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Abstract

Soft materials can be confined either at interfaces or as films.
In either case, internal forces are developed that, due to the softness
of the materials, can cause large scale changes in bonding and
structure, at microscopic and/or mesoscopic length scales, which
in turn give rise to properties drastically different from bulk matter.
Here we focus on the evolution of spontaneous order in simple and
complex fluids under one-dimensional geometrical confinement as
obtains in ultrathin films and at liquid-solid interfaces. We present
a very brief review of research on the structural characteristics of
such ordering and the changes in molecular bonding that cause
these structural changes. We also discuss some effects of this
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Soft Matter

There are two classes of matter — hard and soft.
Hard matter is characterized by shape rigidity and
elasticity under small forces and plasticity and
fragility above a certain magnitude of force, ability
to sustain shear, and strong anisotropy in properties.
In contrast, soft matter change their shape under
very small forces, even thermal fluctuations, are
unable to sustain shear and flow under stress, and
have some viscous response. They have lower
degree of anisotropy and constant free energy
surfaces.

The microscopic or molecular forces in soft matter
are mostly Hydrogen bonding forces, which may
change from intra-molecular to intermolecular with
passage to the condensed phases, the weak long
range forces (Keesom forces) that arise due to
dipoles and other higher order multipoles, the weak
medium range forces such as London forces that
arise due to induced dipoles, and of course the
ubiquitous steric (electron-electron) and hydrophobic
repulsion forces at short range.
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Soft matter is characterized by shallow free
energy minima, so that they can easily be taken
to a non-equilibrium condition. They have weak
inter-molecular forces and large internal entropy
coming in most cases from the large amplitude
intra-molecular motions. In other words, the
molecular potential energy is comparable in
magnitude to the internal kinetic energy of the
molecule. The microscopic consequences of these
energetics or bonding mechanisms are the passage
to continuous symmetry from discrete symmetry and
the passage to short-range order or correlation from
long-range order or correlation.

Confinement: General Effects of Soft Matter
Confinement is apparently a simple and
straightforward concept. Any system is said to be
confined when its spatial extent is defined within a
range of values. The system maybe a particle, either
classical or quantum, either a real particle or a quasi-
particle, a multi-particle body such as an atom or a
molecule, a quasi-continuous bulk such as a solid,
liquid or gas, a wave or a field. Confinement can be
brought about by the use of an external force, such
as by using electrical, magnetic, optical or thermal
barriers, or by erecting rigid, material barriers. We
shall call such confinement external or artificial
confinement.

Confinement can also be caused by internal forces
acting among the constituents of a system: the
strong forces confine nucleons within the nucleus,
electromagnetic forces confine electrons and nuclei
within the atoms, atoms within molecules and
condense gases into liquids and liquids into solids.
This type of confinement can be designated as
internal or natural confinement.

A major task of physical sciences has been, and
still is, understanding this natural confinement and
the hierarchy of structures and dynamics caused
by it starting from elementary particles all the way
to condensed matter and complex matter including
living systems. In comparison, the study of artificially
confined systems has been remark-ably sparse till
recently. Though boundary conditions were ever
present in studying any physical problem, their
major effects were assumed to be at the boundaries
only. Since any system studied was very large
compared to the boundary region, this large size

set the boundaries at separations big enough to Kill
any effect within the sample. Again, the boundary
conditions themselves were essentially put by hand,
especially in the case of rigid material barriers, and
this could not really be analyzed any further.

With the advent of micro- and nanotechnology
pressure for device size reduction has now
led to sample dimensions, such as the film
thickness becoming smaller than molecular
dimensions. At these levels of artificial confinement
(nanoconfinement) such films show characteristics
strikingly different from the properties these
materials exhibit in the bulk, with crucial implications
for most techno-logical applications based on such
films. It has been shown that in confined systems
van der Waals (vdW) interactions become longer
in range, are no longer strictly pair wise additive,
and depend on the dimensionality of the system.
This scaling laws work on multilayered graphene
and lead to a decreasing binding energy for an
adsorbed molecule on graphene as a function of
the number of graphene layers. This variation in van
der Waals interactions could be exploited to control
self-assembly in nanostructured materials."

Structural Studies of Confined Liquids

Basics of X-ray Scattering

The most striking difference of X-rays from other
radiations that we encounter is that for them the
refractive index of is given by 1-3 , where & (~ 10?)
is proportional to A2 and p, the former being the
wavelength of X-rays and the latter being the total
electron density of the material. The small values of
d is consistent with the fact that X-rays pass through
materials suffering very small deviations. However,
the important point is that as the density increases
the material becomes ‘rarer’, i.e. gold is rarer than
water to X-rays and all matter is rarer than vacuum!

As a consequence of the above property, for
incident angle a at a flat sharp interface, if o is
less than a certain critical angle a, the incident
X-ray cannot penetrate the material but is totally
reflected from it. This phenomenon is called total
external reflection. For measurements of specular
and off-specular components of this reflectivity of
materials, the scattered X-ray intensity is collected
using a detector as a function of the scattering vector
q=k,—k,.) keeping one of the components of this

final



DATTA, Mat. Sci. Res. India, Vol. 17(3), pg. 192-200 (2020)

vector, say q = 0. The incident X-ray beam strikes
at a grazing angle o and the scattered intensity is
recorded in the plane of incidence at an anglep.
In this geometry, the other two components of
q become q, = (2n/) (sinp + sina) and g, = (2n/))
(cosp—cosa). For specular reflectivity measurements,
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a=p=0,sothatq =0and q, = (4n/A)(sinb), and the
scattering vector q is perpendicular to the surface.
This provides information about the mean electron
density as a function of depth (z). This is known as
the electron density profile (EDP).2
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Fig. 1: (a) X-ray reflectivity data from TEHOS film in open circles, the best fit with a uniform-electron
density model (dashed line) and the best fit electron density model with three layers (solid line). (b)
Patterson functions, up-shifted for clarity, from the reflectivity profile (bold solid line, top), from the
variable-density fit (thin solid line, middle) and from the uniform-density fit (dashed line, bottom).
(c) Electron densities from the uniform-density model (dashed line) and the variable-density model

(solid line). From ref 3.

X-ray Scattering Studies on Simple Liquids
The structural effect of nanoconfinement was first
seen directly in films of a simple liquid composed
of nearly spherical, nonpolar molecules, tetrakis
(2-ethylhexoxy)silane, or TEHOS, from x-ray
reflectivity.® It was found from fitting the reflectivity
data (Figure 1(a)) that there are three molecular
layers near the solid-liquid interface (Figure 1(c)) and
the Patterson function of the reflectivity also shows
the peaks corresponding to total thickness (large
peak) and the periods of the layers (Figure 1(b)).

Again, for even thick (5000A) liquid films on silicon
substrates, diffraction and specular reflectivity

showed (Figure 2(A)) that the molecules form 3 to
6 layers at the solid-liquid interface (Figure 2(B)).

It was found that thinning the film does not increase
the effect, meaning that the layers are present
even in a bulk liquid. For both thin and thick films,
the layering amplitude goes down quickly as the
substrate surface becomes rough. The liquids
studied are non-conducting, non-polar, and non-
reactive. Also the substrate surface has no lateral
structure. Hence these observations hold true the
interface between any simple liquid and smooth,
for a hard solid.*
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Fig. 2: (A) X-ray scattering from ~ 5000A thick liquid film of TEHOS on a clean, smooth Si substrate.
In (a) the scattering vector q is normal to the substrate surface and in (b) it makes an angle of 0.1°
to normal. Weak peak for scattering along the tilt is due to isotropic correlations present in bulk
liquid. Strong, sharper peak along the normal direction is from the layers formed parallel to the
silicon surface. (B) Electron density profiles obtained from fits to scattering data, (a) from fitting
with one set of slabs (b) from fitting with a second set of slabs; and (c) from a fit with a decaying
sine function density oscillation at the interface. Curves have been up-shifted for clarity. From ref 4.

X-ray Scattering Studies on Polymers

The first instance of spontaneous layering under
nanoconfinement was seen through x-ray reflectivity
in polystyrene films.5 The Oscillations in electron
density have a periodicity Rg where Rg is the
average radius of unperturbed gyration spheres
of polystyrene in a dilute solution (Figure 3). In the
following years, the huge body of research that has
been carried out on artificially nanoconfined soft
matter has had a sizable contribution from polymers
in general and from polystyrene in particular and
of these, again, a large number was done using
synchrotron X-rays.

A number of measurements on nanoconfined
polymer by diverse research groups have shown
anomalous density changes after the polymers are
annealed below the bulk glass transition temperature
(T,). These changes are reversible as well as
irreversible.® 74 &' These films also show unexpected
instabilities,® '*'7 and ageing behaviour'®2° and
surface diffusion®' very different from bulk polymers.
The glass transition temperature®?-*2 becomes

dependent on film thickness. There is a lower number
of chain conformations in confined polymers® and
the relaxation processes also get modified.'® 34

These results have led to an intensive search
for a general understanding of the physics of the
confinement process. This is not available yet
because the relative importance of Rg, which can
be taken as the size of the polymer molecule in
the maximum entropic state, and the film thickness
R has not been established. In contrast to simple
liquid films, polymer films often exhibit much stronger
deviations from bulk behaviour. One probable
reason is that, in contrast to small molecules, the
polymer chains can adopt a huge number of different
conformations. Hence an important factor may be the
polymer molecular weight which, besides deciding
Rg, decides the configurational entropy. Inelastic
neutron scattering shows that the polymer chains are
more constrained in films than in the bulk but also
that this constraint does not change with molecular
weight.®®
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Fig. 3: X-ray reflectivity profile of polystyrene film is shown in filled circles. The same profile is
up-shifted to clarify the two model fits (line). The lower calculated profile uses a uniform thin film
model (electron density profile (EDP) given by line inset) while the upper calculated profile uses

the EDP shown by filled circles inset. From ref. 5.

At present we do not have a detailed understanding
of how this huge number of chain conformations are
changed as the polymer is confined and how their
mechanical and thermal properties are affected.
A particularly important region is close to the
glass transition temperature. A ‘confinement force’
(=kgT/R) can be defined, where k, T, and R are the
Boltzmann constant, absolute temperature, and the
effective confinement dimension (e.g. film thickness),
respectively. A competition between confinement
and hydrodynamic forces has to be invoked in this
regard. This can explain, for example, the flow of
polymer chains through a cylindrical pore with a
diameter much smaller than its size, independently
of chain topology.®

For charged polymers under confinement, periodicity
is given by the Kuhn length. Stable films of DNA
molecules spin-coated from aqueous solution of
DNA on amorphous quartz substrates are shown
to exhibit layering of the molecules in three stacks
parallel to the substrate. When the film is prepared

from counterion added solution the layering is
absent. These films have smaller thickness and
enhanced surface roughness, although films
under both conditions have liquid-like height-height
correlations. These results are given by a model
of film of a liquid of rod-like molecules where the
counterion concentration in the liquid determines
the rod (Kuhn) length.*®

Similar considerations are valid also for uncharged
molecules with rod-like shapes. X-ray reflectivity
studies on the interface of liquid squalane and Si
substrates show that there are molecular layers near
the interface, with the squalane molecular long axes
parallel to the substrate. The results are consistent
with those from molecular dynamics simulations and
force measurements.*°

Bonding in Nanoconfined Fluids — X-ray
Spectroscopy

Synchrotron spectroscopic studies of bonding
in nanoconfined polymers can throw some light
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on the confinement force or potential. Ultraviolet
spectroscopy in the vacuum ultraviolet (VUV)
region was carried out on atactic polystyrene (aPS)
films with different film thickness R. This polymer is
known to have physically coupled dimers of adjacent
benzene rings pendant from the chain. These rings
can be arranged in a V-shaped (oblique) or a shifted
parallel (head-to-tail) configuration. As R is reduced
below 4F{g VUV spectra reveal a change from the
oblique to the head-to-tail configuration (Figure 4(A)).
Simultaneously, as before, there is a spontaneous
layering of the molecules of aPS in form of the
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gyration spheres as measured from X-ray reflectivity.
However, it is clear from atomic force microscopy
that there is also a reduction in cohesion that follows
a (Fig/F{)b dependence with b = 3. The reduction of
in-plane (from microscopy) and out-of-plane (from
reflectivity) cohesive energy in the films is explained
by a repulsive, modified P&schl-Teller intermolecular
potential, with its strength decreasing with increase
in R (Figure 4(B)). This reduction of cohesion can
be explained by the reduction of the dimer dipole
further moment in the head-to-tail configuration of
the benzene rings.*”
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Fig. 4: (A) Absorbance vs photon energy (in electronvolts) in the vacuum ultraviolet (vuv) range
for atactic polystyrene films spin-coated on fused quartz. Film thicknesses R = 147.0 nm (a),
84.0 nm (b), 50.0 nm (c), and 40.0 nm (d) with data in circles, convolution of Gaussian fits in red
and individual Gaussian fits in green lines, respectively. Assigned transitions are presented
besides the spectral bands in oblique (a) and head-to-tail (¢) configurations (shown inset as
extracted from analysis of 'A, | — 'E, ) with o = dimer dihedral angle. (B) Cartoon of the confined
polymer, showing the modified Péschi-Teller-like intermolecular potential, as obtained from
X-ray reflectivity and Atomic Force Microscopy. From ref. 37.

For R < Rg, the benzene rings are also found to
be aligned on a macroscopic scale causing a
dependence of the electronic transition in the rings
on the polarization of incident electromagnetic field.
This ordering is confirmed from field polarization
dependence in the X-ray Absorption Near Edge
Structure (XANES) spectra of core electron (1s)
transition, showing that the rings are oriented out-
of-plane at 63° with the sample plane. Thus atactic
polystyrene, which is inherently disordered in the
bulk, transforms to an orientationally ordered phase
under a certain degree of confinement.®

Changes in Electrical and Thermal Properties

The spontaneous emergence of one-dimensional
order due to confinement has had wide ranging
consequences on soft materials. Here we would
give two examples from the effects on electron and
thermal transport of this ordering in soft materials.

Spin-coated films of atactic polystyrene of two
different molecular weights have been studied with
UV spectroscopy and X-ray reflectivity, the film
thickness varying from ~2Rg to ~12Rg where Rg is
the unperturbed radius of gyration of the polymer,
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which gave clear indication of excitonic interaction
along the film thickness, and the mass of the effective
exciton could also be measured. As the thickness
is reduced below 4 Rg there is simultaneous
emergence of one-dimensional order along the film
thickness and localization of the exciton within the
layers, with the effective mass becoming very large.
Above this thickness, with the disappearance of the
order, the exciton also becomes delocalized.*' This
is consistent with the decoupling of the adjacent
benzene rings discussed in the previous section.*”

Nanofluids are a new class of fluids for heat transfer.
They consist of fluids bearing nanoparticles and
are of high technological value as their heat
conductivities are much higher than normal fluids
used for heat transfer. Thermal conductivity of
nanofluids can only be explained by the invocation
of a molecular layer at the nanoparticle-fluid
interface, which acts as a bridge for thermal transport
between nanoparticle and base fluid. This forms
the key to the enhanced heat transfer properties
of nanofluids.**The application of nanofluids as
coolants has revolutionized the design of automobile
radiator systems.*

Some Other Confined Systems

In spite of the extensive research that has been and
is being carried out on nanoconfined soft materials, it
is evident, even from the glimpses provided here, that
we are just at the beginning of this rich and productive
branch of soft materials science. For example, even
some of the basic questions concerning stability
and dynamics of such well known spontaneously
confined materials like Langmuir monolayers
have not been addressed and, as a consequence,
these nanoconfined systems are providing us with
challenging new phenomena after a century of their
discovery. In particular, the spontaneous formation of
membranes at the water surface and the formation
of two-dimensional mixtures of metal ions aided by
these monolayers hold great promise. In connection
with the former, the major question concerns the
competition between the forces of in-plane clustering
and out-of-plane diffusion, whose understanding and
subsequent control can not only lead to tuneable
two-dimensional and three-dimensional structures

but to the unravelling of important biological
mechanisms of drug-membrane lipid* interactions
and DNA self-organization*® under interfacial
confinement. A related area, perhaps more
fascinating in its physics content, which has received
surprisingly scant attention is that of two-dimensional
mixtures. The phases and stability of such mixtures,
and also the formation of two-dimensional patterns
through de-mixing,*6 are expected to open new lines
of research encompassing both soft condensed
matter physics and physics at low dimensions, and
this research is going to rely heavily on surface
scattering techniques, both elastic and inelastic,
provided by the bright beams of the synchrotron
sources.

Conclusion

We present here a very brief review of soft materials
like simple and complex fluids under confinement
in films and at solid-fluid interfaces. It is clear
that such confinement leads to a spontaneous
one-dimensional structural ordering normal to the
direction of confinement. The periodicity developed
is a characteristic microscopic length —the molecular
size for simple liquids, the gyration diameter for
neutral polymers, and the Kuhn length for charged
macromolecules. For the polymer, a molecular
reorganization co-evolving with the ordering
could be observed as also the emergence of an
intermolecular repulsion. It was also seen that this
ordering strongly affects the exciton transfer in films
and thermal transfer at the solid-fluid interfaces of
nanofluids.
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