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The dynamical structures of molecules of normal alkanes (Cs—Ci4) and normal fatty acids (Cs and Cs) in
the liquid state were estimated through analyses of their self-diffusion coefficients (D), viscosities (n), molar

volumes, and 3C NMR spin-lattice relaxation time (7).

The apparent hydrodynamic radius evaluated from D

and 7 for the alkanes was ca. 2.5X10-1° m and that for the fatty acids, ca. 3.1X10-1° m, irrespective of their
hydrocarbon chain length: The former value is almost equal to that of the van der Waals radius (2.4X10-1° m) of
the cross section of a hydrocarbon chain; the latter is in agreement with that of the normal alcohols reported in a

previous paper.

It is thus concluded that in the pure liquid of a rod-like compound such as normal alkane,

alcohol, and fatty acid, the free rotational (end-over-end) as well as the transverse motion of the rod-like
molecule is severely restricted due to the entanglements of the molecules; only a longitudinal translation is

allowed.
fatty acid is a dimer.

In a previous paper!) we reported that the apparent
hydrodynamic radius for normal alcohol homologs
(C1—Cs), evaluated through the Stokes-Einstein for-
mula under slip boundary conditions,23 was always
constant (ca. 3.2X10-10 m), irrespective of the hydro-
carbon chain length of the alcohol, except for
methanol. The value, 3.2X10-10 m, is appreciably
large compared with that of the van der Waals radius,
2.4X10-10 m, which was evaluated using a CPK molec-
ular model for the cross section of a hydrocarbon
chain. This large value could be elucidated by
decreasing the self-diffusion coefficient caused by a
longitudinal self-association of two alcohol mole-
cules. It is likely that the self-diffusion coefficient
for a doubly associated molecule is smaller than that
for a monomer molecule, probably being 1/\/§ of
that for a monomer molecule. Namely, the hypo-
thetical value of the self-diffusion coefficient for the
monomer alcohol is larger than the observed value by
a factor of v/2, and gives 2.25X10-19 m as the apparent
hydrodynamic radius. This seems to be reasonable
for the cross-section of the hydrocarbon chain. The
constancy of the apparent radius for a normal alcohol
molecule, irrespective of the number of carbon atoms,
has also been ascribed only to the longitudinal motion
of an extended rod-like dimer. Both the rotational
and transverse (to the direction perpendicular to the
rod axis) motions of a rod-like dimer are hindered by
other rods in its vicinity.145

If the above-mentioned concept for normal alcohols
in the liquid state is completely valid, alkane mole-
cules, which do not form any dimer, should have the
same value for the radius as that of the van der Waals
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In addition, the infrared-spectrum results suggest that a unit in translational motion for a normal

type of the cross section of a hydrocarbon chain; fatty
acid molecules, which are expected to perfectly form a
linearly combined dimer, should have the same value
as that for normal alcohol.

In the present study we have measured the density,
viscosity and self-diffusion coefficient for normal
alkane homologs (Cs—Ci4) and normal fatty acids (Cs
and Co), the 3CNMR spin-lattice relaxation time for
the alkanes, and the infrared spectra for 1-octanol and
octanoic acid; we also estimated the dynamical struc-
tures for their compounds and verified the concept?)
for a normal alcohol in the liquid state.

Experimental

Materials. Gas-chromatographically pure samples of
pentane (99.9%; Tokyo Kasei Industry Co.), hexane (99.8%;
Wako Pure Chemical Industries L.td.), heptane, octane
(99.9%; Tokyo Kasei Industry Co.), nonane, decane (99.9%;
Wako Pure Chemical Industries Ltd.), undecane, dodecane,
tridecane, tetradecane (99.9%; Kanto Kagaku Co.), and
octanoic and nonanoic acids (99.99%; Nippon Oil and Fats
Co., Ltd.) were used without further purification. The
purity for the above-mentioned samples was confirmed by
gas-liquid chromatography (Hitachi 663-50 with a column
of SE-30 for the alkanes and Shimazu GC-14A with a capil-
lary column of SP-2560 for the acids). The water used was
a triply distilled type. Deuterium oxide (99.95%) from E.
Merck A.G. was used without further purification.

Density. The densities of normal alkanes and normal
fatty acids were obtained on a twin-cell-type vibrational
densimeter (Shibayama Kagaku Co., Model SS-D-200), with
reference to degassed pure water.

Viscosity. The viscosities of the alkanes and fatty acids
were measured with Ostwald capillary viscometers. Pure
water was used for calibrating the viscosity.

Self-Diffusion Coefficient. The self-diffusion coefficients
of the alkanes and fatty acids were obtained by a pulsed-
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gradient FT-NMR method®-® All measurements were
made on protons at 99.6 MHz, with an internal D20 lock at
the temperatures of 298 K and 323 K+0.5 K on a NMR
spectrometer (JEOL FX-100). Each sample was placed in a
1 mm-dia. tube inserted in a 5 mm-dia. tube containing D20
(for NMR lock).

13C NMR Spin-Lattice Relaxation Time Ti. The 3C NMR
relaxation time (T41) of the alkanes, which were fully de-
oxigened with bubling argon gas, was obtained by an inver-
sion recovery method® on a 90 MHz-NMR spectrometer
(JEOL FX-90Q). The sample was placed in a 5 mm-dia.
tube with a 1 mm-dia. tube containing D20.

Infrared Spectrum. The infrared spectra of octanoic acid
and l-octanol were obtained on a Parkin-Elmer infrared
spectrometer (Model 983) equipped with a heating device
(Hitachi Model 1RH-2).

Molar Volume. The molar volumes of the normal
alkane homologs were obtained from their densities.
Theoretical molar volumes were calculated by the use of the
CPK molecular.model, assuming a hexagonal close-packed
structure of rods rotating along the axis, a face-centered
cubic packed structure of spheres of randomly coiled alkane
molecules, or pile-like packing structure of rectangular
solids.
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Results and Discussion

Table 1 summarizes the experimental values of the
density (p), viscosity (1), and self-diffusion coefficient
(D) for normal alkane homologs and for octanoic and
nonanoic acids at 298.1 and 323.1 K. In the same
table, literature data®-'® are also tabulated. On the
whole, our data are in agreement with the reference
values. The apparent hydrodynamic radius () for
the above samples was calculated by substituting our
data for n and D into the following Stokes-Einstein
equation under the slip boundary conditions:23)

kT

=D (h

where k is Boltzmann’s constant and T the absolute
temperature.

In Fig. 1 the apparent hydrodynamic radius
(Stokes-Einstein radius) at 298.1 K of the normal
alkanes (a; open circles) is plotted against their
hydrocarbon-chain length, together with the hypo-
thetical radius (ao; closed circles) obtained by substi-
tuting the value of the density (p) at 298 K into

Table 1. Density p, Viscosity , and Self-Diffusion Coefficient D for Normal Alkanes and Acids
g?& t:le; t(:)fm p/108 kgm—2 1n/10-3 Pas D/10-9? m2s-1
298.1 K 5 0.6210  0.62139" 0.225 02259  0.22% 596 5.45° 5.535"
0.6210° 0.215"
6 0.6556  0.65481% 0.309 0.2985% 0.29" 444 421"
0.6558 0.29379
Alkanes 7 0.6793  0.67951? 0.393 0.3967% 0.38" 3.32  3.12" 3.3
0.6795¢ 0.386¢
8 0.6983  0.69849% 0.515 0.51517 0.51" 2.55 2.25%
0.698¢ 0.5082¢
9 0.7137  0.71381% 0.648 0.6696" 0.67" 1.96 1.70° 1.729
0.71328#8 0.6621¢
10 0.7265  0.72625Y 0.833  0.8614”  0.85 148 1.31Y 1.38°
0.72643% 0.8527¢
11 0.7363 1.159 1.17
12 0.7455  0.74516" 1.324 1.378 0.93 0.86°
13 0.7528 1.649 0.75
14 0.7590 2.028 0.60 0.58%
Acids 8 0.9060  0.9064% 5.105  5.16% 0.221
9 0.9008 6.754 0.156
323.1 K 6 0.6325 0.251 5.96
7 0.6577  0.6582° 0.315  0.3100° 447 4958 494
Alkanes 8 0.6779  0.6782° 0.388  0.3928° 3.50 3.108)
9 0.6941  0.6942° 0.486  0.4968° 2.75 2.628 2499
10 0.7074 0.603 2.17 2.108 206
11 0.7177  0.7180° 0.736  0.7609% 1.72
12 0.7269 0.891 1.44 1.32
13 0.7349  0.7349° 1.075  1.1177% 1.15
14 0.7413 1.290 0.92 0.92°
Acids 8 0.8860 2.839 2.62% 0.421
9 0.8807 3.595  3.79% 0.316

a): Riddick and Bunger,?
Doolittle and Peterson,!®
Douglass and McCall.1

f): Fisher,14

b): Douglass and McCall,1®
g): Timmermans,!® and B): Interpolated value of the data by

¢): Erth and Dullien,'¥ d): Jones et al.,'? e):
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Fig. 1. Molecular radius of normal alkane against
the number of carbon atoms. Open circles indi-
cate the apparent hydrodynamic radius (the Stokes-
Einstein radius) at 298 K and open triangles, at 323
K; filled circles being calculated from the densities
of the normal alkane homologs at 298 K according
to Eq. 2.
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where M is the molar weight of alkane, and L
Avogadro’s number.

The latter radius increases monotonously with an
increase in the chain length, whereas the former is
almost constant (ca. 2.5X10-1° m in average, although
a slight increment from 2.4 to 2.7X10-° m being
observed). The constant value is comparable to the
van der Waals radius of the cross section of the hydro-
carbon chain (2.4X10-10 m).

To confirm the validity of the value 2.5X10-1°m, we
compared the experimental molar volumes based on
the density data for the normal alkanes with those
estimated from the CPK molecular model. Figure 2
shows the effects of the number of carbon atoms in a
alkane molecule on its molar volume based on various
calculations. The experimental values (open circles)
are in fair agreement with the theoretical values calcu-
lated by assuming a hexagonal close-packing of the
rotating rods, the radii of which are commonly
2.5X10-1° m; they differ significantly from those
obtained by assuming a face-centered cubic packing of
a sphere of randomly coiled normal alkanes as well as
from those based on the pile-like packed model (open
rectangles) with a value of 3.6X4.0X10-20 m? for the
cross-sectional area of a rectangular rod.

Consequently, the value of 2.5X10-1® m is ade-
quately correct for normal alkanes at 298 K. The
slight deviation from the van der Waals radius
(2.4X10-10 m) is mainly attributable to vigorous, seg-
mental motions in the hydrocarbon chain. In fact, as
shown in Fig. 1, the radii for the alkanes at 323 K
(triangles) are always larger than those at 298 K (open
circles). The segmental motion becomes large as the
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Fig. 2. Effects of the number of carbon atoms in the

normal alkane molecule upon the molar volumes
based on the density data (O), and on the CPK
model with assumptions of the hexagonal close
packing of the rotating rods with a radius of
2.6X10-10m (@), 2.5X10-10 m (@), 2.4X10-19 m (A),
the face-centered cubic packing of the sphere (O),
and the pile-like packing of rectangular rods with a
cross sectional area of 3.6X4.0X10-20 m2 ().

Table 2. Relaxation in Normal Alkanes. T (sec)

as a Function of Carbon Number

1 c2 c3 C¢ (CHa)n
308 K
CoHis 1649 19.08 18.19
CrHie 991 1159 11.26  10.95
CsHis 9.14 11.00 952 10.22
CoHao 740 858 698 717  6.09
CioHas 739 747 648 585  5.62
CuiHas 623 564 513 424  3.98
CioHs 581 529 406 392 292
CisHag 551 451 405 3.0l 246
CiqHso 502 467 331  3.07 1.9
323 K
CeHu 2032 2078  20.43
CrHie 1506 1754 17.01  15.83
CsHis 11.64 1372 1256  11.97
CoHao 937 1072 943 831  7.88
CioHzz 879 976 809 775  5.80
Ci1Has 829 791 613 571  5.46
CizHs 792 691 563 514 391
CisHys 768 630 495 414 324
CagHso 657 613 441 388 263
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temperature is increased. This is further supported
by the fact that the BCNMR spin-lattice relaxation
time (71) for each segment in the alkane molecule at
323 K is always larger than that at 308 K, as tabulated
in Table 2.

A comparison of the T values of the carbon atoms
located at the same position, counted from the methyl
group for the alkanes at each constant temperature,
indicates that the T: value at the same position
decreases with increasing the molecular weight of the
alkanes. In spite of a decrease in the segmental
motion with increasing chain length, the hydrody-
namic radius for the alkane increases slightly from 2.4
to 2.7X10-10 gt 298 K or from 2.5 to 3.0X10-10 m at 323
K. This is probably due to an increase in the gauche
structure in the hydrocarbon chain with increasing
the chain length.!8)

Erth and Dullien1® evaluated the apparent molecu-
lar diameter (d) for normal alkane homologs using

d=2.24ﬂ17RKT12 s (3)

where V is the molar volume of the alkane, and R the
gas constant. However, the obtained d values (6.5—
7.65X10-10 m for CsHiz, CeHis, C7His, CoHszo, and
Ci0Hzz) at their melting points are too large to satisfy
the molar volumes of the alkanes obtained from their
density data.

In Fig. 3 the Stokes-Einstein radii for octanoic and
nonanoic acids (closed rectangles) at 298.1 K are also
plotted against the hydrocarbon chain length,
together with those for normal alcohols? (circles).
The radius for the each acid is apparently equal to
that for the alcohols. Thus, the acids seem to be in
similar molecular conformation to the alcohols.
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Fig. 3. Molecular radius of normal fatty acids (Cs
and Cg) and normal alcohols (C1—Cs) against the
number of carbon atoms at 298 K. Open circles
indicate the apparent hydrodynamic radius for the
alcohols? and filled rectangles, for the acids.
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The IR spectra of octanoic acid in its liquid state in
the temperature range 296—346 K indicated that the
acid molecules were always linearly self-associated to
be cyclic dimers by the hydrogen bonds of their car-
boxyl groups. Namely, the strong absorption band
at 1710 cm~1! due to the C=0 streaching vibration and
the relatively broad band at 920 cm~-! due to the OH
out-of-plane bending vibration of the carboxyl group
(assigned to the cyclicly hydrogen-bonded dimer)
remained completely unaltered throughout the
temperature range.

Longsworth!® designated, from the magnitude of
the mutual diffusion coefficient and its concentration
dependence, that the carboxylic acids in carbon
tetrachloride at 298 K were present almost entirely as
dimers and gave no indication of further association.

The IR spectra of 1-octanol in its liquid state in the
same temperature range also indicated that the alco-
hol molecules were always self-associated by hydrogen
bonds of their OH groups, although the peak due to
the hydrogen-bonded OH-streching vibration was too
broad to be assigned to a dimer or a higher polymer.

It can consequently be concluded that the unit, at
least in the translational motion for alcohol mole-
cules, is a linearly self-associated dimer as well as that
for acid molecules. The large apparent hydrody-
namic radii for the alcohols or for fatty acids, com-
pared with those for alkanes, are also attributed to the
lower self-diffusion coefficients for their dimers than
those for their monomers (as predicted in a previous
paperV). Namely, the self-diffusion coefficient of
such a dimer is assumed to be inversely proportional
to the root of the mass for two monomers. In fact, the
mutual diffusion coefficient reported for alcohols in
carbon tetrachloride is high at low concentrations,
decrease steeply with increasing concentration, and
finally becomes almost equal to that for a dimerlzed
fatty acid possessing the same number of carbon
atoms.'” Thus, the hypothetical value of the self-
diffusion coefficient for the monomeric alcohol or
acid gives 2.25X10-19 m or 2.20X 10-1° m as the appar-
ent hydrodynamic radius, which seems to be reason-
able for the cross-section of the hydrocarbon chain.

In general, the Stokes-Einstein formula under the
slip boundary conditions is applicable for only a
spherically shaped molecule having a similar size to
that for the surrounding-solvent molecules.’® Judg-
ing from the results for rod-like compounds such as
normal alkanes, alcohols, and acids, however, we can
conclude that the formula is sufficiently applicable,
even to rod-like molecules having a relatively long-
hydrocarbon chain.

As derived by Stokes, the frictional coefficient (fo) is
given by fo=6mna: a spherical object of radius e,
moving in a fluid continuum, is carried along with no
slipage of the fluid layer in contact with it.  Its move-
ment of the object is impeled by a force due to the
pressure built up in front of it (4nna) and a fric-
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tional force parallel to its surface (=2mna); these two
forces add up to the value given for the above fric-
tional coefficient (fo).

Even though the fluid does not stick to the surface
of the spherical object (the slip boundary conditions),
some fluid in front of the object must be displaced
when the object moves.1? There is some viscous dis-
sipation of energy, and motion of the object is
retarded. On the other hand, the side surface of the
object undergoes a translational motion as well as a
rotational type, and does not displace any fluid since
the frictional force parallel to the surface of the spheri-
cal object is very small. Thus, the overall frictional
force (fo) becomes 4mne.

In the case of a rod-like molecule in its pure liquid,
the free rotational (end-over-end), as well as trans-
verse, motion of the rod-like molecule is severely re-
stricted4 owing to entanglements of the molecules,
even with slip between the molecules; this is because
the liquid has very little space for motion, as assumed
by the fact that only ca. 10% increases in volume at a
solid-melt transition for a long-chained fatty acid.20
Thus, the object molecule must displace many other
molelcules in its transversal motion or end-over-end
rotation.

On the other hand, in the longitudinal motion of a
rod-like molelcule, although the object molecule
should displace some other molecules in front of its
head, its side surface may slightly displace a few
molecules surrounding the object molecule. Thus,
only a longitudinal translation is allowed and the
resistant force comes to be only 4nne. Douglass and
McCall'® also suggested that the elementary diffusion
process for normal alkanes involves the translation of
an extended molecule parallel to its chain axis, based
on the fact that the activation energies of self-diffusion
increase with increasing molecular weight of the
alkanes.
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