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ABSTRACT

X-ray investigations performed on the rotator phases
of n-alkanes CnH2n+1 with 26 <n <34 prove that their structures are
different from those exhibited by lower-numbered compounds. Two kinds
of phases with monoclinic and triclinic symmetries are encountered, both
with the molecules tilted with respect to the layer plane. The inter-

layer stacking modes are compared to those found in thermotropic liquid

crystals.

Key-words: Paraffins; X-ray diffraction Phase transitions;Rotator

phases.



I. 'INTRODUCTION

This paper is devoted to the structure of the rotator
phase of n-paraffins (C. Hy ,p) with n ranging from 27 to 34.
It is a continuation of the three previously published papers
(1) (2) (3) which covered n values ranging from 17 up to
26. From these studies we get evidence for the existence of
two types of rotator phases, RI and RII and not only one

as commonly believed up to now.

In summary the rotator phases RI and RII are characteri-
zed by a layered structure with the long molecular axes per-
pendicular to the layer planes. Within each layer the axes
are distributed at the nodes of a periodic lattice which is
rectangular centered (pseudo-hexagonal) for the RI phase or
strictly hexagonal for the RII phase. In a recent work (4)
"Ungar studied paraffins with n ranging from 11 to 25. Its
results concerning the shorter molecules prove that the
orthorhombic cell of the RI phase is F-centered and not
C-centered as proposed before (1,2,3). This result also
modifies the conclusions concerniﬁg the intra]ayef nacking
and molecular disorder. The phases R; and RII also differ by

their layer packing. In the RI phase the molecular

axes of a upper layer are located on the centers of the
losanges formed by four axes of the lower layer (fig l-a)
which leads to a ABAB packing mode characterized by an
orthorhombic F-centered cell. In the RII phase the molecular
axes of a upper layer are located on the centers of three

of the six triangles of the lower 1ayer-(fig 1-b) leading

to a ABCABC packing mode which can be described by a rhom-

boedral cell (4).

0dd-numbered compounds CnH2n+2 with n = 17, 19 and 21
exhibit a Ry phase. 0dd-numbered compounds n = 23 and 25



exhibit successively the two phases RI and RII' Even-numbered
compounds n 22, 24 and 26 exhibit a"RII phase. The transition

RI & RII is weak]y first order and is announced by large
opposite amplitude variations of the lattice parameters

a and b of the rectangular centered lattice paraliel to
the layer plane,in such a way that the ratio a/b increases
with temperature up to values close to v3 which corres-
pond.to the hexagonal cell. For compounds n = 17, 19 and

21 the melting occurs before this value is reached.

The behavior of the lattice parameters also
depends on n. For instance the value of a/b just after the
transition crystal - RI increases with n and it was
expected according to this variation that compound n = 27
would dirett]y give a RII phase (2) whereas even-numbered
compounds were also expected to give a RII phase. Thus we
planned to examine odd and even-numbered compounds with
n > 26.

Even-numbered compounds C28H58 (octacosane),
C;pHgp (triacontane), C32H66 (dotriacontane) and Ca4H50
(tetratriacontane) were purchased from Fluka with the
following purity grade respectively : >98 %, > 97 %, 99 %
and > 97 %. Compound C29H6O (nonacosane) was purchased
from Serlabo and we synthetized compound C17H56 (heptacosane)
by reduction of the l4-heptacosane (Clemmensen's reaction).
No further purification was performed excepted for 'FZH56
by column chromatography. Table I gives our experimental -
transition temperature (measured by DTA) compared with the
transition temperatures of very pures compounds (5). Com-
pounds n = 28, 30 and 34 have a good purity, compounds
n = 32 and 27 are less pure and compound n = 29 seems to be
of low purity. Nevertheless we think that only the transi-
tion temperature are altered and not the nature of the
rotator phases.
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The crystallographic data have been deduced from X-ray powder diagrams

recorded on a Guinier camera using the crystal reflected mono-
chromatic beam CuKa1 (1.5403 A). From these diagrams we have
calculated the cell dimensions as a function of temperature.

IT. RESULTS

1. Crystalline phases
The cell dimensions and the space group of the crys-

talline phases df_the odd-numbered compounds (n = 27 and

n = 29) are the same as for lower n compounds (1) (2) except
for ¢ (perpendicular to the layers) which of course is directly
related to the molecular length. These results are in agree-
ment with A. SCHAERER et al data (6). The crystal-crystal

phase transitions y and & mentioned by G. SNYDER (7) do not
seem to be accompanied by discontinuities in the variation

of the cell dimensions versus temperature.

The crysta]liné phases of even-numbered comppunds
are more comp]fcated. We have not systematically studied
these crystalline phasés since we were mainly concerned
with the rotator phases. Nevertheless we can point out that
the unit cells of compounds n = 28, 30 and 34 are monoclinic.
For compound n = 32 the symmetry is orthorhombic up to 61°C
and then monoclinic. This can be attributed to a lack of
purity of that compound. A similar phenomena has been repor-
ted for C36H74 (8).

X-ray patterns of C28H58 performed on monodomains
prove that the periodicity in the molecular axis direction
is twice the molecular 1éngth and not oﬁ]y one time as
commonly believed.

2. Rotator phases

The X-ray diagrams of the rotator phasés of paraffins
CnH2n+2 with 27 < n < 34 could not be indexed neither with
orthorhombic.(RI) nor hexagonal (RII) cells. The compounds



n =27, 29 and 30 exhibit successively two phases RIII and
RIV’ the RIII phase being the low temperature one. Even-num-
bered compound n = 28 exhibits a RIV phase and compounds

n = 32 and 34 a RIII phase. Typical powder diagrams of phases
RIII and RIV are shown on figure 2. Bragg reflections on
layers (not shown on the figure) are also visible on both
diagrams at low diffraction angles. At large diffraction
angles a few weak and diffuse bands appear, the position of
which is difficult to ascertain with precision.

The RIII phase patterns (fig 2-a) exhibit three
intense rings corresponding to very close reticular distances
and having comparable intensities differing by less than a
factor three. Others sharp and weak diffraction rings are
also visible between the three main rings and at slightly
larger angles too (see tableIl). As for all rod-shapped mole-
cules packed in a layer structure with pseudo-hexagonal order
of the molecular axes within the layers, the intense diffrac-
tion rings proceed from the three fundamental reticular dis-
tances (100), (010) and (110). Since the three reticular dis-
tances are different for the RIII phase, we can conclude
that the RIII phase is characterized by a triclinic unit ce11.

As regards the RIV phase only two intense rings are
visible (fig 2-b), the inner one being about five times
more intense than the other. This type of pattern can be
explained either by an orthorhombic unit cell or by a mono-
clinic unit cell. The presence of a few weak diffraction
rings at lower angles than the first intense ring eliminates
the possibility of the orthorhombic cell. Thus the RIV phase
is characterized by a monoclinic unit cell. We must mention
that the weak rings are not always visible, which implies
that we have not a definite proof of a monoclinic symmetry
for C28H58 and C30H62' Nevertheless this assumption is
highly probable because in the case of an orthorhombic symme-
try the inner ring is about two times more intense than the

other.
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Unfortunately the exact unit cell dimensions of
RIII and RIV phases cannot be determined because of the
small number of diffraction rings and of the lack of preci-
ion of the large angle diffraction rings. A large number of
unit cells account for the position of the diffraction
rings within the experimental error. Nevertheless they
exhibit a few common features which are meaningful for
the understanding of the molecular packing. A few comments
can be done
i/ the structures are single layer structures but reflec-
tions (002) with 2 odd are much weaker than the others
which indicates that the structure is close to a bilayer
structqre. Contrarily to the RI and RII phases, the
molecular axes in the RIII and RIV phases are tilted
with respect to the normal to the layers, the tilt
angle being included in the range (0°-15°). The ¢
length can be smaller or equal to the most elongated mole-
cular length. We found instructive the comparison between
the layer thickness d and the theoretical molecular
length calculated in the t-t-t configuration using
datas of ref (9) and (10). On figure 3 is represented
the variation of (d - £) as a function of n. From
n =17 to n = 25 this differenﬁe slowly increases up
to zero and then abruptly decreases down to - 2.5 R for
n =33 orn= 34. The increasing part of the variation
can be explained by a decrease of the "layer interpene-
tration" while the decreasing part either means that
the tilt angle increases with n or is relevant of a
molecular length shortening due to the presence of
systematic chain defects (both effegts are also possible) ;

ii/ the lattice within the layers is pseudo-hexagonal for
the RIII and RIV phases. The dimensions of the rectan-
gular (RIV phase) or pseudo-rectangular (RIII phase)
centered cells are similar to those encountered in
the RI and RII phases. The area per molecules (v 19.8 32)
seems equal or slightly larger than the area in the RII
phase (19.6 A°) 3



jii/ the position of the powder rings changes with tempera-
ture. The effect is too large to be only due to a classic
thermal expansion. As for the orthorhombic RI phase the geo-
meUy‘oftMe triclinic cell of the RIT1 phase undergoes & conti-
nuous transformation which is relevant of a structural
change. The RIII cell seems to gradually transform
into the RIV ce]]»since the two first intense rings get

closer when the temperature increases.

ITI. DISCUSSION

It is not the first time that a triclinic symmetry
is found for a rotator phase since W. PIESCZEK et al (11)
showed that the rotator phase of compound C33H68 is tricli-
nic. It is reasonable to assume that this triclinic phase
is a RIII phase type. But it is the first time to our know-
ledge that a rotator phase Ryy is described with a monocli-
nic symmetry.

No coexistence of the two phases has been obserVed
‘at the phase transition RIII -+ RIV on the X-ray patterns
and we already mentioned that the RIII unit cell gradually
transforms into the RIV unit cell. D.S.C. scans show at the
Rim
thermal anomaly involving an energy lower than 2 cal/mole.

This anomaly is neither typical of a first order transition

- RIV transition temperature a very small reproducible

nor of a second order transition.

The (T, n) phasé diagram, shown in figuré 4, has
some interesting features. In order to obtain a coherent
diagram independent of the purity grade of the sample we
have plotted the temperatures of pure compounds (5). For
the RIII
the temperature range_of the RIII phase. It is clear that
‘the Rrrp @ Ryy phase transitions delimit a curve (A) above
which the rotator phase is of the RIV type. This curve A

- RIv transition we have respected the value of



passes exactly at the crystal - rotator transition tempera-
ture of C28H58’ which explains that this compound directly
transforms into a RIV phase (on cooling down a supercooled
RIII phase is exhibited). As no data is available for C31H64
we only can say that the curve A becomes higher than the
(rotator - liquid) curve between n = 30 and n = 32. The
curve A delimiting the RIII and RIV regions for compounds

n > 26 is quite similar to the curve B delimiting the RI

and RII regions for compounds n g 26.

The phase transition Ri11 RIV as well as the
Ry » Ryp exhibit similar features to the Tiquid crystal
phase transitions displayed by alkoxybenzylidene compounds
freely suspended thick films of heXpy]oxybenzy]idene—hexpy—
laniline evolves when decreasing temperature from a hexagonal
close-packed structure (ABAB packing) through intermediate
orthorhombic F and monoclinic phases, to a simple hexagonal
structure (12). These transitions can be viewed as restac-
king transitions of adjacent layers characterized by a pseudo-
hexagonal or hexagonal distribution of the molecules axes.
The same approach can be used for the four rotator phases.
Figure 5 shows the corresponding interlayer packing modes.
{he RI > RII transition involves a layer displacement of
e 3 ; the displacement at the RIII - RIV transition is not
known since the unit cell are not exactly determined.

As for liquid cryéta1s, these restacking transi-
tions are accompanied by intralayer rearrangements concerning
the cell dimensions, the tilt angle and probably also the mole-
cular motions. But it 1is not known whether the restacking transitions
induce“intra1ayer rearrangements or if it is the contrary. It is

worth noting that the réstacking transitions are generally asso-
ciated to very weak thermal effects.



The exact nature of the factors governing the restacking
transitions in paraffins remains mysterious. The complicated
phase diagram (T, n) of the crystalline phases of odd-numbered
compounds proves the existence of several competiting forces,
the leadership of which can be changed with both n and T. The
same conclusion also applies for even-numbered compounds. The
number and the complexity of the factors involved in the rotator
phases range is enhanced by the molecular motions and molecular
deformations. It is well established now that the molecules not
only undergo rotatidnal motions around their long axes (probably
coupled with longitudinal translations) but also conformational
changes destroying the molecular symmetry elements of the crys-
talline phase (13) (14) (15). As the proportion of distorted
molecules increases with n, it is possible that above some pro-
portion the number of distorted molecules induce another "mean"
molecular symmetry leading to different structures than for
non-distorted molecules. For instance the disappearance of the
mirror plane perpendicular to the long axis allows a structure
with tilted molecules. This explanation of the different features
of rotatory phases for paraffins with n above.and below 26 is
quite hypothetical. Complementary experiments, mainly concerning
the molecular dynamics, are needed to better understand the phase
behavior of paraffins.



TABLE 1

] T

T cer b R-L
i 1l
n It +

: | .
n Trit Thes neoolit mes
i h
i [}

27 1 52.6 | 51.6 1 58.4 | 57.8
it i

28 1 57.6 | 57.8 1 60.8 | 60.8
i it
u i

29 1 57.8 | 55.9 1 63, 60.5
i I

30 1 61.6 | 61.6 1 65 64.9
il . i

320 65.1 | 64.2 1 68.9 | 68.7
it n
n W

34 * 69.0 69.2 1 72.7 72.3
i it

Comparison between literature values of transition temperature (5) and experimen
tal values of measured by D.T.A. (in °C) at the crystalline - rotator (C > R)
and rotator » liquid (R » L) transitions

TABLE II
i
Riqy (53°C) ﬁ Ry (58°C)
0 .
36.3 0.1 + u 36.5 *0.1 +
24.1 £0.1 4+ 1 24.4 0.1  +
12.05 £0.05 + n 12.22 +0.05- +
4.193:0.005 * ﬁ 4.200£0.005
4.147+0.005 * &  4.166%0.005 *
4.035:0.005 * ﬁ 4.138+0.005
3.932:0.005 i 4.111%0.005
2.44 £0.02 4 1 4.087:0.005 *
2.38 ¢0.02 d w« 2.43 0,02 d
ﬁ 2.36 t0.02 d
11

Reticular distances in A measured in the RIII and RIV phases of
C27H56. + layer reflexion ; * intense ring ; d diffuse ring.
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FIGURE CAPTIONS

Fig 1 - Relative molecular positions between neighbouring layers.
1-a In the RI phase there are two different positions
(packing ABAB).
1-b In the.RII phase there are three different positions
(packing ABCABC).

Microdensitometer profile of the powder patterns of

C29H60, in the RIII and RIV

Plot of (d - %) versus n where d is the experimental thick-
ness of one layer and 2 the theoretical molecular length in

Fig 2

]

phases in the range (4.6 - 3.6)A

Fig 3

its most elongated conformation. The point n = 33 is given
by ref. 11.

Fig 4

Phase diagram (T, n) showing the different rotator phase

regions.

Fig 5 Relative molecular positions between two adjacent layers ;

the empty circles correspond to the reference layers. 31
corresponds to the displacement at the RI(F) - RII(R) phase
transition and 32 corresponds to one possible displacement
at the RIII(TW -> RIV(M) phase transition since in that case
the positions for RIII and RIV are not precisely known.
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