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The study of the energetics and structure of small protonated water cluste®),@H (n

=1-5) has been carried out employing the OSS3 potential energy surface developed by Ojamae,
Singer, and Shaviftl. Chem. Physl09 5547(1998]. By comparing it with accuratab initio MP2
calculations for (HO),H™", this all-atom potential is also shown to reproduce quantitatively the
geometry and the relative energetics of small neutral and protonated water clusters containing up to
five molecules. To correct the total and binding energy for vibrational motion, the zero point energy
of the clusters has been calculated by means of the harmonic approximation and by simulating the
exact ground state using the diffusion Monte Carlo method. Fronet@ds& results, it appears that

the anharmonicity accounts for a decreéisereasg of 1.5—5.5 mhartre€l.0—3.5 kcal/malin the

total (binding energy of the protonated clusters. Moreover, we found all the cyclic isomers of
(H,0),H" and (H,O)sH" to be unstable during the diffusion Monte Carlo simulations, and to
convert into treelike or linear isomers. Employing the same interaction potential, we also simulated
the ground state of ($0),, (n=1-5) to compute the proton binding energy to a water cluster. This
quantity is decreased by roughly 12 mhart@es kcal/mo) by including the zero point energy
correction to the total energy. The relevance of these findings with respect to the experimental
detection and probing of the protonated water clusters is discusse@00® American Institute of
Physics. [DOI: 10.1063/1.1618222

I. INTRODUCTION of the OH stretch due to the presence of the additional
proto'** and the absence of the “cagelike”
During the past few years, attention has been paid Qyycture4°12 characterizing the neutral parerts.g., see
study the proton transfer in both condensed phase and Mgt 15 However, some of these features were inferred by

lecular cIusters. The motlvatl.on for those gfforts_ are manymterpreting the experimental results with the help of theoret-
and span various fields of science. Of particular interest arg.| modelind 4 carried out by means ab initio calcu-

fundamental issues like the unusual large mobility of theIations or by employing model potentiald’-8

proton in water, the study of the acid dissociation in mo- Notwithstanding the similarity, an important difference

lecular liquids; and the_amd—base che_m|stry of protonatedexists between thab initio and model potential approaches,
water clusters. Unravelling the mechanism of these processes

could help in understanding proton conduction through a celiind this is related to the way the nuclear motion is included

membrane mediated by “water wire$* proton mediated In the description of a cluster. Whilgb initio methods cus-

electron transfet,and proton exchange between the environ-tomarily assume a well deflned structure and mtroducg
nuclear motion as a correction by means of an harmonic

ment and the active site of an enzyfhe. ) . . ’ .
A common feature shared by all the aforementioned top€XPansion of the interaction potential around the minimum, a

ics is the difficulty of experimentally studying the details of S€nsibly chosen model potential may allow description of the
the mechanism of the proton transfer due to the large numbdverall nuclear motion without introducing such an approxi-
of degree of freedom involved. This problem could be cir-mation. This last feature opens the chance to study the pos-
cumvented by the use of validated theoretical methods likéible structural reorganisation that could take place as a func-
molecular dynamics or Monte Carlo. Information on the bulktion of different thermodynamical variablé:®

phase can also be inferred by studying the change in the Itis also true that structural changes could be studied by
properties of selected systems upon increasing the number 6féans of the methodology of oh the fly molecular
atoms or molecules. Among the mostly intensively studieddynamics:® where no model analytical form for the interac-
systems are protonated water clusters, for which infraredion is assumed. Here, energy and forces are computed at
spectra and binding enthalpy have been meastféduch every step of the simulation using ab initio or density
experiments highlight the unusual properties of thesdunctional theory(DFT) approach. Although these methods
charged clusters, and among these we cite the large redshifave the advantage of being highly flexible and not requiring
the tedious selection of the model potential form and its op-
dElectronic mail: Massimo.Mella@chem.ox.ac.uk timal  parameters, they are extremely expensive
YElectronic mail: David.Clary@chem.ox.ac.uk computationally They also do not normally account for
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guantum-dynamical effects on the nuclear motion. The highigid-body potentials like the ones presented in Refs. 24-26.
computational cost of averaging over a large set of system Up to now, many different forms of dissociable poten-
configurations makes it difficult to obtain well converged tials have been proposed and implemented to describe the
estimates of the observable. So, accurate model potentia{$1,0),H" family of systems. An early work in this field was
are an appealing alternative to study molecular clusters. made by Stillinger, David, and Web&DW),2"?whose po-

As already pointed out, the most studied protonated spetential was built using bare Hand polarizable & ions,
cies are the protonated water clustersQj,H*. They have and included screening of the Coulomb interaction at short
been studied theoretically to characterize the equilibriundistances. More recently, Ojamae, Singer, and SRawiti-
geometryt®29-Zthe proton distributiort;* and the effect of tained three new model potentials based on an improved
the temperatur&®'® However, few studies have been de- SDW form. The most flexible analytical form, dubbed OSS3,
voted to quantifying the importance of quantum effects andcontains O polarizability, dipole—dipole interactions, an ef-
anharmonicity in the descriptidrof these clusters. More- fective four-body part, and a better description of the OH
over, the main concern of previous studies was to describstretch part. The value of the parameters for this potential
the quantum effects in protonated linear chains of water molwere obtained by fitting aug-cc-pVTZ MP2 energy results
ecules while much less attention has been paid to the cyclifor H,0, H;0", (H,0),, and HO, . A similar flexible po-
and branched isomers. The branched isomers appear to tential was also built by Kozack and Jord&mo study the
the most abundant isomers detected in the infrared spectrostinima of the protonated water clusters and to account for
copy experiments. the possibility of forming a Zundel cation. Here, however,

The interest in studying the quantum effects in thesethe water molecules are kept rigid at their equilibrium geom-
complexes is mainly due to the ground state vibrational enetry so that the models for both;B* and the Zundel cation
ergy being larger than the classical thermal energy at 300 Kare not able to reproduce the correct minimum energy struc-
For instance, a water molecule has a vibrational zero pointure. In Ref. 21, a detailed summary of the performance of
energy of 0.0225 hartre€l4.1 kcal/mo) (Ref. 23 and an  many flexible potentials was also given. There, by exten-
internal thermal energy, as given by the equipartition theosively comparing many of these model potentials with MP2
rem at 300 K of &T/2=0.0014 hartre€0.87 kcal/mao). This  and MP4 calculations, the authors reached the conclusions
comparison makes apparent that the effect of quantum mahat the OSS series of potentials were the most accurate,
tion on the total energy is one order of magnitude larger thammong the ones tested, in describing the interaction energy of
the thermal one. Since one should expect a similar argumerte small protonated complexes®* and HO; .
to hold also for larger clusters and maybe for the relative  As an alternative approach to the modeling of the inter-
intermolecular motion, this large difference in magnitudeaction potential for the protonated water clusters, we mention
could affect significally the behavior of the protonated waterby the effective valence bonEVB) method?® This ap-
clusters. Among the properties that may be affected are thproach, has been recently improved! and extendett® to
reduction of the “effective” proton transfer barrier height, deal with weak acid—base dissociation, is based on the for-
the classically-forbidden tunnelling between different poten-mal separation of the systems on the basis of valence bond
tial wells, the change in their total binding energy, and instructures coupled together by an effective exchange term.
their proton affinity. Moreover, due to the fact that quantumThe latter is parameterized to reproduce the energy and ge-
motion should allow the nuclei to visit a wider range of ometry of many stationary points on ai initio (usually
interatomic distances than the thermal one, the anharmoni®dP2) PES. Although easy to parameterize and computation-
ity of the interaction potential is expected to play a moreally inexpensive, this model has been shown to suffer from
important role in defining the aforementioned propertiesfew shortcomings in estimating many-body interactions in
when quantum effects are included. Therefore, to model adhe system. This is due to the employed water—water inter-
curately these systems, a more complete understanding of tlagtion potentiat®
role played by the quantum effects must be pursued. An important advantage of the OSS3 potential is that it

With this aim in mind, we decided to study the effects of was shown to reproduce with good accuracy both the binding
ground state quantum motion on the energetics and structuresergy and the equilibrium geometry computed at the MP2
of small (H,0),H" clusters using an all-atom model poten- level for protonated clusters containing up to four water mol-
tial to describe the intra- and intermolecular interactions. Thescules. Also, although having some difficulty in reproducing
advantage of using a flexible-dissociable-polarizable potenthe hydrogen bond angle within 4°, OSS3 was shown to be
tial becomes apparent if one recognises that one of the e&ble to correctly describe the relative energetics and the
fects of varying the number and location of water moleculesstructure of the (KHO),, clusters 6=2-5). In our view, this
in the “proton” solvation shells is changing the chemical is an important element if one wishes to describe larger pro-
nature of the proton bearing entity. More specifically, the firsttonated clusters. Other interesting features of this model po-
solvation shell decides if the proton is almost equally sharedential are its ability to correctly describe the dissociation of
between two molecule@he Zundel HO, cation, or bound  a water molecule from the charged cluster, and the depen-
to a single moleculé®?!In the last case, the hydronium ion dency on the O—O distance of the barrier height for proton
is formed, and it is often solvated by three water moleculesxchange in O, and the linear O, . For these reasons,
accepting hydrogen bondthe eigen HO, cation. The ne- we employed the OSS3 model as the interaction potential in
cessity of describing correctly the relative energy and stabilall of our calculations.
ity of these two species, rules out the possibility of using In this work, we present a study of the structure and
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vibrational motion of the protonated water clusters Unfortunately, the exact Green’s function is known only
(H,0),H" (n=1-5) using the OSS&Ref. 21 interaction for very simple model Hamiltonians. For systems whose
potential and the diffusion Monte Carl®MC) method to  ground state wave function has no nodes, the theory of DMC
simulate their ground state eigenfunctions. We also comrelies completely on the ability to find an accurate approxi-
puted the ground state energy for neutral water clusters usingation to the imaginary time Green’s function of the Sehro
the same potential to obtain reference values for their protodinger equation. The usual short time approximatiSiA)
affinity. In Sec. Il we summarize the principal features of theto this function is given by the Trotter formuld’,%®
computational method employed in this study. In Sec. lll we _; ,

describe the computational results for the energetics of th&sa(R—R o)

clusters, and some of the atom—atom 1D distribution func- m |32 mi(r/ —r.)2

tions sampled by QMC. 2D distribution functions are also =[] (—') p{— '—}

presented as a tool to understand the role that quantum ef- i \2mdt 2dt
fects play in describing the systems. Finally, Sec. IV contains y ex% i V(R)+V(R')— 2Eref}

our conclusions. 5 3
and is accurate to a second ordedinThat is, for short time
steps, the error is proportional 3. This equation is com-
Since quantum Monte Carlo methods are already welmonly simulated by interpreting the normalized Gaussian
described in the literatur®,it is not necessary to present the kernel as a transition matrix, while the dxmfV(R")
diffusion Monte Carlo technique in detail. Here, we simply +V(R)]/2} part is simulated by means of a discrete birth/
introduce its relevant features, and present only the technicgleath branching process of the walker population.
details needed for a complete understanding of our compu- To improve the efficiency of the DMC method, impor-
tational results. tance samplindlS) is usually introduced in the simulation
An imaginary-time version of the Schiimger equation by using a trial wave functioV. So, DMC samples
serves as a starting point to develop the theory of the DMJ (R,t) =¥ 1(R) ¢o(R) instead ofy(R). This is done to re-
methods>* Specifically, this reads duce the statistical error of the energy results, to speed up the
V(R N g2 convergence of the simulation by avoiding uninteresting re-
IV (R, ):z —'\If(R,t)—[V(R)—Eref]*I'(R,t), (1) gions of the conflgurgtlona}l space, gnd to res’gralr? a weakly
at To2m; bound system from dissociating during the projecting evolu-
tion. However, biasing priori the sampling by aF+ may
increase the chance of missing regions of the configurational
3N space. . L
space that are important for the accurate description of struc-

Although we leave the analytical form of the interaction tural properties of the svstem. So. in this work. and for com-
potential undefined as a way to stress the ability of Monte brop Y S '

Carlo to cope with any local potential, we point out that theputational simplicity, we restricted ourselves to use a DMC

) . ersion without the IS procedure.
gzatlr']té/’ssggiicgoizgt?;bmty of the method strongly depena/ Because of our choice to use E@) without IS, the

For the nodeless function case we consider in this wor PMC method samples the ground stal of the system.

. ) . O ence, in order to compute the total energy of the cluster, we
(i.e., notwithstanding the fermionic character of the H atoms . . .

. : use the potential energy estimator introduced by Andéfson
we assume that all the particles in our systems obey Boltz-
mann’s statistics the previous equation is formally equiva- J¥,(R)V(R)dR
lent to a classic diffusion process with sink and source terms ~ (Ev(t))= T U, (RAR (4)
dependent on the position in space. Here, the assumption of _
Boltzmann'’s statistics is justified by the fact that the H atomgthat converges to the ground state energy dor-0. This

do not exchange during the simulations, so that the effect ogstimator has been shown to behave smoothly for many dif-

IIl. QUANTUM MONTE CARLO METHODS

whereV(R) is the interaction potential, arid is a point in

the spin statistics is expected to be negligible. ferent model and realistic systerifs}’ and to have a reason-
Equation(1) can be recast in the integral form, ably large time step range in which it follows a quadratic
dependency on the time step. This allows either extrapolation
\P(R’,t+dt)=J’ dRG(R—R’,dt)W(R,t) to dt=0, or the selection of a time stefi short enough to
ensure that the time step bias is smaller than the statistical

error of the energy mean values.
=2 cje (FINE "By (R), 2 More accurate STA than E¢B) have been proposéti=®
! and tested in DMC calculations. However, our test runs on
where G(R—R’,dt)=(R’|e 9"H|R) is the imaginary time the smaller protonated water clusters indicate that it is pos-
Green’s function, ana;=f¥(R,0)¢;(R)dR. If this func-  sible to obtain easily the needed accuracy and statistical pre-
tion were known, Monte Carlo methods could be used tccision with the simple Trotter factorization, so we restrict
sample the above integral projecting out all the excited stateurself to use Eqg.3) and(4) as our working equations.

components from the starting wave functigh(R,0).3® In As a final point about the simulation algorithm, it is
this case the technique would sample a distribution proporimportant to stress thaany version of the DMC method
tional to the exact ground state eigenfunctibg(R). employing the branching algorithm suffers from a population
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FIG. 2. Optimized OSS3 structures for the,8; isomers(a) Kitelike 5%,
(b) branched &), (c) and (d) cyclic 5 and 3%, (e) linear 59, (f)

o N N penthagonal ).
FIG. 1. Optimized OSS3 structures f@ HsO, , (b) H,O;3 , (c) branched

HeO; 4™, (d) cyclic HyO; 4?, and(e) linear O, 4,

isomers remained stable, though they undergo minor changes
in the atomic distances and angles. The largest changes were

een optimizing the (50),H™ cluster and the parent of the
inear isomer 4. These changes were due to the migration

f one of the HO™ protons towards the center of the water
éc?hain. This proton displacement gave rise to a more symmet-
gic system where it is equally shared between the two central
water molecules. All of the optimized cyclic complexes have
at least one double acceptor water molecule in the ring. This

control bias due the fluctuation d.3° This quantity is

constantly updated to keep the configuration ensembl
around a chosen target populativh®** and this procedure

has been shown to introduce a bias in the energy proportion
to 1M if M is large enough. Although many useful proce-
dures have been devised to overcome this difficulty, in thi
work we employed the simple approach of running two

simulations with different numbers of walkers in the range of . ,
M where the dependency &, can be considered linear. As is probably due to the need of the hydronium moiety to do-
nate two H bonds to stabilize itself. This is different from

we will show, the two energy values allow us to safely ex- ) .
trapolate to infinite population and to obtain unbiased results\{vhat happen_s |n_the pure water clusters with5, where the :
most stable ring isomers always have water molecules acting
as donor—accept6t.

Interestingly, no chainlike isomer was found among the

As a starting point for all our DMC simulations of the ASP-optimized pentamef&.Since this is expected to exist
(H,0),H™ clusters, we used the minima obtained by Hodgeson the basis of the MP2 and B3LYP calculation carried out
and Wale®’ employing the Hodges and Stone ASP potentialby Christie and Jordalf,we examined some possible global
energy surfacé* As pointed out previously, this interaction minimum candidates by simply adding another water mol-
potential is built considering the cluster partitioned irGH  ecule to the optimized linear tetramer. At the end of the op-
and HO™ fragments that are kept frozen in their own mini- timization, we found in all our candidates that the proton
mum geometry. So, in order to have a meaningful comparimoved closer to the central water molecule reforming the
son between total energy of different isomers, and to makél;O" entity as predicted by thab initio calculations'®
sure that a specific isomer exists also on the OSS3 surfacErom this set of optimized geometries, we extracted the low-
we reoptimized every cluster using Powell's method with aest energy one as our global minimum conformer for this
tight convergency criterion. The resulting geometries ardsomer.
shown in Figs. 1 and 2 while the OSS3 energy of the opti-  Since the minima of Ref. 40 were obtained by using the
mized clusters are reported in Table I. There, we use thASP potentiaf it could be possible to have additional local
notationk(" to indicate the th isomer of the cluster contain- minima on the OSS3 surface used in this work not contained
ing k water molecules. The isomers are ordered following thén the set presented in Ref. 40. To test this possibility, we
increase of total energy. We found that all the reoptimizecused the approach proposed by Finmitzal *? and run long

IIl. SIMULATIONS AND RESULTS
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TABLE I. OSS3 energy minimum\{,,,), DMC ground state energyEq(n)), zero point energyZPE), and
grow energy Egyp,) for the (H,0),H" systems as a function af. The ZPE is estimated using both DMC
simulations and the harmonic oscillat@iA) approximation. The DMC results are extrapolated to infinite
walker population. The double entry fdg,,, of 5 is due to its possible formation from™ or 4®).
Quantities in a.u. apart from thgy,,, values between square brackets that are expressed in kcal/mol.

n Vinin E(n), ZPE Egrow ZPEHA)
1 —1.515342 —1.4822587) 0.0330897) 0.15595%2) [97.791)] 0.034517
2 —2.917622 —2.858623) 0.059003) 0.050083) [31.412)] 0.061197
3 —4.303191 —4.218794) 0.084404) 0.033884) [21.252)] 0.088060
4 —5.681306 —5.571889) 0.109429) 0.0268@10) [16.816)] 0.112665
4 —5.677980 R. O. 0.114540
43 —5.677913 —5.569629) 0.108299) 0.0245410) [15.396)] 0.112868
51 —7.052958 R. O. 0.138955
5(2) —7.051326 —6.91651) 0.13481) 0.0183316) [11.51)] 0.138120
0.0205916) [12.91)]
5(3) —7.049961 R. O. 0.139144
5(4) —7.049823 R. O. 0.139708
5(5) —7.049226 R. O. 0.139217
5(6) —7.048409 —6.91562) 0.13282) 0.0195420) [12.31)] 0.138354

DMC simulations employing atomic masses 10—20 timegun. The target population was usually composed of 2000 or
smaller than the correct ones. This has been shown to ed000 walkers. As a second stage, we carried out long pro-
hance the quantum effects of the system, and therefore tguction runs, each one composed of, at least, 200 blocks of
enhance the sampling of the configurational space. During00 DMC steps each. So, while our shortest simulations
each DMC simulation, a subset of walkers was randomlysampled a total of at least10? configurations, the average
extracted from the total population and saved on a file. Theyne was composed by roughly1.0° samples. At the end of
ensamble of collected walkers was successively optimizedach simulation, the blocking procedtitevas used to test

by minimizing their potential energy, and the optimized for the presence of residual serial correlation and to obtain a
structures were compared with the set of geometries obtaingfore accurate estimate of the standard error of the mean
in Ref. 40. No additional low energy isomers were found asyajues. This procedure amounts to recursively “block” to-
result of thls_proce_dure. _ o _gether two by two the simulation data and to compute the
_ Before discussing our results in detail, it is worth point- gtandard error of the average using the new set of “blocked”
ing out that some of the isomers obtained by basin-Nopping a1, |t can be proved that the estimated standard error con-

. . . 40 . . .
optimization,” and hence also our optimized ones, differ, o a5 15 its unbiased value when the serial correlation be-
simply by the relative torsional orientation of the hydrogen,[Ween successive “blocked” data reduces to zero

atoms not involved in forming hydrogen bonds. We dub In order to obtain some insight on the time step and

these sets Pf S|m'|lar ISomers free-H conformers.” The dif- population bias for these systems, we run simulations using
ferent relative orientation for the H atoms accounts for &, arious numbers of walkers and time steps on th®H
difference in total energy of roughly 1.5—3 mhart(@94 — P

1.88 kcal/mo), in both the ASP and our OSS3 results. ThissfyStem' For these t?St runs, the Iess. accurate, buF computa-
tionally less expensive, OSS2 potential was used instead of

energy difference indicates the probability that the free-H he OSS3 one. The total energy results obtained by simulat-

conformers could convert, overcoming the barriers separalt-

P .
ing them as an effect of the quantum zero point motion duriN9 HsO0; with the OSS2 model, with 2000 walkers, and

ing the DMC simulation. This was checked by visualizingtime steps ranging from 2 to 40 a.u. are shown in Fig. 3. This

the structural changes in walker ensemble, and we found th&iCture clearly shows that in the range 2-20 a.u., the average
all the possible free-H conformers were represented in it. AQMC energy obtained by means of the Trotter approximation

a consequence, we simply report the total energy and simd=d- (3) has a neat quadratic behavior. This fact is indicated
lation results for the lowest energy free-H conformer of anyPY the excellent agreement between the computed values and
given isomer. the fitteda+ b* dt? form (dashed lingin the same time step
Beginning with optimized geometries, all the simula- "ange. Moreover, comparing the extrapolated energy value at
tions were carried out in two stages. In the first equilibrationdt=0 with the one computed att=2, respectively,
stage, two to five hundred identical walkers were created and 2.901924) and —2.901913) hartree, it emerges that they
successively displaced and branched following the rules ofre statistically indistinguishable. In our view, this indicates
the DMC algorithn* A short time step was employed to thatdt=2 could be safely used to run all the simulations
avoid the possibility of having a walker ensemble collapsingwithout the necessity of extrapolating to infinitesimally short
into a single representative configuration due to the initiallydt. As for the population bias, Fig. 4 shows the OSS2 total
large fluctuations of their weights. Once the configuration seenergy of HO, computed usinglt=2 versus the reciprocal
has reached the equilibrium, we gradually incremented thef the number of walkers, W. Here, the theoretically pre-
total population using a time step suitable for a productiondicted linear behavid? is clearly seen for all thé/l values,
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-2.9015 T T T T T T T T A. EnergetiCS
29020 8T ’ The values of the total enerdy, f i
dy, for the various proto-
-2.9025 | . T nated and neutral clusters obtained by means of the DMC
5 -2.9030 - . simulations are shown in Tables | and I, respectively. In the
o} - .
£ 29035 | B same tables, we also present the zero point en&ZfF)
< 20040 - | contribution to this value as computed by means of the for-
e - N mula ZPE=V,—Ey. For (H,0),H", we also report the
V. -2.9045 - S differential quantity,
-2.9050 - S
-2.9055 | Y Ega(M =E§(n—1)—EQ(n), 5
_29060 1 1 Il 1 1 1 1 L i i
6 5 10 15 20 25 30 35 40 whereE§(n) is the total energy of tha isomer of the pro-
t(1hartree) tonated cluster containingwater moleculest (1) is the
. ab i
FIG. 3. DMC energy for HO; as a function of the time step The OSS2 proton affinity of the_ wa_ter mOIeCUIEQFOV\Kn) can be inter-
model is used in the simulations. Quantities in a.u. preted as the vaporization energy of a water molecule from

the cluster which depends on the structure of bothatlaad

b isomers as well as on the total numbeiof water mol-

ecules. An analogous quantity has been computed also for
namely 500, 1000, 2000, and 4000 walkers. This plot alsahe neutral water clusters and is shown in Table II.
indicates that the idea of linearly extrapolating the energy to  Before we begin discussing the behavior of the energy
an infinite number of walkers using only two different target quantities, it is worth pointing out that, in Table I, the entry
populations may be posed on solid grounds. To test this hy*R.0.” indicates that the particular cyclic isomer studied
pothesis, we built all the possible subsets composed only bywas found to convert by ring openin@R.O) during the
two [(dt;,E;) and dt;,E;)] of the data shown in Fig. 4. DMC simulations. Conversely, all the linear and treelike iso-
Using each of these subsets, we obtained the parameters mkrs for the different clusters never showed any propensity
the stright line which interpolates them, and successively eso change their structuf@part from the changes in torsional
timated the statistical error of the intersection of this straightangles in 4%, 5, and 5] or the relative connectivity of
line with they axis. This was done by generating thousandshe oxygen atoms. This last fact allows us to interprete many
of couples of ¢It;,E;) and @dt,,E,) points by means of a of the results on the basis of the geometry of minimum po-
short Monte Carlo simulation. Here, two Gaussian distributential energy structure of the O atoms.
tions of energy values having the same mean value and a The ZPE ancEgPOW(n) for (H,0),H" are also shown in
standard deviation equal to the standard error of the tw@ig. 5. As toEgPOW(n), the trend clearly indicates a decrease
fitted data were sampled. For each couple of sampled pointgf this quantity upon increasing the number of water mol-
we reestimated the intersection and collected it to produce ecules in the cluster. Although too small to be distinguished
standard error. All the two-point estimates so obtained werén the scale of Fig. 5, both the tetramer and the pentamer are
found to differ by no more than twice the standard error ofrepresented by two and three data points, respectively. As
the estimate obtained using the complete data set. So, thiedicated previously, this is due to the different isomers of
different estimates are statistically indistinguishable, andH,0),H* and (H,0)sH", and by the fact that isomer3
therefore supporting our idea of extrapolating to a infinitecan be built starting either from® or 4® by adding a
target population of walkers. water molecule. The decreasing trend Eﬁ?ow(n) can be

rationalized in terms of the many-body effects due to the

electrostatic interaction. Specifically, besides polarizing the

surrounding molecules, the net excess charge due to the pro-

29014 ' ' ' ton tends to align the water molecules with an unfavorable
29015 - ' i relative orientation of their dipole momern(fsr instance, see
the trimer clusters in Fig.)1 This reduces the incremental
-2.9016 - ] interaction energy of a single water molecule going from the
20017 | . ] dimer to the trimer and finally to the tetramer. For the pen-

tamer, the fifth water molecule is at longer distance from the
-2.9018 1 charge bearing entityi.e., it is in the “second” solvation
’ shel) so it feels a more distant and shielded positive charge.

<E> (hartree)

2 " 1 Notwithstanding this, the binding energy for the fifth water
29020 |- . molecule still has a value spanning the range 0.0(B93
0.0204716) hartree [10.61)-12.81) kcal/mol] which is
-2.9021 1 1 1 L . .
0 0.0005 0.0010 0.0015 0.0020 larger than the corresponding quantity for the neutral water
1M pentamef0.01182) hartree or 7.41) kcal/mol, see Table ||

FIG. 4. DMC energy for O, as a function of the inverse of numblerof Figure 5 also ShOW_S the Va.lues for the Z.PE for all the
walkers in the population. The OSS2 model is used in the simulationspr_omnated clusters. This quantity follows a linear behfiV'Or
Quantities in a.u. with respect to the number of water molecules present in the
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TABLE Il. OSS3 energetics of the (D), systems as a function of The meaning of the symbols is identical
to the caption of Table I. The DMC results are extrapolated to infinite walker population. Quantities in a.u. apart
from the Ey,, values between square brackets that are expressed in kcal/mol.

n Vinin E(n), ZPE Egrow ZPEHA)
1 —-1.348285  —1.3262905) 0.02199%5) 0.022536
2 —2.705378  —2.6588498) 0.0465298) 0.0062697) [3.931(4)] 0.047845
3 —4.072900 —4.000432) 0.072472) 0.01509811) [9.4656)] 0.074403
4 —5.444560 —5.346806) 0.097710) 0.020086) [12.593)] 0.100030
5 —6.808804 —6.68662) 0.12222) 0.013%2) [8.471)] 0.124944

cluster. The deviation from the linear approximation hasdifferenceAZPE=AE,— AV, AZPE represents the correc-

been found to be always smaller than 0.001 hartreeghly  tion to the adiabatic formation energy due to the vibrational
220 cm'1), and we suspect the linear behavior to be mostlymotion.

due to the |ineal’ increase Of OH bonds and to the faCt that the For the sake of Comparison, we use the MP2 results as
coupling between different OH stretches is usually stall. yeference for all the other methods. On the basis of the
Comparing the ZPE computed by means of DMC for theynown performance of MP2 with a large basis €&t these

stable isomers with the same quantity obtained using thgre expected to be close to the exact values. However, MP4
simpler harmonic oscillator approximatipZPEHA), Table  caicylations on the same systems show the tendency to
!], it appears that the anharmonicity accounts for a decrea%qighﬂy reduce both total and formation enefdy.

in total energy of 1.5-5.5 mhartr¢.9-3.4 kcal/mal The Comparing the 0SS3 and the MP2 results, it appears that
largest variations are obtained for t?e tring@r6 mhartree or the model potential is fairly accurate in reproducing the for-
2.3 keal/mo, the linear tetramer @ (4.6 mhartree or 2.9 mation energy for all the stable clusters. The most notable

kcaII/ n_;_?]b ?ng_ the Iinﬁjakr) pent?meiﬁdsbmtrrl]artree, 3}'4 tkcal/ fiiscrepancies are found for the isomét5whose formation
mol). This finding could be explained by the same features 0energy is underestimated by 3.5 mharti@2 kcal/mo}.

these _three systems, namely a strong anharmon_lcny n thBSSS works rather well for the trimer and the linear isomers
potential energy surface for the proton exchange in the CeNY(3) and 56
tral HsO, part of the linear tetramer, and the large amplitude :

. Since a more thorough comparison of the relative perfor-
motion of the H bonded excess proton connected to the cen- ) !
. : . mance of MP2 and B3LYP has already been given in Ref.
tral water molecule in the trimer and linear pentamer.

In order to assess the accuracy of the results obtained b]§16’ we restrict our comment only to the stable isomers. From

means of the model OSS3 potential, it is interesting to com- ablil III2 Onﬁ f[:ar;( lngtlli:e l/that} tl?;lSL\'\(Aszove:estm;ateti by
pare different methods. For this reason, Table Ill shows thg0UINYy < mnartrea L.z kcalimoj the vaiues for the

adiabatic formation energy developed during the process smallest clusters but performs accurately for the two pentam-
' ers. The MSEVB potential performs rather poorly in terms of

(N—1)H,0+H30" — (H,0)H" (6)  the formation energy for @ and 5%, and as is pointed out
for the isomers that were found to be stable during the DMCN Ref. 16, this outcome seems to be related to the use of the
simulations. This quantity is computed using OS33/(,) TIP3P potential for describing the intermolecular water inter-
MP2, DFT-B3LYP, and the MSEVB model potentidfe®* ~ actions. Considering the results for OSS3 and MSEVB
We also report in Table IIl the difference between the ground Table Il together with the extensive comparison carried

state DMCE, results A\ E,) for the same process, and the Out in Ref. 21, we conclude that the OSS3 potential could be
considered the best flexible polarizable potential available

for simulating small protonated water clusters.

0.18 . . . . . Table 11l shows that the ZPE correction has a profound
0.16 | . = influence on the absolute value of the formation energy, re-
044 | o ducing it by an amount that increases with the size of the

+ o1z | | cluster. The decrease is found to vary in the range between

g e 4.0 mhartred2.5 kcal/mo) for the dimer, and 13.4 mhartree

g otor R R (8.4 kcal/mo) for the 52 pentamer. Interestingly, both the

g 008 et T linear isomer of the tetramer and the pentamer show a

& 006 s . smaller ZPE correction than the corresponding branched iso-
004 |- - i mers. Since the latter display values of the ZRE) very
oozl - ' . | similar to the linear counterparts, as shown in Table I, this
000 L . . . . l effect should be entirely due to the anharmonicity of the

' 1 2 3 4 5 vibrational motion. If we assume that a similar correction is
Number of water molecules (n) also present for larger clusters and at higher temperatures

FIG. 5. DMC zero point energyZPE) and grow energy Eyer) of (e.g., 170 K,'the e;ﬂmated c!uster temperature in the experi-
(H,0),H" as a function ofn. The dashed line is a linear fit of the ZPE men_ts_descr'bed in Ref.),7this should Change the r_elat've
values. Quantities in a.u. stabilities between the branched f®),H" and the linear
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TABLE lIl. Formation energy of the (kD),H* systems as a function of V., refers to OSS3 resultd E,

is given by DMC energy differences, abd? PE= AE;— V. MP2, B3LYP, and MSEVB pentamer results are
taken from Refs. 16, and 44. The MSEVB results for the dimer, trimer, and branched tetfdhse4rom Ref.
31. The DMC results are extrapolated to infinite walker population. Quantities in a.u.

n Vinin AE, AZPE MP2 MSEVB B3LYP
2 0.053995 0.050G8) 0.003922) 0.05477 0.05396
3 0.091279 0.08398) 0.007313) 0.09175 0.09110
40 0.121109 0.11078) 0.0103%9) 0.1233 0.12690 0.1249
403 0.117716 0.10859) 0.009229) 0.1178 0.1197
5(2) 0.142844 0.1291) 0.01371) 0.1463 0.14682 0.146183
5(6) 0.139927 0.1282) 0.01172) 0.1411 0.13390 0.141543

(H20)(n-1)H" by roughly 3—4 mhartreéi.e., roughly 2.5 which is given by PA-BE. In Eq(8) [(H,0),H"]* indi-
kcal/mo). The same quantity computed employing the har-cates a vibrationally excited protonated cluster. At this point
monic approximation ZP@EA) values from Table | and it is worth remembering that the ground state obQHi,H™"
Table Il is in quite good agreement wittZ PE for the dimer, is stable with respect to the dissociation into{1)H,O and
the trimer, and the branched tetramer and pentamer. Howd;0™, i.e., this process has a positive energy change. In-
ever, it is larger by more than 1.5 mhart@9 kcal/mo) for ~ stead[(H,0),H"]* is generated if the energy released dur-
the linear tetramer and pentamer. This last outcome is mostlyng the proton addition is stored in the system and not dissi-
a by-product of the anharmonicity of the linear isomer vibra-pated by means of a collision with another molecule. Since
tional motion with respect to the branched one. PA—BE is positive for the studied systems, it is clear that all
Another interesting energetic quantity is the proton af-of the clusters may fragment after the addition of the proton.
finity of a water cluster. This is the energy released during Interestingly, the ZPE correction to the proton affinity
the process appears to level off around 0.011 hartkée9 kcal/mo) after
(H0), +H* — (H,0),H*, (7) n'=4. At the present, we do not havg a clear explanation for
) _ this observation, but it seems to indicate that the excess pro-
Whe_re the nel_JtraI water clustgr is gssumed to be described By, introduces roughly the same ZPE change disregarding
the isomer with the lowest vibrational ground state energj{ne chemical environment.
Eo. These are the cyclic isomers where all the water mol- g1y it is noted that computing the difference between
ecules act as donor—acceptors. The proton affinity is exge pmc results and the one obtained by using the harmonic
pected to depend on the number of water moIepuIes_ prese bproximation is just one way to explore the effects of the
in the parent neutral clusters due to the reorientation an nharmonicity in the ground state of a system. As was re-

solvation processes that take place after adding the prom@ently highlighted® a small difference between these two

Our results for this quantity, computed using the mlnlmumquanti'fies could mask a much larger anharmonic behavior

potential energy and shown in Table IV, indicate that this is . o
exactly the case, going from 0.167 hart@84 kcal/mo for due to two opposite effects. Those effects are the steep in

the formation of HO™ to roughly 0.240 hartreé151 kcall crease of the energy in the repulsive region of the potential

mol) for the proton addition to the two pentamers. A similar for r;j—0 and the shallow wall for;;>req. Whereas the

behavior is found also for the proton affinity computed usingI::St eff(?[ct woulg more strog gtlr): L(r)]cahse the V\I/(z_avet_f unctclion ?{f
the Eq results. Moreover, using the values of the proton af- € systém, and increase bo € average kinelic and poten-

finity (PA) and of the binding energ(BE) in Table IIl, one tial energies, the second would allow the ground state wave

can estimate the energy released during the process, function _to extend to larger d_lstance thar_1 in the harmonic
case. This can produce a partial cancellation of the effect of

(H20)p+H™—[(H0),H"]* = (n—=1)H,0+HzO"  (8)  the anharmonicity in the computed total energy.
B. Structure

TABLE IV. OSS3 proton affinity of the (5O), clusters as a function af. Being the lighter element, the hydrogen atom is well
The results are extrapolated to an infinite walker population. Quantities irknown to show interesting quantum effects on many proper-
a.u. apart from theAE(n), values between square brackets that are ex-,[ies Its Iarge amplitude motion allows it to sample wide
pressed in kcal/mol. n !

regions of the PES and enables quantum mechanical tunnel-

n AV in AE(n)q AZPE ling between two separated wells if the potential energy bar-
1 0.167057 0.1555968) [97.8036)] 0.0111389) rier is not too high or wide. This can be seen as a mapifes—
2 0.212244 0.19982) [125.311)] 0.012612) tation of the breakdown of the second order approximation to
3 0.230291 0.21868) [137.082)] 0.012113) the PES topology. Moreover, if the quantum mechanical
:E;; g-ggg;gg 8-2;52%; H;‘;%gg% 8-811;3 probability density for H shows two peaks because of the
£ 0.22252 6.229(9) [144'11)] 0:01162) tunnelling process, the conf:ept of ylbratlonally averaged

In order to explore these effects for the protonated water
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clusters, we collected 1D and 2D probability density func- 8e+08 . T . * . —
tions for the interatomic distances in the clusters. This is
formally equivalent to computing the two integrals,

7e+06 |- 0 - _
6e+06 | 1
5e+06 - L .
P(M)Zf dR(u—[ri=ri)o(R) 9 .
4e+06 P .
and 3e+06 - P 1

1 ) / N
2e+06 [ ; \ / | -

0 A v

I N / )

' N / \

| N / \

I \ \ a

1e+06 - / | ; |

1 N v N

¢ AN g Y
! . ’ AN

0 1 ! L Lo I ol 1 AN ]

R (bohr)

F(M,V)=J dRS(u—[ri—r;)8(r=|r—rm)¢o(R),
(10

where i, is the ground state wave function andis the
vector representing the position of thié atom. It is impor-
tant to notice that, differenﬂy from the usual quantum expecFlG. 6. Unnormalized DMC distribution function of the Otdashed ling
tation value, these values are defined usipgand notz,//é. and OO(solid line) distances for EHO; . Distances in bohr.
Although this hinders the possibility of interpretipgand I
as true probability density functions, they still represent a
useful tool to understand the importance of the quantum efeistinct sets of hydrogen atoms that an O sees, namely the
fects on the system behaviirHowever, instead of collect- ones bonded to itself and the ones bonded to the other O.
ing simple interatomic distance density functions, one couldMoreover, the peak located at short O—H distance shows a
cleverly select one or two internal coordinates so that thevell defined shoulder that can be attributed to the H atom
relative motion of atoms, or groups of atoms would be dedying midway between the oxygen atoms. At the equilibrium
coupled. If this were possible,andI” could be easily trans- geometry, this H atom has a slightly longer bond distance
formed into true probability density by simply squaring from the O atoms than the other four hydrogens. As ex-
them. To illustrate this idea, we mention the concept ofpected, the distribution of oxygen—hydrogen distances is
H-density” that was developed to visualize the quantum ef-fairly broad, indicating the importance of the relative quan-
fects of the H atoms belonging to a water molecule solvatingum mechanical vibrational motion of the H atoms. Notwith-
a biomolecule. Here, the samplég is collected for every H standing the larger oxygen mass, also the O—0O distance dis-
atom in a bin grid as to form a 4D histogram, and disregardiribution clearly shows the effect due to the quantum zero
ing the position of all the other atoms. The value of thepoint energy on the molecular structure extending from 4.3
resulting histograms are successively squared to represent m 5.3 bohr. Similar results were also found for the larger
approximation to the correct density of the hydrogen atomssystems, but we did not include the relevant figures since
It is worth mentioning that exact and quasiexact approachethese are quite cluttered and, especially for the largest clus-
are also available to obtain informations on the probabilityters, they convey very small additional informations. Our
density of H atoms. These range from the forward walkingresults for the quantum distribution of these systems are con-
schemé'® to squaring the walker weight§,to collecting a  sistent with previous DMC simulations on pure water
large set of replica and weighting them proportionally to theclusters® and reinforce the idea that the quantum contribu-
number of neighbor walkers within a defined distance in theion to the motion of the first row atoms can be important in
configurational spac®. However, for the analysis of the ef- describing systems containing hydrogen botids.
fects that a quantum treatment has on the structural features To extract more information about the structural effect of
of these systems we found the usage ahdI’ [Egs.(9) and  the quantum motion, we also computed the 2D distribution
(10)] to convey sufficient informations and to make us ableobtained by using the two internal coordinafés r (O;H)
to distinguish between different local environments experi-—r(O;H) andR=r(0O,;0;) for any QO; pair and any H atom
enced by the protons. in the system. Here,(O;H) indicates the distance between
As was mentioned previously, the study of the 1D andtheith O atom ad a H atom, and (O,0;) indicate the dis-
2D distributions was also supplemented with the visual intance between thith andjth O atoms. This approach ex-
spection of a subset of walkers during the production runscludes any possible bias due to an incorrect instantaneous
This enables the direct observation of the conformationathoice of the two reference O atoms.
changes that take place, and was useful to understand that the The distribution obtained by simulating the Zundel cat-
oxygen atoms never exchanged the relative positions eveon is shown in Fig. 7. The two large and symmetric peaks
during long runs. Although this finding was not unexpectedcentred aroundR(OO)=4.70 bohr andZ = — 4.4 bohr repre-
due to the large oxygen mass and the high barrier that suchsent the two pairs of H atoms lying externally to the O-O
process must overcome, it allows us to use the oxygeframework and not involved in the bonding. The peak lo-
“backbone” of the clusters as a reference to describe theated atZ=0, instead, represents the central hydrogen
hydrogen motion. equally shared between the two water molecules. Its distri-
In Fig. 6, we show the 1D probability density distribu- bution appears to be wider than the other two peaks, and for
tion [Eq. (9)] of the oxygen—oxygen and oxygen—hydrogenR=5 bohr, the split tail clearly indicates that H no longer
distances for HO, . For the O—H distances, the distribution experiences a single well potential but rather a double well
shows two well separated peaks which are due to the twone. Despite highlighting the features of the quantum

Probability Distribution (arbitrary units)
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40  Zzpohn L Z (bohr)

R (bohr) R (bohr)

FIG. 7. Contour plot of the 2D distribution function forsB; obtained FIG. 9. Contour plot of the 2D distribution function for,8; obtained

using the internal coordinatég=r(Q;H)—r(OjH) andR=r(0,0)). The  using the internal coordinateZ=r(O;H)—r(O;H) and R=r(O;H)

contours are drawn at 0.01, 0.02, 0.04, 0. 08 0.1, 02, 04, 0.8 times the r(O;H). Only the part of the distribution close to the hydrogen bond

maximum peak height. Distances in bohr. region between the central and one external O atoms is shown. The contours
are drawn at 0.01, 0.02, 0.04, 0.08, 0.1, 0.2, 0.4, 0.8 times the maximum
peak height. Distances in bohr.

H-density for the Zundel cation 4@, , using Z and R as
variables to defind” produces highly cluttered pictures for
the larger clusters that are difficult to interpret. For this reamaximum is located in the positive region @f Although
son, we also define a new set of coordinates udig this indicates that the H atom preferentially resides on the
=r(OH)+r(OjH) instead ofR=r(0,0;). This choice is central O atom, the width of the peak strongly suggests that
reminiscent of the elliptical coordinates used in the quantunihe bond region closer to the external O is visited by the
treatment of H and H; and has the advantage of relating the hydrogen due to the quantum motion. Interestingly, the loca-
H-density peak with the H atoms external to the-8-Q tion of the peak maximum along is 0.4 bohr larger than in
bond region at largeR. This makes the interpretation of the the Zundel cation case. In the last one, the smaller vall of
plotted density easier. Figure 8 shows the appearande of for the maximum probably indicates the shorter O-O dis-
when the latter choice of coordinates is used. As clearly seefi@nce due to the strong H bond bridging the two oxygens in
the two peaks af=—4 and 4 are now well Separated by the the system, which is relaxed upon the addition of a second
central peak describing the shared H, whose maximum i¥ater to the hydronium cation. This is consistent with the
located rough|y aR=4.8 bohr. Moreover, this one also dis- location of the first peak of the O-0O pair distribution func-
plays the split tail indicating the presence of a double welltion for both systems. Whereas the Zundel cation shows a
potential, so we consider it appropriate and use only this laghaximum around 4.7 boHsee Fig. 6, we found the O-O
coordinate system to extract the largest amount of informadistribution for the trimer to locate it at 4.9 bohr.
tion from the sampledy,. Moving on to discuss the two tetramers, Fig. 10 shows
As for (H,O)3H™, Fig. 9 partially shows one of the two the probability distribution for the H atoms for the O pair of
equivalent 2D distributions including the central oxygen andthe two central water molecules in the linear,®j,H". The
one of the two H involved in hydrogen bonding with the broad peak centred @=0 bohr clearly resembles the one
external water molecules. Differently from the {®),H"
cation, the peak around=5.3 bohr is asymmetrical and its

T T T T T '6
T T T T T -6 B 14
L 4.4 - - -2
L 42 - 4 0 R (bohr)
o 41 0 Z(bohr) - 4 2
- 42 - 44
- 4 4 1 1 I 1 1 6
4 5 6 7 8 9 10
' ! . . . 6 Z (bohr)
4 5 6 7 8 9 10
R (bohr) FIG. 10. Contour plot of the 2D distribution function for the lineagQJ
obtained using the internal coordinates=r(O;H)—r(O;H) and R
FIG. 8. Contour plot of the 2D distribution function forsB; obtained =r(OH) +r(O;H). Only the part of the distribution close to the hydrogen
using the internal coordinateZ=r(OH)—r(O;H) and R=r(OH) bond region between the two central O atoms is shown. The contours are
+r(O;H). The contours are drawn at 0.01, 0.02, 0.04, 0.08, 0.1, 0.2, 0.4, 0.8rawn at 0.01, 0.02, 0.04, 0.08, 0.1, 0.2, 0.4, 0.8 times the maximum peak
times the maximum peak height. Distances in bohr. height. Distances in bohr.
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. . 6 C. Ring opening
L 4 As mentioned before, following the simulation proce-
dure previously outlined, we found that during the long pro-
r 1-2 duction runs, the cyclic isomers opened the ring, giving ei-
Qo o 7o ther a linear or a branched chain isomers. Moreover, at the
i i (bohn) end of the DMC simulations we found that the population of
L 19 cyclic isomers completely disappeared from the walker en-
= semble. In order to test if these findings were only an artifact
- 4 of the parameters of the simulation method, we carried out
. more simulations modifying either the number of walkers or
4 '5 23 '7 '8 9 106 the time step. Similar results were obtained in all the cases,
R (bohr) therefore indicating the ring opening as a solid feature of the

16, 11, Cont ot of the 2D distribution function for the branched OSS3 potential and not a shortcoming of the simulations. At
. . ontour plot o e Istripution function tor € pranche: . . PP :
HyO; obtained using the internal coordinatgs-r(O;H) —r(O;H) andR this point, it is |mportant_ o remember that, given the chance
=r(O;H)+r(O;H). Only the part of the distribution close to the hydrogen to explore all the Conflguranon space, DMC_ Sar_npleS_the
bond region between the central and one external O atoms is shown. THground state wave function for a chosen Hamiltonian. Since
contours are drawn at 0.01, 0.02, 0.04, 0.08, 0.1, 0.2, 0.4, 0.8 times thgye always started a simulation by generating a set of walkers
maximum peak height. Distances in bohr. using the local equilibrium geometry of given isomer, the
ring opening process is directly related to the flowing of the
probability density function through the energy barrier. In
turn, this indicates that, while existing as well defined geo-
observed for the Zundel cation, therefore indicating the presmetrical isomers due the topology of the potential energy
ence ¢ a H between the two oxygens equally shared bysurface, the addition of the vibrational quantum effects to the
means of a strong hydrogen bond. Also in this case, the spifyclic systems allows them to cross the energy barrier that
tail indicates that the proton visits regions of the PES wheré&€parates the basins of attraction for the two isomeric com-
a double well is present. The other hydrogens involved irP/€xes. o _ _ _
hydrogen bonding between the central,(J,H* moiety To quantitatively characterize this process, we localized
and the external water molecules show a distribution similafn® transition statéTS) geometry for the ring opening by
to the (HO);H™ case, although relatively less diffuse. As Minimizing the square modulus of the PES gradient. We
far as the branched tetramer is concerned, the disstributioﬁOmputecj the F;ES grgdleﬁ(ljt\/(R) b{‘ mearllpsaof aJ'n'tefd'f' |
function for one of the three equivalent O—O pairs contain€'€Nce procedure based on the thir °£ er formuia
: : C af (x)/ox=[f(x+h)—f(x—h)]/2h. The[VV(R)]* minimi-
ing the central oxygen is shown in Fig. 11. Not unexpectedly, i ied out b lovi h
it closely resembles the trimer density. This is due to the fac ation process was carried out by employing, once more, the

that in both systems the charge bearing entity can be consi%-: (\;Iﬁ(ljs O‘T'(?;”ﬁghéggofsg; d et?)SII?) L;?ep;(?r?;?n?g?;mmhtire
ered the hydronium ion $0*. However, the distribution of ' g

the hydrogen bonded H is less diffuse in the branchedgquare modulus of the gradient requires a good starting point

¥ . P well inside the basin of attraction of the TS. In order to
|(_|H60+)4H than in (HO)sH", indicating a more compact obtain a good guess for the TS, we exploited the fact that,
3 .

Lo . ) monitoring the walkers during the simulations, it was noticed
Distributions similar to the ones for the trimer and the 4 the most noticeable change was the increase of the dis-
tetramer are also found for the two isomers of the pentamet, o petween two separating oxygens connected by a H
so they are not shown. This outcome is explained by thg, 4 5o a constrained optimization was carried out for
close similarity between the minimum energy structure of the,, 4y gifferent values of this distance to compute a “reaction
trimer and linear pentamer, and the brancheg@}{H™ and  hrofile” along it, and the one obtained for the tetramer ring is
(H20)sH™. However, the H-density of the central water shown in Fig. 12. As it is clearly seen, it is possible to iden-
molecule in the linear isomer pentamer is slightly broader intify two minima and a maximum of the potential energy
the negativeZ region than the trimer one, indicating that the ajong this cut. It is also worth noticing that the two wells for
inner turning point of the H motion is located closer to thethe closed and open isomers are quite different in terms of
central O atom in the pentamer than in the trimer case. Conteir curvature with respect to changes in the O—O distance.
versely, the branched isomer distribution for the central hy-This feature is related to the fact that, once passed the TS,
dronium is almost perfectly superimposable with the one folincreasing the O—O distance has an effect almost equivalent
the branched tetramer, indicating that the fifth water molto changing the torsional angle between the two oxygen at-
ecule located in the “second solvation shell” does not playoms involved in the process. Since the potential in that zone
an important role in defining the quantum motion of the of configuration space appears to be shallow with respect to
H;O" moiety. A close similarity is also seen by comparing varying the torsional angle, this produces the less curved
the distribution for the H atoms involved in hydrogen bondssecond well shown in Fig. 12. Largely similar results are
with the “second solvation shell” water molecules in the two obtained for the all the cyclic pentamers.
pentamers, therefore indicating that the H atoms are experi- To refine the geometry and energy of the TS, we started
encing similar environments. from the structure of the system close to the maximum pro-
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5.6745 . . . . . . . tum kinetic energy injected in the relative motion of two
oxygens is enough to surmount the barrier on going from the
56750 1 i cyclic isomer to the open one.
56755 - ] Interestingly, all but the & isomer opened into a linear
or branched complex having a higher minimum potential en-
T 56760 |- C2 lsomer ergy. Recalling that the end of each DMC simulation we
& found only linear or branched complexes instead of a mix-
w 56765 i ture containing also the ring as one would expect on the basis
56770 1 L of the relative adiabatic stability, we consider this finding to
be a counterintuitive result that deserves a careful explana-
5.6775 | Cyclic lsomer - tion. In order to do so, we make use of the harmonic approxi-
/ mation and compute the ZPHHA) for all the energy minima
SO T s s 10 11 12  (see Table)l Comparing the ZP@A) for the various sys-
R(OO) (bohr) tems, it clearly appears that the cyclic isomers possess a

e 12 A - . e obtained b ained onfimiza larger vibrational energy than the open ones. This is probably
. . roximate reaction profile optaine constrained optimization H T
on the OSpSpS PES. The reacti?)n coordinate isychosen to be ?he distan?ﬁue to the f.aCt that Cy.CIIC systems are usually more .nglc.j and
between the two separating O atoms. Quantities in a.u. erefore vibrate at higher frequencies. Although this differ-
ence could easily explain why the linear tetramer is more
stable than the cyclic one and wh{*5opens up giving rise
duced by the constrained optimization procedure, obtaining to the linear pentamer, the order of stability for the other
fast convergency to a minimum of the square modulus of th@rotonated clusters, although compressed, remains un-
gradient. Also, the local minimum in the open isomer generchanged. In order to account for the DMC stability results,
ated by the constrained minimization was fully optimized toone must remember that for the branched and linear pentam-
compare with the energy minima shown in Table |, and theers, the anharmonicity of the potential accounts for a de-
complete set of results are shown in Table V. crease in the ZPE of roughly 3(2.1) and 5.6(3.5) mhartree
Comparing the two sets of energy results for the minimalkcal/mol), respectively. We expect this decrease to be par-
in Table | and Table V, it appears that the open isomer gentially due to the larger conformational freedom acquired by
erated by the ring breaking of4, 59, and 5° differ from  allowing for a wider relative torsional motion of the molecu-
any of previously optimized ones. Indeed, a visual inspectiortar skeleton upon breaking of the ring. In turn, this may have
proved the pentamers to differ only by the relative orientathe effect of reducing the overall curvature of the nuclear
tion of a terminal water molecule which is easily changedwave function, and hence the mean value of the kinetic en-
during the DMC simulation. Conversely, the tetramer open-ergy, therefore stabilizing the branched and linear isomers.
ing gives rise to a lineagaucheisomer while the most stable Employing a completely different point of view, one
one is anti. However, these two isomers are readily convertedould ask if there is any relationship between the structure of
during the DMC simulation. the cyclic complex and the bond that is going to break during
As for the energy barrierAE* shown in Table V, we the opening process. In order to answer this question, we
define thedirect process as the one involving the ring open-start by noticing that all hydrogen bonds broken during the
ing, andAE},. as the energy difference between the ringconversion were connecting a@" “first shell” water mol-
isomer and the transition state. Conversglygerseindicates  ecule with a double acceptor,B. We were able to notice
the ring closing process, ade?:nverseis the energy differ- this outcome by looking at the connectivity between O atoms
ence between the transition state and the open isomer. As omédnich is uniquely defined by their labels. Moreover, by ob-
could notice, both the direct and inverse processes have logerving the optimized isomer geometries it emerges that this
barrier heights, the lowest direct one being the one related tfact would be consistent with the idea of leaving thgQH
the opening of the 8 cyclic pentamer, namely 1.1 mhartree moiety to be as much solvated as possible during the ring
(roughly 0.7 kcal/mol These results explain why the DMC opening. However, due to the chance that the excess proton
simulations were able to produce the open isomers. Clearlgould migrate from an oxygen to a neighbor one during the
for such a low barrier height, even a small amount of quanepening process, it is possible that a bond breaking different

TABLE V. OSS3 energetics for the ring opening and closing of the cyclig(lHH " isomer. The column of the
Vmin(Open) energy values also contains the label indicating the open isomer obtained at the end of the ring
opening. For a detailed description of the processes see main text. Quantities in a.u. apart from the barrier
heights in square brackets that are give in kcal/mol.

n Vmin(ring) Vsaddle Vmin(open) A Egirect A Eifwerse

4 —5.677980 —5.675566  —5.677044 (4%) 0.002414[1.51] 0.0014780.93
5(1) —7.052958 —7.049763  —7.050669 (%) 0.003195[2.00] 0.000906{0.57]
5(3) —7.0499961  —7.048882  —7.051081 (%) 0.0010790.67] 0.0021991.38]
5(4) —7.049823 —7.045501  —7.048409 (5%) 0.004322[2.71] 0.002908/1.82]
5(5) —7.049226 —7.045496  —7.048054 (%) 0.003730{2.34] 0.0025581.60]
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from the one obtained in the simulation may create a struc©OSS3 potential was carried out. Although the quality of our
ture presenting a similar solvation pattern or even an identiresults strongly relies on the accuracy of the OSS3 model,
cal open isomer. So, we suspect that another factor is alshe accurate treatment of the total and binding energy and of
playing a role, namely the height of the barriers that must behe equilibrium structures generated by this analytic potential
overcome to produce the open isomer. To help discriminatingonvinces us that the global physical picture is semiquanti-
between the relative importance of the two effects, a furthetatively described.
energetic analysis has been made for all the cyclic isomers. Introducing the exact treatment of the ground state vi-
In this analysis, we carried out a partial optimization of all brational motion using the DMC method, we are able to
the cyclic systems constraining, one by one, the “unique byhighlight the importance of the ZPE with respect to the en-
symmetry” O—0 ring distances to produce PES scans similagrgetics of the protonated complexes. More specifically, the
to the ones used in the TS calculations. In all the cases buiibrational motion induces changes of the order of 2—12
one deriving from ¥, we notice that none of the two oxy- mhartree(1.2—7.5 kcal/mdl in the formation energy and
gen atoms whose distance was constrained during the scgfoton affinity of the clusters when compared with the simi-
belonged to the double acceptor water. Also, the value ofar adiabatic quantities. Also, we found the effect of anhar-
potential energy along the scanned internal coordinate riseghonicity to account for variations in the energetics strongly
well above(7-13 kcal/mol the barrier height listed in Table dependent on the specific system. These changes are found to
V for the specific isomer studied. Notwithstanding the factspan the range 1.5-5.5 mhart(@9—-3.5 kcal/mal In turn,
that the OO distance may be only an approximation to thehis indicates that, in order to compute energetic quantities
exact reaction coordinate of the opening process in the reagith a total accuracy of roughly 1 kcal/mdi.e., chemical
tant region, this finding seems to indicate that, to open theccuracy for the stable systems, one must take anharmonic-
ring, the DMC simulation took the path passing through theity into account. Even more importantly, we found all the
barrier having the lowest height while, at the same timecyclic isomers of these complexes to open their ring upon
keeping the HO™ as much solvated as possible. This is alsoaddition of ZPE by means of the exact DMC method. This
consistent with the fact that the DMC algorithm Kkills the finding is related to the fact that DMC samples the exact
walkers visiting regions where the local potential is higherground state wave functiofr, for a given Hamiltonian, and
that the average over the ensemble. We also found that, duhat the cyclic and open isomers are usually separated by low
ing the scan, all the systems underwent an internal convegnergy barriers spanning the 1-4.3 mhari@é—2.7 kcal/
sion by means of which the double acceptor water moleculengl) range. However, we stress that this outcome is due to
became donor—acceptor by swapping one of the H-bond withhe interplay between the possibility of tunneling between
neighbor molecule. This finding suggests that other pathwaysgs minima and the dynamical stabilization generated in
are indeed available for the ring opening. However, thesgne of the potential energy wells by having a smaller curva-
seem to require surmounting barriers higher than the onegyre than the others. It can be also seen as an indication of the
presented in Table V, so that they are less likely to be folfajlyre of the harmonic approximation in correctly introduc-
lowed in a DMC simulation. Although the study of these jg the quantum vibrational motion in these systems as re-
additional pathways is interesting on its own, we consider "cently highlighted in a quantum-thermal study of a
to be outside the purpose of this work and we plan to tackigiomolecule® In this work the inversion of the stability or-
itina future3 work. _ _der was explained on the basis of an entropic stabilization of
As to 5, this system has two possible pathways avail-gne of the conformers with respect to the others having a

able for the ring opening involving the double acceptor watelg|qsely similar potential energy minimum but a smaller local
molecule, namely one producing the branched isonf&r 5 curvature.

found at the end of the simulation, and another one leading | ot us now turn to discuss the relevance of our results
to the linear ° one. Knowing that the correct description is 5, the many different fields related to the study of proto-
given by the $7—5(2) processii.e., the one that produces pa1qq species. As already mentioned, our findings strongly
the most stable isomerwe recognize that this transforma- ,yqest that, in order to have accurate thermochemical quan-
tion is under the “thermodynamical” control mentioned be- iaq the anharmonicity of the adiabatic energy surface must

fore, i.e., the process evolves keeping the hydronium fullyye 41en into account, and this becomes more important the
solvated. However, it must be pointed out that the differencg, oy the cluster. In turn, this indicates that the standdrd

oy - . 6) .
blethenothe ehqwllbrlu?tnkpolt/entlall energ%/ dﬁ?ant? 5(, '? initio plus harmonic approximation will not suffice for this
already 0.5 mhartreg®.3 kcal/mo) larger than the barrier for task, and an approach interfaciag initio with some accu-

[P ” (3) (2) 1 i - - .
the s;}mublateld 5f h_>?8) r|5n(%)open|ng. SOB one Ishould2e5x rate treatment of the anharmonicity must be sought. More-
gesctthe tarrlirﬁo ;2ek _I>/ lplrodcesds to t'e, ,at eatsht, 'I.'S_ over, remembering that our results are obtained modelling
-5 mhartreg(1.6-2.2 kcal/mol Indeed, optimizing the the protonated water clusters at 0 K, one should expect that

3) (6) i i
fOLthte 5 2_|’(5 I/ proc%ss we foundﬂ? barrier htelgtl‘: ?ngmlg the correct treatment of anharmonicity to describe the ther-
mhartree(2 kcal/mo). Once more, this suggests tha mochemistry will become even more important at higher

took the pathway with the lowest barrier to open the ring. temperatures due to the thermal excitation involved.

The ring opening process evidenced during our simula-

IV DISCUSSION AND CONCLUSIONS tions introduces another point of concern with respect to the
In this work, a thorough study of the structure and enerstandard modelling approach, namely the necessity of study-

getics of the protonated water clusters as described by thiag the energy barriers and the pathways connecting two dif-
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ferent isomers. This is necessary to predict if an isomer isvithstanding the lack of thermal excitation in our results, it is
stable or not with respect to the inclusion of the ZPE, andpossible to see that they are in reasonable agreement with the
what is the preferred mechanism of ring opening. At thisexperimental results. Apart from the {23) process where
stage, it is important to point out that we use the term “sta-experiments and theory differ by 2.2 kcal/mol, the differ-
bility” for one isomer in a slightly unusual way. Bearing in ences are well below the standard chemical accuracy. Nev-
mind that every simulation was started from a local mini-ertheless, an estimate of the thermal and mechanical contri-
mum of the OSS3 PES, we use “stability” to indicate the butions to the enthalpy difference@.e., the difference
constant presence of a fraction of the walker population inbetween ouE gy, andAH®) can be easily obtained by using
side the basin of attraction of the starting stationary pointhe harmonic approximation, assuming classical behavior for
(isomep during all the duration of the DMC simulation. If translation and rotation, and considering the system as a per-
more than one isomer is found at the end of the simulationfect gas. Using the frequencies computed by employing the
we consider this as indicating that the ground state of th®©SS3 potential, the thermal correction to our anharmonic
system must be represented as a mixture of two or morenergy differences at the standard state are>2) 1.4 kcal/
coexisting isomeric species. Instead, one should consider thmol, (2—3) 0.6 kcal/mol, (3-4) 0.3 kcal/mol, and (4
absence of walkers having the starting isomeric structure as>5) 0.5 kcal/mol. These are all positive, therefore increas-
merely representing the fact that the final species obtainethg slightly our estimate for the reaction enthalpies. The cor-
dominates the population of the ground state, and that theections reduce somehow the agreement between experi-
basin of attraction of the starting isomer may become popuments and theory for the two process—+¢2) and (2-3).
lated only as the result of a vibrational excitation. A practicalHowever, it must be pointed out that anharmonicity could
procedure to estimate the energy of the excited state thalay an important role in the description of the thermal ex-
would populate the basin of the starting isomer is given bycitation of the inter and intramolecular vibrations, so that it
killing walkers passing through the barrier. This is used as avould be interesting to have a finite temperature path inte-
way to stabilize the starting isomer and associate an energyral Monte Carlo calculation to fully understand the quality
value to it. However, given the small energy barrier separatef the OSS3 potential in reproducing the energetics of the
ing the various stationary point on the OSS3 surface, we dbydratation process. As far as the-{¢3) process is con-
not feel confident in using the technique. Due to the chanceerned, the relatively large discrepancy between the com-
that the excited state populating the particular basin can bputed and experimental results may be explained by the su-
spatially extended and the location of its nodal surface diffiperposition of two simultaneous factors, namely, the
cult to predict, we consider necessary to use a more accuragxperimental erroroughly 1 kcal/mol, Ref. 1)1 and the fact
excited state procedure to estimate its energy. Apart fronthat the OSS3 potential, parametrized on the basabahi-
this, at low temperaturge.g., 170 K(Ref. 7)] the amount of  tio results for HO, , slightly underestimate the formation
thermal energy available to excite a complex in a higherenergy of the Zundel cation when compared with the MP2
vibrational state is small. So, the vibrational ground stateesults(see Table ).
extracted by the DMC simulations is expected to dominate  Our results also shed a different light on the experimen-
the population of isomers, and hence the system propertietal results obtained by recording infrared spectra of proto-
In this sense, one should expect that, if the isomeric structureated water clusters presented in Ref. 7. There, the authors
used to start the DMC simulation depopulates during the runvere discussing the possibility of finding a symmetrically
it should also have a small thermal equilibrium population atshared proton in the (JD),H" (n=5-8) by looking at
low temperature, and it should convert into the ground statsome spectroscopic features at ¥7ZD K. On the basis of
structure(hence to be “unstable” with respect the last dne comparisons between the experiments and the harmonic DFT
while the system reaches thermal equilibrium. The lattevibrational spectra, they eventually proposed two cyclic
would happen, obviously, only in the case the “unstable”complexes, one heptamer and one octamer, as candidates ex-
isomer is formed as the first step of the cluster synthesis. hibiting a highly symmetric proton environment. Before dis-
In comparing with experiments, our results have impor-cussing the relevance of our results with respect to the ex-
tance in the context of the direct thermochemicalperiments, itis important to point out that the level of theory
measure¥'! of the hydratation enthalpy and free energy forused to interprete the spectra, namely, B3LYP/6-31G
charged ions like NEI and H;O". As to our results, the might be considered insufficient to correctly describe the
grow energyE ., is the 0 K equivalent of both enthalpy and relative energetics, and hence the spectroscopic features of
free energy changes. However, not accounting for the inthese systems. As an example, we mention that for the pen-
crease of the available states due to thermal excitdtien  tamers, the energy ordering between the four membered ring
entropy, it can be compared only withH®. Here, we do and the branched isomer obtained in Ref. 7 is reversed with
this with the most recent results availaE)’reDurEgrOW results respect to the one obtained by Christie and Jordan using
(kcal/mol) for the process of adding a single water moleculeB3LYP/aug-cc-pVTZ:® Nevertheless, much of the support-
((n—=1)—n) are: 314 (+2), 21.2 (2-3), 16.8 (3 ing arguments for the two cyclic isomers were based on the
—4), 11.5 (4-5). Here, we computed the energy differ- relative stability of the single-ring isomers in the heptamer
ence only between the most stable tetramer and pentamand octamer family, a concept strongly connected with the
assuming chemical equilibrium in the gas phase. &#°  validity of the local structural hypothesis and harmonic ap-
experimental resultékcal/mo)) for the same processes read: proximation. On the basis of the results obtained by means of
31.8 (1—2), 19.0 (2-3), 17.6 (3-4), 11.5 (4-5). Not-  DFT calculations, it was also pointed out that one should
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