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Molecular Aggregation Behavior for Binary Monolayer of Fatty Acid 
Effect of Monolayer Structure in a Single Component System 
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The aggregation behavior for mixed monolayer of fatty acids was investigated with respect to the 
monolayer phase in a single component system on the basis of an atomic force microscopic observation. The 
surface morphology, the film thickness or the wear property of the monolayers revealed that the (C1(/'C24,) 
mixed monolayer with the same monolayer phase of L2 in a simgle component system and the (C2ofC24,) 
mixed monolayer with different phases of LS and CS were in a phase-separated and one phase states, 
respectively. This result indicates that the aggregation behavior for mixed monolayer of fatty acids is 
independent of the consistency in monolayer phase in a single component state. 
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1. INTRODUCTION 
The increased attention on phase-separated 

mixed monolayers ongmates from potential 
applications as molecular templates for protein 
crystallization [1] and adsorption (2], patteming 
layers in molecular photodiode [3] and selective layers 
in biosensors [4]. These functions depend on the size, 
distribution and density of phase-separated domains in 
mixed monolayers. Therefore, a systematic 
understanding on the phase separation mechanism in a 
mixed monolayer appears to be an essential step in the 
design and construction of functionalized structures in 
a two-dimensional system. The phase separation in a 
monolayer depends on many factors, for example, 
difference in cohesive energy between hydrophobic 
groups, electrostatic repulsion between hydrophilic 
groups, temperature, surface pressure and so on. 
Hence, to obtain a general concept of phase separation 
in a monolayer, it is necessary to investigate a simple 
experimental system of fatty acid monolayer as a first 
step. 

In this study, the aggregation behavior for 
binary monolayer of fatty acid with different alkyl 
chain lengths was investigated on the basis of a 
microscopic observation with respect to the 
monolayer phase in a single component system. 

2. EXPERIMENTAL 
2. 1 Monolayer preparation 

Palmitic (CH3(CH2)14COOH, c16), arachidic 
(CH3(CHz)1gCOOH, c20) and lignoceric 
(CH3(CH2)22COOH, Cz4,) acids with a purity > 99.99 % 
were used as monolayer components. Benzene 
solutions of (C1()!C24) and (C2ofC24) mixture systems 
with molar fractions of 100/0, 50150 0/100 were 
prepared with a concentration of 8.0 x I0-4 mol·L-1 
except the (Ct&Cz4:100/0) monolayer of 2.0 x !0-3 
mol-L-1. The sample solution was spread on the water 
surface at a subphase temperature, T sp of 293 K. After 
standing for 100 min, the (C16/C24) and (C2o/C24) 
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mixed monolayers were compressed to surface 
pressures of 7.1 ± 0.5 mNm-1 and 26.5 ± 0.5 mNm-1, 
respectively, at an area change rate of 8.6 x 1 o-s 
nm2·molecule-1· s-1 with a microprocessor-controlled 
film balance system FSD-300 (USI System). The 
single component monolayers of C16 and C24 at 7.1 
mNm-1 were in the same monolayer phase of ~. 
whereas those of Czo and C24 at 26.5 mNm-1 were in 
different phases of LS and CS, respectively [5]. The 
low-temperature high-pressure phase CS is a two
dimensional crystal of untilted molecules with long
range positional order. This phase corresponds to the 
historical 'solid film'. The~ phase appears at a wide 
range of temperature and pressures, and the LS phase 
does at a relatively high temperature and a high 
pressure. They are hexatic with short-range positional 
order in which the molecules are tilted toward the 
nearest neighbor and untilted, respectively. The 
historical tenn of the L2 and LS phases is 'liquid 
condensed film'. 

2.2 Atomic force microscopic observation 
Each monolayer was transferred onto a freshly 

cleaved mica by the horizontal drawing-up method [6] 
at a transfer rate of 1 mm·min-1. The transfer ratio for 
each monolayer was unity, indicating that the mica 
substrate was completely covered by each monolayer. 
Topographic images of the monolayer surface were 
obtained with an atomic force microscope (AFM) SPA 
300 (Seiko Instruments Industry). The AFM was 
operated in the constant force mode in air at 293 K, 
using a 20 !ffi1 x 20 !ffi1 scan head and a silicon nitride 
tip on a cantilever with a spring constant of 0.02 N 
m·l. The applied force during scanning was 6- 9 nN in 
an attractive force range. The monolayer thickness 
was evaluated from the hole depth for an AFM image 
with a scan area of 1 !ffil X 1 1Affi at the minimal force 
very closely where the probe was pulled off the sample 
surface, after artificially piercing a hole with an area 
of 100 nm X 100 nm through the monolayer with the 
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AFM probe at an applied force of 9 nN in a repulsive 
force range. The average surface roughness, Ra was 
designated by the equation 

Ra = (1/So)f f IF(x,y)-Zoldxdy, 

where So, Zo and F(x,y) are a selected area of 5 ~ x 5 
~ (in this study), an average surface height in the 
selected area and a height profile, respectively. 

3. RESULTS AND DISCUSSION 
3.1 Mixed monolayer with the same monolayer phase 
ofL2 

Figures l(a) and l(b) show AFM images of the 

Fig.l AFM images of the (C16/C24) mixed monolayers 
with molar fractions of (a)l00/0, (b)0/100 and 
(c)S0/50 at surface pressure 7.1 mN m-1 on the water 
surface at T sp of 293K. 

palmitic acid (Ct&C24:100/0) and the lignoceric acid 
(Ct6/C24:0/IOO) monolayers with a scan area of 5 ~-tm 
x 5 ~. respectively. The surface morphology of the 
Ct6 and C24 monolayers was very smooth with an 
average surface roughness, Ra of 0.04 - 0.07 nm ... 
excepting holes and aggregates. The film thickness of 
the C 16 and C24 monolayers were evaluated to be 1.3 ± 
0.2 nm and 2.5 ± 0.2 urn, respectively, by piercing a 
hole through the monolayer. The thickness of the Ct6 
and C24 monolayers was smaller than the calculated 
molecular length (1.9 urn and 2.9 urn, distance 
between carbons of terminal methyl and carboxyl 
group) of Ct6 and C24 of the extended CPK molecular 
model. It has been reported that the measured 
thickness of fatty acid monolayers by AFM is often 
less than the molecular length owing to an AFM probe 
indentation into a monolayer, depending on the 
mechanical response of the monolayer [7-12]. The 
degree of molecular aggregation of the Ct6 monolayer 
is very low because of the shorter alkyl chain, which 
causes a deeper indentation of the AFM probe into the 
monolayer. Hence, the low degree of molecular 
aggregation for the Ct6 monolayer was probably 
reflected in the smaller measured value of the film 
thickness. Another reason for the discrepancy in the 
monolayer thickness may be sought in the 
conformation of the alkyl chain. In the case of C16• 
the weak cohesive force, in other words, the active 
thermal molecular motion of the c16 molecule in the 
monolayer leads to the introduction of many gauche 
conformation units into the alkyl chain of the C16 
molecule. Consequently, the thickness of the C16 
monolayer truly becomes 'smaller compared with the 
calculated molecular length based on the CPK model 
(all-trans conformation). Figure l(c) shows AFM 
image of the (Ct&C24:50/50) mixed monolayer with a 
scan area of 5 ~X 5 !-till· The observed brighter and 
darker portions correspond to the higher and lower 
regions of the monolayer surface, respectively. The 
surface morphology was heterogeneous in surface 
height with an average surface roughness, Ra of 0.74 
nm, compared with that of the pure Ct6 and C24 
monolayers. The thickness of the higher domain and 

3 ,------------

E c: ..... 
12 
~ 

!1 ! 
.5 u: 
o~~~~_J~~-L-L-L_L~ 

0.0 0.2 0.4 0.6 0.8 1.0 
Molar fraction of C24 

Fig.2 Film thickness of each (C1&C24) mixed 
monolayer at surface pressure 7.1 mN m-1 on the 
water surface at Tsp of 293K. 
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Fig.3 Dependence of the number of scan on surface 
morphology of (C16/C24:50/50) mixed monolayer. 

lower matrix regions agreed with those of the pure c24 
and C16 monolayers, respectively, as shown in Fig.2. 
And also, the area fraction of the domain and matrix 
regions agreed with the molar fraction of the spreading 
solution. These results suggest that the domain and 
matrix regions are composed of the aggregation 
regions of C24 and C16 molecules, respectively. To 
evaluate the aggregation state of the domains and 
surrounding matrix, the dependence of the number of 
scan on monolayer surface was examined. Figures 3(a) 
and 3(b) show AFM images with a scan area of 2 f.U11 x 
2 f.U11 after 6 and 11 scans on the marked zone in Fig. 
l(c). The area fraction of the darkest portion (the 
lowest region) corresponding to mica surface increased 
with the number of scan. Apparently, the repeated scan 
causes a scratch of molecules in the monolayer, that 
is, a complete wear. Also, this wear was a selective 
one of the surrounding matrix region. This suggests 
that the cohesive force among molecules in the lower 
regions is weaker than that in the higher regions. 
Therefore, it is apparent that the (C1&C24) mixed 
monolayer is in a phase-separated state, and also that 
the domains and the surrounding matrix are composed 
of the C24 and C16 molecules, respectively. 

3.2 Mixed monolayer with different monolayer phases 
ofLSandCS 

Figures 4(a) and 4(b) show AFM images of the 
arachidic acid (C2o/C24:lOO/O) and the lignoceric acid 

Fig.4 AFM images of the (C2oiC24) mixed monolayers 
with molar fractions of (a)l00/0, (b)0/100 and 
(c)50/50 at surface pressure 26.5 mN m-1 on the water 
surface at T sp of 293K. 

(C2o/C24:0/lOO) monolayers with a scan area of 5 ,.un 
x 5 f.U11, respectively. The surface morphology of the 
Czo and C24 monolayers was very smooth with Ra of 
0.13 - 0.14 nm ... excepting aggregates of each 
molecule. The film thickness of the C20 and C24 
monolayers were evaluated to be 2.0 ± 0.1 nm and 2.9 
± 0.1 nm, respectively. The thickness of the C2o 
monolayers was smaller than the calculated molecular 
length (2.4 nm) of C20 of the extended CPK molecular 
model, although that of the C24 monolayer was 
comparable to the calculated molecular length (2.9 
nm) of C24. The smaller thickness of the C2o 
monolayer may results from the probe indentation 
and/or the conformation of alkyl chain, as discussed 
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Fig.5 Film thickness of each (CzofCz4) mixed 
monolayer at surface pressure 26.5 mN m-1 on the 
water surface at T sp of 293K. 

for C16 monolayer (Fig.l(a)). Figure 4(c) shows an 
AFM image of the (CzofCz4:50/50) mixed monolayer 
with a scan area of 5 l.t1l1 x 5 l.tll1· The surface 
morphology of the (CzofCz4:50!50) mixed monolayer 
was also very smooth with Ra of 0.20 nm. The film 
thickness of the (CzofCz4:50/50) mixed monolayer 
was evaluated to be 2.5 ± 0.2 nm. This value was an 
intermediate one between the film thickness of the c20 
and C24 monolayers, as shown in Fig. 5. In the case of 
a molecular mixing for the (CzofCz4) monolayer, the 
CH3(CHz)3 group corresponding to the difference in 
molecular lengths of Czo and C24 molecules should 
stick out and scatter on the monolayer surface. 
Apparently, the degree of molecular aggregation 
among the CH3(CHz)3 groups is low, resulting in a 
lar~e fraction of gauche conformation in the group. 
This may be reflected in the film thickness of the 
(CzofCz4:50/50) mixed monolayer. The above results 
exhibit that the (CzofCz4) mixed monolayer is in a 
molecular mixing state. 

In principle, like amphiphile mixes like in the 
monolayer. However, the experimental results in this 
s~dy is contrary to this principle; the (C16!c24) 
11_11xed monolayer with the same monolayer phase in a 
smgle component system was in a phase-separated 
s~ate and also, the (Czo/Cz4) mixed monolayer with 
d~fferent phases was in a molecular mixing one. This 
discrepancy may result from that the binary system is 
regardless of the corresponding single component 
s~stems owing to a mixing (a complete dispersion of 
bmary components in the spreading solution) before 
the monolayer formation. The molecular aggregation 
state of the phase separation for the (C1&c24) mixed 
monolayer and of the molecular mixing for the 
(CzoiCz4) mixed monolayer probably depends on the 
difference in cohesive energy of alkyl chain in 
~onolayer . components [13]. That is, a large 
difference m the cohesive energy corresponding to 
eight CHz groups ( 48-60 kJ mot-1) reduces the 
inter~ctio~ potential overcoming the entropic 
contnbutiOn, resulting in the phase separation of the 
(C1(i!Cz4) mixed monolayer. On the other hand, a 
small enthalpic contribution by the difference in 

cohesive energy corresponding to four CHz groups 
(24-30 kJ moi·l) causes the molecular mixing of the 
(CzofCz4) mixed monolayer. 

4. CONCLUSIONS 
The present study suggests that the 

aggregation behavior of the mixed monolayer is 
independent of whether the binary components are 
identical phase or not in a single component state. 
The mixing behavior depends on the intermolecular 
interaction, the thermal molecular motion and so on. 
A further systematic investigation is required to 
understand the aggregation mechanism in the 
multicomponent monolayer. 
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