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Hydrogen bonds in aqueous electrolyte solutions: Statistics and dynamics based
on both geometric and energetic criteria
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We have investigated the statistics and dynamics of hydrogen bonds in a concentrated aqueous electrolyte
solution and also in pure water by means of molecular dynamics simulations. Both geometric and energetic
definitions are employed for the existence of a hydrogen bond. The present study extends our earlier work on
the structure and dynamics of hydrogen bonds where only the geometric definition wasAusgltandra,

Phys. Rev. Lett85, 768 (2000]. In the presence of ions, like the earlier results for geometric definition, the
energetic definition is also found to give a lower number of hydrogen bonds per water molecule and a wider
distribution, a slightly faster rate of breaking and a slower rate of structural relaxation of hydrogen bonds. The
results are explained in terms of a decrease of the potential of mean force between water molecules, an
enhanced population of hydrogen bonded water pairs in the vicinity of the dividing surface that separates the
hydrogen bonded and nonbonded states and an increase of the friction on translational and rotational motion of
water molecules in the presence of ions.

DOI: 10.1103/PhysReVE.66.041203 PACS nun@)er61.20.Qg, 61.20.Ja

[. INTRODUCTION whereas the rate of hydrogen bond structural relaxation was

found to slow down with increasing ion concentration. Xu

This paper is concerned with the hydrogen bond properand Berne[37] also employed molecular dynamics simula-
ties of aqueous electrolyte solutions at room temperaturdions and the same set of geometric criteria for the definition
Hydrogen bonds are known to play a critical role in deter-Of @ hydrogen bond to explore the dynamics of water-water

mining various macroscopic properties of water and aqueou ydrogen bonds in an aqueous solution of a negatively

solutions and hence studies of the equil_ibrium and_ dynamica}%at the kinetics of breaking and forming of hydrogen bonds
aspects of hydrogen bonds have remained a subject of Iongs gjower in the first solvation shell of the polypeptide.

standing interest in physical chemistfy—4]. Most of the  Around the positive counterions, however, the hydrogen
existing studies of hydrogen bonds consider pure wateponds were found to break at a somewhat faster rate. As
[5-32. However, in many experimental situations, one dealgnentioned above, both these simulation results were ob-
with aqueous electrolyte solutions where the presence of ionsined by using only one definition of the hydrogen bond
may significantly modify the behavior of these hydrogen(i.e., geometrig and it is not clear whether the general be-
bonds. havior remains the same when a different definition is used
There have been very few studies on the dynamics ofor the existence of a hydrogen bond. This is especially im-

hydrogen bonds in aqueous electrolyte solutions. On the exRortant because it has been shown earlier that many of the

perimental side, Tominaga and coworkEs8,34 employed calculated equilibrium and dynamical properties of hydrogen

bonds can depend significantly on the way a hydrogen bond
the low frequency Raman spectroscopy to study the dynam(l—s defined[15,21].

cal structure of water in the presence of alkali-metal and™ g, pure water, mainly two kinds of definitions have been

molecular stretching frequency with increasing ion concen{14-27. In the geometric definition, two water molecules
tration. However, no explicit evaluation of the water-waterare assumed to be hydrogen bonded if they satisfy some
hydrogen bond dynamics could be made in their studiesconfigurational criteria with respect to oxygen-oxygen and
Kropman and Bakkel[35] investigated the dynamics of oxygen-hydrogen distances and the oxygen-oxygen-
anion-water and water-water hydrogen bonds in aqueous styydrogen angle. In the energetic criteria, ones uses a cutoff
lutions by using femtosecond midinfrared spectroscopyon the pair interaction energy between two water molecules
These authors found a significant slowing down of the relaxto decide whether or not they are hydrogen bonded. Some-
ation of anion-water hydrogen bonds as compared to the dytimes, additional configurational criteria such as a cutoff on
namics of hydrogen bonds between two water molecules imxygen-oxygen distance is employed in the energetic defini-
the bulk. On the theoretical side, Chandi&s] investigated tion to make the definition of the hydrogen bond more strict.
the distribution and dynamics of hydrogen bonds in concen©Of course, other kinds of definitions are also available in the
trated aqueous ionic solutions by means of molecular dykterature, an example being the temporal definition of a hy-
namics simulations. The hydrogen bonds were defined bygrogen bond28-31. All studies of hydrogen bond dynam-
using a set of configuration&br geometri¢ criteria. It was ics in aqueous electrolyte solutions have so far been carried
found that the average number of hydrogen bonds per watemut by using only the geometric definition of hydrogen bonds
molecule decreases with ion concentration. The rate of hyand, to the best of our knowledge, no study has yet been
drogen bond breaking was found to increase slightlycarried out for hydrogen bond dynamical properties of elec-

arged polypeptide and positive counterions. It was found
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FIG. 1. The probability distribution dfa) the angled for a water
pair having oxygen-oxygen and oxygen-hydrogen distances less

trolyte solutions where a differeitsuch as energetidefini- than 3.5 and 2.45 A, respectively, afil the pair interaction energy
E of a water pair having oxygen-oxygen distance less than 3.5 A.

tion of hydrogen bonds is employed. Such a study is Pre=, - results are for oure wator
sented in this paper where, in addition to the geometric P '
definition, an energetic definition is also employed to inves-

tigate both the statistics and dynamics of hydrogen bonds iflium €’ = and the convergence parameter 6.4L [42].
aqueous electrolyte solutions. An interpretation of the ob-The real space portion of the Ewald sum was evaluated by
served behavior is given in terms of the potential of mearfMPploying a spherical cutoff at 0.5 We employed the
force between water molecules, relative population of hydroguaternion fc_)rmulatlpn of the equations of rotational motion
gen bonded water pairs in the vicinity of the dividing surface@nd, for the integration over time, we adapted the leap-frog
that separates the hydrogen bonded and nonbonded stafdgorithm with a time step of 10°s (1 f9). In the starting

and molecular frictions on translational and rotational motionconfiguration, the water molecules and ions were located on
of water molecules in the aqueous electrolyte solution ad face-centered cubic lattice with random orientations of wa-

compared to those in pure water. ter molecules. MD runs of 400 ps were used to equilibrate
The rest of the paper is organized as follows. In Sec. l1€ach system and then the simulations were run for another

we have presented the simulation details and, in Sec. 1ll, w800 ps for the calculation of various equilibrium and dy-

have presented the results of hydrogen bond statistics. THEaMical quantities.

results of the dynamics of hydrogen bonds are included in

Sec. IV and our conclusions are summarized in Sec. V. Ill. DISTRIBUTION OF HYDROGEN BONDS

U(ri ,rj):4€ij

Il. SIMULATION DETAILS The gnalysis of the hydrogen bond statistics is based on a
calculation of the percentagds of water molecules that
In this work, we have carried out molecular dynamicsengage im hydrogen bonds and the average number of hy-
(MD) simulations of pure water and an aqueous NaCl soludrogen bonds per water molecul®,;. Here we have
tion of 3.3m concentration. The water molecules are characadopted two different definitions for the existence of a hy-
terized by the extended simple point chat@®C/B poten-  drogen bond between a water pair. The first definition is
tial [38] and the sodium and chloride ions are modeled apased on a configurational criteria and the second one is
charged Lennard-Jones particl@9,4Q. In these models, the based on a combination of configurational and energetic cri-
interaction between atomic sitésr ions is expressed as teria. In the configurational criteria, two water molecules are
1 5 considered hydrogen bonded if their interoxygen distance is
(ﬂ) _(ﬂ) L a9 B less than 3.5 A and simultaneously oxygen-hydrogen dis-
rij rij rj tance is less than 2.45 A and the oxygen-oxygen-hydrogen
angle is less than 3(020,21,364. In the combined configu-
whereq; is the charge of théth atom(or ion). The Lennard-  rational energetic criteria, two water molecules are consid-
Jones parameters; ande;; are obtained by using the com- ered hydrogen bonded if their interoxygen distance is less
bination rulessj; = (o + 0;)/2 ande;; = \/?ej The values of  than 3.5 A and at the same time their pair interaction energy
the potential parameteis, o;, ande; for water and Na is less than—10 kdmol'! [15,17—19. In the present paper,
and CI" ions are summarized in Table |. we refer to the first definition as the geometric and the sec-
The MD simulations were carried out in the microcanoni-ond one as the energetic definition of a hydrogen bond.
cal ensemble at an average temperature of 298 K. A cubic We note that the critical distances of 3.5 and 2.45 A are
box of 256 molecules including water and ions, the experi-essentially the positions of the first minimum in the oxygen-
mental density of the solutior[@1] and periodic boundary oxygen and oxygen-hydrogen radial distribution functions.
conditions with minimum image convention were employed.The angular criterion reflects the directional character of hy-
The simulations were performed with pure water and @n3.3 drogen bonds. In Fig.(a), we have shown the quantiB{ )
solution of NaCl in water. We employed a spherical trunca-that describes the distribution of oxygen-oxygen-hydrogen
tion of the Lennard-Jones interaction potential aLOwthere  angle # for water pairs with oxygen-oxygen distance less
L is the edge length of the simulation box. The long rangethan 3.5 A and hydrogen-oxygen distance less than 2.45 A.
electrostatic interactions were treated using the EwaldClearly, the distribution o® is rather narrow with its maxi-
method with the dielectric constant of the surrounding me-mum at aroundd~9° which shows the slightly bent charac-
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FIG. 2. The fraction of molecules with number of hydrogen
bonds for(a) geometric andb) energetic definitions. The results are pair having oxygen-oxygen and oxygen-hydrogen distances less
than 3.5 and 2.45 A, respectively, afil the pair interaction energy
E of a water pair having oxygen-oxygen distance less than 3.5 A.

for pure water.

ter of the most favorable hydrogen bonds in liquid water. TheThe results are for 3r8 aqueous NaCl solution.
distribution of interaction energ{E) of two water molecules

with oxygen-oxygen distance less than 3.5 A is shown i
The maximum
—23kJImol . In the definition of the hydrogen bond, one
the cutoff at =30°

Fig. 1(b).

puts

(geometrig or

is found

to be atE~

at E=

—10kJImol'? (energeti¢ to allow some fluctuations from
the most favorable configuration or the most favorable pair
interaction energy.

nificant. We now discuss the results for @.3aCl solution.
In Fig. 3, we have shown the distribution of the angland

the pair interaction energl¢ for the NaCl solution. As be-
fore, the anglg is calculated for water pairs having oxygen-
oxygen and oxygen-hydrogen distances less than 3.5 A and

0.06
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FIG. 3. The probability distribution ofa) the angled for a water

Presence of ions. Thus, the presence of ions modifies the
distribution of water-water hydrogen bonds by breaking
some of the hydrogen bonds that were present in pure water.

IV. DYNAMICS OF HYDROGEN BONDS

In the dynamical equilibrium of aqueous solutions, the
hydrogen bonds break and reform due to librational and
The values off, (n=1,2,...,5) for pure water are shown translational motion of water molecules. The analysis of the
in Fig. 2 for both the definitions. The corresponding valuesdynamics of hydrogen bonds is based on the construction of
of the average number of hydrogen bonds per water molwo hydrogen bond population variable&) andH(t): h(t)
ecule (ig) are included in Table Il. Both geometric and is unity when a particular tagged pair of water molecules is
energetic definitions are found to produce very similar re-hydrogen bonded at timeaccording to an adopted definition
sults. It is clear that pure water is dominated by moleculesind zero otherwise, whereai(t)=1 if the tagged pair of
that form four hydrogen bonds. However, fractions of mol-water molecules remains continuously hydrogen bonded
ecules with two, three, or five hydrogen bonds are also sigfrom t=0 to timet and zero otherwise. For the analysis of

Sha(t)=(h(0)H(t))/(h)

the H-bond breaking dynamics, we calculate the time corre-
lation function[17]

)

2.45 A, respectively, and the pair interaction energy is calcu!Vhere( - denotes an average over all pairs. CleaBly(t)

lated for water pairs with oxygen-oxygen distance less thal‘?I
3.5 A. In both cases, the probability distributions are foun
to be slightly wider than those in pure water. The corre-
sponding results for th&, andnyg are shown in Fig. 4 and
Table Il, respectively. In the ionic solution, the valuefgfat

its maximum is found to be less than that in pure water. On

escribes the probability that an initially hydrogen bonded
C1pair remains bonded at all times ugtd he associated relax-
ation timeryg can be interpreted as the average lifetime of a
hydrogen bond43]. We note that both librational and trans-
lational or diffusional motion contribute to the decay of
enp(t). In Fig. 5 we have shown the results 8fig(t) for

observes a widening of the distribution and a decrease of the!"® water and the 353NaCl solution. For each system, the

average number of hydrogen bonds per water molecule in th@SSeciated hydrogen bond relaxation timg is obtained as
the time integral ofSg(t). At long times, the dynamics of

TABLE IlI. Values of the average number of hydrogen bonds per

Sys(t) is described well by a single exponential function for

water molecule, the average lifetime of a hydrogen bond, and th@mh pure water and the aqueous solution. The relaxation
hydrogen bond structural relaxation time for both pure water and
3.3m aqueous NacCl solutioriThe standard deviations, which were
calculated by using block averages over 75 ps, are about 1.5%,
2.5%, and 2.5% of the final values reported aboverigs, g,

and 7g, respectively.

Solution

Definition I’lHB THB TR
0.0m Geometric 3.50 0.54 6.58
3.3m Geometric 2.75 0.50 6.92
0.0m Energetic 3.45 0.40 6.45
3.3n Energetic 2.65 0.37 7.12
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FIG. 4. The fraction of molecules with number of hydrogen

bonds for(a) geometric andb) energetic definitions. The results are
for 3.3m aqueous NaCl solution.
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00 whereas the present results show a slightly faster breaking of
10k S'.*B(t) @ A Sna(t ® the hydrogen bonds in the presence of ions. As noted in Ref.
) S [36], it is possible that the lifetime observed by Tominaga
S and coworkers at finite ion concentrations also included con-

tributions from anion-water hydrogen bonds that have a
slower time scale of relaxatidi85,45. In the present study,
0L 1 0 11 NEEN RS of course, only water-water hydrogen bonds are considered.

00 06 12 18 00 06 12 18 The ion induced changes of the PMF between two neigh-
Time (ps) Time (ps) boring water molecules can affect the rate of hydrogen bond

FIG. 5. The time dependence of the continuous hydrogen bongreaﬁmg in two dlflfer_en’lt Ways.kThefFedl_Jctlo_n of th_e Web”
correlation functiorS,g(t) for (a) geometric andb) energetic defi- ept means a re E_itlvey Wweaker e ectlye Interaction be-
nitions. The dotted and the solid curves are for pure water and 3.3 (Ween two neighboring water molecules in the presence of

aqueous NaCl solution, respectively. The value$g{(t) are plot-  10NS compared to that in pure water. This effect may lead to
ted in the logarithmic scale. an enhancement of the relative diffusion of the water pair

(which, in turn, leads to a faster rate of hydrogen bond break-
. . . . ing) if it can overcome the effects of additional ionic friction
time 7yg is calculated by explicit integration @g(t) from  ihat tends to inhibit diffusion. The second effect is that, in the
simulations until 3.0 ps and by calculating the integral for the;qic solution, the value of PMF is lower near the dividing

tail from the fitted exponential functions. In Table I, we surface(i.e., Rog~3.5 A) and, therefore, the population of
have included the results of,g for both geometric and en- \yater pairs in the vicinity of this dividing surface is higher.
ergetic definitions of hydrogen bonds. For both definitions;the o water molecules of such a pair need to travel only a
the decay rate oByg(t) is found to accelerate slightly in ghort relative distance between them to break the hydrogen
presence of ions. This indicates that the H-bonded water pafong and cross over to the nonbonded state and this also
in ionic solutions is less strongly held compared to that ineags to an enhancement of the rate of hydrogen bond break-
pure water. To gain more insight into this dynamical behaving | order to verify whether a reduction of the PMF leads

ior, we have calculated the potential of mean fo(B%F) 575 faster rate of relative diffusion of a water pair, we have
between two neighboring water molecules and the results argy|cjated the relaxation of the correlation function of rela-

shown in Fig. 6[44]. It is seen that the well depth and also e velocity of two initially hydrogen bonded water mol-
the force constant or the curvature at the minimum of PMFy.jles which is defined 446

decreases in presence of ions. We note that this decreasing
force constant is consistent with the experimental results of c\12 (1) =(v12()v12(0))/{v12(0)?), ©)
Tominaga and coworker33,34] where a reduction of the vifz0

water-water intermolecular stretching frequency with in-\herey,.(t) is the relative velocity of two water molecules
creasing ion concentration was observed. Also, for pure wax; timet, which were hydrogen bonded at tirhe 0. It may

ter, the present results of the relaxation timeSgf(t) agree  pe noted that the correlation function of relative velocity can
well with the experimental hydrogen bond correlation timepe decomposed into two parts: The autocorrelation of single
constant of 0.5:0.2psreported by Kropman and Bakker particle velocity and the cross correlation of velocities of two
[35] in their femtosecond midinfrared laser study and withparticles. The cross part plays an important role in the mo-
the relaxation _t|me _of 0.56 ps reported by Tomlnaga anfmentum transfer between neighboring molecyég—51.
coworkers[33] in their low frequency Raman studies. In the The time dependent relative diffusion coefficient of two ini-
latter study, the relaxation time was attributed to the Ilfetlmetia”y hydrogen bonded water molecules is defined as the
of hydrogen bonded tetrahedral structure of water and it Wagme integral of the relative velocity correlation function of
found to increase with the increase of salt concentrationgyg hydrogen bonded molecules

=20

-30f “~d F

kgT [t
1 5k Woo (1) Dya)= 4 JOC£%320<t'>dt : @
05 whereM is the reduced mass of the water pair. We note that,

in the absence of any cross velocity correlatidy(t)

) =2DH20(t), where DHzo(t) is the time dependent self-

-0,5-'2, diffusion coefficient of water molecules. We also note that
N the relative diffusion coefficient as defined by the integral of

Eq. (4) is different from the so-called mutual diffusion coef-
1. 25 30 35 40 ficit_ant [52]. The mutl_JaI diffusion coefficient is traditiqnally
r(A) defined only for multicomponent systems through an integral
of the collective velocity variablegs3—-56 and it describes
FIG. 6. The distance dependence of the oxygen-oxygen poterthe mutual diffusion of molecules of one species against
tial of mean force between two neighboring water moleculesthose of another species in the mixture. In the present work,
[WgE(r)=Woo(r)/kgT]. The different curves are as in Fig. 5. the integral of Eq.(4) is a microscopic quantity that de-
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FIG. 7. The time dependence of t& relative velocity corre- FIG. 8. The time dependence of the hydrogen bond correlation
lation function andb) relative diffusion coefficient of two initially function Cpg(t) for (8) geometric andb) energetic definitions. The
hydrogen bonded water molecules. The different curves are as ifgited and the solid curves are for pure water anan3agueous
Fig. 6. NaCl solution, respectively. The values©fg(t) are plotted in the

. ) L logarithmic scale.
scribes how fast a pair of initially hydrogen bonded water

molecules diffuse away from each other and hence we call i

i e - . fiydrogen bond structural relaxation is found to be an order
the relative diffusion coefficient. In Fig. 7, we have shown ydrog
(12)

) of magnitude slower than that of hydrogen bond breaking.
the time dependence @7 o(t) andD(t) for both pure  gyen at jong times, the relaxation &%g(t) is highly non-
water and the 318 NaCl solution. The decay dtfﬁf,)zo(t) exponential and no long-time exponential time constant

shows an enhanced caging effect at the intermediate time igPuld be found for the decay of these quantities. However,
the presence of ions. The value Bfj,(t) is found to be for the purpose of comparative anal)_/sus, one can obtain an
smaller for the ionic solution at all times. The long time or &verage relaxation times from the available simulation data
the zero-frequency values @,, are 3.0<107° cnisec®  [36]. In the present study, the average relaxation tirpas

and 2.0< 10 ° cn? sec * for pure water and the ionic solu- defined byCypg(n7g)=e"" where the value ofi is deter-
tion, respectively. We note that the relative diffusion coeffi-mined from the lowest value & g(t) obtained in the simu-
cient is related to the inverse of the friction that acts on thdations. We stress that this definition is made only to make a
relative motion of a hydrogen bonded water pair. Thus, theomparison of the_ r'elative time' scales of rela>.<ation gnd. it
enhanced caging of,.;(t) and the lower value oD, avoic_js the use of fitting of the tail by some fL!nct|or_1 which is
show the presence of an enhanced friction on the motion dfequired when the average relaxation time is defined as the
water molecules in the electrolyte solution as compared tdtegral of Cyg(t). The results ofrg are also included in
that in pure water. The additional friction originates from the Table Il. For both geometric and energetic definitions, the
ions present in the solution. Thus, although the reduction oftydrogen bond structural relaxation time increases in the
PMF tends to increase the relative diffusion of two waterpresence of ions. Since the functi@pg(t) does not depend
molecules, the existence of ionic friction plays a more im-0n the continuous presence of a hydrogen bond and it allows
portant role that gives rise to a slowing down of the relativefor the recrossing of the dividing surface from an intermittant
diffusion even at short times. Thus, the higher population offonbonded state to the bonded state, its dynamics is not ex-
water pairs near the dividing surface between the bonded arected to depend significantly on the small changes of the
nonbonded states appears to play a more important role ipopulation of water pairs in the vicinity of the dividing sur-
the slight enhancement of the rate of hydrogen bond breakace. Rather, its dynamics is controlled by the long-time dif-

ing that is observed in the concentrated ionic solution adusion and orientational motion of water molecules. The
compared to that in pure water. presence of ions leads to a decrease of the diffusion coeffi-

The correlation functiois,g(t) describes the dynamics of cient and an increase of the orientational relaxation times of

hydrogen bond breaking as it depends on the continuou&ater due to additional electrolyte frictions that act on both
presence of a hydrogen bond. We calculate the correlatioffanslational and rotational motion of water molecules
function CHB(t) that does not depend on the Continuous pres£36,4q. Th|S SIOWlng dOWI’] Of the tl’anS|atI0na| and r0tatl0na|

ence of a hydrogen bori@0,21] diffusion_of water molecules is believed to be responsit_JIe f_or
the slowing down of hydrogen bond structural relaxation in
Cug(t)=(h(0)h(1))/{h). (5)  the presence of ions.

It has been argued earlier that the long-time dynamics of
The correlation functionCpg(t) describes the probability Cpg(t) is invariant with respect to any reasonable definition
that a hydrogen bond is intact at timegiven it was intact at of the hydrogen bond20,21. However, the dynamics of
time zero, independent of possible breaking in the interimg,z(t) depends significantly on the definition of the hydro-
time. Cg(t) relaxes to zero as the probability that a specificgen bond due to the frequent crossing of the dividing surface.
pair of molecules is hydrogen bonded in a macroscopic sysFhis frequent crossing of the diving surface leads to a faster
tem at equilibrium is negligibly small. The dynamics of relaxation ofS,g(t). However, when the cutoff is short, the
Cyp(t) describes the structural relaxation of hydrogensame hydrogen bond is restored in most cases after the initial
bonds. The temporal behavior Gfg(t) is shown in Fig. 8.  crossing of the dividing surface and the hydrogen bond was
The relaxation ofCy(t) is found to occur at a slower rate not broken in the chemical sense. Clearly, the relaxation of
with increasing ion concentration. The overall dynamics ofS;z(t) would show a different behavior when a large cutoff
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is used to define a hydrogen bond. ThGsg(t) appears to rate slightly increases in the presence of ions. Although the
be a better function for studying the hydrogen bond dynamcalculation of the potential of mean force shows a reduction
ics. However, the relative changes of the relaxatiog,gf(it)  Of the effective strength of hydrogen bonds in the ionic so-
in the presence of ions that are discussed here are likely ##tion, a calculation of the time dependent relative diffusion

hold for any reasonable definition of the hydrogen bond. coefficient of a hydrogen bonded pair shows a slowing down
of the relative motion of the two water molecules even at

short times due to the presence of additional electrolyte fric-
tion. The slightly faster dynamics of hydrogen bond breaking
In this paper, we have presented results for the distribuebserved in the present study is, at least in part, due to a
tion and dynamics of hydrogen bonds in water andnB.3 higher population of hydrogen bonded water pairs in the vi-
aqueous NacCl solution for two different definitions of the cinity of the dividing surface between the bonded and non-
hydrogen bond. The first definition is based on a set of conbonded states as the two molecules of such a pair need to
figurational criteria and the second one is based on a combiravel only a short relative distance between them to break
nation of configurational and energetic criteria. It is shownthe hydrogen bond and cross over to the nonbonded state.
that both definitions give very similar results for the hydro- The dynamics of hydrogen bond structural relaxation in-
gen bond distribution and the average number of hydrogemolves a much longer time scalfew picoseconds Its rate
bonds per molecule. For pure water, majority of water mol-of relaxation slows down in the presence of ions which can
ecules are having four hydrogen bonds although fractions dbe attributed to the additional electrolyte frictions that act on
molecules having two, three, or five hydrogen bonds are alsthe long-time orientational and translation motion of water
significant. As ions are dissolved in water, the hydrogen bondnolecules in the presence of ions.
distribution becomes wider and also its value at the maxi- The present work can be extended in many different di-
mum decreases leading to a decrease of the average numbections. For example, in an aqueous ionic solution, anion-
of hydrogen bonds per water molecule. Thus, the presence @fater hydrogen bonds are also present apart from water-
ions is found to modify the hydrogen bonded structure ofwater hydrogen bonds. In the present work, we have focused
water by breaking some of the hydrogen bonds that exist imnly on the water-water hydrogen bonds and it would cer-
pure water. tainly be very interesting to investigate the statistics and dy-
The two definitions are also found to give qualitatively namics of anion-water hydrogen bori@$]. It would also be
similar results for the dynamics of breaking and structuralworthwhile to study the equilibrium and dynamical proper-
relaxation of hydrogen bonds in water and then3&gueous ties of hydrogen bonds in aqueous ionic solutions at nonam-
NaCl solution. The breaking of hydrogen bonds is found tobient conditions such as at low temperature or high pressure.
be a very fast process with subpicosecond time scale and it&e hope to address these issues in the near future.

V. CONCLUSION
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