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The linear 1-alcohols n-C16H33OH, n-C17H35OH, n-C19H39OH have been imbibed and solidified in lined up,
tubular mesopores of silicon with 10 and 15 nm mean diameters, respectively. X-ray diffraction measurements
reveal a set of six discrete orientation states �“domains”� characterized by a perpendicular alignment of the
molecules with respect to the long axis of the pores and by a fourfold symmetry about this direction, which
coincides with the crystalline symmetry of the Si host. A Bragg peak series characteristic of the formation of
bilayers indicates a lamellar structure of the spatially confined alcohol crystals in 15 nm pores. By contrast, no
layering reflections could be detected for 10 nm pores. The growth mechanism responsible for the peculiar
orientation states is attributed to a nanoscale version of the Bridgman technique of single-crystal growth, where
the dominant growth direction is aligned parallel to the long pore axes. Our observations are analogous to the
growth phenomenology encountered for medium length n-alkanes confined in mesoporous silicon �A. Hen-
schel, T. Hofmann, P. Huber, and K. Knorr, Phys. Rev. E 75, 021607 �2007�� and may further elucidate why
porous silicon matrices act as an effective nucleation-inducing material for protein solution crystallization.
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Molecular ensembles condensed into mesopores usually
show melting temperatures reduced with respect to the bulk
state �1,2�. The close packed high-symmetry crystal struc-
tures of small globular molecules such as the fcc structure of
the heavy rare gases or the hcp structure of N2 and CO are
conserved in pore confinement �3�. For the medium length
n-alkanes the situation is different. These molecules form
layered crystals �4�. Within the layers the molecules are
tightly packed side-by-side, thereby forming a quasihex-
agonal 2D array. In the so-called “crystalline-C” low-
temperature phase the molecules are ordered with respect to
rotations about the molecule axis. This leads to a long-range
azimuthal order of the herringbone type, accompanied by an
uniaxial distortion of the lattice with respect to the hexagonal
reference. Furthermore the all-trans zigzag chains of the C
atoms of lateral neighbors lock-in resulting in well defined
collective tilts of the molecule axis with respect to the nor-
mal of the layers, the tilt angle is zero for alkanes with an
odd number of C atoms and of the order of 30° for even-
numbered alkanes. Close to the melting temperatures me-
sophases �rotator R phases� appear with partial or complete
rotational disorder, reduced uniaxial distortion and—in case
of even alkanes—reduced tilt angles �5–10�.

When confined in porous varieties of silica �e.g., Vycor�
with pore diameters of a few nm, melting and the C-R tran-
sition temperature are reduced, the layering reflections are
absent, the temperature range over which the R phases are
stable is increased, and the odd-even difference is lifted
�11,12�. Altogether the effects of pore confinement appear
plausible. The pore networks of the silica substrates are
highly random, the pore solid is subject to random strains
which in turn couple to the rotational and translational
degrees-of-freedom �13�. Thereby the disordered phases are
favored and the odd-even effect is blurred.

Recently we have reported x-ray diffraction results on the
n-alkanes Cn, n=16,17,19,25 �n stands for the number of C
atoms� in a porous Si �100� sheet with a pore diameter of 10
nm �14�. In this mesoporous substrate the pores are lined up,
perpendicular to the sheet. In most respects the results were
found to be analogous to those obtained in mesoporous
silica, but the layering reflections do now show up and the
crystal lattice of the alkanes has a well defined set of orien-
tation states �“domains”� with respect to the Si lattice. In
particular, the long axes of the molecules are arranged per-
pendicular to the long axes of the pores, similarly as has
been reported for the crystallization of folded polymer chains
forming lamellae in aligned tubular alumina pores �15�.

The present article deals with the corresponding
1-alcohols CnOH, n=16,17,19 in porous Si �16�. In the bulk
state, the structural and thermodynamic behavior of Cn and
CnOH are closely related as far as the phase sequence and
the odd-even effect is concerned, the main difference being
the fact that the monolayers of the alkanes are replaced by
tail-to-tail bilayers in which the sublayers are coupled by H
bonds forming an O–H¯O chain �17–19�.

The preparation of the substrate and the x-ray diffraction
experiment has been described in Refs. �14,20�. The in-plane
diffraction patterns of all three alcohols investigated are ba-
sically identical. They are dominated by the fundamental re-
flections of the quasihexagonal in-plane lattice which are in-
dexed �11�, �1–1�, �20� in terms of the rectangular 2D lattice
with the unit mesh containing two molecules. The lattice
parameters a and b can be extracted from the peak positions
and converted into the uniaxial distortion D with respect to
hexagonal reference lattice D=1−a /b�3 and the area per
molecule A=ab /2. The scattering vector q forms a polar
angle � with the pore axis �=sheet normal� and an azimuth �
about the pore axis—see also Fig. 1. The origin of the � is
chosen such that for �=0, q is along the �011� direction of
the Si lattice. The fundamental triple can only be observed
for � being close to a multiple of 60° and � being close to a
multiple of 90°. As discussed in detail in Ref. �14�, this ob-
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servation calls for six domain states, and we have argued that
the discrete � values result from a Bridgman type selection
process of the propagation of the solidification front along
the pores, whereas the texture with respect to � signals epi-
taxy on pore walls formed by �011� facets of the host lattice.

The formation of the domain states is apparent from Figs.
1 and 2. Figure 1 is a pole figure of the �20� reflection. The
fourfold symmetry with respect to � rotations about the pore
axis is evident. In Fig. 2 we show the fundamental triple by
means of � rocking scans in the �=90° plane for a series of
different Bragg angles 2 � and hence moduli of the scatter-
ing vector q. As can be seen the triple is centered at �
=120°. The three peaks represent the three � domains ��
=0°,�60°� which obviously have about equal statistical
weights. The changes of the diffraction pattern with tempera-
ture, both on cooling and heating, are illustrated by the scans
of Fig. 3 where q is parallel to the pore axis ��=0�. Such a
radial scan hits the �20� peak directly, the �11� and �1–1�
peaks are slightly off the scan path, but their intensity is
picked up because of the finite mosaic width. The freezing
and melting temperatures, Tf and Tm, can be determined from

the onset of Bragg intensities on cooling and their disappear-
ance on heating, respectively. The peak splitting signals the
transition from the R to the C phase which also shows some
thermal hysteresis between cooling and heating. The transi-
tion temperatures are collected in Table I. The low-T phase
shows �21� reflections characteristic of a herringbone type
orientational order and has in-plane lattice parameters a and
b that are within experimental error identical to those of
prototypic orthorhombic C phase of the alkanes which in
turn is closely related to the fully ordered, low tilt mono-
clinic � phase of the odd numbered 1-alcohols �18,21�. This
justifies calling the low-T phase C. Close to Tf /Tm the fun-
damental triple merges into a single peak which points to the
hexagonal in-plane lattice, known from the rotator phase RII.
On the other hand, the peaks of the mesophases are always
asymmetric which could mean that there is some nonre-
solved peak splitting due to residual distortions with a mag-
nitude similar to what has been observed in the rotator RV
and RIV phases of the bulk alkanes and the analogous phases
of the alcohols. Altogether the in-plane metric observed does
not tolerate tilt angles of the order of 30° that have been
observed in C phases of the bulk even-numbered alkanes and
alcohols. In pores the tilt angle practically vanishes, not only
for the odd-numbered molecules, but also in C16OH. The
peculiar texture observed not only means that the layer nor-
mal, but also that the molecules are oriented perpendicular to
the pore axis.

Layering reflections have been searched for, in particular
in scans with q perpendicular to the pores, but except for a
very weak �001� reflection, no higher layering reflections
have been observed, quite in contrast to the corresponding
alkanes. Based on space filling arguments we do in fact con-
clude from the mass uptake of the pores that the alcohols are
arranged in tightly packed parallel layers, but that there is a
sizeable mean square displacement of the molecules in the z
direction perpendicular to layers �larger than the 2-Å-thick

FIG. 1. �Color online� X-ray diffraction pole figure of the �20�
Bragg reflection of C19OH confined in mesoporous silicon at 298
K. As illustrated in the upper panel, the orientation of the sample
sheet with respect to the scattering vector q is specified by the polar
angle � and the azimuth �. The two orientational domains of the
molecules about the � axis are schematically sketched in the figure:
The orientation of the long axes of the molecules about the � axis
differ by 90° resulting in a view on the lateral herringbone-type
ordered in-plane structure of the alcohols for the first domain �left
pore� and a side view on the lamellar order of the chains for the
second domain �right pore�. Note that the long axes of the mol-
ecules in both � domains are perpendicular to the long pore axis,
which coincides with the �100� direction of the Si host.
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FIG. 2. �Color online� A series of �-rocking scans on C17OH
crystallized in mesoporous silicon at 245 K. The scattering vector q
lies in the �=90° plane. �q� is held constant along an individual scan
at a value specified in the figure. The three peaks observed are the
fundamental triple mentioned in the text.
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interlayer gap�, such that the electron density contrast be-
tween the layers and the interlayer gaps, on which the inten-
sity of such reflections relies, is washed out. The absence of
the layering reflections in the alcohols may be related to the

fact that the thickness of the bilayers �e.g., 4.8 nm for
C17OH� is already getting close to the pore radius, on the
other hand one might have thought that the strong H bonds
within the bilayer could help to reduce the z excursions of
molecules relative to the situation encountered for the al-
kanes. Obviously this is not the case.

The diffraction experiments have been repeated after the
pore walls had been oxidized by a treatment with H2O2. See
Ref. �14�. The melted alcohols are still sucked into the pores,
but are pushed out of the pores upon solidification. The solid
then forms epitaxial layers on the surface of the substrate
with bulk properties, analogous to what has been observed
for the alkanes.

In an additional preparation step, the oxide on the pore
walls has been removed by etching with HF. This procedure
increases the pore diameter to about 15 nm and also reduces
the roughness of the pore walls �22�. Now the pore solid is
again stable. The in-plane diffraction patterns are practically
identical to those on the original samples, apart from the fact
that the Bragg peaks are somewhat sharper and that the tran-
sition temperatures are slightly higher. However, in radial
scans with q perpendicular to the pore axis the layering
peaks show up—see Fig. 4. Note, due to the parallel align-
ment of the layers to the long pore axes and the 90° texture
about the � axis, three out of six domains and hence half of
the entire crystallized sample contributes to the intensity of
the layering peaks in this scan geometry rendering them ob-
servable up to the 18th order. The bilayer spacings conform
to the relation d= �4+2.56 n� Å which has been established
in case of extended, all-trans molecules and vanishing tilt.

TABLE I. Table of melting and freezing temperatures Tf/m and
phase transition temperatures TR/C on heating and cooling for n
=16, 17, 19. The bulk data are given for comparison �17�.

Alcohol Tf/m
Cooling Tf/m

Heating TR/C
Cooling TR/C

Heating Tf/m
Bulk TR/C

Bulk

C16OH 304 K 312 K 290 K 293 K 322 K 316 K

C17OH 310 K 318 K 294 K 298 K 326 K 314 K

C19OH 320 K 327 K 306 K 313 K 334 K 324 K

FIG. 3. �Color online� A series of radial scans on C17OH so-
lidified in mesoporous silicon showing the �11� / �1–1� and the �20�
reflections at selected temperatures T indicated in the figure, both
on cooling and heating through the melting or freezing and the C-R
transition. The scattering vector is parallel to the pore axis ��=0�.

FIG. 4. �Color online� Radial scan on C16OH solidified in me-
soporous silicon. The scattering vector is perpendicular to the pore
axis ��=90°�. The reflection comb characteristic of the equidistant
Bragg peaks due to bilayer formation is included as a guide for the
eye. Solid lines of the comb mark clearly observed bilayer Bragg
peaks, whereas dotted lines indicate allowed bilayer Bragg peak
positions, which, within our q-resolution, coincide with the in-plane
reflections �11� / �1–1�, �20�, �31�, and �3–1�, respectively.
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The coherence length derived from the width of the layering
peaks is 14 nm, which is close to the pore diameter.

Finally, we would like to speculate that the recently re-
ported advantages of mesoporous silicon matrices in order to
induce and speed up bulk crystallization in protein solutions
�23� may not only be attributable to an increased heteroge-
neous crystal nucleation in the pores and at the substrate
surfaces �24�, but also, to some extent, to a Bridgman-type
alignment mechanism of the fast growing crystal nuclei. The
anisotropic pore confinement may align the dominant growth

direction of protein seeds within the pores parallel to the
long axes of the pores, similarly as demonstrated here for
n-alcohols. Once these fast growing nuclei reach the pore
mouths, they can induce fast, directed bulk protein crystalli-
zation in the bulk solution surrounding mesoporous Si.

We thank P. Leibenguth for taking the pole figure. The
work has been supported by the German Research Founda-
tion �DFG� via the Collaborative Research Centre �SFB�
277, Saarbrücken.
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