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An X-ray diffraction study on the crystal structures of binary mixtures of very pure long-chain symmetrical ketone
(K39) and n-alkane (C39) with an odd carbon number of 39 is presented. When the samples were prepared with the
solution-crystallization method, which form two different types of solid solutions for the molar fraction ( fm) of K39
above and below fm,c ¼ 0:204. From composition and temperature dependencies of a long period (L) and two subcell
lengths (as and bs) determined from (00‘), (200), and (110) reflections, respectively, we show that nearly the same crys-
tal structure as that of pure C39 is maintained for the solid solutions in regime S1 where fm < fm,c, while K39 domi-
nantly affects the crystal structures at room temperature in regime S2 where fm > fm,c. When temperature was raised
above the solidus line of the phase diagram in the S2 regime, recrystallization occurred to form a solid solution very
rich in the K39 component in the liquid–solid solution coexisting phase before final melting of K39. The solid–solid
phase transition behaviors and resulting chain packing in the S1 regime are discussed in relation to anomalous anisotropy
of linear thermal expansion coefficients along two lattice directions.

Symmetrical ketone, hereafter, is abbreviated as Kn, where
n is the number of carbon atoms, is different only from n-
alkane, abbreviated as Cn, in that the former has a carbonyl
group with a permanent dipole moment at the center of the
chain. They belong to the same crystal group for odd n, and
the lattice constants of their sub-cells, which are orthorhombic,
are almost the same. A characteristic difference in the thermal
behavior between pure Cn and Kn crystals lies in that Cn ex-
hibits a couple of solid–solid phase transitions before melting,
whereas Kn melts without showing any solid–solid phase tran-
sition to the liquid phase at a temperature higher than the melt-
ing temperature of Cn with the same n.1–5 This difference has
been attributed to rotational motion as well as sliding motion
along the chain axis, which are allowed for Cn chains, whereas
the dipole–dipole interaction between the carbonyl groups is
sufficiently strong enough for Kn chains to hinder such molec-
ular motions for induction of the phase transition.6–10

The forementioned similarity and difference between Cn
and Kn crystals motivated us to construct phase diagrams of
binary systems of Cn and Kn with different n. In previous re-
ports,11,12 where the DSC technique was exclusively em-
ployed, we determined phase diagrams for binary mixtures
of Cn and Kn with the same or slightly different n ranging
from 25 to 39 prepared by bulk-crystallization as well as solu-
tion-crystallization methods. Both methods gave essentially
the same phase diagram for the K25/C25 system such that sol-
id solutions are formed in a limited low range of the molar
fraction ( fm) of Kn, while above the solubility limit ( fm,c) eu-
tectic mixtures are obtained.11 On the other hand, different
phase diagrams have been obtained for the K39/C39 system
depending on the crystallization method used. The bulk-crys-

tallized sample gave a phase diagram essentially the same as
the K25/C25 system with a larger fm,c value, but the phase di-
agram for the solution-crystallized sample is quite complicat-
ed, as shown in Fig. 1, which has been reproduced from
Ref. 13 for convenience of description in the Results and Dis-
cussion section. The most characteristic feature is that two dif-
ferent types of solid solutions are likely to be formed at room
temperature over the entire range of fm above and below
fm,c ¼ 0:204. The phase diagram has been successfully repro-
duced in terms of the Flory–Huggins theory14 with the phe-
nomenological interaction parameter (�12) between C39 and
K39 molecules, given by the solid curves in the figure. A posi-
tive �12 value is necessary for data fitting, indicating that the
enthalpy of mixing is positive to this system.

The vertical solid line of fm,c ¼ 0:204 in Fig. 1 distin-
guishes two solid solution regimes S1 and S2, and other two
dashed lines in the S1 regime are tentatively drawn referring
to well-established results11 for the solid–solid phase transi-
tions of pure normal alkane C39 from the A phase of an ortho-
rhombic crystal to the B phase of a monoclinic one and then to
the C phase of more disordered monoclinic one. However, this
assignment does not seem self-evident, since the solid–solid
phase transition is usually observable only for a sufficiently
pure sample and is rare for a binary mixture containing nearly
20wt% of a minor component. Furthermore, we think that
recrystallization must occur to form a K39-rich crystal in the
liquid–solid solution coexistence region denoted as S2 þ L in
Fig. 1. Thus, it is likely that the phase diagram obtained from
DSC measurements becomes more meaningful from a molecu-
lar point of view if crystal structures in respective phase could
be definitely determined.
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In this paper, we performed X-ray diffraction measurements
on twelve samples of the binary K39/C39 system including
pure C39 and K39 at room temperature and also on four sam-
ples at elevated temperatures, given by crosses in Fig. 1, to de-
termine the crystal structures in respective phases. Composi-
tion and temperature dependencies of a long period (L) and
two subcell lengths (as and bs) were studied in detail using
(00‘), (200), and (110) reflection data, respectively. We found
that the solid solutions in regime S1 where fm < fm,c had near-
ly the same crystal structure as that of pure C39, which is char-
acteristic of two solid–solid phase transitions, while the crystal
structures at room temperature in regime S2 were dominantly
affected by K39. In addition after the temperature was raised
above the solidus line of the phase diagram, recrystallization
occurred in the liquid–solid solution coexisting phase. The
phase transition behavior to the C phase and resulting chain
packing observed for samples with fm < fm,c are discussed
in relation to an intrachain defect effect as well as anomalous
anisotropy of linear thermal expansion coefficients along two
lattice directions.

Experimental

Materials. Symmetrical ketone 20-nonatriacontanone (K39)
and the corresponding n-alkane C39 were used for this investiga-
tion. The ketone was synthesized through a ketene dimerization
reaction from the corresponding carbonic acid chlorides, which
were free from other homologues. Details of the purification tech-

nique of starting materials and the synthetic method are reported
elsewhere.15,16 K39 was finally purified with recrystallization
and eluted through a silica column. C39 was synthesized by reduc-
ing the corresponding ketone K39 using the Wolff–Kishner meth-
od, and purified by using column chromatography after treatment
with hot concentrated sulfuric acid. The sample purity was deter-
mined with a capillary gas chromatograph (GC-14A, Shimadzu)
equipped with a column of CBP1-M25-025. The purity for homo-
logues was up to 99.7% for both compounds.

After solubility tests of pure K39 and C39, using several organ-
ic solvents, we chose toluene as the solvent for solution-crystalli-
zation of K39/C39 binary system, because it is a good solvent for
both of K39 and C39 and temperatures, at which crystallization
took place, are located at around room temperature over the whole
range of fm of K39. Twelve samples including pure K39 and C39
samples were crystallized from 0.85% toluene solutions contain-
ing weighed amounts of K39 and C39 with a slow cooling rate
of 0.02 to 0.05Kmin�1. The values of fm of K39 in the binary
crystals thus obtained were determined using the capillary gas
chromatography, and were found to be close to mixing molar ra-
tios of K39 in respective solutions, except at low fm, where the
former was much lower than the latter. A lozenge-shaped single
crystal was obtained for pure C39 and K39, whereas the K39/
C39 binary mixtures gave powder-like crystals, which became
finer with increasing fm.

Method. X-ray diffraction measurements were made on single
crystal mats of pure C39 and K39 as well as powder-like crystals
of K39/C39 binary system and of pure C39 and K39 with a
Geiger flex 2027 diffractometer with Ni-filtered CuK� radiation
(Rigaku). The samples were put inside a hollow of a 0.2mm deep
glass sample-plate and covered with a thin beryllium plate. The
procedure provided accurate determination of L for the lozenge
shaped single crystals due to high diffraction intensity of the
(00‘) reflections, where even numbers of ‘ are observable because
of the double layer structure characteristic of pure C39 and K39.
The values of as and bs were estimated from the (200) and (110)
reflections at room temperature. Those quantities were also mea-
sured for four samples with fm ¼ 0:0556, 0.199, 0.276, and 0.71
from room temperature up to the respective melting temperatures
by raising temperature successively as indicated in Fig. 1.

Results and Discussion

Composition Dependence of L, as, and bs at Room
Temperature. X-ray diffraction profiles at room temperature
were essentially same for all samples tested and were charac-
terized by peaks ascribed to (00‘), (200), and (110) reflections
intrinsic of the orthorhombic type of crystal structure. Pure
C39 and K39 as well as K39/C39 mixtures with low fm gave
a series of sharp (00‘) reflection peaks with high intensity.
Peaks became broader with an increase in the fm. Neverthe-
less, L was successfully determined as the intercept from linear
extrapolation in a plot of Lð‘Þ at various ‘ values against 1=‘,
as shown in Fig. 2. In regime S1 (Fig. 2a), the slope mono-
tonously increased with increasing fm, but linear extrapolation
of the K39/C39 data with fm ¼ 0:0556, 0.139, and 0.199 gave
L values in excellent agreement with the corresponding value
for pure C39 (L ¼ 5:143 nm). The latter agrees with that cal-
culated from the empirical equation Lodd=nm ¼ 0:1267nþ
0:2005, reported by Urabe et al.17 The slope for the sample
with fm,c ¼ 0:204 that divides the two solid solution regimes
appears surprisingly large. However, linear extrapolation gave
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Fig. 1. Binary phase diagram for K39/C39 samples crystal-
lized from toluene solution. Two different types of solid
solutions (the regime S1 and S2) formed at room temper-
ature over the entire range of fm above and below
fm,c ¼ 0:204, indicated as the vertical line. Solid lines
were calculated in terms of the Flory–Huggins theory with
the phenomenological interaction parameter �12 between
C39 and K39 molecules. X-ray diffraction measurements
as a function of the temperature were performed on two
pure samples, and four K39/C39 samples at elevated tem-
peratures given by crosses.
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a value slightly smaller than that for pure C39. In the S2 re-
gime above fm,c, on the other hand, the slope starts to decrease
with increasing fm as shown in Fig. 2b. Occurrence of the
maximum in the slope at fm,c suggests that severe distortion
on layer stacking vertical to the main chain axis gives rise to
two different regimes of solid solutions. Though scattering
of data is considerably large in the S2 regime, linearly extrapo-
lated values agreed with the L value for pure K39 and also with
that of pure C39, which confirms that the long period remains
constant over the whole fm range.

Figure 3 shows composition dependence of as and bs at
room temperature. As described in the Introduction, pure
C39 and K39 form the subcell with the same size. as and bs
of solid solutions in the S1 and the S2 regimes are independent
of fm and are the same as those of the pure samples. Results on

subcell dimensions demonstrate that solid solutions have an or-
thorhombic crystal structure same as either C39 or K39 at
room temperature but cannot give information on differences
in the crystal structure between the S1 and the S2 regime. Tak-
ing into account the phase diagram given in Fig. 1, we suppose
that clear information shall be obtained from a study on the
dependence of the lattice parameters on temperature.

Temperature Dependence of L. As is well known, C39
exhibits a solid–solid phase transition phenomenon that is af-
fected by the delicate balance between the interfacial energy
related to spatial alignment of end methyl groups and intermo-
lecular interaction energy due to parallel alignment of trans
zig-zag chains, whereas the strong dipole interaction of car-
bonyl groups between the double layer inhibits a solid–solid
phase transition for K39 up to the melting point. Correspond-
ing change of L with T is observed as shown in Fig. 4a, where
the broken lines indicate the solid–solid phase transition tem-
peratures detected as heat absorption peaks by DSC measure-
ment for C39.13 L of C39 appears to increase slightly through
the A0 ! B phase transition and very sharply decreases due to
the B ! C phase transition. In the figure, the point given as
the triangle is the calculated value of L ¼ 4:871 nm assuming
the M101 structure (Sullivan representation)18,19 to the C39
crystal just before the melting point. The experimental appears
to approach the point smoothly, which indicates that C39 grad-
ually tilts, i.e., the high-temperature structure, in the C phase.
On the other hand, L of K39 increased very gradually with the
low thermal expansion coefficient as Fig. 4a shows.

Extrapolated L values of two K39/C39 samples with fm ¼
0:0556 and 0.199 are plotted against absolute temperature T

in Fig. 4b. Here, broken lines drawn vertically in the upper
and the lower parts of the figure indicate the solid–solid phase
transition temperatures for the samples with fm ¼ 0:0556 and
0.199, respectively, read from the phase diagram given in
Fig. 1. A very small increase in L was observed in the B phase
only for the sample with fm ¼ 0:199. However, a sharp de-
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Fig. 2. L as the intercept from linear extrapolation in a plot
of Lð‘Þ at various Miller indices ‘ values against 1=‘.
(a) Symbols are ( ) pure C39, ( ) fm ¼ 0:0556, ( )
fm ¼ 0:139, ( ) fm ¼ 0:199, and ( ) fm,c ¼ 0:204.
(b) Symbols are ( ) fm ¼ 0:276, ( ) fm ¼ 0:419, ( )
fm ¼ 0:509, ( ) fm ¼ 0:710 and ( ) pure K39.
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crease in L was observed for the both samples in a temperature
region proposed as the C phase from DSC measurements fol-
lowing the well-established assignment on C39.

Figure 4c shows changes in L of two samples with fm ¼
0:276 and 0.710 belonging to the S2 regime as temperature
was increased. These solid solutions are characterized by the
presence of the liquid–solid solution coexistence phase, of
which the temperature range is given by the broken lines in
the figure. The diffraction intensities of all characteristic peaks
started to decrease whenever temperature was raised into the
coexistence region. Nevertheless, intensities remained suffi-
ciently high enough for estimation of lattice parameters. This
strongly suggests that recrystallization must occur in the coex-
istence phase so as to form a new crystal with higher molar
fraction of the K39 component after melting of the original
solid solution. The figure shows that L of the sample with fm ¼
0:276 did not vary with T , while L of the sample with fm ¼
0:71 gradually decreased with T in the solid solution phase
but became constant in the coexistence phase. These results in-
volving the temperature dependence of L reveal that there is a
remarkable difference in the crystal structure between the solid
solutions in the S1 and the S2 regimes.

Temperature Dependencies of as and bs. Temperature
dependence of as for pure C39 and for the two solid solutions
with fm ¼ 0:0556 and 0.199 in the S1 regime are plotted in
Fig. 5a, where the broken lines drawn vertically in the upper
and the lower parts of the figure indicate the solid–solid phase
transition temperatures for C39 and the sample with fm ¼
0:199, respectively. Corresponding temperatures for the sam-
ple with fm ¼ 0:0556 are close to those for C39 and are not
shown for clarity of the figure. As is clear from the figure,
as of the sample with fm ¼ 0:0556 closely followed the as
vs. T curve of C39 empirically drawn and jumped about
0.007 nm (0.9%) at the B ! C phase transition point. The in-
crease in as of the sample with fm ¼ 0:199 with T was more
gradual compared to that of C39 in the A phase, became sharp-
er in the B phase, and then jumped at the B ! C phase-tran-
sition point similar to that of C39. This behavior is in contrast
to that in the S2 regime shown in Fig. 5b. The as of K39
monotonously increased with T up to the melting temperature,
and its linear thermal expansion coefficient along the a axis
was lower than that of C39. The as of the sample with fm ¼
0:276 closely followed the as vs. T curve of K39 empirically
drawn before the coexistence phase, and then sharply increas-
ed up toward the as value of K39 at the melting point. The as
of the sample with fm ¼ 0:710 was higher than that of K39,
and through the phase transition from the solid solution phase
to the coexistence phase once, decreased, followed by an in-
crease, approaching the value of K39 at the melting point.
The behaviors could be related to the occurrence of recrystal-
lization in the coexistence phase.

Figures 6a and 6b show changes in bs in the S1 and S2
regimes, respectively. In the S1 regime, T dependence of bs
of the sample with fm ¼ 0:0556 is coincident with bs of C39
in such way that bs increased slightly with T in the A and B
phases, and decreased in the C phase reaching a constant value
finally. The bs of the sample with fm ¼ 0:199 started to de-
crease in the B phase and more rapidly in the C phase.
Changes in bs with T in the S2 regime were similar to those
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of solution-crystallized samples of pure C39 ( ) and pure
K39 ( ). The vertical broken lines indicate the solid–solid
phase transition temperatures, and melting at 353K for
C39, respectively, and only melting at 366K for K39 de-
termined from DSC. Calculated value of L (4.871 nm), as-
suming the M101 structure for the C phase of C39, is plot-
ted as the triangle ( ). (b) Temperature dependence of the
extrapolated L values of two samples in the S1 regime with
fm ¼ 0:0556 ( ) and fm ¼ 0:199 ( ). The broken lines
drawn vertically in the upper and the lower parts of the fig-
ure indicate the solid–solid transition temperatures, re-
spectively, read from the phase diagram given in Fig. 1.
(c) Temperature dependence of the extrapolated L values
of two samples belonging to the S2 regime with fm ¼
0:276 ( ) and fm ¼ 0:710 ( ). The vertical broken lines
indicate the transition temperatures, respectively, read
from the phase diagram given in Fig. 1.
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in the S1 regime, however, the magnitude reflected the small
difference of 0.005 nm in bs between C39 and K39 at room
temperature.

In summary, the study on temperature effects on three sub-
cell parameters revealed that K39/C39 solid solutions can
form two different orthorhombic crystal structures at room
temperature. In the S1 regime, the solid solutions exhibit two
solid–solid phase transition phenomena with raising the tem-
perature. Comparison with the behavior of C39 indicates that
the solid solutions transform from the A structure to the B

structure, and then to the C structure. The transition tempera-
tures increased with an increase in the fm of K39, which may
be attributed to the dipole–dipole interaction of carbonyl resi-
dues. It seems remarkable that a similar crystal structure as
that of pure C39 characteristic of three solid–solid phase tran-
sitions is maintained for the solid solutions with fm up to a val-
ue of fm,c as large as 0.204, which is predicted from thermody-
namic analysis using the Flory–Huggins theory in an earlier
study.13 We suspect that it is due to the small size of the car-
bonyl residues which can be accommodated inside the C39
crystal without severe perturbation as well as the use of very
pure samples of C39 and K39 with n ¼ 39 from a molecular
point of view. In the S2 regime, the solid–solid phase transition
cannot occur before the samples melt, because the molecular
motions along the main chain axis are inhibited due to the
strong dipole–dipole interaction of carbonyl residues. Instead,
the samples are likely to melt beyond the melting point of pure
C39 crystal, which is accompanied by a large composition
fluctuation or microscopic phase separation because of the pos-
itive interaction parameter estimated as �12 ¼ 1:5 in a previ-
ous report.13 As far as the temperature is lower than the melt-
ing point of pure K39, however, recrystallization may occur to
form a solid solution very rich in the K39 component. This
explains why the liquid–solid solution coexistence phase is ob-
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served in the S2 regime.
Solid–Solid Phase Transitions. The L of pure C39 deter-

mined from (00‘) reflections in the C phase is almost identical
with that calculated for the M101 monoclinic structure, as
shown in Fig. 4a. In microscope observations striations along
the b axis on the surface of pure C39 single crystals after an-
nealing were observed,20,21 supporting the tilt transition report-
ed earlier.22–27

The linear thermal expansion coefficients were determined
from temperature dependence of as and bs for the K39/C39
system. For the present, the solid–solid phase transition behav-
iors and resulting chain packing in the S1 regime are discussed
in relation to anomalous anisotropy of linear thermal expan-
sion coefficients along two lattice directions. Generally speak-
ing, the thermal expansions of the crystals depend on each lat-
tice direction, and the coefficients of cubical expansions are
approximated by the sum of each lattice direction. The aniso-
tropy of linear thermal expansion coefficients for n-alkane
homologues is due to an increase that is two times larger than
Young’s moduli.

First of all, we will examine the linear thermal expansion
coefficients for each phase of C39, determined from the results
of Figs. 5 and 6. The A phase (310–315K) of an orthorhombic
crystal had a linear thermal expansion coefficient along as di-
rection of 41:3� 10�5 K�1, and that along bs direction of
15:1� 10�5 K�1. These results imply the anisotropy of linear
thermal expansion coefficients along two lattice directions is
2.7 times longer than bs. The same behavior was observed in
the B phase and C phase. The linear thermal expansion coeffi-
cient of the C phase along as direction was 152:3� 10�5 K�1

(345–351K), similar to that of low molecular liquid state, and
was 11 times greater than that along bs. It is obvious that these
results are the main cause of occurrence of freezing-in phe-
nomena of high-temperature structures in the C phase.

Next, the linear thermal expansion coefficients of K39 were
also examined. The value along as direction for the A phase
was 33:9� 10�5 K�1 (310–315K), while that along bs direc-
tion was �1:3� 10�5 K�1. Furthermore, the value along as
of 54:1� 10�5 K�1 (345–350K) and that along bs of
�8:6� 10�5 K�1 were observed before melting. Although this
temperature region corresponds to that of C phase for C39, a
small change in the value along as was obtained.

These results for K39 agree with those obtained for C39 so
that two crystals have the same anisotropy of linear thermal
expansion coefficients. It seems reasonable that the effects of
dipole–dipole interactions between carbonyl residues make
the aggregation force for pure K39 chains strong.

The linear thermal expansion coefficients in the S1 regime
were also examined. The values along as direction for fm ¼
0:199 near fm,c were 35:1� 10�5 K�1 in the A phase,
111:2� 10�5 K�1 in the B phase, and 173:7� 10�5 K�1 in
the C phase, respectively, and increased as T approached the
melting point. On the other hand, the value along bs decreased.
It is likely that thermal behavior in the S1 regime is dominantly
affected by pure C39.

The linear thermal expansion coefficients in the S2 regime
were also examined. The results of both fm ¼ 0:276 and fm ¼
0:710 were almost the same as that of K39 as stated above.

Furthermore, the temperature changes for the products of as

and bs, that is, the ab planes in the S1 regime, were examined.
Discontinuous increases of the ab are observed in the B ! C

phase transition. It is likely that the increase of molecular mo-
tion along the c axis resulted in the oblique structures.

The half volume of a unit cell in the regime S1 (abL) is plot-
ted as a function of temperature in Fig. 7. The abL of C39 ( )
slightly increased at the B ! C phase transition point and also
in the C phase. On the other hand, the abL of fm ¼ 0:0556 ( )
and fm ¼ 0:199 ( ) increased discontinuously in the same
transitions. The volume change for pure C39 crystal was
slightly higher than those of other crystals in the regime S1.
It is clear that the effect of dipole–dipole interaction induces
the rapid tilt formation in the C phase on the binary system.

Concluding Remarks

In this study, X-ray diffraction measurements were made on
single crystal mats of the K39/C39 binary system crystallized
from the solution, and we determined the crystal structures in
the respective phases of the phase diagram obtained from
DSC. In the phase diagram of K39/C39 system, two different
types of solid solutions (the regime S1 and S2) above and be-
low fm,c ¼ 0:204 formed.

Composition and temperature dependencies of L and as and
bs were studied in detail using (00‘), (200), and (110) reflec-
tion data. We found that the solid solutions in the regime S1
of fm < fm,c had the same crystal structure as that of pure
C39 characteristic of two solid–solid phase transitions. Fur-
thermore, it was found that the B ! C phase transition for
the regime S1 occurred more rapidly than that of pure C39.
These phase-transition behaviors and resulting chain packing
were discussed in relation to anomalous anisotropy of linear
thermal expansion coefficients along as and bs lattice direc-
tions.

On the other hand, the crystal structures at room tempera-
ture in the regime S2 were affected by K39. After temperature
was raised above the solidus line of the phase diagram, recrys-
tallization occurred in the liquid–solid solution coexistence
phase. These results from X-ray measurements are consistent
with the phase diagram determined from DSC.
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Fig. 7. Temperature dependence of abL for pure C39 ( )
and two samples in the S1 regime with fm ¼ 0:0556 ( )
and fm ¼ 0:199 ( ). The phase notations are the same
as in Fig. 5a.
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