Since this is a characteristic behavior for
crystalline monolayers, it is clear that crystalline domains are
formed even at 7 = 0 mN m ™ '.2

The ED pattern of the LA monolayer transferred at 7 = 5
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Fig. 1.
shown in it.

7-A isotherm of LA monolayer at Ty, of 293 K. ED patterns of the monolayers at 7 = 5, 10, and 15 mN m™" are also
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mN m~! exhibited the sharp hexagonal crystalline spots. The
(10) spacing from this ED pattern was calculated to be 0.42
nm. In contrast, in the case of the LA monolayer transferred at
7= 10 mN m™ ', which was slightly below plateau pressure,
each ED pattern showed either hexagonal or rectangular spots,
as shown in Fig. 1, depending on where the observation area
was. Thus, it seems reasonable to consider that the hexagonal
and rectangular arrays coexist in the monolayer at 7 = 10 mN
m~!. That is, the crystal transition starts to be induced even
before reaching the plateau pressure under the current condi-
tion, at the compression rate of 120 mm* s~ and the 7y, of 293
K. The (20) and (11) spacings for the rectangular lattice were
calculated to be 0.38 and 0.42 nm, respectively. The LA
monolayer transferred at £ = 15 mN m~!, which was well
above the plateau pressure, exhibited the ED pattern only with
rectangular spots. Both the (20) and (11) spacings for this
monolayer were the same as those at 7= 10 mN m ™.

In order to discuss the crystal transition in more detail, in-
frared spectroscopy was applied to the LA monolayers. Figure
2 shows the wavenumber variation of the antisymmetric
stretching (v,(CH,)) band corresponding to alkyl tails with the
occupied area. The 7—A relation is shown in Fig. 2 as well. It
has been reported that the peak position of the v,(CH,) band
for alkyl chains with zigzag conformation in an alkane single
crystal is 2917 cm™ 2" Also, the corresponding v,(CH,) band
for the rectangular lattice appeared at 2916 cm™'.?' As shown
in Fig. 2, the wavenumber of the v,(CH,) band gradually shift-
ed to smaller value upon compression via the plateau wave-
number, which was concurrently observed with the plateau
pressure. Since the wavenumber of the v,(CH,) band ranged
from 2916.2 to 2915.3 cm™! upon compression, it seems most
likely that the trans population of alkyl tails is extremely high,
independent of the magnitude of 7. The relation between oc-
cupied area and wavenumber for the symmetric stretching
band was similar to that of the v,(CH,) band. The above-men-
tioned results are in good agreement with the ED results that
the LA monolayer undergoes a crystal transition from the hex-
agonal to rectangular during the compression process at the T,
of 293 K.

The molecular arrangement of the LA monolayer was di-

2916.5 20 -
Lignoceric Acid 0 E

; 2
8 E
T 2916.0 3
@ b
2 5
E ]
5 @
g o
g 2915.5 =3
T @
2 8
b=

5

2915.0 L L L L o

020 021 0.22 0.23 024 025
Occupied area / nm2-molecule-
Fig. 2.  Relation between occupied area and wavenumber

of the antisymmetric stretching (v,(CH,)) band of alkyl
chains of the LA molecules. The surface pressure trace
with changing occupied area is shown as well.
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rectly observed by the aid of scanning force microscopy. Fig-
ure 3 shows the high-resolution AFM images of the LA mono-
layers transferred at 7 = (a) 5, (b) 10, and (c) 15 mN m™!. The
observation temperature was controlled to be the same as that
for the monolayer preparation, 293 K. Since the spacing cal-
culated from two-dimensional fast Fourier transforms of the
AFM images was in good accordance with that obtained by

”()rder
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Edge
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Order / Disorder
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Order
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Fig. 3.  High-resolution AFM images of the LA monolay-
ers transferred at 7 = 5, 10, and 15 mN m ™! during the
continuous compression process at Ty, = 293 K.
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ED measurement, it is clear that the brighter, namely higher,
portions in the AFM images correspond to individual methyl
end groups of LA molecules in the monolayer. In the cases of
the LA monolayers transferred at 7 = 5 and 15 mN m~!, the
well-ordered hexagonal and rectangular phases were observed,
respectively, whereas the AFM image of the monolayer trans-
ferred at 7 = 10 mN m ™! showed a hexagonal lattice structure
with many edge dislocations as well as disordered regions, de-
pending on the observation area, as shown in Fig. 3b. There-
fore, Fig. 3 makes it clear that the hexagonal-rectangular tran-
sition of the LA monolayer proceeds through the formation of
disordered molecular arrangement.

Next, we tried to distinguish the ordered and disordered re-
gions with respect to mechanical properties such as lateral
force. Hence, LFM observation was applied to the LA mono-
layers, focusing on how the lateral force image changes during

(¢) 15 mNem-1

* Compression

(b) 10 mNem-!

* Compression

(a) 5 mNem!

Fig. 4. Macroscopic AFM and LFM images of the LA
monolayers transferred at 7 = 5, 10, and 15 mN m~ ! dur-
ing the continuous compression process at Ty, = 293 K.

Crystal Transition of Fatty Acid Monolayers

the crystal phase transition process. Figure 4 shows AFM and
LFM images of the LA monolayers transferred at 7 = (a) 5,
(b) 10, and (c) 15 mNm™'. All surface morphologies of the
LA monolayers were fairly homogeneous, independent of the
magnitude of 7 although the bare substrate was observed as
black spots. It is apparent that the area fraction of such macro-
scopic defects decreased by monolayer compression. The
monolayer thickness determined as the step height of a hall
was approximately 2.5 nm, corresponding well to the molecu-
lar length of a LA molecule in all trans conformation. No dis-
cernible contrast was observed in the LFM images of the LA
monolayers transferred at 7 = 5 and 15 mN m~' except white
spots where the bare substrate was exposed, as shown in parts
(a) and (c) of Fig. 4. On the other hand, the obvious contrast
on the LFM image was observed in the case of the monolayer
transferred at 7 = 10 mN m™ ", as shown in Fig. 4b. It has been
reported that lateral force of the rectangular crystal phase is
higher than that of the hexagonal one owing to the discrepancy
of molecular density per unit area as well as the thermal mo-
lecular motion difference of alkyl chains.”?> As mentioned ear-
lier, both hexagonal and rectangular phases coexisted in the
LA monolayer transferred at 7 = 10 mN m™~'. Hence, it can be
claimed that the contrast in Fig. 4b arises from the existence of
different lattices, namely, hexagonal and rectangular, in the
monolayer. On the contrary, no contrast was observed in the
LFM images of the LA monolayers transferred at 7 = 5 and 15
mN m~! because these monolayers were in the well-defined
hexagonal and rectangular forms, respectively.

II. Crystal Transition by Monolayer Cooling at Con-
stant Surface Pressure. The crystal transition behavior of
the LA monolayer induced by changing T, was examined as
well. At first, the LA solution was spread at the T, of 303 K,
and then the monolayer was compressed upto 7 = 15 mN m ™!
under the isothermal condition. Since the Ty, of 303 K was
above the Tg.xu of the LA monolayer, 295 K,'® LA molecules
in the monolayer were packed in the hexagonal array. Once
the magnitude of 7 reached 15 mN m™!, the LA monolayer
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Fig. 5.  Occupied area variation of the LA monolayer upon
monolayer cooling, 303 to 285 K, at the constant 7 of 15
mN m~!. The temperature trace is also shown in it. In the
shaded area, the T, is higher than the Txr.xu. The capital
letters in parentheses correspond to the points, where the
structural characterization was applied as shown in the
next Fig. 6.
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Fig. 6.  ED patterns and AFM and LFM images of the LA monolayers upon monolayer cooling, 303 to 285 K, at the constant 7
of I5mNm™.

started to be cooled down to 285 K at the rate of 2 K min~' un-  ture trace is also shown in Fig. 5. The left-hand and right-hand
der the isobaric condition. Figure 5 shows the occupied area  ordinates stand for the occupied area and T, respectively. The
variation with the retention time for the LA monolayer during  time of O corresponds to the complete monolayer compression.
the cooling process at the fixed 7 of 15 mN m™'. The tempera- Figure 6 shows ED patterns and AFM and LFM images of the
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LA monolayers prepared at points (A), (B), (C), and (D)
marked in Fig. 5. Upon monolayer cooling, the occupied area
of the monolayer decreased slightly in the (A)—(B) process and
drastically at 1.8X10*s, and then it asymptotically reached the
constant occupied area of 0.19 nm? molecule™!, as shown in
Fig. 5. Since the crystal phases at points (A) and (B) were still
hexagonal, as shown in Fig. 6, it is plausible that the first and
second decreases in the occupied area around (A) and (B)
points can be attributed to the structural relaxation of the hex-
agonal phase of the LA monolayer, that is, the area creep be-
havior.*® At around (C) point, where Ty, passed through the
Txrxu, the area decrement was much larger than others and
ED patterns showed the coexistence of the hexagonal and rect-
angular phases. Hence, it seems reasonable to claim that the
third decrease around (C) point can be mainly attributed to the
hexagonal-rectangular phase transition. The crystallographical
spacings calculated from ED patterns in Fig. 6, that is, the (10)
spacing of the hexagonal lattice and the (20) and (11) spacing
of the rectangular lattice, were 0.42, and 0.38 and 0.42 nm, re-
spectively, and were the same as those of the LA monolayers
upon monolayer compression at the constant subphase temper-
ature, as mentioned above.

In contrast to surface morphologies of the LA monolayers
prepared by the simple compression process shown in Fig. 4,
all topographical images shown in Fig. 6 were almost perfectly
homogeneous, independent of the occupied area. This means
that the temperature-induced crystal transition method is supe-
rior to the surface pressure-induced crystal transition in terms
of the preparation for defect-diminished monolayers. Also, no
contrast was observed at all on the LFM images of the LA
monolayers as long as LA molecules in the monolayer were
packed either in hexagonal or rectangular arrays. On the other
hand, the LFM image of the LA monolayer in the crystal tran-
sition state showed a somewhat discernible contrast, as shown
in Fig. 6¢. Although the heterogeneous LFM images were ob-
served in the case of the compression-induced crystal transi-
tion, the sizes of the hexagonal and rectangular domains in the
crystal transition upon monolayer cooling were smaller than
those obtained by the monolayer compression process. Thus,
it seems reasonable to conclude that the temperature-induced
crystal transition under the isobaric condition proceeds more
homogeneously than the surface pressure-induced monolayer
compression under the isothermal condition.

III. Mechanism of Crystal Transition. Finally, the
mechanisms of hexagonal-rectangular crystal transitions in-
duced by both methods, monolayer compression and subphase
temperature change, are proposed. Parts (a) and (b) of Fig. 7
illustrate the schematic representations of the surface pressure-
induced and the temperature change-induced crystal transition
behaviors. At first, it should be recalled that LA molecules
form crystalline domains right after spreading a solution at the
air/water interface. In monolayer compression process under
the isothermal condition, crystalline domains are gathered by
mechanical compression with the aid of a barrier, and then
they contact one another. Such a contact point evolves into a
stress concentration point. Upon further compression, the
stress concentration points are successively generated, al-
though a competitive geometrical stress relaxation proceeds.
Given that the crystal transition starts to occur from a region
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(a) Crystal transition by
monolayer compression

(b) Crystal transition by
subphase temperature
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Fig. 7. Schematic representations of the crystal transition
behavior induced by monolayer compression at a given
temperature and monolayer cooling at a given surface pres-
sure.

where the internal stress is relatively concentrated, it is reason-
ably understood that the molecular arrangement in the LA
monolayer, being in the crystal transition, heterogeneously
proceeds on account of the existence of many stress concentra-
tion points. On the other hand, a large homogeneous domain
can be obtained by cooling a monolayer under the isobaric
condition, resulting in a highly oriented molecular arrange-
ment. Although the first process, the monolayer compression
up to the 15 mN m ™, is entirely the same as that of the pres-
sure-induced crystal transition except for the magnitude of T,
the next step is totally different: the whole area of the mono-
layer homogeneously and slowly cooled down to a temperature
below the Txr xn. This leads to a homogeneous crystal transi-
tion. Therefore, it seems reasonable to conclude that the mo-
lecular ordering of the two-dimensional rectangular lattice pre-
pared by cooling the monolayer is higher than that prepared by
the monolayer compression.

The molecular ordering in the monolayer formed by the
compression method could be comparable or even better than
that formed by changing T, if the monolayer compression is
carried out infinitely slowly. However, such a way is extreme-
ly time-consuming and unpractical for material preparation.
Thus, the monolayer cooling method is more appropriate for
the preparation of well-ordered two-dimensional rectangular
lattices.

Conclusion

The hexagonal-to-rectangular crystal transition of the LA
monolayer was structurally studied. The crystal transition was
attained by two different experimental protocols: the monolay-
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er compression under the isothermal condition and the temper-
ature change under the isobaric condition. We successfully ob-
served that the molecular rearrangement from hexagonal to
rectangular phases proceeded via a disordered state. The mo-
lecular ordering of the rectangular lattice attained by the
monolayer cooling under the isobaric condition was better than
that obtained by another procedure.

We are most grateful for the fruitful discussions with Prof.
Atsushi Takahara, Kyushu University. This study was in part
supported by a Grant-in-Aid for COE Research (#08CE2005)
from the Ministry of Education, Science, Sports and Culture.
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