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Scientific Accomplishments

Dynamics and thermodynamics in two-dimensions

The character and degree of ordering present in a system is dependent on its spatial dimen-
sion; in one and two dimensional systems thermal fluctuations can completely destroy long
range order of certain types. Thus, there are situations where the behavior of a system with a
reduced dimensionality is qualitatively different from that in higher dimensions. For example,
the nature of the melting transition in two dimensions is believed to be different than that in
three dimensions. We found [2] that in a quasi-two dimensional system, melting occur via
two first order phase transitions; first the solid phase transform to the hexatic and then the
hexatic phase transform to the liquid phase. These findings are consistent with experimental
observations of the melting behavior of a quasi-two dimensional colloid suspension.

Competition between the amplitude of the thermal fluctuations in the lateral and transverse
directions, in a system of densely packed particles confined between parallel plates only a
few particle diameters apart, can induce buckling transitions to phases with no counterparts
in three dimensions. We found [3] a series of buckled phases, corresponding to phases with
maximum volume density, that interpolate between the structures of two dimensional and
three dimensional crystals in a confined space.

When, in the vicinity of a phase transition, the correlation length of the density-density cor-
relation function is large relative to the range of intermolecular interactions, it is believed
that the specific form of the interactions between the particles, and consequently the system
Hamiltonian, plays a minor role in determining the character of that phase transition. This
notion underlies the introduction of universality classes and the prediction that the character
of transitions that belong to the same universality class is the same. We investigated [4] the
hexagonal to square lattice conversion in bilayer systems. The results show that this conver-
sion is potential dependent. For a system of particles that interact through pair potential that
include an attractive well, the hexagonal to square lattice transition is first order and direct,
while for a system with hard core colloid-colloid interactions there are two degenerate stable
intermediate phases, linear and zigzag rhombic, that are separated from the square lattice
by strong first order transitions, and from the hexagonal lattice by either weak first order or
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by second order transitions.

Single particle motion in a condensed phase is affected by interactions with many other par-
ticles. However, at short and long times the many-body problem simplifies to a one-body
dynamics that is deterministic and stochastic, respectively. As a result, the distribution of
the single particle displacement in each of these two limiting time regimes has a Gaussian
form. Deviations from the Gaussian distribution that occur at intermediate times in three-
dimensional systems are very small. However, the situation in two-dimensions is different
and strong deviations were observed experimentally in the liquid phase. We reported resuits
from molecular dynamics simulations [10,12] indicating that the deviation of the single par-
ticle displacement distribution from Gaussian form is a characteristic that is common to all
phases of a system confined to two-dimensional geometry (liquid, hexatic and solid). We
also showed that these deviations, which intensify with increasing density and/or decreasing
temperature, are a consequence of correlated particle motion and are related to the emer-
gence of a third dynamical relaxation mode at intermediate time regime. In further studies we
showed [13] that this collective motion is generated by superpositions of instantaneous nor-
mal mode vibrations along diffusive paths. The diffusive paths are along the directions with
strong bond orientation correlation, and start to grow in amplitude rapidly on entry into the
hexatic phase. The results reveal a strong relationship between the average time at which
the cooperative dynamics of the system is maximum and the average value of the squared
frequency for which the spectrum of the normal modes (the real and the imaginary parts) is
maximum.

Water under confinement and at a hydrophobic interface

Experimental studies indicate that confinement of many liquids to films thinner than 4-6
molecular layers promote solidification. We reported [8] results of molecular dynamics sim-
ulations that predict a first order transition from a monolayer of liquid water to a monolayer
of ice at a temperature of 300 K and standard pressure. In addition to cooling and lateral
compression, it is shown that freezing can be induced by simply increasing the distance be-
tween the confining parallel plates. Since a slab geometry is incompatible with a tetrahedral
arrangement of the sp® hybridized oxygen of water, a monolayer of water can only freeze
under ambient conditions when it is coupled to a linear buckling transition. By exploiting an
ordered out-of-plane displacement of the molecules in the buckled phase the distortion of
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hydrogen bonds is minimized. The in-plane symmetry of the oxygen atoms then becomes
rhombic with ordered hydrogen positions. The order-disorder phase transitions that we found
could explain the anomalous behavior of the Young’s modulus of thin films of water observed
experimentally. We conducted further studies on the behavior of bilayer of liquid water [9).
The results reveal qualitatively the same behavior; observation of freezing at ambient condi-
tions. The stability regions of the confined ice phases are restricted to a small regions of plate
separation, H. This can be explained by the ability of the structure of the confined ice phases
to achieve an optimal distance of hydrogen bonds only for a small range of H. Above and
below the stability region of the ice bilayer we observed [9] two bilayer phases of liquid water
that differ in the local ordering at the level of the second shell of nearest neighbors and in the
density profile normal to the plane, yielding two liquid phases with different densities. These
results suggest the intriguing possibility of a liquid-liquid transition of water, confined to a
bilayer, at regions where the ice bilayer is unstable with respect to either of the liquid phases.
Above the film thickness of a bilayer, the degree of which the solid phase is enhanced due to
confinement is insufficient to freeze liquid water at ambient conditions. However, the action
of an external electric-field can induce freezing. We found [14] that under the action of an
electric-field in the lateral direction, water confined to 3-8 layers can freeze. At thickness that
corresponds to a trilayer of liquid water, there is a crossover of the structure of the confined
ice from rhombic to hexagonal.

In general, it is believed that the close approach of an ion from aqueous solution to the in-
terface with a low dielectric constant is an energetically unfavorable process. In contrast, we
found [15] that hydroxyl ions physically adsorb at the interface of water and a hard hydropho-
bic wall. The driving force for this phenomenon is the preferential orientation of the water
molecules in the first two layers from the interface. This is consistent with many experimental
studies, mainly measurements of electrophoretic mobility of oil droplets immersed in water,
that indicate accumulation of substantial negative charge at the interface with hydrophobic
medium.

Free energy barrier of the unfolding process of peptides

Free energy barrier of an activated process can be estimated using the measured reaction
rate by applying Eyring’s theory. Protein folding and unfolding processes are commonly
characterized by NMR studies. However, the time resolution of NMR measurements is slower
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than many relaxation processes of peptides and proteins. Therefore, it is important to know
whether transition state theory can be applied to folding or unfolding process for which a two-
state model is inferred by NMR observations. We showed [5] that such treatment can lead
to severe overestimation of the free energy barrier. This is because folding and unfolding
mechanisms can involve multiple barriers, with similar heights, on the multidimensional free
energy surface. In this case, intermediates will not accumulate to substantial concentration
and will not be easily detected by current experimental techniques.

Folding mechanism of surface active proteins at a hydrophilic/hydrophobic interface

Certain proteins, while soluble in aqueous solution, self-assemble at hydrophilic/hydrophobic
interfaces into amphiphatic membranes. Experimental studies indicate that the self-assembly
process is accompanied by a large increase in the 3-sheet content. We showed [6] that fully
extended fungal protein (86 amino acid residues) undergoes fast (~100 ns) folding at a wa-
ter/hexane interface to an elongated planar structure with extensive -sheet secondary ele-
ments. Nevertheless, simulations in each of the bulk solvents result in a mainly unstructured
globular protein. The dramatic enhancement in secondary structure (kinetic and thermody-
namic) cast light on the role interfaces between phases with large differences in polarity can
have on the folding process. The partitioning of the side-chain residues to one of the two
phases can serve as a strong driving force to initiate secondary structure formation. In ad-
dition, the interactions of the side-chains with the heterogenous environment at an interface
can also stabilize configurations that otherwise would not occur in a homogenous solution.

The effect of chain flexibility on the phase diagram of a Langmuir monolayer

For simplicity the extant theoretical analyses of the Langmuir monolayer phase diagram ig-
nore gauche molecular conformations, thereby treating the amphiphile molecules as rigid
rods. However, experimental and simulation studies indicated that the gauche conforma-
tional degrees of freedom of long chain amphiphile molecules assembled in a dense Lang-
muir monolayer play an important role in determining the structures of the several phases
that the monolayer supports. We extended [7] the Landau-type theory formulated by Ka-
ganer and Loginov to account for the influence of the conformational degrees of freedom of a
long chain amphiphile molecule on the phase diagram of a Langmuir monolayer. The effect
of the gauche conformations is to modify the coefficients of the primary order parameters in
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the free energy expansion and thereby to change the location of the phase transition lines.
For transitions that are induced by a change in the surface pressure, the tilting transitions,
we obtain a shift of the transition lines to lower surface pressure. For transitions that are
induced by lowering the temperature, the crystalilization transitions, we suggest, given some
restrictions on the magnitude of the coefficients of the coupling terms, that the transition lines
shift to lower temperature.

Free energy calculations of protein-ligand interactions

Estimating differences in free energy is central to the process of rational molecular design.
In this project we evaiuated [11], using molecular dynamics simulation technique, the relative
binding affinities of a set of 10 inhibitors to two serine proteases, factor Xa and trypsin, that
share sequence and structural homology. The inhibitors studied represent a great challenge
for explicit free energy calculations at the atomic level. The mutations from one compound
to another involve up to 19 atoms, the creation and annihilation of net charge and several
alternate binding modes. Nevertheless, we demonstrated that it is possible to obtain con-
verged results (+ 5-10 kd/mol) even for such complex multi-atom mutations by simulating
on a nanosecond time scale. This is achieved by using soft-core potentials to facilitate the
creation and deletion of atoms and by a careful choice of mutation pathway. The results
show that given modest computational resources explicit free energy calculations can be
successfully applied to realistic problems in drug design.
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