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We present a theoretical study of the structure and gal a:nd explemertal _stud|esf tuavet beten car:jletc)i r?;i; to
dynamics of watercarbon tetrachloride liquid—liquid ~ 9€V€lop amolecular peture of the structure and bonding

interface by means ofab initio molecular dynamics Of water at interfaces with other solidguids and gas-
simulations. We have studied the density profiles, 0us sgtems. Studies of liquidiquid interfaces of water
orientational profiles, hydrogen bond distributions, With nonpolar hydrophobisolvents are ofyreat impo-
vibrational power spectra, diffusion, orientational re- tance in the fields of chemistry, biology, physics and
laxation, hydrogen bond dynamics and vibrational environmental sciences. In the biological domainyme
spectral diffusion of bulk and interfacial molecules. brane formation, proteifiolding, micelle formation and
We have alsoprovided an analysis of vacanciepre- exchange of molecules across the cellmbene and

sent in the interfacial system using Voronoi pglhedra  any other processes involigterfaces where the inte
[)nethodkThedhy;j:?]ge_ntgcondmgnteractéo? |ir:‘otlj_r1dttho action of water with a hydrophobisurface plays an
€ weakened al the Inteface compared to that in the important role. Water molecules ihe presence of a e

bulk phase of water. Weakly hydrogen bonded and .
non-hr))/drogen bonded water):nolyeculges at the ietface polar hydrophobicsurface suffer loss of hydrogen labn

give rise to peaks at different positions of the viba- N9 partners at the interfelt¥, hence their behavie can
tional power spectrum. Diffusion and orientationalre- b€ raher different from those in bulk water where each
laxation of water molecules are also found to be faster water molecule is stronglgydrogen bonded to others in
at the interface, which can be correlated with the its vicinity. Watercarbon tetrachloride siem provides
vacancies present in the system. e dynamics of an interesting liquigliquid interfacial systemwhere le-
vibrational spectral diffusion is studied by means haviaur of water near a fluid hydrdwbic suface can be
of frequency-time correlations calculated through a  studied. This system has been studied in the past through
time-series analysisusing the wavelet method and the ot experimental and theoretical means. On the éxper
(rjesults_ of sfpre]zcéral d'fﬂés'og ﬁret c?_rrelateddvﬁhtthf mental side, Richmond and coworkér¥ used sum
non-hydrogen bonded hydroxyl modes in the bulkand eduency generation (SFG) method o look at therinte
facial behavior of watercarbon tetrachloride and also

interfacial r egions. i .
™ some of the other liquidiquid interfacial systemsThese

interfacial systems have also been studied by otfiéts
For waterCCl, interface,it was found that unlike water
vapar system, the hydrogen bond strength veater
molecules at the interface is weaker for wa@€l, sys-
Introduction tem. Further studies involvinRaman spectral analysis
also revealed the weakening of the hydrogen bonds of
THis article deals with a detailed theoretical study ofyatermolecules at the wate€Cl, interfacé®.
structural and dynamical propertiesf the liquicHiquid On the theoretical side, molecular dynamics sanul
interface of water and carbon tetrachdier(CCl,). Water tions for waterCCl, and relatediquid-liquid systems
is a unique solverthat plays a key role ia wide range have been carried out by several groups using classical
of chenical, physical and biological proces$és Its potentialmodeld®2*3, In particular, we note the work of
uniqueness is due to its polarity and hydrogen bond prgenjamirf’, where classical moletar dynamicssimula-
perties which make it a universstlvent. Many theoret tjons of watercarbon tetrachloride and also of watke®2
dichloroethane andvaternitrobenzene were performed
*For correspondence. {@ail: amalen@iitk.ac.in) It was found that at the interfacial regjahe hydrogen

Keywords: Carbon tetrachloride, hydrogen bond#ef
facial structure, molecular dynamics, water.
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bonded water molecules take more time to find a ngw hfrequency distributions of water molecules in the bulk
drogen bondig patner due to lack of the adjacent non and interfacial reigns. On the dynamical side, we have
hydrogen bonded water molecules and this led to a slowstudied the diffusion, orientationatelaxation, dynmics
hydrogen bond dynamics at the interfatbe polarizable of hydrogen bonds and dangling hydroxyl modes and also
potential model$iave also beensed to calculate theier the dynamics of vibrational frequency fluetions.
entational correlations and the potentélmean force of Again, these calculations are done footh bulk and
water dimer in bulk water and in carbon tetrloride and interfacial molecules. Connections are made with the
also the electrostatic properti@s the interfaceéd® It experimental resultsvherever available for the current
was shown that the differences in these properties in buliterfacial system.
and interfacial phases mainly arise from changes in the We have organized the rest of thdicle as follows.
hydrogen bonding structure of waterolecules in the two The simulation details are discussedthe next sction.
regions. Apart from this, theoretical studies regarding thiEhe resultof the structural properties of the currenssy
behaviar of the solute molecules at liquiiquid inter- tem arethendiscussedollowed by he vibrational spe
faces have also been performed. These wadtude tral properties of bulk and interfacial water molecules.
vibrational relaxatioff, solvation dynamicg®, transport We thenpresent various dynamical properties dimelly
mechanism of ior’§*” and organic solutéSacross inte  summarize our awlusions.
faces. Structural analysis of liguiiquid interfaces athe
molecular level haalso been done using the method ofimulation details
socalled ‘identification of theruly interfacial moécules
(ITIM) 3*!. These authors looked at the width androrie We first carried out a classical molecular dynamicsusim
tational properties of watercarbon tetrachloride and lation using model potentidfs*’ to create the initial ao
other related systems. It was foutitht the water me+  figuration of water and Cg@Imolecules at a tempeture
cules located at the interface with an apolar phase expef 300K. Our simulation system consists of a total of 121
ence a rathespecial local envonment due to which the molecules containig 401 atoms (102 watemd 19 C(
water moecules form hydrogen bonds withltheir molecules). First we simulated the water and G&ltwo
neighbaring water molecules that are stronger than thgeparate cubidoxes, each of length 144 at their
waterwater hydrogen bondm the bulk liquid phadé.  experimental bulk densities at room temperatditeese
This is different from the experimental findingsported cubic boxes were periodically replicated in all theetn
in the literaure"®*®. MonteCarlo calculations have also dimensions. After theulk liquids were separately equil
been carried out forstudying the hydrogenbonded brated for 1 ns, these two boxes were joined along the
structure in the vicinity of apolar surfaces such as waterz-dimension and the resultant largerctengular box
carbon tetrachlorideand waterdichloroethane inte hence formed was taken as thienulation box for the
faced®. Several molecular properties of the inferes next phase of the simulation rurEhe dimensions of the
suchas interation energies, hydrogen bond statistics anthrger rectangular box were 144 alongx andy direc-
angle distributions were calculateStudies of the inte tions and 29.& along thez direction. The system was
moleallar interactions and stable configurations for thequilibrated for 2ns by imposing periodic boundaryrco
1:1 molecular clusters of methaneCCl, and water ditions in all thethree dimensions. The final configur
CCl, have also been caed out usingab initio molecular tion after he classical runs was taken as the initial
dynamics calcutions™. configuration for theab initio simulations. Theab initio

In the present work, we have carried out a detailadolecular dynamics simaionshave been carried out by
analysis of the structural and dynamiqadoperties of employing the CaParrinello methotf and the CPMD
water-carbon tetrachloride interfacesing the method of codé®. The electronic structure of the exteddsimukb-
ab initio molecular dynami¢é*°. Structural and dynaim tion system was represented by the Kebimam (KS)
cal properties arstudiedthroughcalculationsof various formulatiorf® of density functional theory within a plane
equlibrium and timecorrelation functionsincluding an wave basis. The corglectrons were treated via thenfa
analysis of vacancies using the Vamoi polyhedra derbilt ultrasoft pseudopotentidisand the planavave
method and a timeeries analysis using the waveletexpansion of the KS orbitalsvas truncated at a
method.A thorough analysis of this liquitlquid interfa-  kinetic energy of 2Ry. A fictitious massof P=800 au
cial system byab initio molecular dynamics siafations was assigned to the eteonic degrees of freedom and the
without using any empiricgbotential is presented here.coupled equationsof motion describing the system
In the present method, the quantum maogy ptentials dynamics were irgrated using a time step of 5 dthe
and the érces are calculated on the-flyrough quantum mass of deut@sm was assigned to all the hydrogen
electronic strature calculations within denty functional atoms. We have used the BLYdensity functional in the
theory. We have looked at vaus structuraproperties present simulation& We equilbrated the systems for
like hydrogen bond distributions, orientational profiles10ps incanonical asemble and thereafter, we continued
voids in the systemyibrational power spectrum and our runs in microcanonical ensemlibe another 25s for
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the calculation of various equilibrium and dynamicalinterfacial width ha a contribution from capillary
properties. Thewerage desity of water as found for the wave$®®® which give rise to an additional mponent of
homogeneos bulk region was close toglcm' and that the width dueto thermal fluctuations in the position of

of CCl, was close to the desired value of 1sé@m'. the interface. Hence, the observed changet@mumber
The average simulationemperature was found to bedensities at interfaces have contributions both from i
around 30XK. trinsic changes of thelensity profiles and also from

broadening due to capillary wave fluctuations Heveed
by the length and timescales of the present sitianis.

We have also calculated the molecular orientation of
Density and orientational profiles and hydrogen  water molecules near the CQlurface. The orientation of
bond dstribution a water molecule is defined in terms of the anglhat

the molecular dipole vector makes with the surface-no
The density profiles of an interfadisystem describe the mal along thez axis. In Figire 1b, we have shown the
inhomogeneity of the interfacand also help in locating angular distributions of water mamules in the bulk and
the interfacial region and its thickness. We have wealcinterfacialregions. It can be seen that in the bulk phase,
lated thedensity profiles of water and CCmolecules the prdability distribution is almostniform since there
across the interface by calculating theragenumber of is no preferred orientation of water molecules in tmb-
water aml carbon tetrachloride molecules in slabs ofieneousbulk phase. However, for the interfacial water
thickness'z= 0.14A andthe results are shown in ki molecules, a maximum is found at arousds 7= 0,
la. In this figure, we have shown the variation ohsity ~which means that the molecules at the interface prefer to
with z, where the coordinateis along the surface normal orient with theirdipoles parallel to the surface. One H
and the cent of the simulation system is located &= 0. atom of water points towards theC side and thether
For a liquidiquid interface, the interfacial region startshydrogen poirg towards the acgous phase. This can be
wherethe densities of both liquids start decreasing fromelated to the findings dkichmond and cowders’, who
their bulk values. For the presesystem, it is seen that found that the paraater S, < 0 for water molecules dhe
two density profiles cross at arouad 0, which @an be interface which means that the interface mainly consists
taken aghe centre of the intéacial zone. It is found that of water molecules with onef their OH bonds projecting
while the density of both the liquidiecreases toward thetowards the bulk water phase and another pointing
centre of the interface, this decrease is not as sharptawardsCCl, phase. Also, some of theater molecules at
was found forliquid—vapaur interfaces. In order to have the interface are oriented such thidie two OH bonds
an estimate othe width of the interfacial regiomnye have are in the plane of the interface. Thgdhogen bondlis-
used an ®ension of the swalled 96-10 rule that is tribution of the water molecules is shown in Big1c. It
commonly @plied to liquid-vapaur interfaces. On either is calculated from the average numbéhydrogen bonds
side, we consider the beginning of the interface as tiper water molecule in the slabs of thiess'z=0.14A.
location where the density of the liquid othat side We haveused a geometric criterion where two water
deaeases to 90% of its bulk value. Accorditg this molecules areaken to be hydrogebonded if their ly-
definition, the width of the wateCl, interfaceis found droger-oxygen distance is less than A4 Since the
to be 5.03A, which is higherthan typical width of about number of watemolecules dcreases on approaching the
34 A for aqueous liquidvapaur interface reported in interface, the numbesf hydrogen bonds per watarole-
earlier studies*®°. We also note in this context that thecule is also found to decrease in the interfacgian.

Structural properties
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Figure 1. a, Densityprofiles of water and carbon tetrachloride Orientation profiles ofvater, c, Hydrogen bond distributions of water in bulk and
interfacial regions.

CURRENT SCIENCE, VOL. 16, NO.9, 10 MAY 2014 1209



SP

ECIAL SECTION:

0.2 @ | T T 0.15 T
— Water region
.15 --- Interface - Flﬂkf
Ao i T — -=- Interface
CCl, region 5 o4 |
T <.
a 01 ;
€ 0.05 -
0.05
~ 2 \ =
N ) 0 17~
2 1 4 5 100 150

R(A)

V(A3

Figure 2. Probability distribution of &) radius of vacancies ant)(volume of Voronoipolyhedra of vater
molecules in the bulk and interfaciabions.

Analysis of vacancies Vibrational frequencies

Apart from density profiles, another way of charaateri Time series analysis

ing the structural properties of lkiquid system is by

calculating the vacancies preseint the system. The The timedependent vibrational frequencies of the OD
vacancies arecalculated using the method of Voronoibonds are calculated throughtimeseries analysis of the
polyhedra (VP) analysi§®, the details of which cabe ab initio molecular dynamics trajectories using wavelet
found inref. 69. From a set of configation of atoms, we method*. Here we briefly outline the key jus of the
can generate a tess#ibn in the threedimensional space method since the details ar@vailable elsewhef&™. In
known as e Voronoi tessellation. T consists of - this method, a timelepement functionf (t) is expressed
peated units of the Voronoi polyhedregions of atoms. in terms of the basis futions which are constructed as
A Voronoi polyhedra region of an atoin —;, is defined the translations and dilations of tmeother wavelet I.

as the region in which all points in tepace are closer to For the motherwavelet, we have used the MoHet
that atom than to any other atom and tlcancy radius Grossman waaltet’®,

is defined as the distance between the Voronoi polyhedra
vertex and the atoffi’t Another way ofdefining the
void space is through Delaunay triangion’® Voronoi
polyhedra and Delaunay triangulation are coanm@ntary

to each other. Waave carried out the Voronand De- with &1, V=2 andi represents the imaginary number.

launay tessellation analysis by using the algorithm give.|c1he mother wavelet is scaldry a factor ofa and trais-
in refs69, 73. We havecalculated theadius of vacancies lated by a factor ob to give

and the volume of VP along the coordinate of the

water—CCl, system to show how the radius of vacasci 1.80b
and the volume of VP change @& move from the bulk 1 4,(t) T'
phases toward the interface. In carrying out the Voronoi a
anaysis, we have considered the coordinates of only t
heavy atoms. In Figre 2, we have shown thdistribu-
tions of the radius of vacanciendathe volume of VP of
the bulk and interfacialvater molecules. The most pro f
bable radius of vacancies in bulk water is found to be | (5 p) 1 3f(t)]'-§_b J (3)
2.3A and it is 3.2A at the interface. The most probable Ja a

radius of vacancies in bulk CCphase is 3.74. Since

the numbe of water molecules decreases at the interfacigdr a>0 andb real. Thereforel, f(a, b) gives the fe-
region, the vacancy radius and the volume of VP alsquency content df(t) over thetime window aboub. The
increase. As CGlhas less numbetensity, the size of the inverse of the scale factoa is proportional to the
vacancies and VP in the bulk phase of this liquid iffequency.Following our previous work™8, the time
higher tharthat in bulk liquid water. dependent functiorf (t) for an OD bond igonstructed as

I (t) 1 e23 tOet2/2 ZV’ (1)

K2 s

h‘Fhe coefficients of the wavelet expansion fqf) are
given by the wavelet transform toft), which is defined as
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a complex function with the real and the imaginary partsydrogenbonds with their peakof the bonded and da
corresponthg to the instantaneous fluctuations in ODgling OD modes (of also AA/A typedpcated at around
distance and the momentum along the OD veatdime 2475 and 258@m' respectively. Therefore, as thg-h

t. The stretch frequency of this bond at titreb is then drogen bondstrength of water molecules decreases, the
determined from thecalea that maximizes the modulus corresponding frequency of the OD modlesreases. This

of the corresponding wavelet transformbat calculated powespectrum of interfacial water molecules
can be nicelyorrelated with experimental studtés
Vibrational power spectrum In Figure 3b, we have shown the frequency distrib

tion calculated from the wavel@mnalysis for the hydr
Information about the effects of hydrogen bonds on thgen bonded (through D) and free OD groups present in
dynamical behaviar of bulk andinterfacial water ma- the bulk andinterface. Here it is found that the freque
cules can be obtained from the power spectral analysisaés of the interfacial molecules are savhat higher
velocity autocorrelatioriunction of water molecules. The thanthoseof the bulk molecules. The frequencies of non
power spectrum of the velocity correlatidanction is hydrogen bonded Olhodes of interfacial molecules are
defined as the cosine transform as follows mog blueshifted wheeashydrogenbonded OD modes
in the bulk phase are maximally rstifted. These results
f are in accordance witlthose of our power spectrum
S(Z 3Qfcos A dt, (4) cdculations shown in Fige 3a. In Figure 4, we have
0

where C(t) represents the time correlation of atomic @
velocities. We havestudiedthe power spectrum of the
bulk and interfacial water molecules at the stretchin
regions. Figure 3a presents the power spectrum of the
O-D stretch modes of bulk and interfaciabter moe-
cules. The power spectrum of the bulk molecules main
consists of a broadpectrum of the strongly hydrogen
bonded water moleculestheeasthe power spectrurof
the interfacial molecules consists of aéd spectrale-
gion arising from hydrogerbonded OD modes and a
sharp peak arising from the dangling OD modes atrthe i
terface.We havealso calculated the population disuib
tion of water molecules in different hydrogémnding
environments in the interégal region. InFigure 3a (in-

set) the populatiordistribution at the interface is shown o T o o
where it can be seen that the population of waligh a Stretching Frequency (cm)
dangling OD bond is maximum. At the interface, the

probability of finding singledonor (SD3type water mad- ® ‘

cule is maximum (about 82) and the probabilit of find- — Hydrogen bonded (bulk)
ing a double donor (DDBYype water and a nedonor 05 — Dangling (bulk)

. X — Hyd bonded (interface) |
(ND)-type wateris 3% and % respectively. In the bulk — Danl)iiegn(ir?tZr:ace;n o

— Interface

—--- Bulk water

Interface
Free OD (AD/AAD)

Intensity (a.u.)

Hydrogen bonded OD
AADD
A

DD

Intensity (a.u.)

2400 280
Frequency (cm )

phase, the population of the EXippe water molecukein- § 0.4 .
creases to about 89 and that of SBiype water moé- §
cules decreases to @l From the calculations of power ¢ 03 -
spectral analysis of water molecules in different hydroge =
bonding enviraments, we could assign the different :; 0.2 .

peaks of the spectrum of the irfece to different types

of water molecules mssent in the region. Since water 0.1
molecules withtwo acceptos and two donas (AADD
type) are the ones which are maximally hydrogended,
they show maximum red shift and the @sponding peak
for OD stretch is foundo be at about 2228n' . This is
followed by the ADD molecules having one acceptod Figure 3. Power spectrum(a) and Probability distributior(b) of OD

W nor hvdr n n with their OD stte Kk stretch frequgncie_sf water molef:ules in_ bulk and _inter_facial regiofis-
two donor hydrogen bonds with their O pea set3 Population distribution of interfacial water in different hydrogen

; i
appearing at 233&3609”1 . Next comes the spectrum bonding states and the assignmehpeaks at dftrent frequacies to OD
of the AD molecules with one acceptor and one donarodes of water in different hyagen bondingtates.

l |
?000 2500 3000 3500

Frequency (em™)
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In Figure 5, we have shown the time depence of MSD
of the bulk and iterfacial watemolecules. For the inte
face, we have shown the time dependence of MSD-of i
terfacialmolecules divided by the corresponding survival
probability. The diffusion coefficients ofiater as btai-
ned from the long time slopes of the resultsvamadn
Figure 5 are found to b®.46 u10' cn?s' and 1.97u
10" cn? s’ for bulk and interfacial regions respectively.
The diffusion coefficient of CGlis 0.13u10' cn? s

for bulk and 0.27u10' cn?s’ for the interface. Clearly,
the interfacial molecules are mordfdsive than the ik
moleculeswhich can be attributed to theduced number
density, less number of hydrogen bondsd weaker
intermolecular interactions in the imfacial region.

Orientational relaxation

The rotational dynamics of water molecules is an impo
tant dynamgal property since its known to play a pr
Figure 4. Snapshots taken from the simulation trajectory showing watghary role in the breaking and reformation of hydrogen
;ﬂed;];fitr.em hydrogerbonding states at the interfadeetails aregivenin 1, o 1t jscalculated from the orientational relaxation of
the dipole vector of water molecules. Theentational

time correlation functior€(t) is givenby

shown snapstis of water molecules in different hyak .
gen bonding environments in the interfaciegion. G (1) | (e(0) €¢)) , )
R (e(0) &(0))
Dynamical properties _ _ R
whereP, is the Legendrgolynomial of rankl and e()
Diffusion denotes the unit vector along thipole vector. The
experimentally measured rotational anisotropy is directly

In the present watecarbon tetrachloride system, waterr€lated to theseconerank wtational functionCy(t). We
molecules can moveetweeninterfacial and bulk phases, have estimated the reorientational relaxat]xbmhe erIe-_
hence the prigability of an interfacial molecule to remain cular dipole C5(t) vectors for the bulk and interfacial
continuously at the interface is not unity. The diffusiof®9ions. The timelependence of the secorahk oriena-
coefficient of water molecules isuch an interface is tional correlation function of dipole vectod the bulk
caculated using the method biu et al® which involves and interfacial molecules is shown in &ig 6. The se-
calculationsof the mean square displacemeantd su- ©ndrank orientational timéor the bulk and interface as
vival probability of a molecule in the interfacieégion. Obtained by _lntegratlng:z’?_t) is 4.38and 3.8%srespe-
We defineP(t) as the continuous survival fability of tively. As evident from this flgure_, there is a f_anéntlal
a molecule to remairontinuously in the interfacialer ~decay followed by a slowediffusional relaxation. The
gion over the time inteal fromt=0 tot and ¢ x(t)?2as Weight of the inertial decay component is found to be
the mean squargisplacement along thedirection of the higher for the interfacial molecules as th_ese molecules
particles that remain in thiaterfacial region over the can rotate more freely due to lower densityd reduced
time intervalt = 0 tot. The long time limit of the integt  Number of hydrogen bonds.
cial mean square displacement (MSD) is givef’by

Dynamicsof hydrogen bonds

¢ X(t)* 2= 2P-()Dy()t. (5)

The main objective of this section is studythe hydo-
Hence the parallel diffusion coefficient of the inter gen bond dynamics of watemolecules in the viaity of
facial molecules along the& and y-directions will be CCl, surface. We have calculated the hydrogen bond
given by dynamicsof the system using the populaticorrelation
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Figure 5. Time dependence of the mean square displacement of bulk and intedpeiatér andlf) CCl,
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Figure 6. Time dependence of treecondrank dipole orientational ce
relation functionof water molecules in the bulk and interfacigions.

Table 1. Values of the average lifetimes of hydrogen
bonds (K4) and dangling OD modesi4/)

Region W (ps) ¥ (ps)
Bulk 2.25 0.20
Interface 1.80 1.85

function approach. Following previowork®™®" we dfine
a continuous hydrogen bond population varialt),
which is unityif two molecules remain continuously-h
drogen bonded from time= 0 tot =t, and it iszero oh-
erwise. The continuous correlation functiég(t) is then
defined asS.s = ¢(0)H(t) 7 &1(0)* 2 where ¢.. 2denotes
an average over all water pairs in a given regln, it

section. The results ofSyg for the bulk and interfacial
water molecules are shown in Hig 7. Thelifetimes of
hydrogen bonds, as obtained by integratior5gf(t), are
found to be 2.2%and 1.8ps respectively, for bulk and
interfacial regions. The bulk hydrogenorid lifetime
agrees well with our previousb initio molecular dyna
mics simulations of bulk ater’®.

We have also calculated the continuous correlation
function of dangling OD mode&py(t), which gives the
probability that an initially nothydrogenbonded OD
groupremains dangling at all times frotr= 0 to timet.

In Figure 7, we have shown the timéependence of
Su(t) of the bulk and interfacial water molecules. The
aveiage lifetimes of OD bondsof the bulk and the inte
facial water moleculeso reman continuously dangling,
which we refer to as the dangling lifetimes, &&9and
1.85ps respectively.In bulk water, the breaking and
making of hydrogen bonds take place more frequently
Hence the lifetime of a awgling OD mode is very small.
However, ess number of watemoleculesis present at
the interfaceandhence there is less coopevil among
moleculesleading to a reduced scope of forming new
hydrogen bonds unlike bulk water. This lamkcoopen-
tivity leads to a situation where a dangling Qinde
remains dangling for &onger time The values of the
hydrogen bond and dangling OD time scales are shown in
Table 1

Time correlation of frequency fluctuations

The stretching frequencies of water rmlles are highly

gives the probability that an initially hydrogen bondegensitive to their local emonments Hence the dynamics
water pair in a given regioremainshonded at all times of frequency fluctations of OD stretch modes can be

up tot. The associated iegrated relaxation time W4

used togain insights into environmental fluctuationsrtpa

givesthe average hydrogen bond lifetime. We have useilarly those in the hydrogen bondghe time depettene
a set of geometric criteria to definlee hydrogen bonds of vibrational frequency fluctuations is called vibratbn
between two water molecules as described in the previosgectraldiffusion and it can be studied through cadtiohs
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Figure 7. Time dependence ¢&) continuous hydrogen bond comibdn functionSyg(t) and(b) continuous
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culated the frequency correlations for those OD bonds
which were dangling at thieitial time ({ = 0). The results
of the frequency timearrelation furctions are shown in
Figure 8 for both bulk and interfacial majules. These
correlations show a fastecay at short times followed by
a slower decay extending up few picoseonds. These
functions are fitted by biexponential fctions and the
resultant wights and relaxationimes are included in
Table 2.

— Studies of vibrational spectral diffusion in bulkater
have attributed the shotime decay component to fast
modulation of stretch frequencies of OD modes ofran i
tact hydrogen bonded pdf®® . As water mokcules at
the interface can move more freely, theight of this fast
component is seen to be higher for interfacial enoles.
The slower longime decay can be attributed to breaking
dynamics of hydrogen bondsy#togen bondaeformation
dynamts, which also occurs with a slower timescale for
interfacial phase asevealed from the lifetimes of da
gling OD modes, can also mibute to this slower long
time dynamics of the vibrational frequency fluctuations
of interfacial molecules.

\p

SoNs 70
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Figure 8. Time correlation function of fluctuating frequencies of OD
modes of watemolecules in the bulk and interfacial regions.

Table 2. Relaxation times (with corresponding weights) of

frequency correlationsf the OD stretch modes of bulk ant i

terfacial water. The averages were carried out aklese OD
modes whichwere dangling at the initial time

Region Wps) Wps) & & It is seen from the present calculations that the average
Bulk 0.22 2.6 0.45 0.55 lifetime of interfacial wate-water hydrogen bonds is
Interface 0.08 1.95 0.46 0.54 slightly shorter than that of bulk water. Earlier simulation

studies of similar systems using clisé models reported
a slower hydrogen bondynamicsfor interfacial moé-
cules”™%, Since the interface is chatarized by reduced
density of water, there are reduced cooperative effects
among water molecules at the irfesewhich can lead to
a slower dynamics of hydrogen bond breaking andrfefo
mation. Indeed,this was the case for liquislapair
interfaces® and was also cited as a possible reafson
slower hydrogen bond ydamics found in classical
modelbased studies in earliesimulations of liquid-
liquid interface’. The presentab initio smulations
revealed that aveak hydrogen bonding int&ction exists
between hydrogen atoms of water andodhke atom of
CCl, at the interface (Figre 4). This can be seen from

of time correlation of fluctuatingrequencies. We, ther
fore, have looked at the frequency fluctuations of the v
brational stretch frequecies of water molecules present
in the bulk and also at the interfacial regioite fre-
guency time correlation function igfihed as

QG 2
ciy 2O & @)
G®)
where Z(t) is the fluctuation from the averageduency
at timet. The average othis equation is over the initial
time and over all the OD groups of interest. We heate
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Figure 9 which shows the distributionf H ~TI distance Conclusions
between a water hydgen and its nearest dhnine of
CCl, at the interface. It is clear that there is a significanVe have presented a first principles dtetical study of
probability of finding an HCI pair within a distance of the structure and dynamia$ the liquidHiquid interface
about 3.0A, which is the typical cubff distance of a of watercarbon tetradoride system. We have generated
hydrogenbond between a hydrogen atom of wadaed a the trajectories by carrying oab initio molecular gna
charged chlorine atofff. The reasonfor this weak mics simulations using the Gd&®arrinello techniqu@é
hydrogen bonding interaction between water and,CCand various properties are calted by employing a
can be attributedo partial charges on chlorine atomscombiration of equilibrium and dynamical methods.
arising from higher electronegativity of chlorine antso Among the structural properties, we have acddtedthe
to its high polarizability. Bth these effects are autorrat density profiles, orientational profiles, hydrogen bond
cally incorporated in thpresent quantum chemical calc distributions, vibrational powespectrum, frequency sh
lations of interactions and forces, hence such wedkbutions and also the voids present in the system in bulk
hydrogenbonding effects are seen in the present studgnd interfacial regions. As the intlace is approached,
The binding energy of #0—CCl, dimerwas earlier cale- the density of water molecules and thember of hydo-
lated tobe 1.4kcal/mol (ref. 16). It has been found from gen bonds per water molecule decrease. Due to this
the orientationalprofiles that a water molecule at thedecreased densitythe radius of voids and the volume
interface prefers to orient in a manner such tme of its available to the particlemdrease at the interface. It is
OD bond is directed towards the bulk phase and othdound that thevater molecules at the interface are prefe
one towards CGl This orientatioal preference also entially oriented with oneOD of each water pointing
favours a weak hydrogen bonding interaction betweetowards the bulk phase and the other pointing towards the
water and CCl molecules at the interface. These weakCCl, side.The calalated vibrational power spectrum of
H ~CI hydrogen bonds providesecond channel of cpe the interfacial water molecules agrees weith the e-
erativity in addition to waterwater hydrogen bonds and perimental findings ofef. 16. The distributions of OD
can favar hydrogen bond breaking and reformation stretching frequencieare also caldated through a time
events This could be a possible reason, dddition to series analysis and the results are obtained for different
other effects such as enhanced diffusion and orientatiorfaldrogen bonding environments in the bulk and imterf
relaxation, for oufinding a slightly shorter lifetime dh- cial regions. The cuent studyalso reveals the presence
terfacial hydrogen bonds compared to that in thwk of a weaker hydrogen bonding interacticgtvieen water
phase of water. andCCl, molecules in the intea€ial region.
On the dynamical side, the interfacial molecules are

found to be more diffusive thathe bulk molecules. This
2 | happens due to reduced density and less number of
hydrogenbonds at the interfac&hese effects also lead to
Interface an increased weight of the faseitial component of the
rotational relaxation of interfacial molecules. We have
calculated thehydrogen bond dynamics of this system
using population correlation method and haeerelated
the dynamics with the results of vibrational frequency
fluctuatiors calculatedhrough time correlations of ftu
tuating frequencies of bulk and interfacial water eaol
1= _| cules. The longer timescales of the frequentime
correlations are found to agree well witke lifetimes of
hydrogen bonds. The present study revealsightyy
shorter littime of interfacial hydrogen bonds compared
to that in bulk water. We note that this behavics dif-
0.5 7 ferent from the predictions of earlier studies which used
classical potential modéfs This slight acceleration of
hydrogen bond dynaros at the interface is attributed to
faster rotational and translational motion of interfacial
0 l | | molecules and also tohe formation of weakH ™CI
1 2 3 4 5 6 hydrogen bonds between water and £&llthe interface.
The pasibility of formation of such weak hydrogen
bonds, in addition to watewater hydrogen bonds, adds
Figure 9. Probability distribution of the ditance of D (of water) and its to the cooperativity among Int_erfaCIal m0|eC_U|eS and thus
nearest Cl (0€Cl,) at the interface. favours hydrogen bond breakirend reformation events.

Probability of distribution of H-Cl distance

Distance (A)
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SPECIAL SECTION:

We finally note that a dispersion corrected version of thé6

BLYP functional, the secalled BLYP-D functional or its
variants®, has been used in sometbé recent studies of

aqueous systems as inclusion of such dispersion czorre
tions has beershown to produce an improved phaseis.

diagram of watéf®* In the present work, no sueld-
tional dspersion correction has been included in #ie
initio simulations. Havever, simulations of the water
carbon tetrachlade interface with a dispersietorrected
densityfunctional is currently in progress atige results
of such calculationwill be repotedin a future publietion.
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