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Abstract

WETTING TRANSITIONS AT NANOSTRUCTURED SURFACES

By Jamileh Seyed Y azdi

A thesis submitted in partial fulfillment of the requirements for the degree of
Master of Science at Virginia Commonwealth University.
Virginia Commonwealth University, 2011
Major Director: Alenka Luzar

Ph.D, Professor, Department of Chemistry

Shape of a droplet atop a surface heterogeneity at a nanoscale. Small aqueous
droplets on homogeneous surfaces, surrounded ®gervoir of vapor are inherently unstable.
In contact with supersaturated vapor, the drops kekep growing until they coalesce and form a
contiguous aqueous phase. Alternatively, if vap@sgure is below that of the droplets, the
droplets gradually evaporate. Departing from th@mmon picture, when nanoscale droplets sit
above hydrophilic patches on a heterogeneous seyfatccertain conditions they can maintain a
stable volume, determined by the pertinent coraagfie and the size of the patches. Only the
region under the droplet perimeter controls the tash angle, which in turn determines the
drops curvature for given volume and the vapor pues of the liquid in the drop. The drop size
may therefore stop changing when its base justreate hydrophilic patch. The finite range of
water-substrate interactions, however, blurs thechadoundaries hence the nanodrop geometry
varies with the patch size in a gradual manner. ¥We molecular simulations to examine this
dependence on graphene-like surfaces with topaibdieterogeneity as complementing studies
of chemical heterogeneity (John Ritchie, Master siheVCU, 2010). We measure the
microscopic analogue of the contact angle of aggsamnodrops above circular hydrophilic or
hydrophobic patches of varied size. For both thenaically and topographically heterogeneous
surfaces, the results confirm the contact angl@a ofanodroplet can be predicted by the local

Cassie-Baxter mixing relation applied to the areithim the interaction range from the drop’s



perimeter, which, in turn, enables predictions ohdensation and saturated vapor pressure

above nanopatterned hydrophilic/hydrophobic surgace

Switchable nanowetting dynamics. Understanding the dynamic response of contact
angle on switchable hydrophobic-hydrophilic surfade key to the design of nanofluidic and
optical devices. We use molecular dynamics sinarigtr water droplets with different number
of molecules on a molecularly smooth and corrugatgostrate. We monitored the relaxation of
the droplet geometry in response to a change irfasar hydrophobicity. From the time
correlation function for the height of the drop’®nter of mass we estimate the rates of
relaxation for wetting/dewetting processes follagvithe change between hydrophobic and
hydrophilic character of the surface. On molecwarsmooth surfaces, we find similar
forward/backward rates revealing insignificant hgr&sis. Calculations on corrugated surfaces,
however, reveal quite different relaxation times flrward (Cassie state to Wenzel state) and
reverse processes. The observed hysteresis isiagsbevith different friction forces between
the droplet and the surface during advancing anckding processes. We calculate the friction
coefficient of the corrugated surface for the fordv@rocess following the increase in surface
hydrophilicity. We compare continuum hydrodynanttD)] and molecular kinetic theories
(MKT) for calculation of the friction coefficienfAlthough the small size of our system suggests
the use of molecular description of the surfacepiporated in MKT, we obtain essentially equal
friction coefficients from both theories. This imf@tion indicates an overlap between continuum
hydrodynamics and molecular dynamics regimes, Wwith the HD and MKT theories being

applicable at the nanoscopic lengthscales we censid

Water dynamics inside nanospheres. Chemical nature of a spherical confinement has
significant effect on dynamics of water moleculesside the cage. In a separate study we
examined the effect of chemical nature of the caghe dynamics of water molecules inside the
cage. Calculations have been made for variety metcorrelation functions of water in four
different sizes of spherical hydrophobic/hydroghitionfinements, ,Cx=320, 500, 720, 1500
based “hollow buckyballs”, with different sphericpbre diameters. Calculated water hydrogen
bond lifetimes, diffusion coefficients and rotatibmelaxation times in these systems reveal a

distinctly different water dynamics compared tceifdacial water dynamics outside the cage:



interestingly we find insignificant changes in tiseales for water dynamics in hydrophilic and
hydrophobic carbon cages. Even adding partial cleargo hydrophilic confinement did not
make a big effect on results compared to hydroghohse. These findings are suggesting that in
highly symmetric confinement water molecules docaact about the type of interaction with the

wall because of cancellation of forces in differdimections.



Chapter 1. Introduction

For a macroscopic drop, Young’s equation relatectintact angl& to the three

interfacial free energiés

cosg = Ysv " Vst (1-1)
Yiv
J——— LV
/ fl 5 T
/"/

Figure 1.1.Young's contact angle.

where y, , ¥, , andy, are the surface free energies of the solid-ligtnd,liquid-vapor

and the solid-vapor interfaces. Cassie and Baxe&remglized Young's equation to
composite surfaces whose cosine of contact angl@dasumed to represent the area
average ofcosg of individual components covering fractional are‘a§
cos, = f,cosg, + f,cosb, (1-2)
The Cassie-Baxter equation (1-2) implicitly pressmany heterogeneities to
occur on length scales that are small comparechéosize of the drop (macroscopic
drops), thus there is no dependence on the dragidot®. Recently McHale proposed
using the local form of the Cassie-Baxter equatitiere only the region covered by the
three phase contact line is used in determinfrand f,in equation (2. However, no

equation of the proposed local form was presented.

When a drop is touching a surface to wet it, ay\early stage contact angle has
its highest value. As time passes the drop shapergoes evolution by reducing the
contact angle. Finally the drop will reach to edpilm state and contact angle will have
its minimum value. This equilibrium contact angdecialled static contact angle while the
non-equilibrium, time dependent contact angle iedadynamic contact angle. In
wetting events that contact angle is growing, imed as advancing contact angle,
however, in dewetting processes that contact aisglkeducing, it known as receding

contact angle. Depending on the surface, advarmdmgact angle is always smaller or



equal to the receding contact angle. The differemesveen advancing and receding
contact angle is called contact angle hysteresis.

To develop new technologies like nanofluidic desicenedical and basic
sciences, understanding the properties and behafiowater at the nanoscale is
extremely important. In this regards the importantsurface modification for specific
chemical and physical properties is absolutely iaificConstruction and design of new
materials having surface heterogeneities can be tesehange/predict wetting properties
based on the knowledge about detailed patterneo$inface

Since most of the works have been done in macrassople, a question that can
be asked is “what happens at a nanoscale?” CassieiBequation is not supposed to be
always valid for relatively small (microscopic) . For nanoscale drop on a nanoscale
roughness only local Cassie-Baxter equation may kivor Kwon and
coworkerg pointed out that in the case of roughness pindemjhning processes are a
major cause of hysteresis and any deviations flferQassie-Baxter prediction. Thus if a
surface is devoid of pinning (ideal smooth surfateyill show no hysteresis and will
follow Cassie-Baxter formula’.

Conventional Cassie-Baxter predictions for wettmfgheterogeneous surfaces
relate the contact angle to the average propeofi¢lse substrate under the drop. When
surface heterogeneities occur on the lengthscakedb the size of the drops McCarthy
and coworkers pointed out that the nature of the substrate atdioplet perimeter
controls the contact angle. This distinction isvaint when the properties of this region
deviate from the average under the drop. In the cds:ianodrops the situation is further
complicated, because the finite range of water{satgsinteractions makes the definition
of the perimeter region somewhat arbitfAryUsing molecular simulations we try to
understand which parameters are involved to detertiie shape of a sessile nanodrop in
contact with a heterogeneous surface. In the chs®oroscopic drops it is well known
that the characteristic of the perimeter of thepdi® determining the contact angle.
Recent chemical heterogenéitgtudies, has proved that in the case of a nanaithisp
fact is also valid and now we are going to validaie fact for topological heterogeneity.
Therefore in a complementary study we generated aforrugated graphite-like model

surfaces with different patterns for topologicaltenegeneity and we measured the



microscopic analogue of the contact angle of nasjslcontaining 2000 water molecules
above a surface patch. Our results confirm it idwesively the border characteristics of
the base that determine the contact angle of a dmapoon these topologically
heterogeneous surfaces. We showed the observeattangle dependence on the size of
the patch can be predicted by the local CassiedBamixing relation applied to the area
within the interaction range from the drop’s periere The important effects of surface
heterogeneities on saturated vapor pressure ofrwaieve the droplet have been
discussed.

Diverse modification procedures have been usectmanently alter wettability.
Control of wettability has been demonstrated bgah methods including light-induced
and electrochemical surface modificatibn¥hese systems require chemical reactions in
order to control wettability.

Surface properties and functionality can changejylying external stimuli and
therefore produce changes in the molecular strecaurd nanoscale features of the
surfacé®. Interfacial properties, such as wetting behawéoe defined by the molecular-
level structure of the surface. It is very usefulhave a surface whose properties are
actively under control. These surfaces are namedrtssurfaces/devices in surface
engineering. Electrical switching, electrochemisalitching, photo-switching, thermal
switching, mechanical switching, environmental shihg and so on are all different
methods to switch the surface interaction to chahgerophilicity/hydrophobicity’.
Electrowetting for example has been proposed a®welnprinciple for a reflective
display*. In systems where the ratio of surface area toraelis large, the surface forces
dominate. Therefore, switchable surfaces are idealano/micro scale systefis

Understanding and knowing the dynamic propertiesl aasponse of the
hydrophobic/hydrophilic switchable devices will oieely help finding new applications
for these devices in new technologrest is known that two physically different wetting
states exist on structured surfaces. A droplet fodly wet the structured surface, i.e.
completely fill the crevices of the surface, oteatatively, rest on top of the structure
with air trapped below the droplet. The former caseeferred to as the Wenzel state, as
the droplet senses a rough but homogeneous suffaeeWenzel regime with wet
grooves between the posts), while the latter caiseferred to as the Cassie state, as the



droplet senses a flat but heterogeneous surfaeeQéssie regime with empty grooves
between the posts under the drop). These two wgesiiates and related intermediate
states (partial penetration of the liquid into therface structure) have been studied
extensively because of very different wetting betiavobserved. Transitions between
Cassie and Wenzel states may be triggered by snitckurface wettabiliyf. Ralston
and co-workers*®"?performed extensive experimental studies on dtspeCassie and
Wenzel states on smooth and structured surfacestheeydwere able to measure the
friction coefficient of the surface. They used nuoillar kinetic theory (MKT) and

hydrodynamics mod&t™* *°to do so and all of their studies are for macrpacdrops.

We followed their method to find friction coefficie for nanodrop on a
nanorough surface to validate if the theory thatytlare using can be applied for
nanoscale systems. After finding the timescalehefdroplet’s relaxation on the smooth
surface and scaling with the system size, we atleatstructured surface that is able to
show both Cassie and Wenzel states upon switchm@ydrophilicity/hydrophobicity of
the surface. In our studies switching is induced dhanging the water-surface
attraction’. After finding the relaxation time of the waterogr for this surface and
scaling with the system size we used moleculartkirieory and hydrodynamics model

to estimate friction coefficient of the surface.

Encapsulation of molecules at the nano-scale gesvihe possibility of exploring
the behaviour of solutions and liquids under caadd that are completely different from
the bulk systems. Confined water has been studietiffierent structures like graphite
channel®’, carbon nanotub&s**?3 silica pore$"?®> and mica surfacs and other
systems. Water confined in reverse micelles, ®¥f<? has attracted many
investigations theoreticafly******and experimentalf{f>>%°3" As an example metal
oxide based nanocapsules have been sHfawrprovide a suitable system to study the
behaviour of confined liquids, especially water awpieous solutions. These studies all
reveal general trends of confined water that dififem bulk phase. Recent computational
study”® of water inside nanopores in general shows thaemmolecules organize in

layers depending on the size and geometry of tiireament. For example, the most



important factors affecting the structure and dyigcanof water in the confinement are
water interactions with the confining surface amel geometry of the container.

A perfect spherical confinement is molybdenum baseashocapsule. These
materials are M>ACET or Mo3>-PHOS balls in which acetate and phosphate groups
will result in different interaction energy betweerall and water molecules. These
materials are synthesized during last decade agm@ i an ongoing neutron spin echo
experiment on this particular system that is takphace by Jose Teixeira, Marc Henry
and Stephane Longeville in LLB, CEA Saclay, FranBat there is only one recent
computational study so far on this system by a gmiscientists in Spaiit These giant
spherical confinements with large internal cavitege capable of encapsulating guest
molecules. By tuning the overall charge and gegynefr the internal surface with
addition of specific ligands, the structure of #recapsulated molecules can vary. X-ray
experiments show that water can form two well dalinconcentric layers with
dodecahedral symmetry and buckyball-like structiotowed by a coordination layer.
This simulation study mainly used M@XSQs) which is behaving as a hydrophilic
sample and has a similar space for water moleadd8OT RMs) reverse micelles with
ratio between the total water to the total surfaictanncentrationsyy, is equal to 4. They
studied the structure of water and they found fpeaks for oxygen-oxygen pair
correlation function, g(r). They divide the cavityo 10 concentric shells. They calculate
average number of hydrogen bonds per water moleaud they found the characteristic
three-dimensional hydrogen bond network presettierbulk water is distorted inside the
cavity where water organizes instead in concenayered structures similar to those
belonging to the buckyball family. They calculatgdlogen bond correlation function
and they found its decay to be much slower for redlelayers compared to internal
layers. Also they found hydrogen bond bridges betwlayers are less correlated in time
than intralayer hydrogen bonds. They claim thatrthesults show switches of water
molecules between layers are rare events and ievble simultaneous switch of two
water molecules. Another finding of their studyatsong times: the system show power
law decay in properties like the fluctuations ie thumber of molecules in the structures.
We are going to validate if a simple spherical getsgn without all detailed of the

structure can lead us to the results that theydowe would like to consider the simplest



approximation that can still capture essential payproperties, therefore we performed
our computer simulations in spherical geometryhadlfow buckyballs”. Our aim was to

study the dynamics of water in these ordered cedfispaces. In this recent simulation
study only one size of the confinement with hydibplnteraction was reported. We, on
the other hand, studied confinements with differ@aeés and with different degrees of
hydrophobicity/hydrophilicity. We studied the difémce in dynamics of water in these
confinements by calculating diffusion coefficierdad rotational relaxation time and

hydrogen bonds time correlation functions.



Chapter 2. Methods and models

Water Model. We studied structure and dynamics of water drepdéta nanoscale on
smooth and structured surfaces as well as dynashiester in the confinements. For all
these studies we apply the extended simple poiatgeh(SPC/E) mod® for water.
Despite its limitations associated with the lackradlecular flexibility and polarizability,
SPC/E captures qualitatively and often quantitégiee large number of properties of
watef*2 Since in our studies water properties like swfaension and diffusion
coefficient are important and SPC/E reproduces thelse two quantities, we used this
model for water. The sketch of SPC/E water modsh®wn in Figure 2.1, in addition to
the partial charges on all of the three sites. @xygite has Lennard-Jones parameters
e = 0.6502 kJ/mol , and = 3.166 A.

q =+0.4238 ¢

109.5°
14

gy =10.4238 ¢

g, =-08476e 14 H

Figure 2.1.SPC/E water model.

Surface Models.For smooth surfaces we took a graphene sheetstioigsof carbon-like
atoms on a hexagonal lattice. The bigger the drapwe are going to put on the surface,
the bigger the graphene sheet required. For caredgsurface we used three-layers of
graphite. Many atoms from second and third layatsbe removed and only atoms in
desired locations will stay to build pillars. Thetalils of atom positions of"®and ¥
layers are based on particular problem that we teesblve. Therefore we can create
pillars with different thickness, pillars with déifent empty space between them (different

number of pillars per unit area) and different goib height by starting with more



graphene sheets. After preparation of the surfazgut a water droplet on the surface.

To start the simulation we need to specify typaater-carbon interactions.

Water surface interaction (mixing rules). The essential features of intermolecular

interaction can approximate well by Lennard-Jor@emtial, which can be written as

Uy, =4|(a/r)?~(o/r)] (2-1)

lJLJ

Figure 2.2.Lennard-Jones potential.

For applying water-surface interaction we have ¢e mixing rule based on parameter

values for carbon, oxygen and hydrogen.

Geometric mixing rulesis using geometric mean for sigma and epsilonetsb

& = (5cc &, )1/2 Oc = (Jcc ot )1/2 I =O,H (2-2)

Lorentz-Berthelot mixing rules is using arithmetic mean for sigma values and g#om

mean for epsilon as follow

1
& = (5cc & )1/2 Oc = E(Ucc +0,) I =0O,H (2-3)

Simulation Method. Molecular Dynamics (MD)**. MD is one of widely used methods

for simulating many-body systems in which their tjgé#s are obeying Newtonian



mechanics. This method is a very powerful technigith excellent approximations for
our studies. The only restriction of using MD ig feery light particles such that we
cannot ignore quantum effects. In this method wepamnodate particles in simulation
box and then based on the temperature that we wanapply initial random velocity to
all particles (for example using Gaussian distitnjt Then we compute forces on all
particles based on the potential that we define éicample Lennard-Jones potential).
Then by having the force we can integrate the Neistequations of motion to get new
velocity and new position of particles. These stefisrepeat until the system reaches
equilibrium and then we can sample the parametetsae are interested in. To integrate
Newton’s equations of motion, there are numerouthaas. The most common one is
Verlet algorithm. As other versions of Verlet algloms we can name velocity Verlet and
Leap Frog. Another main algorithm is predictor-eator that is also commonly used.
There are few softwares available for MD calculagidhat are open source. For two
projects, chapters 3 and 4 we used LAMMPS (“LargaléSAtomic/Molecular Massively
Parallel Simulator”) molecular simulation package10 and 2011 versions. LAMMPS is
distributed by Sandia National Laboratories, a USp&rtment of Energy laboratSry
For project in chapter 5 we used DLPOLY v2.15 ¢8deleveloped at Daresbury
Laboratory, UK, by adding additional subroutine®@ted from Christopher Daub and
modified by Jamileh Seyed-Yazdi.

Verlet algorithm. To find new velocity and position with this algbwin we can start
with Taylor expansion of the position of a partj@deound time t,

[ (t+At) =1 (t) +v(t) At + Fz(t) A + A: ¥ +O(AtY)

(t—At) =r(t) - v(t) At + Fz(t) A; i+ O(AtY)

By summing these two, we get

[ (t+At) +r(t—At) =2r(t) + F(t) A +O(AtY)

This can be rewrite

(t+At) =2 (t) 1 (t - At) + FrS) (2-4)



In this algorithm to find new position there is need for using velocity. Calculation of
new velocity however, can be done as follows

r(t+At) —r(t - At) =2v(t) At + O(At®)

Therefore

r(t+At) —r(t—-At)
20t

v(t) = +O(At?) (2-5)

Long range electrostatic interactions Electrostatic interaction, (Coulomb interaction),
which falls off at the rate of'r(equation 2-6), is a long-ranged interaction. Loagged

interactions in molecular simulation are usuallfficlilt to calculate.

qq;
E = ] 2-6
Coulomb ; 4”_5 rij ( )

where g and g, are the partial charges on atoimendj respectively, anc is dielectric

constant. Ewald summation metgdand its other extensions like SP#ESmooth
Particle Mesh Ewald) and PPPM(Particle-Particle-Particle Mesh). In this method
electrostatic interaction can be split to two pansing an error function and a

complementary error function.
erf(x) = ife“zdt (2-7)
Jry

erfc(x) =1-erf (x) (2-8)

erfc(x) quickly vanishes to zero as x increases so thisipa short-ranged interaction
that can be summed in real spae€f.(x)is Fourier transformed into a reciprocal space

that also called k space, since its sum convergekly in k space. Equation (2-9) has

electrostatic interaction after Ewald sum treatment

iqi exr(ilz.ﬁ)

i=1

2
U :124—77 exd-K? /4a)

electrostéic 2
Vs k

(2-9)
SR qa,erfclVar,)

—(a/ "y g +=>

i=1 1] rij
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Structural and Thermodynamics properties

a) Contact Angle Calculations.Contact angle of water droplet has been calculasaty
standard procedures. We adapted the techniqueapexkby Werder et af.to determine
the microscopic analogue of the contact angle, bisically entails fitting the cross-
section of the droplet to a truncated circle. Weanted water isochore profiles from
simulation trajectories by introducing cylindrichins using a reference level and the
surface normal through the center of mass of tbpldt as reference axis. The bins have
a height of 0.5 A in the z-direction and are of @qolume. The radial bin boundaries are
located atr, =./i dA/ 77 for i=1,...,Nuin With a base area per bin 8A=50A% To find the
water contact angle, we used a two-step procedui@escribed by de Ruijter et®al.
First, the location of the equimolar dividing swéais determined within every single
horizontal layer of the binned drop. The equimalanding surface is defined as the
surface where the average density of the water dempeases by 50 percent from the
density of liquid water. This dividing surface suhd by sectioning the water drop into
horizontal layers. Each layer is divided into r&dins where the density profile is
measured. From this profile the equimolar dividimg is calculated. Second, a circular

best fit through these points is extrapolated ® dghaphite surface where the contact

angle, 8, is measured.

b) Hydrogen bonds. There are two most common definitions of hydrodemds,

82,53

geometri and energeti¢>®> In geometric definition two water molecules are

considered to share a hydrogen bond when oxygegeoxylistancer,, < 35A, the
oxygen-hydrogen distance,, < 2A5and the angle between, and r,, vectors is

less than 30°. In our analysis, interfacial hydropends involve at least one molecule

within 0.,(3.19 A) of one of the substrate atoms. Energegiiniion considers two

water molecules to be hydrogen bonded if their exygxygen distance,, < 35A and

11



their interaction energy is less than the thresleolergy g over a duration exceeding a

minimum threshold time.

Dynamic properties
a) Time Correlation Functions. Using definitions from statistical mechanitsve can

define and calculate time correlation functionsoA{(t) show instantaneous deviation or

fluctuation in A(t) from its time independent elijpiium average(A)

A1) = A) - (A) (2-10)
The correlation betweedA(t)and an instantaneous or spontaneous fluctuatigimat
zero is

C(t) =(AA(0) A1) = (AQ) AL)) ~(A)’ (2-11)

In equilibration, the correlation between dynamigatiables at different times should

depend on the separation between theses timesamdynot the absolute value of time.
Thus

C(t) =(aAt) At"),  for t=t"-t (2-12)

As a special case,

C(t) = (AA©0) A1)

2-13
- () 2 O) &
Switching the order of these two averaged quastitieres
C(t) = (A©O) A1) 2-14)
=C(-t)
At small times,
C(0) = () A O)) = ( () (2-15)
At large times,dA(t) will become uncorrelated @A(0) . Thus
C(t) - (OAO) A(t)), ast - o (2-16)

And since(dA) =0

12



C(t) -0 ast - o (2-17)
Values close to one show a high degree of coroglatnd values close to 0 are indicating
no correlations. We can calculate correlation tiomgedoing time integral of correlation
function from 0 toco. There is a high interest toward correlation fumesi in computer
simulation:

a) in studying of fluid these functions give a clpacture of the dynamics,

b) we can often relate the time integral of thesacfions directly to macroscopic
transport coefficients,

c) Fourier transform of these functions often candlated to experimental spectra.

b) Diffusion Coefficient. Diffusion coefficient, D, in three dimensions is given by

integration of the velocity autocorrelation functio

00

D= % j dt (v, (t).v, (0)) (2-18)

0

v,is the velocity of center of mass of a single molec The corresponding Einstein

relation that is valid at long time is based on meguare displacement
Yy 2
2tD = §<|ri t).7 0) > (2-19)

I'is the molecule position. In using Einstein relatiwe should not switch from one

periodic image to another.

¢) Rotational Dynamics.A useful quantity to measure is the time required \fater
molecules to reorient themselves. It can be medsug computing the time
autocorrelation functions of n'th Legendre polynahof the cosine of the angle spanned

by the axes of each water molecule between timelQime t,
C,a =(R (0, ©).0,(0)) (2-20)
d,(t)is a unit vector along the molecular axis of ins¢reneasured at. The

reorientational times will be obtained by integngtthe orientational correlation function

of 2" Legendre polynomiaP,(t), which is

13



P,(cost) = % (3cose” 1) (2-21)

The rate of decays,, is determines the nuclear magnetic resonance, Nidaxation

time which is associated with intramolecular dipdipole coupling.
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Chapter 3. Shape of a droplet atop a surface hetegeneity at the
nanoscale

Our present study reaffirms the importance of srfproperties in the region
adjacent to the three phase contact line of a mat®droplet. This approach tests
generalizations of conventional surface thermodyosano small length scale system
relevant to nanofluidics and design of surfaceguadd nanomaterials. We examine the
differences that inevitably separate macroscoptt reanoscale systems, as a continuum
picture holds only approximately at the nano andecwdar levels. Our computer
experiments test how water-substrate interactionedil the drop’s core or at its
perimeter determines the contact angle. Secondtyexamine changes in contact angle
as a hydrophilic surface beneath the drop’s comgragehes and eventually extends
beyond the three phase contact line. We specyiaahsider surface heterogeneities
whose sizes are comparable to the size of the eiodExperimentally, this situation has
been tested on surfaces with macroscopic dropsuarfiace patchés We used molecular
simulations to probe the role of tiny heterogemsitcomparable to the size of the
nanodroplets on the surface. Molecular simulatipnsvide an ideal framework for
studies of nanoscale systems which are not acéedsidaboratory measurements. We
consider model graphene-like surfaces with hydrbpghand hydrophilic domains. In the
model, the hydrophilicity is controlled by degrekesnirface roughness. We performed
calculations for a sequence of systems to studglogical heterogeneity by increasing
the radius of a circular hydrophilic patch and nueg the contact angle by starting
from a pure corrugated surface in which a wateplétocan only be in Cassie state. In
analogy with studies of chemical heterogeréitywe confirmed that the surface
properties at the drop’s perimeter determined tbatact angle on surfaces with
topological heterogeneity. We further investigatdee influence of the range of
water/surface interaction as the patch contouragmbres the drop’s three phase contact
line. To this end we examined the contact angleadsinction of the radius of an
expanding circular patch beneath the drop. Plottireg contact angle as a function of
patch radius we identify a threshold patch sizeesmonding to a considerable decrease

in contact angle. In our molecular simulations werémentally increased the radius of
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the circular hydrophilic patch beneath the dropluhe contact angle converged to the
value of our pure hydrophilic surface (that mearsidace with fully occupied and
3 graphite layers and hence no corrugation). Wedassentially identical behavior for
our topological heterogeneities with what has bleend for chemical heterogeneity (the
work has been done by John RitcHje

Simulation Methodology. In the case of water droplets on chemical and ltgpcal
heterogeneous surfaces, the computer simulatioascamied out by the LAMMPS
molecular simulation package 2010 and 2011 verSioirs NVT ensemble with
temperature 300K maintained by Nose-Hoover theratOstvith 100fs time constant.
Because of vapor/liquid coexistence, the averagsspire in the system corresponded to
the saturated vapor pressure above the drop ah Jiv&/erlet integrator was used with
simulation time step 1 fs. Lennard-Jones interastiare truncated at 14.0 A. Long-range
electrostatic interactions are treated by parfuegicle-particle mesh solver (pppm) with
a real space cutoff of 14.0 A, and precision toleeaof 1C. Simulation box is a
rectangular prism, with box edges £ 117.9 A, |, = 119.1 A, and L= 300 A and
periodic boundary conditions are imposed throughdat order to speed up the
calculations, the surfaces are frozen in placenduthe simulation and the SHAKE

algorithnt® is used to maintain the internal geometry of tlewmolecules.

Water droplets containing 2000 molecules are sitadlanteracting with a corrugated
surface for topological heterogeneity, with expagda patch in the middle of these
surfaces. The water-graphene interaction paraméiatsle 3.1) were calculated using

the geometric averages shown in the equations below

— 1/2
SCO - (£CC SOO) (3_1)
— 1/2
JCO - (JCC JOO)
where 6., o, and c,, are the carbon-oxygen, carbon-carbon, and oxyg§gesx
separation distance at minimum potential, angde., and e, are the Lennard-Jones

minimum potential energig$ These choices have been made for consistence with
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completed studies on chemically heterogeneouscagfaith which we compare our new
results.

Water-Carbon InteractionWe used Lennard-Jones surface interactions camespg to

a hydrophilic surface with a carbon-oxygen intaactnergye., of 0.120 kcal/mol for

entire surface and all our simulations following Mér and coworker

Table 3.1.Lennard-Jones parameters used in the simulations.

€co €cc €00
(kealimol) | %W | (kcalmo) | ) (kealmol) | %0o®)
Hzct’epgggﬁ;'ty 0.120 3.190 0.092 3.214 0.155 3.165

Topological heterogeneity We created a corrugated surface with pillars niemla two
layers of atoms grown on the graphene surface stmgi of 5376
carbon-like atoms. The positions of pillar atomstia 2¢ and & layers were the same as
positions of carbon atoms of graphite in the flester with lateral coordinates of the
pillars, while we leave all other atom positions these two layers unoccupied
(empty spaces between pillars). The distances leetyweélars in x and y directions are
Ax=4.912 A andAy=4.254 A (Figure 3.1). These distances are seffity small to
prevent any penetration of water into the groovidss corrugated surface was made
from 8064 carbon-like atoms. We start to grow &udar patch in the middle of this
corrugated surface by replacing the pillars aneérugning space by fully occupied
graphite in 2 and & layers (with the patch radius starting from 10 ikl ancreased to
55 A'in 5 A intervals). Subnanoscale corrugatiarsler the surface more hydrophobic, a
behavior deviating from predictions of Wenzel eipmf, as demonstrated in previous
work done in Dr. Luzar's grodf and by Mittal and Humm&t When the patch radius is
zero this particular surface is uniformly hydroplw@ he hydrophilic extreme is the case
with infinite radius of the patch, meaning that tpatch’ is extended over the entire

surface with 16128 carbon-like atoms.
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Figure 3.2.Three surfaces with, (patch radius),=0 A, r,
(top row). Snapshots of 2000 molecule water drametorresponding surfaces (bottom row).

Contact angles have been measured using the metpdained in chapter 2. Figure 3.2

shows typical drop profiles for three differentfsiges.
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Figure 3.3. Drop profiles for three different surfaces, the sindnydrophilic (homogeneous
surface, y— o A), the most hydrophobic &0 A) and an intermediate patch size30 A. Black
solid lines are fitted to the simulated data. Ddslme represents the surface, where the contact
angles were measured. R is the distance from tlire ames of the drop and height is the height of

the drop measured from the top layer, 9.89 A.

In Figure 3.4 we show contact angles for all défdar patch radii for topological

heterogeneity (blue points). We compare our resulfs those obtained on surfaces with
chemical heterogeneity

140

/ degrees

1 1 1 1)

0 20 40 60 80 % .
rp/A

Figure 3.4. Simulated contact angle for topological (blue leisy and chemical (red diamonds)
heterogeneity vs. the radius of the patch. Erros lbae within the symbol sizes. Data points for
chemical heterogeneity (red diamonds) are takem fref. 58 for comparison to our simulation
results (blue circles). Lines are guides to the eye
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Analysis. Because of perpetual droplet shape fluctuationd &nite range of
water/substrate interactions, the apparent supgemgerties affecting the droplet near the
patch perimeter change in a gradual rather thanpaliashion. This gradual change is
incorporated in the local form of Cassie-Baxteratiqur where we used fraction§ and
f, calculated within the range of interaction frone ttrop’s perimeter. To enable a

consistent comparison of our results for topoldgiegierogeneity with the results of the
work done by John Ritchie for chemical heterogsngive used identical form of local

Cassie-Baxter relation for our simulation. The avéthe hydrophilic patch, 4, ), and

the net area of the range of interactioA, ), were calculated to estimate the apparent

fractional areasf, and f, in the proximity of the perimeter as follows:

Ai = ”(rd + )2 - ”(rd - )2 (3-2)
A, =mrl =nlry -, (3-3)
Above, r,is the radius of the drop’s base obtained from dimeulation (i.e. 1 ;meter)s
r,the radius of the patch, anf] is the fractional area of hydrophilic patch ovpding

the area of the range of interaction (all introdliparameters are shown in Figure 3.5)

f,=1 if r,>r,+r,
f =i if r,—r<r <r, +r (3-4)
1 A— d i p d i

f,=0 if ry<ry-r
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Figure 3.5. Parameters used to calculate local form of thesi@eBaxter equation. Figures are
taken from John Ritchie’s Master Thééis

f,is the area fraction of the hydrophobic patch @amping the area of range of
interaction f, =1- f,. Local values off, and f,are substituted into equation (1-2) to

calculate Cassie-Baxter contact angles for compariwith our simulation results
(topological heterogeneity) knowin®,=55.2 and 6,=132.7. Related results for
chemical heterogeneity from the work done by Jotitthi®®® are shown as well
(Figure 3.7).

Because of their nanoscale dimensions, the geonwdtrgmall droplets we
consider may deviate from the ideal shape of acated sphere and may only
approximately follow the Young equation (equatiofi)1A recent systematic analy¥is
and previous work&®? show Young equation is obeyed surprisingly wel @10
molecule drops, with small deviation observed pritpan very hydrophilic surfaces. In
this work, we examined the sphericity of nanodropsvaried surfaces. As we observe
significant temporal shape fluctuations, we con@atl on long-time averages.
Specifically, in Figures 3.6a and 3.6b we compdre average perimeter radii from
simulations with the values corresponding to thapshof the ideal truncated sphere

described by the equations of

1/3
(3v B .
Rsphericatirop - (ﬂ_ﬁJ ' g = Rsphericatirop sing (3-5)
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Here Rspherical dropiS the radius of curvature of the spherical drgpjs r V is the

perimeter?
volume of the drop (with good approximation we npit the number of water
molecules by 30 Awhich is the volume of one water molecule) a@(@)is a function of

contact angle defined as

B(6)=2-3cos +cos 6 = (1- cost)’ (2 + cosh) (3-6)
50
404 b)
40}
< 33 <
30 - 30

20,

25 ® Simulation @8 Simulation
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Figure 3.6. Comparison of radius of the perimeter,abtained from molecular simulation (solid
circles) and predicted values (solid squares) feguations (3-5) and (3-6) as a function of patch
radius for (a) chemical and (b) topological hetergity. Lines are guides to the eye. Error bars
are within the symbol sizes. (a) is based on thault® of John Ritchf® for chemical
heterogeneity for comparison.

The good agreement between simulated radii andrisphdrop predictions indicate
negligible droplet distortion when surfaces aredpreinantly hydrophobic. Increasing
the size of chemical or topological heterogeneiithviaydrophilic characteristics results
in small deviations between the two sets of dabasistent with comparisons between
geometric and thermodynamic contact angles of naptets in the literatuf& We also
note the increased uncertainty in simulated cordagle determination on hydrophilic

surfaces.

Interfacial Hydrogen BondsWe used geometric definition in calculation of hygen
bond$**3 In our analysis, interfacial hydrogen bonds ineokt least one molecule

within 0.,(3.19 A) from one of the substrate atoms. In theecaf topological

heterogeneity we used snapshots from 1 to 3ns aiionlto calculate the number of
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interfacial hydrogen bonds in solid-liquid interfador two extreme cases (pure
hydrophilic, 100% coverage and pure hydrophobi®& 2overage). We defined coverage
as the number of atoms in the top layer dividechboymber of atoms in the bottom layer.
We found the number of interfacial hydrogen bonds molecule for 100% coverage
3.1 + 0.1 and for 25% coverage 2.6 + 0.6 in goageament with previous resuifsThe
changes we observe can be attributed to densitietitap of water molecules in the
interfacial layer when the drop on the corrugatedase assumes a Cassie-like state as
opposed to the higher density in aqueous surfager lan the more hydrophilic high-

coverage surfaces.

Results and DiscussionComparing the relation between contact angle aedpatch
radius shows the same trend for chemical and tgprabheterogeneity (Figure 3.7) but
for smaller patch radius the topological heteroggnghows higher values of contact
angle compared with chemical heterogeneity. Thesards that in the topologically
heterogeneous systems we have three layers of atimseparation of graphite sheets
(3.4 A), compared with chemically heterogeneousesys that have only one layer of
atoms. The extra atoms in topological heterogeneystems cause the difference in
contact angles for lower and higher patch radisdgbon the results from Figure 3.4 we
can conclude that with interaction range- 5 A for both cases we find the transition
distance at about twice the interaction range addethe difference of the perimeter

radius of the drop at the lowest and the highesthpaadius,2r, + Ar, . This model works

for both systems, with chemical and topologicalehegeneit{®. Figure 3.7 shows that
for these two systems local Cassie-Baxter equagimes a good agreement with
simulation results for entire data sets. That issistent with findings of othets"
Figures 3.6a and 3.6b show that predicted valuesho radius of the perimeter of the
drop are in close agreement with simulation results

The average number of interfacial hydrogen bondkuted for a pure
hydrophilic surface (extended patch, 100% coverdga) has a direct impact on the
interfacial free energy of the water-surface irdeef which affects the contact angles,

shows that the droplet is in tighter contact with surface (lowef. ) compared with the

case of hydrophobic surface (pure corrugated seirfaero patch radius, 25% coverage)
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that shows the droplet is in the Cassie state @n#gl). Because of its thermal motion,

the droplet is moving and bouncing on hydrophohifase. The instability of the droplet

position in contact with the surface explains laeg®r bars of the reported data.

140

0./ degrees
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Figure 3.7. Comparison of contact angles based on simulatind cal Cassie-Baxter
predictions for topological (maroon circles: sintida results, purple squares: predicted Cassie-
Baxter values) and chemical heterogeneity (bluendiads: simulation results, green downward
triangles: predicted Cassie-Baxter values). Eraos lare within the symbol sizes. Solid lines are
guide to the eye. Data points for chemical hetareng are taken from John Ritchie’s restiits
for comparison.

Conclusion. We examined the relation between the contact awflean aqueous
nanodrop and surface-water interaction energyeapérimeter and beneath the drop. We
simulate nanodroplets on graphene-like surfacesnfalrydrophobic and hydrophilic
interaction energy at the perimeter and beneatdrtyg The microscopic analogue of the
contact angle was extracted from simulation trajgctdata. We confirm the contact
angle is exclusively related to the surface intgoacenergy in the region adjacent to the
drop’s perimeter. We test the role of finite rargesubstrate-water interaction when the
area of a circular hydrophilic patch beneath theptr core is incrementally expanded
until the contact angle is equivalent to that am plre hydrophilic surface. We identify a
range of interaction corresponding to a considerdbbp incontact angle when plotting
contact angle as a function of patch size. We shbe observed contact angle

dependence on the size of the patch can be prédigtthe Cassie-Baxter mixing relation
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when limited to the area within the interactiongarfrom the drop’s perimeter which is
about 5 A for both topological and chemical heterugjties.

Finally we discuss implications of surface hetermges on saturated vapor
pressure of water above the droplet. In equiliiorithe droplet curvature alone defines
the chemical potential inside a drop and hences#terated vapor pressure in the system,
independently of the nature of the substrate. Tdpor pressure above the drop is bigger
than the corresponding value above the bulk lig@ohsidering Kelvin equation we have
three situations. First, jf (chemical potential) inside the drop excegdsitside the drop,
evaporation exceeds condensation (the drop wildgally decrease in size) but the
thermodynamic contact angle and curvature will dtagy same (metastability due to
perimeter pinning can cause deviations from Yourgstact angle) unless the droplet
perimeter crosses the patch border. Secondjnide the drop is equal fooutside the
drop, the drop size will stay the same. Last, whenside the drop is below outside
(supersaturation), condensation and droplet groviltiake place.

When, due to the droplet growth, or shrinking, theplet perimeter crosses the
border of the underlying hydrophilic patch, themsocontact angle, curvature, and water
chemical potential will be affected. If, due to densation, the droplet base outgrows the
size of the hydrophilic patch, the curvature anemnaital potential will increase, thus
slowing and eventually preventing further dropledvgth. In the opposite scenario, the
perimeter of a shrinking droplet can move over franhydrophilic region to the area
covered by the hydrophilic patch. In response, dhevature will be reduced, and the
chemical potential decrease. Again, the droplepslan reach an apparent equilibrium
as chemical potentials in the drop and vapor cayesestatic situations we discuss above

are metastable with respect to the bulk liquid segliire vapor supersaturation.
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Chapter 4. Switchable Nano-Wetting Dynamics

Surface properties can change by external stinmditherefore produce changes
in the molecular structure and nanoscale featufrdbeosurface. Interfacial properties,
such as wetting behavior, are determined by theposition and molecular-level
structure of the surface. It is very useful to haweface properties where are actively
under control. These surfaces are named smartcesftievices in surface engineering.
One of the ways in which surfaces can be contrafidry switching its properties.

The wetting and dewetting of solid surfaces ocounature and are also central to
a number of biological processes and industrialliegjons. Systematic studies of
wetting processes have predominantly involved dmuuim, or static, measurements.
However, in most cases it is the dynamic wetting dewetting behavior that is of
practical relevance. The wetting behavior is gdhecharacterized by the contact angle.
In the dynamic systems the contact angle varieh whe speed and direction of
movement of the contact line. Investigators haveetiped models that relate the
perimeter velocity and hence the rate of contaglearthange to readily measured
properties such as liquid viscosity, surface oeriiaicial tension, and the static contact
angle and friction coefficient. Most of the modaisay be broadly classified as
emphasizing hydrodynamic or molecular kinetic atgpec combinations of the two, with
a recent more general theory prop§&eth the hydrodynamic approach the role of the
solid surface is discounted, whereas in the modeckinetic approach the microscopic
properties of the solid surface are explicitly taketo accourif. The velocity of wetting
depends on the intrinsic wettability of the solidface in such a way that there exists an

optimum contact angle at which the velocity of Wwefthas the highest valtle

Simulation Methodology. Computer simulations are carried out by the LAMMPS
package in NVT ensemble with temperature 300K ra@metl by Nose-Hoover

thermostat with 100fs time constant. Because obwhaquid coexistence, the average
pressure in the system corresponds to the satuvaigor pressure above the drop at
given T. Verlet integrator is used with simulatiime step 1 fs. Lennard-Jones and

Coulomb nonbonded pair-wise interactions are trigttat 11.0 A for smooth surface

26



and 20.0 A for corrugated surfaces. Long-rangetrestatic interactions are treated by
particle-particle-particle mesh solver (pppm) wihreal space cutoff of 11.0 A and
20.0 A respectively, and precision tolerance of.18imulation box is a rectangular
prism, with box edges,.= 117.9 A, I, = 119.1 A, and L= 300 A and periodic boundary
conditions are imposed throughout. In order to dpgethe calculations, the surfaces are
frozen in place during the simulation and the SHAK@gorithn?® is used to maintain the
internal geometry of the water molecules.

We simulated water drops containing 500, 1000, 2@000 and 8000 molecules
on a smooth surface and water droplets with 100002and 4000 water molecules on
corrugated surface. We change hydrophilicity andrbghobicity of the surface by
changing Lennard-Jones energy parameters accotdinyerder et. dl. The water-
graphene interaction parameters were calculated)tise Lorentz-Berthelot mixing rules

shown in the equations below for consistency witkrilér et al. and others.

€co = (gcc "“:oo)ll2

1 (4-1)
Oco :E (acc + Joo)

where o, oc, and oo, are the carbon-oxygen, carbon-carbon, and oxygggesx
separation distance at minimum potential, aade.., and ., are the Lennard-Jones
minimum potential energies. Table 4-1 contains_alinard-Jones parameters that have
been used in these simulations. In smooth and gated surfaces we start the simulation
by putting a droplet on a hydrophobic surface ahentwe switch the surface to
hydrophilic by changing the interaction between ewaand the surface (see details
below).

Table 4-1.Lennard-Jones parameters used in these simulations.

€co Ecc €00

(kcal/mol) ocoA) (kcal/mol) occ(A) (kcal/mol) oo(A)
Hyg:ﬁgg't%b" 0.060 3.190 0.023 3.214 0.155 3.165
SmHoz?;?sﬂm'cctur oy 0150 3.190 0.144 3.214 0.155 3.165
H%’frﬁﬂfebé‘ 0.075 3.190 0.036 3.214 0.155 3.165
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Smooth surfaces.Smooth Surfaced-or smooth surfaces we took a graphene sheet
consisting of 5376 carbon-like atoms for smalleypliets with 500, 1000 and 2000 water
molecules and a surface of a graphene sheet dogsidt21504 carbon-like atoms for
bigger droplets containing 4000 and 8000 water oubés. In each case we started with a
water droplet pre-equilibrated on a hydrophobidaze of a graphene sheet. Using the
Lennard-Jones parameters mentioned above, see digpiérfcase 21 from Werder et.
al>® for hydrophilic surface, corresponding to contactgle ~29° and case 17 for
hydrophobic surface, corresponding to contact angle8°), pure hydrophobic and
hydrophilic surfaces were created. Following anildzmation time (~300 ps) of a water
droplet on hydrophobic surface, by changing Lendantes parameters we switch the
surface into hydrophilic and measure the relaxatiime of the water droplet (we call this
a forward process). Relaxation times depend orsite of the droplet (see Table 4.2).
After the new equilibration time, by changing thenbard-Jones parameters, we switch
the surface back to hydrophobic and measure tagatbn time of the water droplet (we
call this as backward/reverse process). FiguresAdlvs a relaxation process of a water

droplet with 2000 molecules on a smooth surface.

t=Ops t=10ps t=25ps t=100ps t=200ps

Figure 4.1.From left to right starting from hydrophobic suréa snapshots of 2000 molecule
droplet's relaxation on a smooth surface.

Corrugated surfaces.Corrugated surface with Cassie and Wenzel featis created

a corrugated surface with pillars made from tweaetayof atoms grown on the graphene
surface consisting of 5376 carbon-like atoms agobotlayer to create a structured

surface with 6048 atoms. If we define the coveragetructured (corrugated) surfaces as
the number of atoms on the top layer divided by Ibemof atoms on the bottom layer,

our constructed surface has the coverage of 1/16.
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Figure 4.2.Left: snapshot of corrugated surface (top viewyhRischematic description of the
surface covered with pillars for the case of coatad surface with Cassie and Wenzel features.

We created a corrugated surface with pillars maai® two layers of atoms grown on the
graphene surface consisting of 5376 carbon-likenat@s bottom layer to create a
structured surface with 6048 atoms (Figure 4.2k diistance between pillars in x and y
directions areAx=8.6 A andAy=7.8 A and pillars have a thickness of dx=1.22n%l a
dy=0.7A (Figure 4.2). Lennard-Jones parameters frseithis case are fixed as shown in
Table 4.1 (case 21 from Werder et>%for hydrophilic surface, that corresponds to
contact angle ~29°, and case 2 from Werder et.foal.hydrophobic surface, that
corresponds to contact angle ~110°). See Appeihdix |

This particular structured surface has been selemiée of many trial surfaces with
different coverages because of its ability to ugdea transition between Cassie-Baxter
and Wenzel states upon switching the surface frgdndphilic to hydrophobic and vice
versa. Snapshots of the water droplet for the 0&2000 water molecules are presented
in Figure 4.3 for structured (corrugated) surfaces.

Forward
Wenzel <+— — GmsBaxter

Backward/Reverse

Figure 4.3.Snapshots of water droplet on corrugated surfiioes molecular dynamics
trajectory. Left: droplet in Wenzel state; Rightoplet in Cassie state.
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After equilibration of the droplet on hydrophobiarface in Cassie state, we
change Lennard-Jones parameters to apply a hydioptteraction which means we
switch the surface from hydrophobic to hydrophilidfter ~300 ps equilibration time,
the droplet reaches the Wenzel state. Interestinglwe switch the surface back to
hydrophobic again, by changing Lennard-Jones pasméo their original values, the
droplet will return to the Cassie state. We namese¢htwo processes forward and
backward/reverse. In general there is a free enbaggier between these two states on
every surface. For our corrugated surface goingffdassie to Wenzel state and vice
versa is relatively fast (~45 and ~38 ps respelgtiwehich means the free energy barrier
between these two states (Cassie/Baxter and Weiszedither small. When the drop
reaches the Cassie state, because of its thermt@nnd moves around, wetting- and
dewetting the surface over time occasionally itrmas away from the surface. This can
happen if the water-surface interaction is very kvaad the drop is elevated above the
height that is out of the interaction range with surface. In these cases the droplet tends
to assume a nearly spherical shape. If the sgadanfiguration corresponds to say a
120° contact angle, as the droplet approaches a spirerical shape, there will be a net
force pushing the drop away from the surface, aman suffice to push the drop out of
contact in the absence of gravity (we should notizat roughness of hydrophobic
surfaces enhances their hydrophobfétyOf course all of these depend on the initial
velocity distribution of the water molecules in thkeop at the switching time. The
detachment happened in about ten percent for dedroyth 2000 water molecules and
more than seventy percent of the cases for dropl#fts1000 water molecules and about
five percent of the cases for the drop with 400Qewanolecules. The likelihood of
detachment hence rapidly decreased with the ma#iseadroplet and its size. To study
the rate of the droplet response characterizeceimg of droplet relaxation times in
reverse (hydrophilic to hydrophobic) process weyasal the runs during which the drop
stayed close to the surface over ~5 ns simulatmoa and discarded those at which the

drop flew away from the surface.

Analysis and Results.Time Correlation FunctionsFor water droplet on smooth and

corrugated surfaces, calculation of the time cati@h functions for the height of the
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center of mass, h(t), of the nanodrop enabled estimate the rates of the microscopic
analogue of the contact angle relaxation for wgfttiewetting processes (Figure 4.4). We
used two characteristic time correlation functio@$t) and R(t) to characterize the
dynamics:

C(t) describes dynamics of fluctuations around ldgjiam (using many time origins)

_(dh(t) oh(0)

Cct) = o7 (4-1)

R(t) is defines by the same equation as C(t), but the @ngn is fixed at surface
switching time (Figure 4.5)

h(t) - h
R@) = MO =h(e)) 4-2)
(h(0) —h(x0))
In these equations h(t) is the height of the ceatanass of the droplet as a function of
time (Figure 4.4), h(0) is the initial value of theight of the center of mass andoh(s

equilibrated value for the height of the centemaiss.

20
30
15 ~
< “hydophc o ydophobie] | S
= — hydrophobic to hydrophilic =
= < 20t
10
L . | . ! . ! . ] L 15 . .
0 100 200 300 400 500 0 500 1000
Time (ps) Time (ps)

Figure 4.4.Variation of the height of the center of massdimooth (left) and corrugated surface
(right).
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Figure 4.5.Time correlation functions, R(t), of the heighttb& center of mass for smooth (top)
and corrugated surfaces (bottom). Insets are tonelation functions in logarithmic scale.

Scaling with the system size. In order to study scaling of relaxation time wittetsystem

size first we modelled droplets containing 500, @,a2000, 4000 and 8000 molecules of
SPC/E water on a molecularly smooth substrate &v@,12000 and 4000 molecules on
corrugated surface. We completed time correlationctions calculations for these

different system sizes of the droplet to see hosvrélaxation times scale with system
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size. Table 4.2 shows the results for characteristie scaling of C(t) and R(t) on smooth
surfaces. Results show that reverse process (smgtétom hydrophilic to hydrophobic)
is always faster than forward process (switchiramfrhnydrophobic to hydrophilic) for
both smooth and corrugated surfaces. The differexace be rationalized by stronger
perimeter pinning on surfaces with comparativelprajer substrate/water attraction. A
similar difference has been observed when compaexgerimental spreading and
retraction times of microscopic ionic-liquid drofden switchable surfaces, controlled by
the application of electric fiefdl

Table 4.2Size dependence of droplet dynamics on smoothcasfaN is the number of
water molecules in the droplet. All numbers witargstard deviation are relaxation times in ps that
are calculated using R(t).

( smNo oth) Forwardte() /ps | Reversetc(y /ps | Forwardtre) /ps | Reversetr) /ps
500 31.4+2.0 25.3+2.5 25.9+1.1 25.6+1.6
1000 39.0+1.5 30.1+1.5 31.7+0.7 27.5+1.1
2000 52.5+0.5 36.7+1.1 45.2+0.9 38.0+1.8
4000 64.8+1.0 43.4+1.3 55.3+1.0 43.4+1.5
8000 87.6+1.1 58.0+1.4 73.8+1.2 59.2+1.6

The slopes on the log-log plots of characteristicet versus droplet size on smooth
surfaces (Figure 4.6) give scaling exponents oB (¥ forward process (triangles,
switching from hydrophobic to hydrophilic) and Of8r backward process (circles,
switching from hydrophilic to hydrophobic), or ~3@. on average. It means that for
smooth surfaces time scale is proportional {8‘NThis value is consistent with a simple
analytic estimate obtained as follows.

The driving force for spreading the droplet is tethto the surface tensions of the
liquid times the circumference of the dropléf) which is a circle with radius Ras

follows
Fo ~ DV, aa—';‘l 0 27R, (4-3)

The sum comprises solid/liquid, solid/vapour amplid/vapour terms. For any specified

contact angle, the volume of the drop, is propostlctoRf. ThereforeR, N2,
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From dynamics we know that the distance traveledabyarticle in one direction is

proportional to the acceleration and time squaBalin the case of water droplet, from
Newton second law we can replace the driving fovite F O R ON"? and also mass,
m O N, then acceleration is proportional ™2"*. a=F/m=N"*/N - a=N"%2,

As a result from Newton second law, time will beogwrtional toN? that is

s=at?/2 - tO1/va thereforet 01/v N2 = t O N*® which agrees with our results

for the scaling of relaxation time with droplet esibpn smooth surfaces, considering

computational error.
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Figure 4.6. Scaling with the system size for smooth surfa¥eaxis is relaxation time from R(t)
and x-axis is number of water molecules in the Eopoth in logarithmic scale. Error bars are

within the symbol sizes.

For molecularly smooth surfaces, the initial retaoma rates reveal insignificant contact
angle hysteresis. This means that response rates upposition and cessation of
hydrophilicity are very similar. The scaling resukuggest linear behaviour on log-log
plot (Figure 4.6).

For corrugated surface however, this is not thee.c&@uring drop relaxation
following the transition from hydrophobic to hydidfic (forward process) the drop has

to overcome high friction because of strong pinnemgthe posts. The posts and surface
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are both hydrophilic and because of the presendbdeoposts and droplet’s pinning to
them there is a higher barrier to pass; theretonelli take longer for the droplet to relax
to a new equilibrium state. However, for relaxatimllowing the transition from
hydrophilic to hydrophobic (reverse process) thteasion is quite different. Here, the
surface and posts are hydrophobic helping watee¢ede from the wells between the
corrugations, as it approaches the new equilibrsteire. In fact the posts do not pin the
drop significantly in this case. The friction istlefore much weaker and it takes less time
for the droplet to relax. Table 4.3 shows the rssaf time scales on corrugated surface.
In the case of corrugated surfaces, when switchiorg hydrophilic to hydrophobic state,
the transition is more or less exponential, howew&en switching from hydrophobic to
hydrophilic state, the relaxation is non exponéntiacause of pinning as explained
above. Therefore, advancing and receding procdsses different frictions: the high
friction regime corresponds to forward process fawwng from hydrophobic to
hydrophilic), because the relaxation process tghase on the surface which is already
hydrophilic, with strong pinning to the posts, dow friction regime corresponds to the
reverse process (switching from hydrophilic to toghobic), i. e. posts do not pin or pin
less. We can relate the friction to the combine@atfof all barriers that the droplet

should pass to reach the new equilibrium state.

Table 4.3.Size dependence of relaxation times for corrugsatethces. N is the number of water
molecules in the droplet. All numbers with standdegliation are relaxation times in ps.

N/corrugate | Forwardtrey/ ps | Reversetry/ ps
1000 111 +13 60+5
2000 150 + 14 64 +3
4000 165+5 68 +4

The slope of scaling results for corrugated surf&égure 4.7) is 0.580.1 for forward
process (switching from hydrophobic to hydrophil)d 0.280.05 for reverse process
(switching from hydrophilic to hydrophobic). Thesesults suggest that for corrugated
surfaces time scales are different for the twoedéht processes, with scaling exponent in
the range 1/2 — 2/3 for advancing, and 1/4 — 1f¥3dtraction. The underlying physical

relations behind these exponent values remain expkined.
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Figure 4.7. Scaling with the system size for corrugated swfa Y-axis is relaxation time
calculated using R(t) and X-axis is number of watetecules in the droplet both in logarithmic

scale.

Interfacial hydrogen bonds. Geometric definition has been used to calculatedgeh

bonds. One of the waters participating in the bongt be withino.,(3.19 A) of one of

the surface (carbon-like) atoms for calculationndérfacial bonds. We used equilibrated
systems considering snapshots from 1 to 5ns tmjest obtained by simulation to
calculate the number of interfacial hydrogen bomdsolid-liquid interface for smooth

and corrugated surfaces. Table 4.4 contains thétsesf hydrogen bonds calculation of

bulk and solid-liquid interface for smooth and cmyated surfaces.

Table 4.4.Number of hydrogen bonds calculated for smoothamdugated surfaces for bulk and
liquid-solid (I-s) interfaces.

N = 2000 HO | Smooth surface | Corrugated surface
Hydrophilic 249 |-s 5A)| 3.03 I-s (15A)

3.35 bulk 3.31 bulk
hydrophobic 2.15 I-s 1.88 I-s
3.49 bulk 3.37 bulk
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Contact angle calculation. Contact angle of water droplet with 2000 water rooles on
hydrophilic corrugated surfaces has been calculatgdg the method described in
chapter 2. We measured contact angles for thréerelift reference levels (which are the
bottom layer, 3.19 A, middle layer, 6.54 A, and taper of structured surfaces, 9.89 A).
We calculate contact angles on these hydrophilicugated surfaces and we found that
the angle changed from ~29° on smooth surface 95 i our corrugated surfaces. That
means corrugation will increase the contact angtethe change depends on the height
and density of the posts on the surface. Our eshiow that for this special structured
(corrugated) surface with coverage 1/16, contadgleamas been increased by ~50
degrees. Table 4.5 contains the results from cbatagle measurements and Figure 4.8

shows a typical drop profile and spherical fitthoghat for contact angle measurement.

Table 4.5.Contact angle calculated for droplet on a corruyateface with three reference levels
(bottom layer, middle layer, and top layer of staned surfaces).

Reference leve| 0+3.19 = 3.19]/8.348+3.19 = 6.538 A|_ 6.696+3.19 = 9.886 A
7N 92+3 85+3 79+3
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Figure 4.8. Typical drop profiles for 2000 water molecule orcarrugated surface, for the
hydrophilic case. Blue solid line is fitted to thienulated data. Dashed line represents the surface,
where the contact angles were measured. R (x-&@xibg distance from the main axis of the drop
and height (y-axis) is the height of the droplet.

We did not take into account the points of the elar surface below the height of 10 A
(the height of the upper layer of atoms in strustluisurfaces) to avoid the influence from
density fluctuations at the liquid-solid interfacgontact angle is the angle between the
substrate surface and the circular best fit of dnep’s profile along the equimolar
dividing surface, measured at the carbon-oxygerilibgum distance of 3.19 A for
droplets on smooth surfaces (the same conventios wgad in studies of chemical
heterogeneity: Master thesis by John Ritchie VCU®). In the case of structured
surfaces (also topological heterogeneity, chapjerh8wever, the contact angle was
measured at the height of 9.89 A correspondingedeight of the pillars.
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Influence of Nanoroughness on the Contact line matn. Roughness influences the
wetting properties of solid surfaces. The dependariavetting behavior on roughness is
of great relevance in many practical applicatiohepological features, both on the
nanometer and micrometer scales affect the equitbwettability of a substrate, as well
as the static contact angle hysteresis and pirfioiregs acting on the three phase contact
line. For both smooth and nanorough surfaces, cotitee motion is governed by two
distinct regimes: one based on hydrodynamic dissipavhich dominates at small water
contact angles, and the other can be describedbyedhe molecular kinetic theory and

describes contact line motion at large contactesty|

Background. Macroscopic Predictions. When a liquid droplet touches a solid surface it
will spread spontaneously to achieve the equilibriopontact angle, i.e. the state of
minimum free energy. The surface tension fGtcgy - ys. - yLv cosé (0 is the dynamic
contact angle that was introduced in chapter 19, which drives the contact line while
friction resists the spreading of the liquid, Figut.9. Resistance can be due to viscous
friction in the bulk liquid and/or molecular fricihn at the contact line. Previous

Works73,74,7l

identified two different dissipation regimes omacroscopic scale: viscous
dissipation within the bulk liquid (hydrodynamic dels) and molecular dissipation near
the three-phase contact line (molecular-kinetiotieMKT). Hydrodynamic dissipation
dominates for small water contact angles, while rti@ecular kinetic theory describes
the contact line motion at large contact anglee Mixdrodynamic description assumes
viscous shear within the liquid wedge to be thedpmeinant dissipation mechanism
during the contact line motion. On the other handnhydrodynamic friction at the
contact line is considered in the molecular kind¢ieory. Based on Eyring’s activation
rate theory, local displacements occur at the cbritée due to the thermal enerigyl ,

where lg is the Boltzmann constant, and T is the absolemeperature. Both kinds of

dissipation can exist simultaneously or one canidate®.

39



liquid W%V vapor

Figure 4.9. Schematic of force balance for equilibrium contangle on smooth, chemically
homogeneous surface.

A relationship between the contact line velocity) @hd dynamic contact angle
(instantaneousy), is given by Co¥
vV (L
9(6) = 9(6,) t”—ln(—j (4-4)
Lv Ls
where the plus sign holds for advancing liquid fsoand the minus sign for receding

ones. g, is the static (equilibrium) contact angley, denotes the liquid—vapor surface
tension,L characterizes a typical macroscopic length saatg,(the droplet size), ang
denotes a microscopic slip length, which is expkttebe of the order of the molecular
size. In this model, viscous friction dominates #émelviscous forc€y is given by

3n L
FE =uvV=—"tIn—1|V 4-5
v 7] (Lj (4-5)

wherep = 3y In(L/Lg)/0 is the friction coefficient in the bulk. For a ligl-vapor system,

if 6 < 150, theng() = 6%9 (with a 1% accuracy) and the Voinov equation isisted*

g =g+ 21V In(LJ (4-6)
v L

The free parameters in equation (4-6) are thecstatitact anglef)o, and the logarithmic

S

ratio of the two relevant length scalb¥L/Ls).
In the molecular-kinetic theory, MKT, thermally aetted liquid displacements
control the contact line motion and the energy igeg®n is dominated by non-

hydrodynamic effects. According to this model, thentact line moves through
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individual molecular jumps, with an equilibrium deency k and a displacement
distancel. The relation between dynamic contact angle aihatitg is given by
V =2k A sin){ Ao X (cos, cosﬁ)} (4-7)
2k, T

If the argument of sinh is small, equation (4-Quees to
kkOB v, (cosd, —cosh) (4-8)
Equation (4-8) can be rewritten &5y = ¢V, where Fy is the driving force and
¢ = kgT/kot? is the friction coefficient at the contact linehks the physical dimension of
a shear viscosity, determines the dissipation wéii@in the three phase contact line and
can be compared with the bulk viscosity of theiliqu

For contact angles approaching 18@e argument of sinh will typically be greater
than one, so equation (4-7) will reduce to a sirgtponential form. The maximum
wetting speed will b8

Nlcosg, +1
kerxp{VLV 2(kT0 )} (4-9)
B

ko can be related to the bulk liquid viscosityand the activation free energy of wetting
per molecule arising from solid-liquid interactipn&s*, as

=k, =Xel o d ACs (4-10)
AN nv, kg T

wherev, is the unit volume and h is Planck’s constant. fraguencyk, is influenced by
both the interactions at the surface and the viscimteractions with neighboring
molecules, whereags is considered to be affected only by surface foregsis
anticipated to correspond to the molecular volume simple liquids. If the specific
activation free energy of wetting per unit arg* = 4Gg*/ 4% is taken to be equal to the
work of adhesion\,) between the liquid and the solid,

2
izv_gex A yLV(1+COSHO) (4-11)
n A KT
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The last equation predicts that contact-line foictincreases linearly with liquid viscosity
but exponentially with work of adhesion. Experin@nstudy of dynamic wetting on
surfaces of widely varying wettability with a siegliquid provides strong evidence in
support of this equatidh

Energy dissipation can of course occur both intihié& and near the moving three-phase
contact line. Petrov and Petfvproposed a combined molecular-hydrodynamic
approach, assuming that both the viscous frictiorthe intermediate region of the
meniscus and the nonhydrodynamic friction in theniy of the three-phase contact line
play a role in determining the dynamic contact andgh order to accommodate both
kinds of dissipation, Brochard-Wyart and de Gentliggled the total energy dissipation
(P) into a hydrodynamic term ¢F) and a molecular-kinetic terr®y):

P=P, +P, = (R, +F, )V =(u+¢)v? (4-12)
The friction coefficients for the hydrodynamig)(and molecular ) terms can be

obtained from the experimental data of dynamicdamrangle as a function of perimeter
velocity'?.

Nanoscale Dynamics.Using our simulation results of 2000 water molecdlop we
calculate dynamic contact angle and velocity ofpdperimeter’s radius and we obtain
dynamics contact anglé&)versus velocity of drop perimeter (Figure 4.1®s() versus
velocity of drop perimeter (Figure 4.11), amtl versus velocity of drop perimeter
(Figure 4.12). To get these values first we nemccdlculate velocity of the drop
perimeterdry/dt, that can be calculated in two steps with padélvatives

dry _ dr, dh,,

—S=—£  —on (4-13)
dt dh,, dt
To get dry and dynamic contact anglé, we wrote a program (Appendix Ill) using
: . . . dh, :
equations (3-5) and (3-6), which considers a hgyhescal drop.?Om can be obtained

directly from simulation results. By multiplyingebke two values at simildk,m (height

of the center of mass), we can estimate the vegladitthe drop perimeter. Based on
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comparisons in Figure 3.6, the accuracy of the ldtagmntact angle and perimeter radius,
calculated from the height of the center of madkhei better at higher contact angles.

We calculate the static contact angle of the dmopydrophilic surface in Wenzel
state (Table 4.5), as explained in chapter 2. Hewehe static contact angle of the drop
on a hydrophobic surface and intermediate stat€assie state could not be determined
accurately because of droplet bouncing on the serdae to its thermal motion. Instead,
dynamic contact angles were estimated from thehhedfy the drop’s center of mass
(Appendix 1ll). The procedure also requires predismwledge of the height of the
droplet bottom plane. This plane is easily deteedirfor the Cassie state where it
coincides with the pillar height, but cannot beidled precisely for the Wenzel state and
intermediate Cassie-to-Wenzel states, when watglelris entering between the pillars.
The final contact angle estimated from the centenass (Figure 4.10) is about 40°, well
below the equilibrium value of 79° (Table 4.5). &ivthe drop geometry is known
accurately only at high contact angles, we use ahé initial portion of our data
(Figures 4.10-4.12), corresponding to high condacfle, for our calculations.

We considered simulation results of 2000 water létopn a corrugated surface
initially equilibrated in the Cassie, as it relaxegshe Wenzel state. Using our data along
with hydrodynamics theory (equation 4-6) and MKTuation 4-7) we obtain fitting
parameterd.n(L/Ls), ko and 4 and corresponding friction coefficients; the friction
coefficient at the contact line, and [, the frinticoefficient in the bulk, following the
methods presented by RalstonTo do so we need surface tension and viscosity fo
SPC/E water at 300K. These values have been cad(l&’ at 63.6 + 1.5 mJ/mand
0.82 +0.09 mPa s. Experimental values are respectively /&t and 0.85 mPa s.

We use the equilibrium value of 79°, however, ahhinitial dynamic contact
angles, the differencé™ &> is not very sensitive to% and even the use of the
approximate final contact anglep, from the center-of-mass calculation gives very
similar results.

Using equation (4-6), hydrodynamic theory, with gligeometry data calculated
from the initial time evolution of the position oénter of mass, and SPC/E values for
surface tension and viscosity we estimate the “bulkiction coefficient,

u ~ 0.002 (1 £ 25%) kg/sm. We obtain very similaruea (0.0025 kg/sm) using
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equation 4-7, MKT theory, for “contact line” frioim coefficient,{. This seems to be
understandable in the case of nanoscale drop whasedifficult to define a clear

boundary between hydrodynamics and MKT, and thetikely an overlap between the
two regimes.

Based on our results slip lengthy varies around 1/6 drop sizein the more
reliable large contact angle part of the plots (Feg 4.13) andk, and 1 are
0.94x10" /s, and 5.6 A.

Our results for a nanosized water drop (Figures-44911) agree qualitatively
with results of J. Ralstdffor a macroscopic ionic drop (See Appendix 1V).wéwer,
the microscopic drop has much higher velocity afrpeter’s radius, about two orders of
magnitude difference, due to weaker friction. Thiglicates that our microscopic
roughnesses are much smaller than the roughneasnuacroscopically smooth surface
used in their experiment.

The product ofk, and 4 gives an estimate of the diffusion coefficientjngs
fitting parameters above it gives 2:0B0° m?/s.

180
150F
120F

90r

60;{5
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Figure 4.10.Dynamic contact anglé) versus velocity of the drop perimeter that hasnbe
calculated from the height of the center of magsp@adix IIl).

0 / degrees
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Figure 4.11. Cosine of dynamic contact angle, &s(versus velocity of the drop perimeter

Inset iscos@), versus velocity of the drop perimeter in lodamiic scale.
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Figure 4.12.Dynamic contact angle cubet#, versus velocity of the drop perimeter.
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Figure 4.13. Nanodroplet friction coefficient (Eq. 4.6) on corrugated substrate, shown as a
function of perimeter velocity V at early stagesdobplet relaxation following a change from
hydrophobic to hydrophilic character of the surfaldee red line relies on the direct measurement
of the equilibrium contact angle (79 The blue line utilizes the estimate from the pko
equilibrium position of the center of mass. Note denter of mass data, including the final value,
become increasingly inaccurate as the drop ertiergvienzel regime (left portion of the graph).

Discussion. Monitoring the height of the center of mass of threplet gives a good

representation of the relaxation process. Figutega-4.4b show changing of the height
of the center of mass versus time during the dwailion process for smooth and
structured (corrugated) surface for the case of020@ter droplet. Results for smooth
surface show symmetry for evolution of height o ttenter of mass between hydrophilic
and hydrophobic systems, however, results for strad (corrugated) surface show
asymmetry. Based on the evolution of the heiglthefcenter of mass we calculate time
correlation functions C(t) and R(t) from equatiofdsl) and (4-2). Figures 4.5a-4.5b
shows R(t) for smooth and structured (corrugatedpse, all for the case of 2000 water
droplet. Following the symmetry of evolution of theight of the center of mass for
water droplet on smooth surface, we see similaxegion in both, R(t) and C(t). These
graphs on a semi-logarithmic scale are almost limelicating an exponential decay. At

the very beginning of the process, at least utp< there is complete overlap between
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time correlation functions of forward and backwgmbcesses. That means that in the
case of smooth surfaces studied here, contact aggteresis is negligible. In the case of
corrugated surfaces, the asymmetry of evolutiothefheight of the center of mass for
two systems is manifested by different behaviorstimie correlation functions. This
dis-similarity is more obvious in semi-logarithmscale. It shows that the backward
process (going from hydrophilic to hydrophobic¥aster and is completed much sooner
than the forward process. These observations caexpkined by pinning/depinning
mechanisms. When the droplet is equilibrated orydrdphobic surface and suddenly
feels hydrophilic interaction (by switching the fe) it will undergo spreading that
involves many pinning/depinning events betweenviildial water molecules and posts
until it reaches the equilibrium shape. Howevethia case of reverse process, when the
droplet is equilibrated on a hydrophilic surfaceiddenly reversed to hydrophobic
interaction (by another switching), contractionaiwes only depinning between water
molecules and posts and therefore proceeds muigh.fas

Figure (4.14) indicates the occurrence of pinning. forming a water/substrate
bond in the wells) as follows: the drop is confiretween pillars and acquires a squarer
shape due to pinning to the edge pillars. It settrasthe ratio of number of times that
pinning is taking place to the number of times the@pinning is taking place can be an
indication of how far or close the droplet is tce tequilibration. That means before
equilibration the number of times that pinning aw®gpining are taking place are almost
the same but when the drop reach to the equilibstate and perimeter velocity is going
toward zero, the number of pinning events is mughdr than the number of depinning

events.
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Figure 4.14.Top view of water droplet after 500 ps equiliboatitime on a corrugated surface.
Because of pinning, the drop perimeter looks mikeed square than a circle.

Conclusion There are several conclusions we can get frosetbbservatiodd First the
results clearly show contact angle hysteresis farugated surface on a nanoscale
between forward and backward processes, which vmasvik only for macroscopic
systems beforeSecond, our studies show the result for scalinghefrelaxation time
with the system size. For a smooth surface, we daotmat the relaxation time versus
number of molecules, in a logarithmic scale, gigdmear plot for forward and reverse
processes with similar slopes. However for corredegurface we obtained linear fitting
for relaxation time versus number of moleculesaitogarithmic scale too, but with
different slopes for forward and reverse process$éss difference is an indication of
negligible hysteresis and friction for smooth soefabut considerable hysteresis and
therefore friction for the case of corrugated stefa

Third, our study is showing there is a friction derin the case of structured
surfaces studied here that is applying in differestys in the case of forward and
backward processes due to the energy dissipatiocepses. We calculate the friction
coefficient of the 2000 water droplet on a corregasurface for the case of hydrophilic
interaction, droplet going from Cassie to Wenzealtest using hydrodynamic and
molecular kinetic theory. Another interesting findi of our calculations for friction
coefficient shows that hydrodynamic and moleculaetc theory can describe our data
for this relaxation process very well giving vemgngar values for friction coefficients at

nanoscale. Therefore we conclude that becausenoknapic scale the boundary between
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hydrodynamic and molecular kinetic regimes is nstveell defined as it is in the
macroscopic world.

Our results also show that although the perimdtarater droplet is a circle in the
case of smooth surface, it depends on the patfetimecstructured surface it can be far

from a circle because of pinning effects for hydmdip interactions.

Future task that need to be completed:

Use molecular dynamics simulation to compute madécdiffusion within posts and
compare its value to diffusion in the nanodrop. M/mspecting the trajectories via VMD
(Visual Molecular Dynamics, molecular graphics w@ite) we can visually inspect that
they differ.
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Chapter 5. Water Dynamics inside Nanospheres

It is well realised that water in the confined gedm exhibits modified behaviour
in both structural and dynamic properties. Nanoesph are very well defined confined
structures that are ideal for studying the propsrtif confined liquids as opposed to other

disordered porous material that are also used pgrarentalist& 5

Simulation Systems. In silico samplesExperimental and simulation wofés® show
that physical properties of water in spherical raanfinements can be described using
buckyball cage geometry (except for the layer diyein contact with the wall).
Therefore as a first approximation for nano-sploerg@@inements, we have used spherical
cages of "hollow buckyballs" of four different siz¢sphere radius: 8.37 A, 10.45 A,
12.52 A and 17.52 A that correspond to C320, C&I®0 and C1500 buckyballs).

Confined Water. To access the correct number of water moleculesgians,, hollow
buckyballs, GCMC (Grand Canonical Monte Carlo) roedtmeeds to be performed.
Instead we adjusted the number of water molecuksde a buckyball based on available
free volume and using 30%%an approximate volume of one water molecule. Fer t
volume of a hollow buckyball we considered the etfee volume by subtracting the
sigma value (Lennard-Jones distance parametd,19 A) of “carbon” atoms because
water molecules cannot get closer to the wall #@nvalue and we approximate all these
cages as a sphere. Using these assumptions wdataloumber of water molecules in
each of these samples (i.e. 20 water molecule8#0(57 water molecules in C500, 100
water molecules in C720 and 500 water molecul&31i500).

We examined effects of different interactions betwevater and interior wall
resembling hydrophilic/hydrophobic scenarios. Theerggth of water-wall interaction
resembles that of hydrocarbon (hydrophobic), ot tifaglass (hydrophilic). Lennard-
Jones parameters for wall-oxygen, to make thederdift interactions, are presented in
(Table 5.1):
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Table 5.1.Lennard-Jones parameters used in the simulations.

6 (w-0) [kJ/mol] € w-0) [kJ/mol]
Hydrophobic 3.19A 0.18810
Hydrophilic 3.19A 0.62700

this ¢ value of carbons means for example for a cage 8B A radius only ~5.2 A is
available to water molecules, for a cage with 1884%@dius only ~7.3 A is available and
for a cage with 12.52 A radius only ~9.3 A is ashle for water molecules and so on.
Figures (5.1a-5.1b, 5.2a-5.2b, 5.3a-5.3b and 54la)}5show snapshots for these two
different (hydrophilic/hydrophobic) systems for haystem size.

B -

Figure 5.1a.Snapshot for hydrophilic Figure 5.1b. Snapshot for hydrophobic
C320 sample. C320 sample.

Figure 5.2a.Snapshot of hydrophilic, Figure 5.2b. Snapshot of hydrophobic,
C500, sample. C500, sample.
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Figure 5.3a.Snapsot of hydrophilic, Figure 5.3b. thot of hydrophobic,
C720, sample. C720, sample.

Figure 5.4a.Snapshot of hydrophilic, Figure 5.4b. Snapshot of hydrophobic,
C1500, sample. C1500, sample.

Simulation Details. We used DLPOLY® code (version 2.15) to do classical molecular
dynamic simulations in the NVT ensemble, using asébloover thermosfit to
maintain a temperature of 300 K. Verlet integrat@s used with time step 0.5 fs for all
simulations. We have made 10 different systemsé&mh case and total simulation time
in most of them (except C1500) is about 65 ns. I&enard-Jones cut-off values has
been chosen to be 19, 25, 28 and 36 A for C3200C6020 and C1500 respectively
which are a little bigger than the hollow buckyls$ize. The hydrogen bond calculation
is based on geometry criteria that is mentionedhiapter 2. Correlation functions have
been calculated for up to 1.2 ns to get sufficeatistics. In these systems there is not
need to apply periodic boundary conditions. Thaeefthe system contains only one
simulation box that is occupied by an almost smla¢rconfinement with confined water

molecules inside and vacuum outside. The volumé¢hefsimulation box is equal to
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69x69x69 A%, The technique we used for dealing with long rahgectrostatic
potentials is direct Coulomb sum for accurate satioh of isolated (nonperiodic)
systems. Both water and confinement have been teddat rigid molecules. We also
performed simulation in NVE ensembles to get theremd dynamics starting from
equilibrated configuration. Extra subroutines weaked to carry out hydrogen bond
dynamics calculations (Appendix V: some subroutiimes are adopted from Christopher
Daub and modified by us to be applicable for ourficeed systems).

Correlation Functions. Hydrogen bond correlation function c(t), have beafculated

using*#°

(h h(t))

O

(5-1)

where dynamical variable h(t) equals unity, if ferticular tagged pair of molecules is
hydrogen bonded, and is zero otherwise. Figures, 5.5a, 5.7a and 5.8a, shows c(t) for
both hydrophobic/hydrophilic systems with differesizes. The rate of relaxation to
equilibrium is characterized by the reactive flyydtogen bond correlation functisif®
k(t), (Figures 5.5b , 5.5¢, 5.5d ; 5.6b , 5.660d5 5.7b , 5.7c, 5.7d; 5.8b , 5.8c, 5.8d).

(@ =90 _ (honw) _ (hok-ho]) 2

dt (h) ()

Overdots denote the time derivatives.
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Figure 5.5. C320 samples, hydrophilic (blue) and hydrophobéd), with 20 water molecules

inside. a) Hydrogen bond correlation function, CK) reactive flux hydrogen bond correlation
function, k(t) in logarithmic scale. c) k(t) up &0 ps. d) k(t) up to 0.2 ps, transient time is
~ 0.2 ps.
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Figure 5.6. C500 samples, hydrophilic (blue) and hydrophobéd), with 57 water molecules

inside. a) Hydrogen bond correlation function, CK) reactive flux hydrogen bond correlation
function, k(t) in logarithmic scale. c) k(t) up &0 ps. d) k(t) up to 0.2 ps, transient time is
~ 0.2 ps.
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Figure 5.7.C720 samples, hydrophilic (blue) and hydrophobéd), with 100 water molecules

inside. a) Hydrogen bond correlation function, CK) reactive flux hydrogen bond correlation
function, k(t) in logarithmic scale. c) k(t) up &0 ps. d) k(t) up to 0.2 ps, transient time is
~ 0.2 ps.
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Figure 5.8. C1500 samples, hydrophilic (blue) and hydrophobed), and charged sample
(green), with 500 water molecules inside. a) hydrogond correlation function, C(t). b) reactive
flux hydrogen bond correlation function, k(t) irgerithmic scale. ¢) k(t) up to 50 ps. d) k(t) up to

0.2 ps, transient time is ~ 0.2 ps.
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In Table 5.2 we have reported k(t) at starting tiwtech is ksr, transition state theory
rate constant. This value depends on hydrogen Hefidition®®. Another value that has
been reported in Table 5.2 is initial value of w#p autocorrelation function which is

equal to 3kT/m in which m is molecular mass.

Table 5.2.Initial values of k(t) and VACF (velocity auto cetation functions) for hydrophilic
and hydrophobic samples in different. NVT ensemies used for C320, C500 and C720 but
NVE ensemble used for C1500.

C320 C500 C720 C1500
Ki=o (Hphil) / ps* 3.07 3.67 3.98 3.57
ki=o (Hphob) / ps* 3.35 3.68 3.69 3.67
VACF ™" _o (A%p<) 269.15 275.00 279.40 267.83
VACF P o (A%/pS) 260.25 273.88 249.34 277.42

Function n(t) represents a measure of local strairthe hydrogen bond network
(Figures 5.9a-5.9b ; 5.10a-5.10b ; 5.11a-5.1112&5.12b).

n(t) = j dt'k, (t') (5-3)

-(hO - O H ()

k_(t) = -
n (D) o) 4P
which is the restrictive reactive flux function.
1if t)<RS
H (t) - I ROO( ) ROO (5_5)
0 otherwise

For bulk waterRS, is a cut-off value equal to 3.5 A, in whiBg, t i)the distance

between the oxygen atoms of a tagged®paliis value has been estimated from radial
distribution function of bulk water. For our simtitm this value is adapted from bulk

value which is an approximation for our confinensent
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Figure 5.9. C320 sample, hydrophilic (blue) and hydrophobid)yrevith 20 water molecules
inside. a) function representing local strain ie thydrogen bond network, n(t), b) restrictive
reactive flux function, Kk(t).
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Figure 5.10.C500 sample, hydrophilic (blue) and hydrophobid)rewith 57 water molecules
inside. a) function representing local strain ie thydrogen bond network, n(t), b) restrictive
reactive flux function, Kk(t).
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Figure 5.11.C720 sample, hydrophilic (blue) and hydrophobid)revith 100 water molecules
inside. a) function representing local strain ie thydrogen bond network, n(t), b) restrictive
reactive flux function, Kk(t).
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Figure 5.12. C1500 sample, hydrophilic (blue) and hydrophobied]r and charged sample
(green), with 500 water molecules inside. a) fiamcrepresenting local strain in the hydrogen
bond network, n(t), b) restrictive reactive fluxnfion, k(t).
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Considering A% B, the reaction kinetics for t >yghsient IS described by
(Figures 5.13a-5.13b ; 5.14a-5.14b ; 5.15a-5.151§865.16b):

k(t) = kc(t) —k'n(t) (5-5)
By transient time, we mean librations and intergety vibrations on a short time scale.

From Figures. 5.5d, 5.6d, 5.7d and 5.8d it is clkat transient time is ~ 0.2 ps which is
not different from bulk water’s transient time.

If one can find a unique values for k and k’ thah catisfy equation (5-5), that means the
model is working and we have a first order kineTio.find the best values for k and K’
we have two choices. Either we can use a fittingc@dure or we can do try and error
procedure to find correct values. We used the coation of both methods to find the

best k and Kk’ in each system.
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Results and discussion.Initial calculations have been done in NVT ensemble
(Table 5.3). From these correlation plots, we aobtaery similar rate constant
characterizing water hydrogen bond dynamics in ¢ghilic and hydrophobic systems.
Note thatrtyg, hydrogen bonds life time, is equal to 1/k andetifor reforming a bond is
1/k'®,

Table 5.3.Summary of the results of MD simulation in NVT entble.

NVT k (1/ps) K'(1/ps) e (PS)
C320 hydrophilic 0.18 0.93 5.7
20 water hydrophobic 0.23 0.99 4.4
C500 hydrophilic 0.30 1.22 3.3
57 water hydrophobic 0.31 1.12 3.2
C720 hydrophilic 0.29 1.03 3.4
100 water hydrophobic 0.34 1.20 3.0
C1500 hydrophilic 0.30 - 3.3
500 water hydrophobic 0.37 - 2.7

Up to now the difference between hydrophilic andrephobic samples is only
based on different Lennard-Jones energy parameiei® make this difference even
more pronounced we also made a charged confinefmgnhbaving partial charges
distributing over all atoms using the method présgin the work df Berkowitz. These
charges formed dipoles with dipolar density ~1d#s0A, which is close to the dipolar
density in some of the zwitterionic model biomenmas (Table 5.5). The whole sample
however, is neutral.

In our G samples (x=320, 500, 720, 1500), we calculateatheunt of partial
charge that must add to individual molecules. Weereven number of carbon-like atoms
in each case therefore we have half of them tpgsitive charge and the other half to get
negative charge. This makes the overall structutgetneutral. Table 5.4 has the value of

partial charges in each case that are evenlyllig&d over all carbon-like atoms.

Table 5.4.Partial charge values on different confinements.

Sample C320 C500 C720 C1500

Partial charges + 0.0875 +0.088 +0.089 + 0.0888
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These charged nano-spheres are interesting to beechuse the results of their
study can be compared with well known Molybdenursdoananocapsules that are based
on very robust structure of [Pentagp(llinker)spand can be modified in different ways.
In these structures each pentagonal unit is cantpisix Mo-atoms. Using different
functional groups (i.e. PHOS and ACET) for interdayer of these nanocapsules,
experimentalists made respectively hydrophilic anlydrophobic  spherical
confinement¥’®® Water trapping during the synthesis of these anmgs made it
possible to study water dynamics in well orderguhesical, confinements. For example,
this is structural formula for these nanocpsules:

[(NH2)3Cls2(H20)10o{ (NH 2)3C}26{(M0)MO 5021(H20)6} 1{M0 204(SOs)} 1{M0 204(H2P O,)} 20

Also we calculate diffusion coefficients by intetjoa of velocity autocorrelation
functions, VACF, (Figures 5.17a,b-5.18a,b-5.19a288,b). Also we calculate mean
square displacement, MSD. As it is clear from tsults, especially Figure 5.19b, there
is a ballistic motion followed by almost linear riwot of water molecules, but because of
confinement as it is clear from Figures 5.17b ariBB, MSD reaches to an almost

constant value.

As another dynamics property we calculate rotatioetaxation times using
second Legendre polynomialy(B, (Figures 5.21a,b,c,d). We switch ensemble YWEN
that is more reliable for studying the dynamicsydtems from simulations starting from
well equilibrated configurations. However, theraismall difference between the results
of calculation in NVT and NVE ensemble. For examfde neutral hydrophilic C320
sample with NVT we got 0.7 ps and with NVE we g @s for rotational relaxation
time. Table 5.5 has the results of dynamics ptasecalculated in NVE ensemble for
hydrogen bond life times, diffusion coefficientsdanotational relaxation time. For
comparison purpose Table 5.6 shows the simulatsnlts of bulk SPC/E water from
literatures.
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Figure 5.17.C320 sample with 20 water molecules (blue) hydraphind (red) hydrophobic. a)
Velocity auto-correlation function, b) Mean squdigplacement. Inset shows MSD up to 5 ps.
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Figure 5.18.C500 sample with 57 water molecules (blue) hydraphind (red) hydrophobic. a)

Velocity auto-correlation function, b) Mean squdrgplacement. Inset shows MSD up to 10 ps.
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Figure 5.19.C720 sample with 100 water molecules (blue) hydilapand (red) hydrophobic. a)
Velocity auto-correlation function, b) Mean squdisplacement.
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Figure 5.20.C1500 sample with 500 water molecules (blue) hyditapand (red) hydrophobic.

a) Velocity auto-correlation function, b) Mean sgudisplacement.
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Figure 5.21. Second Legendre polynomial to calculate rotatioredhxation times, (blue)
hydrophilic and (red) hydrophobic and (green) chdrgamples. a) C320 sample with 20 water
molecules. b) C500 sample with 57 water molecudg£720 sample with 100 water molecules.
d) C1500 sample with 500 water molecules.
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Table 5.5.The results of MD simulation in NVE ensemble fgdiogen bonds dynamics),
diffusion coefficients (D) and rotational relaxatimes €;otation) at 300K for hydrophobic and

hydrophilic and charged samples.

NVE THB (pS) tReformin&pS} DXlUS m2/S Trotation(ps)
Philic/charge 6.€ 1.0¢ 0.4 1.C
C320 _
Philic/nettral 6.4 0.9 0.4¢ 0.€
20 water :
Hydrophobi 6.¢ 112 0.t 1.2
Philic/charge 6.2 1.37 0.z 1.4
C500 _
Philic/neutra 6.2 0.82 0.4 1.2
57 water _
Hydrophobi 6.5 0.89 0.€ 2.C
Philic/charge 3.€ 1.28 0.t 1.6
C720 _
Philic/neutra 3.7 1.01 1.C 1.t
100 water, _
Hydrophobi 4.0 0.83 0.z 2.2
Philic/charge 4.7 1.47% 0.17 3.7
C1500 _
Philic/neutra 3.€ 1.1% 0.1¢ 2.7
500 water _
Hydrophobi 3.z 1.1¢ 0.32 2.2

Table 5.6.The results of MD simulation for SPC/E bulk waaéeT=300K.
SPCI/E T (PS] | tretormindPS]) | DX10° NMY/S | Trotatio PS)
Bulk Water 1.7 1.1%° 0.24°4 1,491

From the results obtained for dynamics propertasdifferent confinement sizes, it is
clear that there is insignificant difference in ®ratdynamics confined within these
different samples. Considering system sizes andbeurof water molecules we can
definitely say that this is not due to smallnessthifse samples. Therefore there is a
distinct difference between hydration water outditle spheres (studied by Baglithi
and water confined inside the spheres. We havasonable explanation of what is this

difference due to. A water molecule outside of spere (which is a usual hydration

74



water), has a force and there is attraction betwgdrere and this molecule. In other
words, net force on this water molecule is actim@ttract it to the surface. However, a
water molecule inside the sphere has a force guititowards all atoms of the sphere in
all directions and so the net force is pretty mbalanced out, i.e. it is weak. That means
molecules inside these spheres are more free téatules outside, because force from
opposite directions will greatly balance (Figure2Z. This is about radial (i.e.

perpendicular) motion, but lateral motion will hawells and bumps, depending on
surface roughness/heterogeneity. The interior saré@an be very smooth or less smooth
(as it can be seen from snapshots). If inside g genooth it would be easy to move

laterally but water may be less attracted to théasea because it is affected by the other
side of the surface. That means that we shouldotxpelifference between lateral and
radial motions/diffusion for a water cluster insidenfined spheres that calls for

calculating separately,@nd D, which is left for future work.

Figure 5.22.Water inthe confinement feels attraction and repulsion fedihcage’s atoms in all
different directions.

Our results in Table 5.5 show that we got diffustoefficients (which in our case
are overall diffusion constants) that in some caaes bigger than the bulk value,
especially for smaller confinements. Berne and ookers® have calculated lateral and
radial diffusion for a system of rectangular coefimeent with a flat interface that
D.,#Dx=Dyy and they found R=D,,=Dy~0.84%ps and for R=D.~0.5A%ps which
means diffusion coefficient close to the interfasebigger than the one far from the
interface (i.e. bulk water). For bulk water theymqte the diffusion coefficients in slabs
of water of width 3.5 A perpendicular to the z-aaisd they found R = 0.30+ 0.02
A?lps and [y = 0.30+ 0.02 RIps and for homogeneous system using Einsteiniaelat
they found D = 0.307 #ps. We have a possible explanation for our resdtsed on
Berne’s results. In these nanospheres water draplatnanoscale size and since nano-

size materials have high surface to volume ratierdfore the most portion of water
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molecules are located on the outer layer of theldtqi.e. surface of the droplet) and
therefore the most molecules are interfacial waelecules (i.e. they are near the
interface either solid interface in the case dédilconfinement or vapour-solid interface
in the case of patrtially filled samples that disad a little later). According to Berne’s
results the diffusion coefficient of these interéhavater molecules is bigger than the
bulk value and even though the diffusion coeffititar the molecules of inner layers is
smaller than the bulk value, the overall value Wi bigger than the bulk value. Near
interface, the number of hydrogen-bonds decreasespared to the bulk value, therefore
fewer hydrogen-bonds reduce the effective frictielh by the water molecules, resulting
in a larger diffusion coefficient. Of course in tb&se of spherical confinement this effect
will enhance, since interfacial water molecules #re majority of total molecules.

Therefore higher diffusion coefficient would be exfed compare to rectangular
confinement. In our case the geometry of these imemfents makes it easier for
molecules to move and continue to move. Rotatioglalxation times in Table 5.5 also
differ compared to the bulk water value that hasnbeeported by experimentalists“as

Trotatioant2.-8PS.

In third column of Table 5.5 we have reported tioteal relaxation times. As a
first thought it might be confusing why reorientetal times are faster than hydrogen
bond life times. This argument is relevant for bulater since water molecules need to
break few hydrogen bonds in order to be able tateotin bulk water all water molecules
are attached to others through hydrogen bonds. kawie the case of confined water
especially nanoscale confinement, question camb&ered considering large number of
interfacial water molecules that are not as binchdsulk water because interfacial water
molecules have dangling OH bonds (especially itigdby filled, like our C720 sample,
or hydrophobic confinements that interface is proraed) but water molecules in the
bulk do not have that. Therefore interfacial watelecules are more free to rotate and
although rotation is a local process, actually dagtiffusion that has been discussed
before, might help them to rotate even faster. phagperty has been proved recently by

experimentalists at AMOLF using femtosecond vilmmadil spectroscopy.
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Another question might be raised about these vedfinanodroplets is whether
these water molecules stay in a cluster and therefliowing a collective motion or they
don’t. As one knows cluster undergoes thermal moé#ind it is easier to see this in a
partially filled pore than in a fully filled porejut in both cases molecules move with
exactly the same kinetic energy. In the filled ¢mey have spatial constrains that prevent
us to see this as clearly as in the partiallydilmse. Therefore in order to find the right
answer to this question we made a partially fikagnple on purpose which is C720 with
100 water molecules, and then we calculate thamtst between all pairs. We plot the
average distance between a molecule and all otb&coles over time. This was done
for two molecules, molecule 1 and molecule 2 arghtiwve plot the average distance
versus number of frames that is an indicationrogtilt is clear from Figure 5.23 that the
distance remains almost the same. Therefore wdummithat in the case of partial filled
confinement (Figure 5.24), waters remaining themfoof tight cluster to minimize

interfacial free energy.

20

e
N
1

Distance (A)
S
B
S

N
T

% 10 20 30 20

Frame Number
Figure 5.23.Average distance between a water molecule arattedr water molecules over time
for partially filled sample C720 with 100 water raoules inside. X-axis is number of frames
which are 40 and the total time is 100 fs. Tick cetbr shows the average of averaged distance

for moleculel and molecule2.
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Figure 5.24.Snapshot of partial filled sample, charged C72® W00 water molecules inside.

Figure 5.24 is a snapshot of simulation box forrghd C720 with 100 water molecules.
As it was seen during the whole simulation watetemges stay together for the entire
time, that is suggesting a cluster motion but beeanf its thermal motion this cluster is
rolling around the wall.

Comparing real nanocapsuiésiith our system, we should notice of few Mo atattmast
are distributed around the sphere. Therefore itamsider lateral motion of water close
to wall, there must be some points close to Mo atdhat are slowing down water
motion. As a result we expect an additional timelescelated to this type of motion. We
can mimic this behaviour by replacing partial cleadistribution of all atoms with only

two charges as a dipole (with the same densityefgd) or having a quadrupole instead.

Conclusion. From our results we can conclude having hydrophdi hydrophobic
sample do not make any significant difference inaidyic properties. The reason is all
forces applied to molecules inside these sphecaafinements from different directions
are balanced out that is an interesting and nedirfign The only simulation study on
similar systenis considered only the hydrophilic sample thereftveytwere not able to
distinguish this. We considered different sizestlué spherical confinement and we
realized that in the case of smaller confinemengesthe ratio of surface molecules to
bulk molecules is high, the overall diffusion i®gter than the bulk value. On the basis of

the current data we have so far we may predictwaefined in G based nanospheres
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(x=320, 500, 720, 1500) can show up to three diffetime scales: first one is a small
time scale related to hydrogen bonds dynamics,mgeisoa time scale related to slowing
down motion by charged atoms and third one is & teale of collective motion when
the whole droplet can stay as a cluster. To vadiddtese prediction additional

computations will need to be performed.

Future tasks that need to be completedCalculation of lateral diffusion and comparing
with radial and overall diffusion to get more d&taabout water dynamics inside
spherical nano confinements is planned. Also uSC code to get the right number
of water molecules inside each of hollow buckyhadisd recalculate all properties based
on that is another interest. Replacing partial gaafistribution of all atoms with a dipole
or a quadrupole with the same density as origiharged sample is among the future

works too.
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Appendix I

The whole sets of surfaces for topological hetemegg (with radius of patch in each
case) with snapshots of water droplet on correspgrslirfaces.
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Appendix I

Table formT Werder, J H Walther, R L Jaffe, T Halicioglu aRd<oumoutsakos; “On

the water-carbon interaction for use in MD simuas of graphite and carbon
nanotubes”J. Phys. Chem.,B 07,2003 1345-1352.

TABLE 2: Overview of the MD Simulations of Water
Droplets on Graphite”

case  Jeoo co OcE  €cH N0 AE rg O (deg)
1 3.190 03135 2000 —507 253 1113
28 3190 03135 2000 —5.07 257 1100
3¢ 3190 03135 2000 253 1112
49 3190 03135 2000 —507 243 1145
5 3190 03135 1000 —507 17.7 1155
6 3190 03135 4000 —5.07 325 1092
7 3190 03135 8379 —5.07 418 1088
§ 3190 03135 17576  —5.07 540 107.7
9 3190 04389 1000 —7.09 242 859
10 3190 04389 2000 —7.09 328 855
11 3190 04389 4000 —7.09 422 826
12 3.190 04389 8379 =709 544 81.1
13 3190 0.1881 1000 —304 109 1433
14 3190 0.1881 2000 —3.04 164 1388
15 3190 0.1881 4000 —3.04 195 1413
16 3190 0.18581 8379 —3.04 269 1381
17 3190 0.2508 2000 —4.05 201 1278
18 3.190 0.3762 2000 —6.08 282 1012
19 3190 05016 2000 —8.11 374 699
20 3190 0.5643 2000 —9.12 446 50.7
21 3.190 06270 2000 —10.13 580 204
22 3190 03910 282 0253 2000 —12.18 0.0
23 3280 03890 281 0.129 2000 =970 424 559
24 3275 04785 2000 —8.12 394 654
25 3296 05781 258 0323 2000 —16.54 0.0
26 3275 04785 2000 —8.12 467 48.0
27 3296 04389 2000 —7.53 356 76.8
28 3.190 03920 2000 —6.33 3041 953

@ The water—carbon interaction 1s modeled through Lennard-Jones
potentials with parameters eco (kJ mol™), gco (A), ecy (kJ mol-1),
and ey (A). The resulting binding energy of a water molecule on a
double layer of graphite 1s denoted by AE (kT mol™!). Ny is the
number of water molecules in the droplets, and »g and & are the droplet
base radius and the contact angle as obtained from the sinmlation * Case
1 with a cutoff radius of 25 A for the electrostatics. ¢ Case 1 with
flexible graphite. ¢ Case 1 with different initial conditions. ¢ Case 24
with the TIP3P water model.
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Appendix IlI:

v=60000.
write(*,*)'input z'

read(*,*)z
do z=24,0,-.2
pi=3.14159
rs=0.
do i=1,10001
rsold=rs
zcomold=zcom
cosb=(i-1)*.0002-1.
b=2.-3.*cosb+cosb**3
r=(3.*v/pi/b)**(1./3.)
sinb=sqrt(1.-cosh**2)
rs=r*sinb
h=r*(1-cosb)

new zCOM equation
zc=h-r
z1=h**2*r**2/2 -h**4/4.+2 *h**3/3.*zc-h**2*zC
z22=h*r**2-h**3/3.+h**2*zc-h*zc**2
zcom=z1/z2
drdz=(rs-rsold)/(zcom-zcomold)
if(zcom.It.z)goto 3
if(i.eq.10000)write(*,*)'no solution’
enddo
write(*,*)cosb,180./pi*acos(cosb),rs,drdz,h,z
write(12,*)cosb,180./pi*acos(cosb),rs,drdz,h,
if(i.eq.1l)write(*,*)'no solution'
write(13,*)z,rs,drdz
enddo
stop
end
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Appendix IV 2
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Fig. 4 Experimental data from Fig. 3 presented in the characteristic
hydrodynamic scale 0% versus V. The solid lines are the best fits of the
hydrodynamic model to the data in the low velocity range. The best fits
in the high velocity range are shown in the insets. The hydrodynamic
parameters are given in Table 2.

Table 2 Hydrodynamic parameters for ionic liquids spreading on Teflon AF1600 surfaces

EMIM BF, BMIM BF, OMIM BF, EMIM NTf, BMIM NTf, HMIM NTE,
High velocity range In L/Lg 8.6 7.1 6.5 11.2 10.4 8.6
0P 120 112 107 95 89 97
Low velocity range In L/Lg 154 12.1 9.0 159 133 12.8
oHP 108 98 86 87 84 79
0a 104 95 80 83 78 75
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Fig. 5 Experimental data from Fig. 3 presented as cos( versus V
(logarithmic scale). The solid lines show the best fits of the MK model

to data over the whole velocity regime. MK parameters are given in
Table 3.

Table 3 MK parameters for ionic liquids spreading on Teflon
AF 1600 surfaces

EMIM BMIM OMIM EMIM BMIM HMIM
BF, BF, BF, NTf,  NTf,  NTh

0,M</7 105 99 83 85 81 78
ko/MHz 7.2 3.5 1.0 12.8 10.0 4.8
//nm 0.9 0.9 0.9 0.8 0.8 0.8
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Appendix V:

Subroutines developed in Dr. Luzar’s group to useni DLPOLY:

Original codes adapted from Christopher Daub fotk bwater and modified by
Jamileh Seyed-Yazdi to use for water in the comfielt, last modifications January
2010.

Hydrogen-bond correlation functions:

SUBROUTINECORRH2OQ(DELTO,DELT, XXX,YYY,ZZZ NSTEP,NSTEQL,
ICTSUM,INTSUM,IRTSUM,IBIGRTSUM,IHO,IHOPOINT, IHOLIST,
. IBIGHO,IHT,IBIGHT,NTIMEC, TSTEP,CELL,NTO,ITO
: ROOWMAX,ROOMAX,ROHMAX,COSMIN,DOH,HAVSUM, HSUMSUM
: HSUMTOTAV,NNBSUM,NNBAYV,BIGHAVSUM,BIGHSUMSUM ,BIGHSUMTOTAY,
. HBLIP,BIGHBLIP)

Subroutine to calculate time correlation function s for H20
simulations. Calculates c(t) and k(t).
Kr(t), <Hdot(O)H(t)>/<H>
INCLUDE 'dl_params.inc'
------------- INTEGER DECLARATIONS ----------
INTEGER NSTEP,NSTEQL,NRUN, DELT
INTEGER 11, 12, 1l, J1, JO, JP, JF, T, DT
INTEGER JBEG, JEND
INTEGER JOBEG, JOEND, JOPBEG, JOPEND, JOFBEG, JOFE ND
INTEGER NNBSUM, DELTO, NTO,ITO, TOIDX
INTEGER HSUM, HSUMSUM
INTEGER BIGHSUM, BIGHSUMSUM
INTEGER HBLIP, BIGHBLIP
DIMENSION NTIMEC(MAXNC)
C e Neighbour list stuff--------------
DIMENSION IHOLIST(MAXNB,MAXNTO)
DIMENSION IHOPOINT(MXMOLS,MAXNTO)
INTEGER*1 IHO(MAXNB,MAXNTO), IHT(MAXNB)
INTEGER*1 IBIGHO(MAXNB,MAXNTO), IBIGHT(MAXNB)
INTEGER*1 IHOLD(MAXNB), IBIGHOLD(MAXNB)
DIMENSION ICTSUM(MAXNC), INTSUM(MAXNC)
DIMENSION IRTSUM(MAXNC), IBIGRTSUM(MAXNC)
C - REAL DECLARATIONS ---------------
DOUBLE PRECISION NBAV, NNBAV
DOUBLE PRECISION HAV, HTOTAV, HAVSUM, HSUMTOTAV
DOUBLE PRECISION BIGHAV, BIGHTOTAYV, BIGHAVSUM, BIG HSUMTOTAV
DOUBLE PRECISION TSTEP, TSAMP, L, RTEMP
DOUBLE PRECISION X00,Y00,Z00
DOUBLE PRECISION XOH1, YOH1, ZOH1
DOUBLE PRECISION XOH2, YOH2, ZOH2
DOUBLE PRECISION XOH3,YOH3,ZOH3
DOUBLE PRECISION XOH4,YOH4,Z0H4
DOUBLE PRECISION ROOSQ, ROH1SQ, ROH2SQ, ROH3SQ, ROH4SQ
DOUBLE PRECISION COS
C ---These are the HB criteria, read in from the 'C ONTROL' file:
DOUBLE PRECISION ROOWMAX, ROOMAX, ROHMAX, COSMIN

O 000
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ONQ]

DOUBLE PRECISION ROOWMAXSQ, ROOMAXSQ, ROHMAXSQ

—————————————— H20 internal geometry:-----------
DOUBLE PRECISION DOH, DOHSQ

DIMENSION CELL(9)

DIMENSION XXX(MXATMS), YYY(MXATMS), ZZZ(MXATMS)

ROOWMAXSQ = ROOWMAX*ROOWMAX
ROOMAXSQ = ROOMAX*ROOMAX
ROHMAXSQ = ROHMAX*ROHMAX
DOHSQ = DOH*DOH
L = CELL(1)
NRUN = 1 on first call on 1st step after eq,
+1 for each call.
NRUN = (NSTEP - NSTEQL - 1)/DELT + 1
Initialize on the first call:
IF (NRUN .EQ. 1) THEN
DO 1=1, MAXNC
ICTSUM(l) =0
INTSUM(l) =0
IRTSUM(l) =0
IBIGRTSUM() =0
NTIMEC(l) =0
ENDDO
DO |1 =1, MAXNB
IHOLD(l) =0
IBIGHOLD(l) =0
DO J =1, MAXNTO
IHO(1,J) =0
IBIGHO(I,J) =0
IHOLIST(1,J) =0
ENDDO
ENDDO
NTO=0
ITo=1
HAV = 0.0D0
HAVSUM = 0.0D0
BIGHAYV = 0.0D0
BIGHAVSUM = 0.0D0
HSUMSUM =0
BIGHSUMSUM =0
NNBSUM =0
IHOLD is the past value of IHT, needed for the bl
ELSE
DO I =1, MAXNB
IHOLD(I) = IHT(I)
IBIGHOLD(l) = IBIGHT(I)
ENDDO
ENDIF
Reset HSUM, IHT, IBIGHT to zero every time:
HSUM =0
BIGHSUM =0
DO | =1, MAXNB
IHT(D =0
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IBIGHT(l) = 0
ENDDO

C Check if a new TO is being added whether NRUN>MAX

IF (NRUN .LE. MAXNC) THEN
IF (NRUN. EQ. 1) .OR.
(MOD(NRUN-1,DELTO/DELT).EQ.0))THEN
NTO = NTO + 1
ENDIF
ELSE
IF (MOD(NRUN-1, DELTO/DELT) .EQ. 0) THEN
ITO = MOD((NRUN-1)/(DELTO/DELT),NTO) + 1
DO Il = 1, MAXNB

IHO(I1,ITO) = 0
IBIGHO(II,ITO) = 0
ENDDO

ENDIF

ENDIF

C Neighbour list.
C Neighbour list update interval = DELTO
IF (NRUN .EQ. 1) .OR.
: (MOD(NRUN-1,DELTO/DELT) .EQ. 0)) THEN
C zero the I1 counter:
11=0
C Look for neighbours:
DOI=1, MXMOLS - 1
IF (NRUN .LE. MAXNC) THEN
IHOPOINT(I,NTO) =11 + 1
ELSE
IHOPOINT(I,ITO) =11 + 1
ENDIF
DO Il = I+1, MXMOLS
XOO0 = DABS(XXX(320+3*1-2) - XXX(320+3*I-2))
IF (XOO .GT. L/2) XOO = L-XOO0
YOO = DABS(YYY(320+3*1-2) - YYY(320+3*1I-2))
IF (YOO .GT. L/2) YOO = L-YOO
Z0OO0 = DABS(ZZZ(320+3*I-2) - ZZZ(320+3*11-2))
IF (ZOO .GT. L/2) ZzOO = L-Z0O0
ROOSQ = XOO*XOO0 + YOO*YOO + ZO0*Z00
IF (ROOSQ .LT. ROOWMAXSQ) THEN
1=11+1
IF (NRUN .EQ. 1) .OR.

(MOD(NRUN-1,DELTO/DELT).EQ.0))THEN

IF (NRUN .LE. MAXNC) THEN
IHOLIST(11,NTO) = I
ELSE
IHOLIST(I11,ITO) = I
ENDIF
ENDIF
ENDIF
ENDDO
ENDDO
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O 000

IF (NRUN .LE. MAXNC) THEN
IHOPOINT(MXMOLS,NTO) = 11+1
ELSE
IHOPOINT(MXMOLS,ITO) = 11+1
ENDIF
ENDIF
End of Neighbour list!
checking the pairs with ROO < ROOWMAX to see if a
4 ROH's are < ROHMAX, and then check the appropri
DO 1=1, MXMOLS - 1
Neighbours of molecule I
IF (NRUN .LE. MAXNC) THEN
JBEG = IHOPOINT(I,NTO)
JEND = IHOPOINT(I+1,NTO) - 1
ELSE
JBEG = IHOPOINT(I,ITO)
JEND = IHOPOINT(I+1,ITO) - 1
ENDIF

IF (JBEG .LE. JEND) THEN
DO J1 = JBEG, JEND
IF (NRUN .LE. MAXNC) THEN
Il = IHOLIST(J1,NTO)
ELSE
Il = IHOLIST(J1,ITO)
ENDIF
XOO = DABS(XXX(320+3*1-2) - XXX(320+3*1-2))
YOO = DABS(YYY(320+3*-2) - YYY(320+3*11-2))
ZOO = DABS(ZZZ(320+3*-2) - ZZZ(320+3*11-2))
IF (XOO .GT. L/2) XOO=X0O-L
IF (YOO .GT. L/2) YOO=YOO-L
IF (ZOO .GT. L/2) ZOO=Z0O0-L
ROOSQ = XOO*X0O0 + YOO*YOO + ZO0*Z0OO
IF (ROOSQ .LT. ROOMAXSQ) THEN
IBIGHT(J1) = 1
BIGHSUM = BIGHSUM + 1
IF (NRUN .EQ. 1) .OR.

(MOD(NRUN-1,DELTO/DELT).EQ.0))THEN

IF (NRUN .LE. MAXNC) THEN
IBIGHO(J1,NTO) = 1
ELSE
IBIGHO(J1,ITO) = 1
ENDIF
ENDIF
XOH1 = DABS(XXX(320+3*1-2) - XXX(320+3*Il-
YOH1 = DABS(YYY/(320+3*-2) - YYY(320+3*I-
ZOH1 = DABS(ZZZ(320+3*-2) - ZZZ(320+3*II-
IF (XOH1 .GT. L/2) XOH1 = L-XOH1
IF (YOH1 .GT. L/2) YOH1 = L-YOH1
IF (ZOH1 .GT. L/2) ZOH1 = L-ZOH1
XOH2 = DABS(XXX(320+3*1-2) - XXX (320+3*I1)
YOH2 = DABS(YYY/(320+3*1-2) - YYY(320+3*Il)
ZOH2 = DABS(ZZZ(320+3*1-2) - ZZZ(320+3*Il)
IF (XOH2 .GT. L/2) XOH2 = L-XOH?2
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IF (YOH2 .GT. L/2) YOH2 = L-YOH2
IF (ZOH2 .GT. L/2) ZOH2 = L-ZOH2

XOH3 = DABS(XXX(320+3*1-1) - XXX(320+3*Il- 2))
YOH3 = DABS(YYY/(320+3*-1) - YYY(320+3*I- 2))
ZOH3 = DABS(ZZZ(320+3*-1) - ZZZ(320+3*II- 2))

IF (XOH3 .GT. L/2) XOH3 = L-XOH3
IF (YOH3 .GT. L/2) YOH3 = L-YOH3
IF (ZOH3 .GT. L/2) ZOH3 = L-ZOH3

XOH4 = DABS(XXX(320+3*) - XXX (320+3*11-2) )
YOH4 = DABS(YYY(320+3*) - YYY(320+3*11-2)
ZOH4 = DABS(ZZZ(320+3*1) - ZZZ(320+3*I-2) )

IF (XOH4 .GT. L/2) XOH4 = L-XOH4
IF (YOH4 .GT. L/2) YOH4 = L-YOH4
IF (ZOH4 .GT. L/2) ZOH4 = L-ZOH4
ROH1SQ = XOH1*XOH1 + YOH1*YOH1 + ZOH1*Z0OH1
ROH2SQ = XOH2*XOH2 + YOH2*YOH2 + ZOH2*Z0OH2
ROH3SQ = XOH3*XOH3 + YOH3*YOH3 + ZOH3*ZOH3
ROH4SQ = XOH4*X0OH4 + YOH4*YOH4 + ZOH4*Z0OH4

IF (ROH1SQ .LT. ROHMAXSQ) THEN
COS = (ROOSQ + DOHSQ - ROH1SQ)/(2*DSQRT( ROOSQ)*DOH)
IF (COS .GT. COSMIN) THEN
HSUM = HSUM + 1
IHT(J1) = 1
IF (NRUN.EQ.1).0OR.
(MOD(NRUN-1,DELTO/DELT).EQ.0))THEN
IF (NRUN .LE. MAXNC) THEN
IHO(J1,NTO) = 1
ELSE
IHO(J1,ITO) = 1
ENDIF
ENDIF
ENDIF
ELSE IF (ROH2SQ .LT. ROHMAXSQ) THEN
COS = (ROOSQ + DOHSQ - ROH2SQ)/(2*DSQRT( ROOSQ)*DOH)
IF (COS .GT. COSMIN) THEN
HSUM = HSUM + 1
IHT(J1) = 1
IF (NRUN .EQ. 1) .OR.
(MOD(NRUN-1,DELTO/DELT).EQ.0))THEN
IF (NRUN .LE. MAXNC) THEN
IHO(J1,NTO) = 1
ELSE
IHO(J1,ITO) = 1
ENDIF
ENDIF
ENDIF
ELSE IF (ROH3SQ .LT. ROHMAXSQ) THEN
COS = (ROOSQ + DOHSQ - ROH3SQ)/(2*DSQRT( ROOSQ)*DOH)
IF (COS .GT. COSMIN) THEN
IHT(J1) = 1
HSUM = HSUM + 1
IF (NRUN .EQ. 1).0R.
(MOD(NRUN-1,DELTO/DELT).EQ.0))THEN
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IF (NRUN .LE. MAXNC) THEN
IHO(J1,NTO) = 1
ELSE
IHO(J1,ITO) = 1
ENDIF
ENDIF
ENDIF
ELSE IF (ROH4SQ .LT. ROHMAXSQ) THEN
COS = (ROOSQ + DOHSQ - ROH4SQ)/(2*DSQRT( ROOSQ)*DOH)
IF (COS .GT. COSMIN) THEN
IHT(J1) = 1
HSUM = HSUM + 1
IF (NRUN .EQ. 1).0R.
(MOD(NRUN-1,DELTO/DELT).EQ.0))THEN
IF (NRUN .LE. MAXNC) THEN
IHO(J1,NTO) = 1
ELSE
IHO(J1,ITO) = 1
ENDIF
ENDIF
ENDIF
ENDIF
ENDIF
ENDDO
ENDIF
ENDDO

Calculation of <h> based on the last sample confi guration;
HAV = 2.0D0*DBLE(HSUM) / DBLE (MXMOLS*(MXMOLS-1))
NBAV = avg. number of h bonds per molecule, witho ut
double counting (about 3/2=1.5)
NBAV = DBLE(HSUM)/DBLE(MXMOLS)
Accumulate HAVSUM, and HSUMSUM, and NNBSUM, the t otal
number of neighbours:
BIGHAV = <H>, avg. # of neighbours per H20:
BIGHAV = 2.0D0*DBLE(BIGHSUM) / DBLE(MXMOLS*(MXMOLS -1))
HAVSUM = HAVSUM + HAV
HSUMSUM = HSUMSUM + HSUM
BIGHAVSUM = BIGHAVSUM + BIGHAV
BIGHSUMSUM = BIGHSUMSUM + BIGHSUM
IF (NRUN .LE. MAXNC) THEN
NNBSUM = NNBSUM + IHOPOINT(MXMOLS,NTO) -1
ELSE
NNBSUM = NNBSUM + IHOPOINT(MXMOLS,ITO) -1
ENDIF
C h and h(0) and H and H(0) done
IF (NRUN .GT. 1) THEN
DOI=1, MXMOLS -1
IF (NRUN .LE. MAXNC) THEN
JBEG = IHOPOINT(I,NTO)
JEND = I[HOPOINT(I+1,NTO) - 1
ELSE
JBEG = IHOPOINT(I,ITO)
JEND = IHOPOINT(I+1,ITO) - 1

OO0 00 00
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ENDIF
IF (JBEG. LE. JEND) THEN
IF (MOD(NRUN-1,DELTO/DELT).EQ.0) THEN
IF (NRUN .LE. MAXNC) THEN
JPBEG = IHOPOINT(I,NTO0-1)
JPEND = I[HOPOINT(I+1,NTO-1) - 1
ELSE
IF (ITO .EQ. 1) THEN
JPBEG = IHOPOINT(I,NTO)
JPEND = IHOPOINT(I+1,NTO) - 1
ELSE
JPBEG = IHOPOINT(I,ITO-1)
JPEND = IHOPOINT(1+1,ITO-1) - 1
ENDIF
ENDIF
DO J = JBEG,JEND
IF (JPBEG .LE. JPEND) THEN
DO JP = JPBEG,JPEND
IF (NRUN .LE. MAXNC) THEN
IF (IHOLIST(J,NTO0).EQ.IHOLIST (JP,NTO-1))THEN
IF (IHT(J) .NE. IHOLD(JP))
HBLIP = HBLIP + 1
IF (IBIGHT(J) .NE. IBIGHOLD (IP))
BIGHBLIP = BIGHBLIP + 1
ENDIF
ELSE
IF (ITO .EQ. 1) THEN
IF (IHOLIST(J,1).EQ.IHOLIST(JP,NTO)) THEN
IF (IHT(J) .NE. IHOLD(JP)
HBLIP = HBLIP + 1
IF (IBIGHT(J) .NE. IBIGHO LD(JIP))
BIGHBLIP = BIGHBLIP + 1
ENDIF
ELSE
IF(IHOLIST(J,IT0).EQ.IHOLIST(JP,ITO-1)) THEN
IF (IHT(J) .NE. IHOLD(JP) )
HBLIP = HBLIP + 1
IF (IBIGHT(J) .NE. IBIGHO LD(JIP))
BIGHBLIP = BIGHBLIP + 1
ENDIF
ENDIF
ENDIF
ENDDO
ENDIF
ENDDO
ELSE
DO J = JBEG, JEND
IF (IHT(J) .NE. IHOLD(J)) HBLIP = HBLIP + 1
IF (IBIGHT(J) .NE. IBIGHOLD(J))
BIGHBLIP = BIGHBLIP + 1
ENDDO
ENDIF
ENDIF
ENDDO
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ENDIF

n(t), and kin(t), with BIGHT, also r(t) and R(t)

DT=1 if t=t0.
DO T =1, NTO
IF (NRUN .LE. MAXNC) THEN
DT = NRUN - (DELTO/DELT)*(T-1)
TOIDX =T
ELSE
DT = MOD(NRUN,MAXNC) + (DELTO/DELT)*(NTO-T-ITO +1)
IF (DT.LT.1) DT = DT + MAXNC
TOIDX = MOD(T+ITO,NTO)
IF (TOIDX .EQ. 0) TOIDX = NTO
ENDIF

DOI1=1, MXMOLS -1

IF (NRUN .LE. MAXNC) THEN

JBEG = IHOPOINT(I,NTO)

JEND = IHOPOINT(I+1,NTO) - 1
ELSE

JBEG = IHOPOINT(I,ITO)

JEND = I[HOPOINT(I+1,ITO) - 1
ENDIF
JOBEG = IHOPOINT(I, TOIDX)
JOEND = IHOPOINT(I+1,TOIDX) — 1

IF (JBEG .LE. JEND) THEN
DO J1 = JBEG, JEND
NTIMEC(DT) = NTIMEC(DT) + 1
IF (JOBEG .LE. JOEND) THEN
DO JO = JOBEG, JOEND
IF (NRUN .LE. MAXNC) THEN
IF (IHOLIST(J1,NTO) .EQ. IHOLIST(JO,TOID X)) THEN
IRTSUM(DT)=IRTSUM(DT)
+ IBIGHT(J1)*IBIGHO(JO, TOIDX)
IBIGRTSUM(DT) = IBIGRTSUM(DT)
+ IBIGHT(J1)*IHO(JO, TOIDX)
ICTSUM(DT) = ICTSUM(DT)
+ IHT(J1)*IHO(JO, TOIDX)
INTSUM(DT) = INTSUM(DT)
+ (1-IHT(J1))*IHO(JO, TOIDX)*IBIGHT(J1)
ENDIF
ELSE
IF (IHOLIST(J1,ITO) .EQ. IHOLIST(JO, TOIDX)) THE N
IRTSUM(DT)=IRTSUM(DT)
+ IBIGHT(J1)*IBIGHO(JO, TOIDX)
IBIGRTSUM(DT) = IBIGRTSUM(DT)
+ IBIGHT(J1)*IHO(JO, TOIDX)
ICTSUM(DT) = ICTSUM(DT)
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+ IHT(J1)*IHO(JO,TOIDX)
INTSUM(DT) = INTSUM(DT)
+ (1-IHT(J1))*IHO(JO,TOIDX)
ENDIF
ENDIF
ENDDO
ENDIF
ENDDO
ENDIF
ENDDO
print *, t, dt, t0idx, ntimec(dt)
ENDDO
HTOTAV = HAVSUM / DBLE(NRUN)

HSUMTOTAYV = DBLE(HSUMSUM) / DBLE(NRUN)
BIGHTOTAV = BIGHAVSUM / DBLE(NRUN)
BIGHSUMTOTAYV = DBLE(BIGHSUMSUM) / DBLE(NRUN)

NNBAV = DBLE(NNBSUM) / DBLE(NRUN)
RETURN
END
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Mean square displacement and velocity auto-correlain functions:

SUBROUTINE DIFF(NATMS,DELTO,XXX,YYY,ZZZ,XT0,YT0,ZTO ,
: VXX, VYY,VZZ VX0,VY0,VZO,NSTEP,NSTEQL,
PMSD,VACF,PMSDAV,VACFAV,NTIME,CELL,NTO)
INCLUDE 'dl_params.inc'
INTEGER NATMS, NSTEP, NSTEQL, NSRUN,I,J,K,T
INTEGER DELTO, NTO, DT
DIMENSION NTIME(MAXSTP)
DOUBLE PRECISION L, DX, DY, DZ
DIMENSION CELL(9)
DIMENSION XTO(MXATMS,MAXNTO),YTO(MXATMS,MAXNTO)
DIMENSION ZTO(MXATMS,MAXNTO)
DIMENSION VXO(MXATMS,MAXNTO0),VYO(MXATMS,MAXNTO)
DIMENSION VZO(MXATMS,MAXNTO)
DIMENSION XXX(MXATMS),YYY (MXATMS),ZZZ(MXATMS)
DIMENSION VXX(MXATMS),VYY (MXATMS),VZZ(MXATMS)
DIMENSION PMSD(MAXSTP), VACF(MAXSTP)
DIMENSION PMSDAV(MAXSTP), VACFAV(MAXSTP)
L =CELL(1)
NRUN = NSTEP - NSTEQL
C On the first call, initialize MSD and VACF to 0.
IF (NRUN .EQ. 1) THEN
NTO=0
DO =1, MAXSTP
PMSD(l) = 0.0D0
PMSDAV(l) = 0.0D0
VACF(l) = 0.0D0
VACFAV(l) = 0.0D0
NTIME(I)=0
ENDDO
ENDIF
IF ((NRUN .EQ. 1) .OR.
(MOD(NRUN-1,DELTO) .EQ. 0)) THEN
NTO=NTO+ 1
C PRINT *, 'FIRST TO ADDED, NTO=', NTO
ENDIF
DO | =321, NATMS
IF ((NRUN .EQ. 1) .OR.
(MOD(NRUN-1,DELTO) .EQ. 0)) THEN
XTO(I,NTO) = XXX(1)
YTO(I,NTO) = YYY(I)
ZTO(I,NTO) = ZZZ(l)
VXO(I,NTO) = VXX(I)
VYO(I,NTO) = VYY(I)
VZO(I,NTO) = VZZ(l)
ENDIF

DO T =1, NTO
DT = NRUN - DELTO*(T-1)
DX = DABS(XXX(I) - XT0(I,T))
IF (DX .GT. L/2) DX = DX - L
DY = DABS(YYY(l) - YTO(I,T))
IF (DY .GT. L/2) DY = DY - L
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DZ = DABS(ZZZ(l) - ZTO(I,T))
IF (DZ .GT.L/2) DZ=DZ-L
PMSD(DT) = PMSD(DT) + DX*DX + DY*DY + DZ*DZ
VACF(DT) = VACF(DT)+ VXX(I)*VX0(,T) +
VYY(I)*VYO(,T) + VZZ(1)*VZO(l,T)
IF (I .EQ. 321) THEN
NTIME(DT) = NTIME(DT)+1
ENDIF
ENDDO
ENDDO
DO J =1, NRUN
PMSDAV/(J) = PMSD(J)/(DBLE(NATMS)*DBLE(NTIME(J)))
VACFAV(J) = VACF(J)/(DBLE(NATMS)*DBLE(NTIME(J)))
ENDDO

RETURN
END
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Rotational relaxation time Pa(t).

SUBROUTINE CORRH20O(DELTO,DELT,XXX,YYY,ZZZ,NSTEP,NS TEQL,

XHHO0,YHHO0,ZHHO, TSTEP,CELL,NTO,ITO,P2SUM,NTIM
XHHT,YHHT,ZHHT)
INCLUDE 'dl_params.inc'

C - INTEGER DECLARATIONS ----------
INTEGER NSTEP,NSTEQL,NRUN, DELT
INTEGER 11, 12, 11, J1, JO, JP, JF, T, DT
INTEGER DELTO, NTO,ITO, TOIDX
DIMENSION NTIMEC(MAXNC)

C - REAL DECLARATIONS ---------------
DOUBLE PRECISION TSTEP, TSAMP, L, RTEMP
DOUBLE PRECISION XHH,YHH,ZHH
DOUBLE PRECISION DOT
DIMENSION CELL(9)

DIMENSION XXX(MXATMS), YYY(MXATMS), ZZZ(MXATMS)
DIMENSION P2SUM(MAXNC)

DIMENSION XHHO(MXMOLS,MAXNTO)

DIMENSION YHHO(MXMOLS,MAXNTO)

DIMENSION ZHHO(MXMOLS,MAXNTO)

DIMENSION XHHT(MXMOLS)

DIMENSION YHHT(MXMOLS)

DIMENSION ZHHT(MXMOLYS)

L = CELL(1)
NRUN =1 on first call on 1st step after eq,
+1 for each call.
NRUN = (NSTEP - NSTEQL - 1)/DELT + 1
Initialize on the first call:
IF (NRUN .EQ. 1) THEN

DO =1, MAXNC

O o0 O

NTIMEC(l) = 0
P2SUM(I) = 0.0D0
ENDDO

DO |I=1, MXMOLS
DO J =1, MAXNTO
XHHO(I,J) = 0.0D0
YHHO(I,J) = 0.0D0
ZHHO(1,J) = 0.0D0O
ENDDO
ENDDO
NTO=0
ITo=1
ENDIF
C Check if a new TO is being added: whether NRUN>MA
C reset ILISTO when an old TO being replaced.
IF (NRUN .LE. MAXNC) THEN
IF (NRUN. EQ. 1) .OR.
(MOD(NRUN-1,DELTO/DELT).EQ.0))THEN
NTO=NTO +1
DO I =1, MXMOLS
XHHO(I,NTO) = 0.0D0
YHHO(I,NTO) = 0.0D0
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ZHHO(I,NTO) = 0.0D0
ENDDO
ENDIF
ELSE
IF (MOD(NRUN-1, DELTO/DELT) .EQ. 0) THEN
ITO = MOD((NRUN-1)/(DELTO/DELT),NTO) + 1
DO | = 1, MXMOLS
XHHO(1,ITO) = 0.0D0
YHHO(1,ITO) = 0.0DO0
ZHHO(1,ITO) = 0.0D0
ENDDO
ENDIF
ENDIF

neighbour list.
Neighbour list update interval = DELTO
IF (NRUN .EQ. 1) .OR.
(MOD(NRUN-1,DELTO/DELT) .EQ. 0)) THEN
H-H distance is 1.633 A, so to get the unit vecto
components by 1.633.
need the vector components
DO I=1, MXMOLS
XHH = XXX(320+3*]) - XXX(320+3*I-1)
IF (XHH .GT. L/2) XHH = L-XHH
IF (XHH .LT. -L/2) XHH = L+XHH
YHH = YYY(320+3*]) - YYY(320+3*I-1)
IF (YHH .GT. L/2) YHH = L-YHH
IF (YHH .LT. -L/2) YHH = L+YHH
ZHH = ZZZ7(320+3*I) - ZZZ(320+3*I-1)
IF (ZHH .GT. L/2) ZHH = L-ZHH
IF (ZHH .LT. -L/2) ZHH = L+ZHH
XHH = XHH/1.633
YHH = YHH/1.633
ZHH = ZHH/1.633
print *, xhh,yhh,zhh
XHHT(l) = XHH
YHHT(Il) = YHH
ZHHT(l) = ZHH
IF (NRUN .LE. MAXNC) THEN
XHHO(I,NTO) = XHH
YHHO(I,NTO) = YHH
ZHHO(I,NTO) = ZHH
ELSE
XHHO(I,ITO) = XHH
YHHO(I,ITO) = YHH
ZHHO(1,ITO) = ZHH
ENDIF
ENDDO
ENDIF

DO T =1, NTO

IF (NRUN .LE. MAXNC) THEN
DT = NRUN - (DELTO/DELT)*(T-1)
TOIDX =T
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ELSE
DT = MOD(NRUN,MAXNC) + (DELTO/DELT)*(NTO-T-ITO
IF (DT.LT.1) DT = DT + MAXNC
TOIDX = MOD(T+ITO,NTO)
IF (TOIDX .EQ. 0) TOIDX = NTO
ENDIF
DO I=1, MXMOLS
Do e(t).e(0)
DOT = XHHT(I)*XHHO(I, TOIDX)
+ YHHT(1)*YHHO(I, TOIDX)
+ ZHHT(1)*ZHHO(1, TOIDX)
second Legendre polynomial of DOT
P2SUM(DT) = P2SUM(DT)
+ ((3.0D0*DOT*DOT)-1.0D0)/2.0D0
ENDDO
NTIMEC(DT) = NTIMEC(DT) + 1
ENDDO
RETURN
END
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