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ABSTRACT

Fatty acids such as oleic and stearic acids having a long hydrocarbon chain are known to exist as dimers in their melt
and even in a non-polar solvent. In their melt the dimers arrange longitudinally and alternately to form clusters which
resemble a smectic liquid crystal. The clusters determine the liquid properties of the fatty acids such as density, viscos-
ity and fluidity. Then, do the dimers of fatty acid having a moderate-length hydrocarbon chain construct such the clus-
ters? In the present study the dynamic molecular behavior and assembly structure of octanoic acid in its melt and also in
CCl, solution have been investigated by the X-ray diffraction, near infrared spectroscopy, 'H-NMR chemical shift,
self-diffusion coefficient and *C-NMR spin-lattice relaxation time measurements. From these results it has been re-
vealed that the clusters of octanoic acid exist in its melt and also in CCl, and that the clusters in the melt disintegrate
with an increase in temperature. The dissociation profile of dimers of octanoic acid into monomers in CCl, also has
been clarified.
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1. Introduction

Fatty acids are used in many fields such as cosmetic,
detergent, food and lubricant industries; they are charac-
teristic and significant components of most lipids and
play an important role in functions such as flexibility,
fluidity and material transfer in biomembranes. The
functions seem to be responsible to the aggregated struc-
tures of the fatty acid molecules. Thus, for various needs
in the industries and also from the fundamental aspects, it
is important to reveal the relationship between the func-
tions and the aggregated structures of fatty acids.

In the previous study on the liquid structure of various
fatty acids it has been clarified that these fatty acids exist
mostly as dimers in their melt and even in a non-polar
solvent. Namely, through the measurements of near-in-
frared spectroscopy (NIR) and vapor pressure osmosis it
has been revealed that cis-9-octadecenoic acid (Iwahashi,
Suzuki, Czarnecki and Ozaki, 1995 [1]) and several n-
fatty acids (C8-C11) (Iwahashi, Kasahara, Minami, Ma-
tsuzawa, Suzuki and Ozaki, 2002 [2]) in their liquid
states exist as dimers even at 80°C: the dimers are the
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units in intra- or intermolecular movements.

Furthermore, the dynamic molecular aspects and the
assembly structures of several fatty acids having 18 car-
bon atoms such as cis-6-octadecenoic, cis-9-octadecenoic,
cis-11-octadecenoic, trans-9-octadecenoic, and octa-
decanoic acids in their pure liquids were also studied at
various constant temperatures (Iwahashi et al., 2000 [3]).
The dimers of these fatty acids, which are stable even at
high temperature, aggregate also to form clusters pos-
sessing the structure of a quasi-smectic liquid crystal:
The long-chained fatty acid dimers arrange longitudi-
nally and alternately to make an interdigitated structure
in the clusters. The alignment in the longitudinal direc-
tion for the acid molecules resembles that for the dode-
canoic acid molecules in A-form crystal (Lomer, 1963
[4], Goto and Ashida, 1978 [S5]) and the cis-9-octade-
cenoic acid molecules in f§;-form crystal. (Kaneko et al.,
1997 [6]).

The existence of the clusters most likely determines
the liquid properties of fatty acids such as density and
fluidity. For example, a discrepancy between self-diffu-
sion coefficient and density among the above acids has
been clearly resolved using the above cluster model
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26 Dynamic Molecular Behavior and Cluster Structure of Octanoic Acid in Its Liquid and CCl, Solution

(Iwahashi et al., 2000 [3]). Furthermore, effect of addi-
tives on the cluster structure of cis-9-octadecenoic acid
also was studied (Iwahashi et al., 2007 [7]); it was found
that cholesterol strengthens the interaction among the
acid dimers in the cluster and makes the cluster structure
stable, while ethanol and benzene weaken the cluster
structure.

Then, do the dimers of fatty acid having a moderate-
length hydrocarbon chain construct such the clusters in
the melt or in a non-polar solvent? If so, are the clusters
stable at high temperature or in a dilute solution? To
solve these questions, we measured the X-ray diffraction,
self-diffusion coefficient, *C-NMR spin-lattice relaxa-
tion time, near-infrared (NIR) spectroscopy and 'H-NMR
chemical shift for the samples of octanoic acid in its melt
and in its CCly solution.

2. Experimental
2.1. Materials

Sample of octanoic acid (>99.9%) was kindly supplied
from the Research Institute Biological Materials (Kyoto,
Japan). Octanoyl chloride (98%) was purchased from
Tokyo Kasei Co. They were used without further purifi-
cation. Carbon tetrachloride (CCly: 99.5% pure) pur-
chased from Nacalai Tesque INC (Kyoto, Japan) was
dried over 5 A molecular sieves and distilled under an
atmosphere of dried nitrogen. Samples for the *C-NMR
spin-lattice relaxation time 77 measurements were pre-
pared after a 30-minite-argon gas passing, using a glove
box under an atmosphere of nitrogen gas to prevent the
absorption of oxygen, which would make the T} shorter.

2.2. Measurements

2.2.1. X-Ray Diffraction

X-ray diffraction measurement for the sample of octanoic
acid was carried out on a X-ray diffraction instrument
(Rigaku model RU-300) using MoKa (wavelength 1 =
0.7107 A) radiation (40 kV x 240 mA) in the temperature
range 303 - 473 K + 0.2 K. Samples were set in glass
capillary cells with 2-mm diameter and 1/100-mm thick-
ness. Scanning intensities in the range from 0.06 to 4.603
A" in s value (s = (4/4) sind, 20 = scattering angle)
were measured (Iwahashi ef al., 2000 [3]). The intensities
were corrected by the subtraction of the back ground
intensity. Deconvolution of the diffraction signals was
carried out by assuming a Lorentzian curve for each sig-
nal and determined the peak positions of the signals.

2.2.2. NIR Spectrum Measurements

NIR spectra of the samples of octanoic acid and octanoyl
chloride in CCl,; were measured at resolution of 1.0 nm
on Hitachi-3500 spectrophotometer in a temperature
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range (293 - 313) + 0.01 K at interval of 5 K (Iwahashi,
Kasahara, Minami, Matsuzawa, Suzuki and Ozaki, 2002
[2]). A quartz cell having a 0.5-cm path length was used.
A Hitachi temperature-regulated cell holder (No. 131-
0030) was used to maintain the temperature of the sam-
ple.

2.2.3. NMR-Chemical Shift

The chemical shifts, J, of the OH protons of octanoic
acid samples in CCl; were measured on a NMR spec-
trometer (Japan Electron Optics Laboratory (JEOL)
Model EX-400), using 1%-tetramethylsilane (TMS) in
DMSO-d¢ contained in 1-mm inner tube as a chemical
shift standard in a temperature range (303 - 323) £ 0.5 K
at interval of 10 K.

2.2.4. Self-Diffusion Coefficient

The self-diffusion coefficient, D, was determined by
means of the pulsed-field gradient NMR method (Farrar
and Becher, 1971 [8]). All the measurements were made
on protons at 399.65 MHz in a temperature range (303 -
323) £ 0.5 K at interval of 5 K on the same NMR spec-
trometer with a probe for the pulsed-field gradient NMR
measurements.

2.2.5. BC-NMR Spin-Lattice Relaxation Time

The "C-NMR spin-lattice relaxation time, 7, for oc-
tanoic acid samples was obtained by the inversion recov-
ery method (Hertz, 1967 [9]) employing a 180-7-90°
pulse sequence, using also the same NMR spectrometer
at313+ 0.5 K.

3. Results and Discussion

3.1. Aggregation Structure of Octanic Acid in Its
Melt

X-Ray Diffraction Measurements

Figure 1 shows the X-ray diffraction spectra for the lig-
uid sample of octanoic acid in its melt at various tem-
peratures. There are three individual signals at a constant
temperature: A broad signal exists around 0.4 A™' in s
value, a large and sharp signal, around 1.4 A™" and a
broad one, around 2.7 A™'. The signal around 2.7 A™
would be attributable to the second-order reflection to the
signal at 1.4 A™'. The peak position of the 0.4 A™' signal
slightly decreases and that of the 1.4 A™' signal appar-
ently decrease with an increase in temperature. The
X-ray diffraction spectra resembles those of the liquid
samples of fatty acids having a long hydrocarbon chain
such as cis-octadecenoic (oleic), trans-octadecenoic
(elaidic) and octadecanoic (stearic) acids (Iwahashi et al.,
2000 [3]). As mentioned in introduction, these long-hy-
drocarbon chained fatty acids are known to exist as
dimers in the melt; their dimers arrange longitudinally
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Figure 1. Temperature dependence of the X-ray diffraction
spectra for octanoic acid. Temperatures are: 303, 343, 383,
423, 463 and 473 K.

and alternately to form clusters resembling a smectic
liquid crystal. From the analogy of the X-ray diffraction
pattern of these fatty acids in the liquid state, the 0.4 and
1.4 A™" bands for the sample of octanoic acid are thought
to be attributable to the long and short spacing of the
cluster composed of octanoic acid dimers, respectively.
Namely the small s value is attributable to the long dis-
tance between the planes made by the dimeric carboxylic
groups of aligned dimers; the band around 1.4 A™' gives
a measure of the distance between adjacent molecules.

The short and long spacing of the cluster of octanoic
acid in its melt is plotted in Figures 2(a) and (b), re-
spectively, as a function of temperature. In the same Fig-
ures, those of oleic and stearic acids are also plotted.

Short spacing of octanoic, oleic or stearic acids in-
creases with increasing temperature. This suggests that
the distance between adjacent acid molecules increases
with increasing temperature. Namely, at high tempera-
ture the dimers of the fatty acid tend to loosely pack to-
gether in the cluster.

Long spacing of octanoic acid slightly increases with
increasing temperature, while those of oleic and stearic
acids are almost constant irrespective of temperature. In
the case of octanoic acid, the distance between the planes
composed of dimeric carboxyl groups in the alternated
interdigitated lameller structure would be gradually ex-
tended with increasing temperature. Namely the lamellar
structure composed of the octanoic acid dimers seems to
be not stable at high temperature: the clusters of octanoic
acid are gradually disintegrated with increasing tempera-
ture. On the other hand, the clusters consist of oleic or
stearic acid dimers having a long hydrocarbon chain
would rigidly maintain the interdigated lamellar structure
in the melt even at a high temperature.

As can be seen from Figure 2(b), at a relatively low
constant temperature the long spacing of octanoic acid is
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Figure 2. (a) Temperature dependence of the short spacing
for octanoic (O), oleic (CJ) and stearic acids (A), respec-
tively; (b) Temperature dependence of the long spacing for
octanoic (O), oleic ((J) and stearic acids (A), respectively.

larger than a half of that of the stearic acid, although the
molecular length of octanoic acid is almost a half of that
of stearic acid. Namely, octanoic acid dimers would ar-
range longitudinally and alternately to form an interdigi-
tated lamellar structure (cluster) as like as stearic acid
dimers do, however, the cluster structure of octanoic acid
would be slightly different from that of stearic acid.
Figures 3(a) and (b) show the schematic drawings for
the cluster structures of octanoic and stearic acids, re-
spectively. The hydrogen-bonded dimeric carboxyl groups
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Figure 3. Schematic drawings of the cluster structures of
octanoic (a) and stearic acids (b) in their melts.

for octanoic acid exist in a same lateral plane as well as
those for stearic acid, while the hydrocarbon parts of
octanoic acid are aligned alternately but only partly in-
terdigitated. On the other hand, as shown in Figure 3(b),
those for stearic acid are completely interdigitated (Iwa-
hashi et al., 2000 [3]).

Next, to reveal the molecular behaviors of octanoic
acid in CCly, we measured NIR spectroscopy of octanoic
acid in CCl, and estimated the degree of dissociation of
octanoic acid dimer into monomers.

3.2. Dissociation of Dimer Molecules of Octanoic
Acid into Monomer Species

3.2.1. NIR Spectroscopy

As a typical example, Figure 4(a) shows NIR spectrum
for the neat sample of octanoic acid at various tempera-
tures. The intensity of the absorption band is expressed in
terms of molar absorptivity, €. The spectrum for octanoic
acid in melt has a band at 1445 nm being attributable to
the OH vibration for free fatty acid (Iwahashi et al., 1993
[10]) which grows and becomes more intense with in-
creasing temperature: that is, even in the melt of octanoic
acid the acid dimers dissociate into monomers with an
increase in temperature. However, as the band at 1445
nm is superimposed on the bands corresponding to the
CH-vibration mode of the CH; and CH, groups, it is
necessary to subtract all the contributions of the CH
modes to obtain the net ¢ for the OH vibration mode. In
the present work, we used octanoyl chloride, which does
not contain OH group, to obtain difference spectra can-
celing the absorption band due to CH vibrations.

Figure 4(b) shows the NIR spectrum for the neat sam-
ple of octanoyl chloride. Normalization using 1200-nm
CH-band height as a standard and subtraction of the
spectrum of octanoyl chloride sample from that of the
neat octanoic acid sample gave the difference spectrum,
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Figure 4. (a) Temperature dependence of NIR spectra of
neat sample of octanoic acid. Temperatures are: 293, 298,
303, 308, 313, 318 K; (b) NIR spectra of neat sample of oc-
tanoyl chloride; (c) Difference NIR spectra of octanoic acid
at various temperature: 293, 298, 303, 313 and 318 K. The
1445-nm band is attributable only to OH vibration of free
octanoic acid monomer.

which provides the spectrum only for free OH group.
Namely, as shown in Figure 4(c) the peak height of the
1445-nm band being attributable only to free-OH group
increases with an increase in temperature.

Further NIR measurements were carried out for the
various concentration samples of octanoic acid in CCl, at
various temperatures. From the analysis of the 1445 nm
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bands obtained for samples having various concentration,
using 2.01 £ 0.14 dm*mol "-em™! (Iwahashi, Suzuki,
Czarnecki and Ozaki, 1995 [1]) as the true molar absorp-
tion coefficient, g, of the completely free OH vibration
of fatty acid, we determined the degree of dissociation, a,
for octanoic acid dimer into monomers in CCl,, accord-
ing to the procedure mentioned in the previous paper
(Iwahashi, Suzuki, Czarnecki and Ozaki, 1995 [1]),

Figure 5 shows the concentration dependence of the
degree of dissociation, a, in CCly at various temperatures.
The a value increases with a decrease in concentration
and with an increase in temperature. The a value, how-
ever, is not so large even in CCly: Most octanoic acid
molecules exist as dimers.

Interestingly at each constant temperature the a value
steeply increases below 0.5 mole fraction (x) of octanoic
acid. This indicates that the dissociation of octanoic acid
dimer into monomers easily occurs below x = 0.5.

3.2.2. Self-Diffusion Coefficient

Figure 6 shows the concentration dependence of self-
diffusion coefficient, D, of octanoic acid in CCl, at vari-
ous temperatures. The D value also increases with a de-
crease in concentration and with an increase in tempera-
ture. Interestingly at each constant temperature the D
value steeply increases below x = 0.5. As the D value for
fatty acid monomer is thought to be larger than that of
dimer, the dissociation of octanoic acid dimer would eas-
ily occur below x = 0.5.

3.2.3. Intramolecular Movements of Octanoic Acid
Molecule

C-NMR spin-lattice relaxation time 7} for the different

carbon atoms along the hydrocarbon chain of octanoic

3 0.01

0.00 * * * * *
0.0 0.2 0.4 0.6 0.8 1.0

Mole Fraction

Figure 5. Concentration dependence of the degree of disso-
ciation, a, of octanoic acid dimer in CCl; into monomers at
various temperatures: A denotes 293 K; ¢, 298 K; [, 303
K; A,308 K; O, 313 K, respectively.
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Figure 6. Concentration dependence of self-diffusion coeffi-
cient, D, of octanoic acid in CCl, at various temperatures:
O denotes 303 K; A, 308 K; [, 313 K; @, 318 K; A,
323 K, respectively.

acid in CCl, at 313 K were measured at various concen-
trations. *C-NMR spin-lattice relaxation of a protonated
carbon is overwhelmingly dominated by dipole-dipole
interactions with the attached protons; 7 for the carbon
atom in a segment is related to the number of directly
bonded hydrogen, N, and the effective correlation time, 7,
for the rotational movement of the segments in the acid
molecule (Hertz, 1967 [10]), that is, the reciprocal of z.
represents the magnitude of the segmental movement of
the carbon atom. 7 is given in terms of N and 1/z,

1/Tl:N 27%712{76/’”66;1 (1

where % (= h/2m) is Plank’s constant, and y. and yy are the
gyromagnetic ratios of °C and 'H, respectively. rcy is
the C-H distance usually about 0.109 nm, and 1/z. repre-
sents the magnitude of the segmental motion of the car-
bon atom at different positions.

Figure 7 shows the relationship between segmental
(intramolecular) movements of octanoic acid molecule,
1/z,, and the mole fraction of octanoic acid at 313 K. The
1/z, value for each carbon atom slightly increases with a
decrease in concentration; the inclination of the 1/z. vs.
mole fraction curve seems to be slightly steep especially
below x = 0.5. Namely addition of CCly to octanoic acid
seems to progress the dissociation of dimers and the
segment movements especially below x = 0.5.

To make more clear the change in the 1/z. vs. mole
fraction curve, we calculated the relative 1/z. value for
the carbon atom at each position by using the 1/z. value
for the neat sample of octanoic acid (x = 1) as a standard.

Figure 8 shows the relationship between the relative
1/z, and the position of each carbon atom at various con-
centrations at 313 K. Each relative 1/z. value of carbon
atom at each position increases with a decrease in con-
centration. It should be noticed, however, that at x = 0.7
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Figure 7. Concentration dependence of rotational reorien-
tation (segmental movement), 1/z., of carbon atoms at dif-
ferent position in octanoic acid in CCl, at 313 K. The in-
serted number denotes the position of the carbon atom in
octanoic acid molecule.
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Figure 8. The relationship between relative 1/7. (relative
rotational movement) and the position of carbon atom at
various concentration at 313 K. @ denotes x (the mole
fraction of octanoic acid) = 1; (1, 0.7; ¥, 0.5; O, 0.4; H,
0.25; V, 0.1, respectively.

the 1/z, value of the carbon atom at the 2-position, which
is close to dimeric carboxyl group, is almost same as that
at x = 1 (pure liquid of octanoic acid); the 1/z, value of
the carbon atom at the 2-position rapidly jumps up at and
below x = 0.5.

Obviously CCly, steeply progresses the dissociation of
dimeric carboxyl groups below x = 0.5. Namely, below
this concentration the disintegration of the clusters may
occur, accompanied with a relatively high dissociation of
octanoic acid dimers.

Consequently, the results of NIR spectra, self-diffu-
sion coefficient and *C-NMR spin-lattice relaxation time
for octanoic acid in CCl; at various concentrations
clearly indicate that the dimers of octanoic acid gradually
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dissociate into monomers with a decrease in the mole
fraction of octanoic acid up to x = 0.5 and largely, below
x=0.5.

It is generally known that an up-field shift of the 'H-
NMR signal of the carboxyl group of fatty acid means
the increase in the dissociation of the fatty acid dimers
into its monomers. Consequently the up-field shift of the
'H-NMR of the carboxyl group for octanoic acid should
become larger below x = 0.5.

Thus, chemical shift of proton of carboxyl group of
octanoic acid was measured at various concentrations
and temperatures.

3.2.4. "H-NMR Chemical Shift of COOH Group
Figure 9 shows the concentration dependence of 'H-
NMR chemical shift, J, for COOH group of octanoic
acid. The up-field shift of the '"H NMR signal is pro-
moted with a decrease in the mole fraction of octanoic
acid.

Contrary our expectation, however, the up-field shift
steeply increases below not x = 0.5 but 0.2. This dis-
crepancy can be explained as follows:

Clusters resembling a smectic liquid crystal composed
of octanoic acid dimers would be maintained up to x =
0.5 in CCly. Namely, the dissociation of dimers into
monomers would be prevented up to this concentration.
After the distortion of the above cluster, the dissociation
would occur more easily.

However, even below x = 0.5, many free monomer OH
groups would still exist in the deshielding region of
neighboring C=0O groups as shown in the upper sche-
matic drawing of Figure 10. Below x = 0.2 free mono-
mer OH groups would escape from the deshielding re-
gion of neighboring C=0O groups as shown in the lower
drawing in Figure 10. Thus, the true, large dissociation
of dimer of octanoic acid into monomers is thought to
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Figure 9. Concentration dependence of '"H-NMR chemical
shift of OH proton of octanoic acid in CCl, at various tem-
peratures: M denotes 303 K; [, 313 K; A, 323 K, respec-
tively.
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Figure 10. Schematic Drawings for the deshieling effect of a
carbonyl group on the proton of neighboring octanoic acid
molecule. Upper drawing denotes a situation of proton of
free OH group of octanoic acid in a cluster at x = 0.5 and
below one, below x = 0.2.

occur below x = 0.5.

4. Conclusions

The fatty acid exists as dimers in melt and even in non-
polar solvent such as CCly. In melt and also in non-polar
solvent the dimers arrange longitudinally and alternately
to construct clusters resembling a smectic liquid crystal.
The clusters of octanoic acid in melt are not so stable
compared with those of long-chained fatty acids such as
oleic and stearic acids.

NIR, self-diffusion coefficient and *C-NMR spin-lat-
tice relaxation time measurements suggested that the
dimers of octanoic acid in CCl, gradually dissociate into
monomers with a decrease in concentration and steeply,
below mole fraction x = 0.5. On the other hand, the
up-field shift of the 'H NMR signal of the carboxyl
group of octanoic acid steeply increases not x = 0.5 but

Copyright © 2013 SciRes.

0.2. This discrepancy is explained by the deshielding
effect of carbonyl group of neighboring fatty acid mole-
cules on the proton of the free OH group. Consequently,
the true, large dissociation of octanoic acid dimers into
monomers in CCly occurs most probably below x = 0.5.
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