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Abstract. Taking advantage of the surface-induced orientation of linear molecules on
highly oriented nanostructured polytetrafluoroethylene, we were able to grow macroscopic
single crystals of C25H52 (pentacosane). Using high-performance Brillouin spectroscopy, we
determined for the first time the complete elastic tensor of ann-alkane.

1. Introduction

Although the structural properties of C25H52 (pentacosane) are well established [1–6], as in
the case of othern-alkanes [7], the determination of the elastic properties of the crystalline
state was handicapped by the difficulty in obtaining sufficiently defectless single crystals
[8]. The typical habit and plasticity of solution- or melt-grown crystals make it difficult to
prepare suitable crystal cuts to be used in ultrasonic or Brillouin spectroscopic experiments.
The lack of suitable samples did however not hinder the work to obtain preliminary elastic
data of these substances although almost only indirect experimental methods were discussed
in the literature. Pioneering work was done by Pechhold [9] in polycrystalline paraffins, by
Heyeret al [10] using the inelastic neutron scattering method developed by Buchenau [11],
and by the determination of LAM Raman modes by Strobl and Eckel [12, 13]. Strobl and
Eckel were able to calculate from the basic LAM mode and its overtones for C33H68 the
elastic constantc33 = 41 GPa, although they found for the crystal lamella a limiting elastic
constant,c∞

33 = 289.86 GPa [12]. This limiting elastic constant,c∞
33, was assumed to be the

same for alln-paraffins. More recently, Snyderet al [14] performed a new analysis of the
LAM modes and proposed a chain length dependence of the interlamellar elastic constant
ci .

The first successful application of a direct method to characterize the elastic properties
of these materials was performed by Krügeret al [15,16] using the Brillouin spectroscopy
on a solution growth C36H74 single crystal. Unfortunately at that time it was only possible
to obtain a reduced set of elastic constants.

Applying the 90A and 90R scattering geometries [17–19] to mesoscopic single-
crystalline domains of polycrystalline perfluoroalkanes and semifluorinated alkanes, Marxet
al [20–22] determined the complete elastic stiffness tensor of the room-temperature phases
of these materials.
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Very recently, we have proposed a preparation method, based on the surface-induced
organization of linear molecules on highly oriented nanostructured polytetrafluoroethylene
(the polymer-induced alignment (PIA) technique), to obtain oriented crystal plates ofn-
alkanes or perfluoroalkanes. This technique, originally introduced by Wittmann and Smith
[23], allows us to obtain oriented crystal mats of very different materials (e.g. polymers
[24, 25], liquid crystals [26, 27] andn-alkanes and perfluoroalkanes [28, 29]).

The effect of the PTFE (PIA substrate) inn-alkanes and perfluoroalkanes is twofold. On
the one hand it induces a preferential orientation of the crystallites with thec-axis parallel
to the preferential orientation of the PIA substrate, and on the other hand this orientation
forms a homogeneous crystal mat suitable to be measured by Brillouin spectroscopy. A
comparison with other crystal growth techniques has shown that the PIA technique usually
provides the same crystal structure. As a matter of fact the PIA technique forces a biaxial
orientation of the crystals on the PIA substrate with the crystallographicc-axis as well as
theb-axis within the film plane [28, 29]. The orientation mechanism of linear molecules on
this highly oriented substrate is still a matter of intensive investigations [30, 31].

The aim of this work is to present a scenario for how to determine the whole stiffness
tensors ofn-alkanes with help of the PIA technique. As a model system we chose C25H52.
We will discuss our results in the frame of existing structural data for the room-temperature
phase of pentacosane [2, 3, 5, 6].

2. Experimental details

2.1. Sample preparation

The raw material of C25H52 was purchased from Applied Science Laboratories Inc. and had
commercial purity grade.

The PIA technique to prepare sandwich samples has been described in detail in previous
papers [26–29]. Here we want only to stress the most important aspects that are of relevance
for the present work. The PTFE (PIA) layer, deposited on a conventional glass slide,
is molecularly highly oriented, highly crystalline and has a typical thickness of 10 nm.
According to optical and preliminary x-ray investigations [32], the pentacosane–PIA layer
composite shows an outstanding biaxial structure with a preferential alignment of the linear
alkane molecules along the rubbing direction of the PIA substrate (see e.g. [26–29]). In
addition, the crystallographicb-axis is preferentially oriented within the film plane. This
result is in complete accordance with that previously found for C17H36 [28].

In order to overcome the non-wetting effect of PTFE with respect to C25H52, and
in order to maintain the mono-crystalline structure in 10µm thick samples, we filled a
thin-film glass cuvette with the pentacosane material, having coated the relevant inner
faces with PIA (see figure 1). The usual cooling from the melt to room temperature
yields cracks, being perpendicular to the preferential direction of the C25H52 molecules (the
crystallographicc-axis). Due to optical and acoustical diffraction, these cracks significantly
disturb the Brillouin measurements especially for phonon wave propagation parallel to the
c-axis. In order to reduce almost all these defects, we applied a modified Bridgman crystal
growth technique [33]. This method drastically reduces heteronucleation as well as thermo-
mechanical stresses resulting from differences of the thermal expansion coefficients between
sample and substrate. In order to obtain free standing samples, we floated the crystalline
sample from the glass cuvette. It should be pointed out that the PIA substrates remain on
the sample surfaces.
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Figure 1. The principle of a PIA sandwich sample:S, n-alkane sample; T, PTFE layer; G,
glass slides; R, rubbing direction of the PTFE layer.

Figure 2. A schematic representation of (a) the 90A and (b) the 90R scattering geometries for
a filmlike sample. The sample is rotated around the 1-axis, thus movingq90A within the plane
defined by the 2- and 3-axes.q90R is always parallel to the 1-axis. If the sample is very thin,
the q180 wave vector can also be collected giving the backscattering contribution discussed in
the text.ki , incident light wave vector;ks , scattered light wave vector. For further information
see the text.

2.2. Brillouin spectroscopy (BS)

The Brillouin spectrometer used is based on a five-pass Fabry–Perot interferometer with
an Ar ion laser as light source. The experimental set-up has been described elsewhere
(see e.g. [19]). Figure 2 schematically shows the principles of the 90A and 90R scattering
geometries [17–19]. Using exclusively filmlike samples angle-resolving BS [34] allows the
determination of all or almost all the elastic constants present in the elastic stiffness tensor
and of the relevant optical properties of the crystalline state. The relations between sound



7582 R Jiménez et al

velocity, v, and the corresponding phonon frequencies,f 90A andf 90R, are

v90A = f 90Aλ0/
√

2 v90R = f 90R
i λ0/

√
4n2

i − 2 (1)

whereλ0 is the laser wavelength in vacuum (514.5 nm in our case) andni is the relevant
refractive index of the sample. As has been discussed elsewhere, in the case of the 90A
scattering geometry, the influence of the birefringence on the acoustic wavelength can be
omitted [19]. The stiffness coefficient,c, related to the measured sound velocity obeys
the relationc = ρv2 whereρ is the mass density of the material. Measuring the phonon
frequency for different directions of the phonon wave vectorq90A within the film plane (see
figures 1 and 2), the resulting data can be fitted to the Christoffel equation (see e.g. [35])
yielding the desired stiffness coefficientsckl . The basic relation for the determination of the
elastic stiffness tensorc, written in matrix notation, is given by

det(lcl T − Ec′(p, q)) = 0 (2)

with

l =
( l1 0 0 0 l3 l2

0 l2 0 l3 0 l1
0 0 l3 l2 l1 0

)
. (3)

c = {ckl} is the fourth-rank elastic tensor in shortened 6× 6 Voigt notation;E is a 6× 6
unity matrix; li(i = 1, 2, 3) are direction cosines which define the direction of the wave
vector q̂ = (l1, l2, l3). The right-handed orthogonal co-ordinate system{1, 2, 3} is given
in figure 1. For the expected orthorhombic symmetry of C25H52 at room temperature, the
elastic stiffness coefficients arec11, c22, c33, c12, c13, c23, c44, c55 andc66 (Voigt notation).
The indices 1, 2 and 3 refer to the crystallographic axesa, b andc respectively.

The 3-axis points along thec-axis of the orthorhombic symmetry of then-alkane film;
the 1-axis is directed orthogonal to the PIA film (crystallographica-axis, see figure 1). For
the (2, 3)-plane (the crystallographic (b, c)-plane)q̂ = (0, sin8, cos8) holds (see figures 1,
2 and 3).

The relative accuracy of the measured sound frequencies is usually better than 0.5%.
The accuracy of the components of the elastic tensor are estimated to be better than 1%.

3. Results and discussion

As usual in the family of odd paraffins, C25H52 shows at room temperature orthorhombic
symmetry with the space groupPcam [1–4]. The lattice parameters are [2]:c = 67±0.5 Å;
a = 7.45 ± 0.05 Å and b = 4.92 ± 0.05 Å. The corresponding mass density at room
temperature isρ = 951.9 kg m−3.

For the interpretation of the elastic properties of C25H52 it is important to know whether
our PIA-prepared samples are also representative for melt- or solution-grown crystals. As
has been shown in [36], the PIA samples show the same phase transition behaviour as
conventional melt- or solution-grown crystals. In addition to this, preliminary x-ray results
[31] yield the same lattice constants given above and indicate the same preferential spatial
orientation of the crystallographic axes as in the case of C17H36 [28].

A first 90A Brillouin measurement was performed on a sample in a glass cuvette
internally covered with PIA layers. The corresponding sound velocity data are given in
figure 3(a). Unfortunately, for phonon propagation around thec-axis the sound frequency
of the longitudinal polarized phonon of C25H52 coincides with that of the glass container
contributing also to the scattering volume. On the other hand, we obtained a representative
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(a)

(b)

Figure 3. A polar plot of the three phonon branches within the (2, 3)- plane of the sample (90A
scattering). The full lines refer to a least-squares fit of the Christoffel equation (2) assuming
orthorhombic symmetry. (a) A PIA film in a glass sandwich; (b) a free-standing PIA film.
In both cases the outer curve denotes the quasi-longitudinal branch, the two inner ones the
quasi-transverse branch and the transverse branch (circle) respectively.

data set on the quasi-transverse and pure transverse branches which, together with the quasi-
longitudinal branch, allowed us to evaluate the stiffness constantsc22, c33, c23, c44, c55 and
c66.

An alternative way to obtain the desired elastic constants is to make the Brillouin
measurements on free-standing mono-crystalline films of C25H52. The film thickness of the
free-standing film was 10µm, which is small compared to our optical information volume
(lateral dimensions of about 50µm). Then, the scattering volume contains, obviously,
only the pentacosane surfaces surrounded by air. Figure 3(b) presents the polar plot of
the experimental data on the quasi-longitudinal and quasi-transverse branches. Due to an
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increased elastic light scattering because of a slightly reduced surface quality of the free-
standing film, we were not able to identify the pure shear phonons.

Comparing the sound frequency data of figure 3(a) and (b) we obtain a very good
agreement between the polar diagrams, yielding all the elastic stiffness constants exceptc11,
c12 andc13.

The quantitative analysis of the experimental data was performed using the Christoffel’s
equation (2) in a non-linear least-squares fit assuming orthorhombic symmetry for the C25H52

sample. The full lines in figure 3(a) and (b) show the three acoustic branches (transverse,
quasi-transverse and quasi-longitudinal) obtained by the non-linear least-squares fit to the
data (table 1).

Table 1. Elastic constants and refractive indices of C25H52 at room temperature and for
comparison those of C33H68 found in the literature [13]. Our refractive index values have been
measured at a wavelength of 514.5 nm; those of Strobl arenD values. For further information
see text.

C25H52 C33H68 [13]

ρ (kg m−3) 951.9 952.7
c22 (GPa) 7.4 4.415
c33 (GPa) 35.0 41.67
c23 (GPa) 2.4 —
c44 (GPa) 2.1 —
c55 (GPa) 2.8 —
c66 (GPa) 2.7 —
c11 (GPa) 7.2 4.415
c13 (GPa) 2.1 —
c12 (GPa) 4.1 2.38
ci (GPa) 3.5 3.1
n514.5 nm

1 1.515 1.523
n514.5 nm

2 1.511 1.519
n514.5 nm

3 1.549 1.588

The determination of the missing elastic constants (c11, c12 and c13) needs Brillouin
measurements of acoustic modes containing information about the missing tensor
components. The stiffness coefficientc11 can be determined easily by means of the 90R
scattering geometry with the phonon wave vector directed along the crystallographica-
axis, provided that the related refractive index is known. Using an Abbé refractometer we
determinedn514.5 nm

1 = 1.515± 0.002 andn514.5 nm
2 = 1.511± 0.005 for the sodium D line

at ambient temperature. For immersion we chose a silicone oil (nD = 1.578) which does
not chemically attack the C25H52 sample. Due to the rather low refractive index of the
immersion oil we were not able to measuren3 (see below). We have measured thef 90R

frequencies for the electrical field vectorsE of the incident and the scattered light either
along theb-axis or thec-axis: f 90R(E ‖ 2) = 14.3 GHz andf 90R(E ‖ 3) = 14.76 GHz.
From f 90R(E ‖ 2) together withn2 we have calculated the sound velocity (1) for phonon
propagation along the crystallographica-axis yieldingv1 = 2755 m s−1. Usingv1 and the
mass densityρ = 951.9 kg m−3 we obtained the stiffness valuec11 = 7.2 GPa. In turn, (1)
together withf 90R(E ‖ 3) = 14.76 GHz yields the refractive indexn514.5 nm

3 = 1.549.
The difference between the refractive index of the sample and that of the surrounding

air combined with the small thickness of the PIA film gives rise to strong reflection
of the incident laser light as well as of the scattered light on the sample–air interfaces
resulting in the well known additional back scattering lines in the recorded spectra [19].
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(a)

(b)

Figure 4. Typical Brillouin spectra of a C25H52 free-standing PIA film sample. (a)q90A parallel
to the crystallographicb-axis. (b) q90A parallel to the crystallographicc-axis. The Rayleigh
lines (central lines) have been reduced by a factor of 1000 to fit the graphic scales.

Figure 4 shows typical Brillouin spectra in the case of a free-standing film for different
orientations of the phonon wave vector,q̂, within the PIA sample plane. With help of this
additional backscattering process (figure 2) in the free-standing alkane film, it is possible
to estimate the remaining elastic constantsc12 and c13. Using the main refractive indices
n1, n2 andn3 together with the outer scattering angle(80 = 45◦) we calculated the inner
scattering angles2i1 and2i2 and the wave vectors for backscattering within the (a, b)- and
(a, c)-planes. Using these scattering vectors together with the measured sound frequencies
(f 180

a,b (2i1) = 17.5 GHz andf 180
a,c (2i2) = 14.2 GHz) we calculated the corresponding

stiffness modulica,b
eff (2i1) = 8.0 GPa andca,c

eff (2i2) = 5.2 GPa respectively. Using these
stiffness constants together with those given in table 1, the Christoffel equation (2) yields
c12 andc13 respectively. As has been checked, the complete Voigt matrix{cij } is positive
definite.



7586 R Jiménez et al

In order to compare our elastic data with those of C33H68 given by Strobl [13] we
calculated the compliance matrix for C25H52 (see table 2). Taking into account the difference
in molecular chain length and some rough assumptions in the calculations of Strobl the
agreement between the two data sets seems to be acceptable.

Table 2. The elastic compliance tensor of C25H52, and the related values for C33H68 [13]. The
values in brackets were fixed by Strobl [13].

C25H52 C33H68 [13]

ρ (kg m−3) 951.9 952.7
S22 (Pa−1) 2 × 10−10 3.2 × 10−10

S33 (Pa−1) 2.9 × 10−11 2.4 × 10−11

S23 (Pa−1) −6.6 × 10−12 (0)
S44 (Pa−1) 4.7 × 10−10 —
S55 (Pa−1) 3.6 × 10−10 —
S66 (Pa−1) 3.8 × 10−10 —
S11 (Pa−1) 2.0 × 10−10 3.2 × 10−10

S13 (Pa−1) −4.8 × 10−12 (0)
S12 (Pa−1) −1.1 × 10−10 −1.7 × 10−10

As has been discussed earlier [12, 15, 16] the weak interlamellar interactions are
responsible for the renormalization of the limiting modulus of the single lamella,c∞

33, down
to the measured hydrodynamic low valuec33 (see table 1). Of course, the interlamellar
interaction forces are of the van der Waals type. Therefore, it is of interest to compare these
interaction forces with those along the crystallographica- and b-axes, which are, at least
in principle, of the same origin. As a measure for these interactions we takec11, c22 and
ci where the latter is an interlayer modulus (see section 1). This interlayer modulus can be
estimated roughly using a series connection for the description of the elastic properties for
phonon propagation along thec-axis (see e.g. [21])

c/2c33 = Li/ci + Ll/c
∞
33. (4)

c = 2Ll + 2Li is the crystallographic lattice constant,Ll is the length of the carbon chain
(all-trans conformation) andLi is the thickness of the interlamellar region.c is known
from x-ray data (see above) and, assuming all-trans conformation of the chain, the lamella
thicknessLl (= (n−1)×2.545/2 Å) can be calculated from the related sub-cell parameter.
ThenLi can be evaluated from the difference betweenc andLl (2Li = c − 2Ll). For ci

we obtain a value of 3.5 GPa (table 1) which is rather close toc11 and c22. Indeed, this
result reflects the dominant role of the van der Waals forces for the propagation of acoustic
waves inn-alkanes.

4. Conclusions

Within this work we introduced the PIA technique as a very efficient method of growing
macroscopic oriented single crystals of pentacosane, being representative for othern-
alkanes. The quality of the crystal films allowed us to determine the main refractive indices.
Angle-resolving Brillouin spectroscopy permitted, for the first time, the determination of
the complete elastic stiffness tensor of ann-alkane single crystal of low symmetry. The
interlamellar stiffness constant reflects the dominance of the van der Waals forces for the
acoustic properties ofn-alkanes.
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