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Confined Nonpolar Fluids
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ABSTRACT: Films of carbon tetrachloride (CCl,) confined in slit geometry between two
flat diamond substrates down to a few tens of Angstroms are studied by combining X-ray
reflectivity with in-plane and out-of-plane X-ray scattering. The confined films form a
heterogeneous structure with coexisting regions of liquid and crystalline phases. The liquid
phase shows short-range ordering normal to the surfaces of the substrates. The
experiments directly show the ability of the confinement to induce crystal objects,
which is a long-discussed issue in the literature. The surface structure and morphology of
the substrates may influence the actual realization of the crystalline phase in confinement.

O n the nanometer scale, the classical chemical and
physical understanding of matter breaks down. Confine-
ment and quantum effects dominate the nanoworld and have
strong impact on reactions, phase transitions, and structure.
The challenge nowadays is to understand and control the
nanoworld, which is significant for the development of, for
example, new catalytic, energy storage, or functional materials.
Therefore, the nanosciences rapidly developed in the last
decades, covering nanochemistry, nanophysics, and nano-
biology. One fundamental aspect in the nanoworld is the effect
of confinement on chemical and physical properties of fluids or
solutions.”” The molecular order of nonpolar liquids con-
strained to films of a few molecular diameters exhibits distinct
features, which cannot be found in bulk liquids. A well-known
example is the formation of molecular layering along the
surface normal of the confining substrates.” Another aspect is
the observation that the shear modulus and the viscosity of
confined liquids are similar to those of the solid bulk phase.”~”
The latter phenomenon is known as confinement-induced
solidification and has been the subject of discussion in the
literature for a long time. One suggestion is that the
confinement-induced solidification is driven by crystallization
of the confined film.”® Other investigations suppose that on
reduction of the conﬁnin§ gap, the liquid continuously
approaches a glassy state.”” Indirect experimental probes
such as the surface force apparatus (SFA) cannot deliver an
unambiguous answer.”

Liquids can be confined inside pores” or in a single gap in
the so-called slit geometry.>* X-ray scattering techniques, in
principle, are a direct way to prove the existence or absence of
layering and crystal phases in confined liquids. Measurements
of liquids in porous materials are relatively straightforward to

A4 ACS Publications @ Xxxx American Chemical Society

perform. However, the pore walls are not accessible for X-ray 47
surface scattering methods because of the curved geometry; 48
thus, the structure of the solid—liquid interface in a pore is very 49
difficult to access. X-ray experiments in slit geometry can be so
done with high interface sensitivity.'"’"'* This is eminently s1
important, for example, when studying tribology phenomena s2
between two substrates. 53

Carbon tetrachloride (CCl,), which has nonpolar molecules s4
with a diameter of about 5 A, has been confined. It is well- ss
suited for X-ray investigations, as even at high pressure and s6
elevated temperature, no radiation damages are observed.”” ™" 57

This current Letter presents unambiguous experimental ss
evidence for crystallization of molecular liquids driven by s9
confinement. It is the first direct experimental observation of 60
confinement-induced crystallization of a nonpolar liquid and 61
supports theoretical studies that entropy changes due to the 62
constrained geometry are the driving force for crystallization. 63
In addition, the surface structure and morphology of the 64
substrates influence the actual realization of the crystalline 65
phase in confinement. These findings have strong impact on 66
the ability to control chemical reactions and physical processes 67
in constrained environments. Moreover, it is significant for s
lubrication properties of the confined fluid in terms of 69
tribology. 70

The X-ray scattering measurements were carried out at the 71
synchrotron radiation sources PETRA III, at beamline P08,*° 7
and ESRF, beamline ID03,”" with an X-ray energy of 18 keV 73
and beam size of (VXH) = (5 X 50) um> The reflectivity 74
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curves were measured with area detectors (PILATUS 100k and
MAXIPIX TAA22PC, respectively). The in-plane and out-of-
plane scattering was recorded with a two-dimensional (2D)
XRD1621 PerkinElmer (PE) area detector located 1400 mm
from the sample. Finally, as a reference, X-ray scattering from
bulk CCIl, was measured at beamline P08 using a PE area
detector at an energy of 25 keV and a sample—detector
distance of 564 mm.

The diamond substrates are clean with wet chemicals. The
cleaning procedure and the mounting of the diamond pairs are
carried out in a clean room lab under a class 2 (ISO IV)
laminar flow box. Before studying the confined liquid, the
closed gap without liquid has been characterized by means of
reflectivity and in-plane scattering measurements. Those
measurements are the reference data and are also used to
ensure that the substrates are not contaminated with dust
particles generating crystal diffraction peaks. The liquid is
injected into the reservoir of the cell and slightly heated (3 °C
above room temperature). The liquid film is created by
condensation of the liquid at the colder diamond substrates. In
this way, possible contaminations in the liquid are not
transferred onto the substrates. The reflectivity curves and
in-plane scattering of the liquid film are measured before
confinement. The confined is only achieved by closing the gap
between the diamonds. The experiments are performed at
room temperature and at normal ambient pressure, as no
sealing has been used. For each experiment, a new pair of
diamond is used. The experimental data presented in this work
are collected at four different beamtimes.

In the literature, the influence of the surface properties and
morphology of the confining walls is usually not addressed. In
theoretical and simulation studies, it is often assumed that
nonpolar fluid particles interact with the perfectly smooth
surface of the substrates, exhibiting hard-core or van der Waals
potentials. This model works well for liquids confined between
mica surfaces, which are widely used in experiments and can be
prepared atomically smooth and clean.”” However, mica has
severe disadvantages due to its eminent X-ray scattering into
the whole reciprocal space. In the current experiment, we use
(100)-oriented diamond culets with a diameter of 200 um,
which generate almost no background up to 3.5 A™". These
substrates are not atomically smooth on the short-range scale
(see Figure la,b). Nevertheless, the investigation of confined
liquids with such surfaces is very useful (e.g., in the context of
engineering science or tribology).

To determine the long-range flatness of the substrates, we
probe the native culet surfaces with X-ray reflectivity.
According to this, the long-range root-mean-square (rms)
flatness was determined by analysis™ of the reflectivity curve
and is better than 7 A over the diameter of the sample, which
corresponds to 15 A peak to peak. Complementary to the
reflectivity measurements, atomic force microscopy (AFM)
observations are used to characterize the substrates. AFM
measurements reveal a grooved structure with depth of around
15 A (see Figure 1b) and nonregular in-plane width
distribution in the range from 100 nm down to at least 10
nm (see Figure 1a). A regular terrace structure is not observed,
and the images at different scales show nearly the same pattern.
The AFM measurement is sensitive to the local roughness and
cannot average the surface properties over the entire sample. In
summary, the results from the reflectivity measurements agree
very well with the average depth of the grooves as determined
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Figure 1. (a) AFM image of a 500 X 500 nm” area scanned in the
center of the culet, and (b) the cross section of the surface at the
horizontal line as indicated in Figure la.

from the AFM images. The long-range flatness of the substrate
ensures a very well-defined nanogap over the entire sample.
The reflectivity of the confined film is sensitive to the
averaged gap size (GS), which can in our case be determined
from the fringes at low g-range (see Figure 2a). The samples
are denoted with GS, and the number corresponds to the film
thickness in A. The reflectivity measurements at high-g,-range
are sensitive only to the molecular ordering in the vertical
direction of the gap. For very large confining gaps, we are
essentially probing single solid—liquid interfaces by X-ray
reflectivity. Because the liquid is expected already to order at

the single interface, this should show up in the high-g, part of 148

the reflectivity data. We exemplify the case of a wide confining

149

gap using sample GS300. Indeed, we observe as a result of 150

layering at a single interface a weak structure peak at the
position of the first structure peak of the bulk phase. For gaps
below approximately 100 A, the molecules become affected by
both confining diamond surfaces, and the ordering of the liquid
is enhanced, as is clearly seen in the data of Figure 2b.
Therefore, we pay attention only to samples with a GS smaller
than 100 A.

Because of the long-range flatness of the substrates and the
well-defined nanogap over the entire sample, we observe
layering of the liquid parallel to the interfaces, similar to the
SFA experiments with atomically smooth surfaces. The
fingerprint for that consists of the wide structure peaks in
the reflectivity curves at g, = 1.2 A~ and g, = 2.3 A7 (see
Figure 2b), proving the existence of a layered liquid structure.
The reflectivity curves of Figure 2b, GS30, cannot be fitted,”
assuming a constant density of the liquid or assuming layered
CCl, molecules approximated by spheres. Instead, the
positions of the liquid-layering peaks imply that the internal
structure of the molecules and their ordering has to be
considered. To demonstrate this point, we suggest a simple
model consisting of carbon- and chlorine-rich layers. For GS30
with a total thickness of 7.2 A, two carbon-rich layers together
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Figure 2. (a) Interference fringes on the reflectivity curve for samples GS300 and GS30 at low g-range. (b) The high-g, part of the reflectivity
curves for the given samples, multiplied by g.*. The curves are scaled and shifted for clarity. (c) Normalized density profile as calculated after

refinement of reflectivity curve of sample GS30.

173 with the correspondent three chlorine-rich layers are
174 considered (see Figure 2c). This model reproduces the main
175 features of the measurement but leaves room for improvement
176 as can be seen from the Figure 2b. A realistic model would
177 include the mutual orientation of the molecules from layer to
178 layer'” and an accurate description of the diamond interface.
179 Currently, such a detailed model is not available, and a better
180 meaningful fit of the reflectivity data cannot be presented.

1581 We want to note two observations: (1) In strong
182 confinement, the reflectivities extend to larger g, as compared
183 to open gaps or large gaps. This can be seen in Figure 2b,
184 where the reflectivity of GS300 significantly decreases with
185 increasing q,. The high intensity at large ¢, is a direct proof of
186 the existence of smoother interfaces than the substrates. In our
187 model, the smooth interfaces are generated by the layer
188 structure in the gap (see Figure 2c). This implies hypothetical
189 buffer layers (groove layers in Figure 2c) on both sides of the
190 diamond surface. The origin of the buffer layer could be that
191 the liquid fills the grooves of the diamond surface or that in
192 general a flat layered structure is favored in strong confine-
193 ment. We lack a solid explanation for this behavior, but the
194 observations are unquestionable. (2) The layer structure in the
195 gap (Figure 2c) is slightly asymmetric due to nonidentical
196 diamond substrates.

197 Nevertheless, we emphasize that the broad layering
198 signatures, as seen in Figure 2b, are the manifestation of the
199 liquid’s short-range order in confinement'”**~*” and therefore
200 unmistakably prove the existence of a liquid phase in the
201 confined CCl,. The structure peaks in the reflectivity curve are
202 compared with the bulk structure factor in Figure 2b. Figure 2b
203 displays normalized X-ray reflectivity data at large gq,,
204 multiplied by q,* to account for the Fresnel reflectivity from
205 a flat interface.” This standard procedure in the case of thin
206 films is used to emphasize the structure of the film. In addition
207 to the broad layering signatures, discussed above, narrow peaks
208 are observed, indicating long-range order (see Figures 2b and
200 3a). We attribute these narrow reflections to a crystalline
210 structure of CCl,,'”'® which coexists with the liquid phase.
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Figure 3. 2D images (in-plane and out-of-plane scattering) of
different samples. Data collected from the empty gap has been
subtracted. (a) 2D image of the peak observed in the reflectivity curve
at q, ~ 2.3 A™" of sample GS63 (cf. Figure 2b). The vertical stripe is
from the specular reflected beam, and it is induced by the structure of
the diamond surface and the layering. The tilted reflection is from the
CCl, crystal structure. (b) Example of a nonspecular Bragg peak at g
~ 1.2 A™' of sample GS60 showing a strongly elongated elliptical
shape. This image is recorded at an incident angle of 0.1°.

Moreover, the X-ray scattering data from the 2D detector (see 211
Figure 3b) with in-plane and out-of plane information shows 212
similar peaks with a strongly elongated elliptical shape, 213
providing unambiguous evidence for the formation of a 214
crystalline phase. Only a few elongated peaks are observed 215
per sample in the 2D images, but they are present in almost all 216
investigated samples. These reflections appear close to the g- 217
values where the ring of the first or second bulk liquid structure 218
peaks should be. The shape and the positions of these Bragg 219
peaks indicate that the crystallographic planes causing the 220
reflections are not parallel to the diamond surface. The 221
observed reflections at ¢ = 1.2 A™' and g = 2.3 A™" are in the 222
vicinity of the strongest Bragg reflections of the monoclinic 223
CCl, Phase II crystal. The reflection at g = 1.2 A™" is also close 224
to the strongest reflection of the cubic phase. The literature 225
sources report that in confinement, some of the substances 226
show Eeaks that do not coincide with what is known from the 227
bulk.”® The small amount of the observed reflections is not 228
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sufficient for unambiguous identification of the CCI, crystal
modifications.

The crystallite size is estimated from the width of the
observed Bragg peaks using Scherrer’s equation.”” We note
that for some of the samples, the crystallite size is larger than

the film thickness (see Table 1). Tilting of the crystals with

Table 1. Film Thickness and Crystallite Sizes

sample crystallite size according to Scherrer’s equation, [A]
GS30 no crystal peak is observed

GS35 70

GS60 120

GS63 62

GS300 no crystal peak is observed

respect to the diamond surface makes the crystal size larger
than the possible gap size, which can explain this result. A
reasonable explanation could be that the confinement-induced
crystals grow along preferred directions of the diamond
surfaces (e.g, along the facets of the surface structure (cf.
Figure 1a)). We do not observe a clear trend between the gap
size and the crystal size. The interface structures of the
diamond substrates are not commensurate with each other,
and no control over the orientation of the facets on the top and
bottom diamond is possible with our experimental setup at this
time. We propose that the size and the orientation of the
crystals are correlated with the orientation of the diamond
substrates with respect to each other. The X-ray reflectivity
data (see Figure 2b) show different contributions of the liquid
and the crystalline phase. For example, whereas GS30 exhibits
liquid and GS63 exhibits crystalline order mainly, GS35 clearly
shows coexistence of the liquid and the crystalline phase. The
different number of Bragg reflections of each sample could be
due to different orientations of the crystallites. It should be
emphasized that Bragg peaks are not observed in nonconfined
thin liquid CCl, films on smooth surfaces'” and have never
been seen in our experiments before confinement or in wide
confined samples.

At normal pressure and temperature, CCl, is in the liquid
state,"®'® so the thermodynamic mechanism for crystallization
has to be discussed. Confined systems have very different
phase diagrams as compared to the bulk.”"®*® This is a result
of the interplay between the atomic ordering of the liquid at
the interface and pure confinement effects. Theoretical works
and simulation studies of confined hard-sphere systems at
atomically smooth surfaces’®*’ show that changes in the
entropy because of the confined geometry could drive the
whole system to the crystalline state at thermodynamic state
points were the bulk is still a fluid. In essence, the free volume
around particles (and hence entropy) increases upon
crystallization of dense hard-sphere-like fluids, with the
additional packing constraints in confinement facilitating the
onset of this entropy-driven phase transition. This phenom-
enon is known as confinement-induced freezing. However, our
experiments show coexistence of the liquid and the solid phase.
Possibly, the crystal growth is influenced by confinement and
by the local surface morphology of the diamonds. Because we
do not observe crystal phases in CCl, films before confine-
ment, it is obvious that the existence of the grooves/facets itself
does not result in crystallization. The crystallization is triggered
by the confinement process. However, there is only little work
published on confined systems with rough substrates.” Tt is

shown that the ordering effects in confinement are strongly
dependent on the lateral correlation between both substrates.
The mutual orientation of the diamond surfaces in the current
case could influence the size and the orientation of the crystals,
but the morphology of single substrates is not the driving force
for the crystallization, because we never observed crystal-
lization in wide confinement. Our current understanding is that
entropy is the driving force for the crystallization, whereas
properties of the substrates (e.g., atomic structure, smoothness,
and hydrophobicity) affect the size and the orientation of the
crystals. In this sense, the confinement-induced crystallization
is driven by entropy of the system, which in turn depends on
the morphology and mutual orientation of the both interfaces.

To our knowledge, this is the first direct experimental
observation of confinement-induced crystallization of a non-
polar liquid. Our experiments directly confirm the long-
discussed consideration of Klein and Kumacheva® about the
ability of the confinement to drive not only layering but also
in-plane ordering (crystallization) of simple liquids. In the
literature, the in-plane ordering is mainly understood as a
continuous crystalline film created between the substrates.™
Our X-ray reflectivity data evidence coexistence of liquid and
crystalline phases, which excludes the existence of continuous
crystalline film between the substrates. Rather, we propose that
crystallites, which are tilted with respect to the diamond
surfaces, grow at the facets of the surface structure from both
substrates. We attribute this heterogeneous structure to the
interplay between the surface morphology and the entropy
changes caused by the constrained geometry.’”’' We were,
unfortunately, not able to further refine the crystal structure,
because we observed only few crystal reflections, and this is not
sufficient for identification of the crystal phase. However, our
experiments unambiguously confirm the ability of the confine-
ment to induce crystal objects.

Finally, we note that the experimental method developed
here can also be applied beyond the heterogeneous crystal—
liquid coexistence in rough confinement. The prime example is
the question of how water meets extended hydrophobic
interfaces,” which is of immense importance in fields ranging
from biochemistry to materials science. Theoretical and
simulation studies have shown that water exhibits large density
fluctuations at extended hydrophobic interfaces, possibly
because of critical drying induced by the hydrophobic
interface.”* Out-of-plane X-ray scattering experiments from
water confined in narrow hydrophobic slits could unambigu-
ously corroborate this intriguing hypothesis.>
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