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Electric-field-dependent empirical potentials for molecules and crystals:
A first application to flexible water molecule adsorbed in zeolites
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A general method to include electric-field-dependent terms in empirical potential functions
representing interatomic interactions is proposed. It is applied to derive an intramolecular potential
model for the water molecule able to reproduce the effects of an electric field on its geometry and
dynamics: to enlarge the HOH angle, to increase slightly the OH bond lengths, to red-shift the
stretching vibrational frequencies, and to blue-shift slightly the bending mode frequency. These
effects have been detected experimentally for water adsorbed in zeolites and have been confirmed
by quantum mechanical calculations. The electric-field-dependent intramolecular potential model
for water has been combined with a newly refined intermolecular potential for bulk water and with
new potentials representing cation—water and aluminosilicate—water interactions in order to
simulate, by classical molecular dynami@dD) technique, the behavior of water adsorbed in
zeolites. The performances of the model have been checked by a MD simulation of liquid water at
room temperature, by the structural and vibrational properties of the water dimer, and by test MD
calculations on a hydrated natural zeolifeatrolite. The results are encouraging, and the
simulations will be extended to study the behavior of water adsorbed in other zeolites, including
diffusion and some aspects of ion exchange processe20@ American Institute of Physics.
[S0021-960600)50319-5

I. INTRODUCTION AND SCOPE ticles, the total potential energy can be expressed in terms of
. i ) interparticle distances only. Therefore, the charge-transfer

~ Itis well known that molecular dynamid#D) simula-  orces are conservative, and the usual MD procedures can be
tions of atomic and molecular systefisneed for differen-  folowed, provided that the evaluation of the Coulomb en-
tiable potential energy functions to solve the equations ofqy s sujtably modified. Otherwise, if the charges depend
motion. o _ on the electric field, like in Ref. 7 for water, self-consistency

Atoms are made of positively charged nuclei and negayg ot avoided.

tively charged electron clouds which, after chemical bonding Sprik and Kleit and Berneet al® have proposed an-

or ionization, are deformed or changed and generate variabl her model where polarizable atoms are made by positively

local electric fields. In condensed state systems, these fiel c%arged nuclei surrounded by negative distributed charge

give rise to polar.|za't|on' and more complex effects modlfy sites with fixed positions relative to the atom but with values

ing, in turn, the distribution of charges of the atoms, ions, or . : o .
which are varied following a fictitious dynamics, so that the

molecules. . TP . .

total instantaneous electric field is uniquely defined by the

Therefore, potential energy functions representing inter- . ) .
particle interactions at atomic scale should depend on Ioceﬁharges and self-consistency is avoided. A drawback of these

electric fields, but usually the approximation of fixed pointmOdeIS Is to enlarge significantly the number of the degrees

charges and unpolarizable particles is adopted. This approx?—f freedom. . ) o
Here we propose a generalized model including linear

mation appears to be too crude in several cases, and some ' ~'* i e
ways to include at least linear polarization were explored polarization and other possible effects of the electric field on

At least three main routes to represent linear polarizatiodntérparticle potential functions. If these effects do not
have been proposedi) the shell modef, (i) the self- modify directly the electric field itself, self-consistency is
consistent inductiof,and (i) the variable charge mod@l.  avoided; otherwise it can be included or overcome by using

When the shell model is used in MD simulations, the@ SPrik—Klein schemé.
positions of themasslessshells must be optimized at each ~ The development of the present model started when we
step or every few, so that the calculations become muchttempted to reproduce by MD simulations the structure and
longer than in the case of fixed point charges. In the selfthe internal vibrational spectrum of water molecules ad-
consistent induction modela self-consistent procedure is sorbed in crystalline porous aluminosilicategolites.
necessary in order to derive the correct values of the dipoles, The chemical composition of zeolitds* usually con-
resulting again in large computer time consumption. sists of silicon, aluminum, oxygen, and exchangeable cat-

In models where the values of the charges on particle®ns. The crystalline framework is built up by corner sharing
are variable and are transferred from a particle to other, if thd O, tetrahedrain which the T-sites are occupied by either
transferred charges depend on the distances between pailicon or aluminun, giving rise to a rather complex but
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polarization effect modifying the electronic distribution of
the molecule and affecting its structure and bond strength
was necessary in order to explain the observed phenomena.

In order to apply these corrections to MD simulation, we
derived a general dynamical model including potential en-
ergy terms depending on local electric fiefdsyhich is il-
lustrated in Sec. Il. The scope of the investigation reported in
this paper was to verify the actual application of the pro-
posed model to MD simulation of large systems and to fit an
intermolecular potential for liquid water to complement the
electric-field-dependent intramolecular one derived in Ref.
15. Indeed, as better explained in Sec. Il, among the poten-
tials currently in use in the field none was found suitable
without change for this purpose.

The use of flexible water models deserves some com-
ments because it is subject to frequent criticism, especially
when adopted for classical mechanics simulations. Indeed,
° the classical picture confines the vibrational motion to the
bottom of the potential energy wells, neglecting the quantum
zero-point energy, which is, for water, much higher than the
average thermal energy. Therefore, the amplitude of the os-
cillations is not reproduced correctly, and a vibrational en-
precisely repetitive atomic network with regular cavities ergy exchange with the surrounding particles is possible at
joined by channels in which guest molecules of appropriateéiny temperature, while, according to the quantum theory, the
size can be accommodated. These void interior spaces C&ibrational level differences are so high that at room tem-

admit water, many gases, larger molecules, and cafits  perature practically all molecules remain in the ground state
ally metallic) which compensate for the charge deficit due togng energy exchanges are rare events.

the aluminum/silicon substitution. The MD simulations of  However, as long as the potential energy is close to a
zeolites have been extensively perforntétut not often for  harmonic form, the vibrational frequency is substantially the

systems containing water. same for classical and quantum theory, and the deformations

However, the behavior of water in these materials is iM-o¢ 5 hotential energy function due to an electric field cause

portant, besides the mineralogical analysis, because the Mggyjjar changes of the frequencies in both cases, so that if

tallic cations present near the surface of the pores, Whe{hese changes are used as a probe of the electric field

hydrated, can be removed and exchanged with other meta"igtrength, one may compare them with the corresponding ex-

or even more complex ions of great chemical interest. More- eriments.

over, water is involved as a local solvent or as a reactant i . . L
: . . Moreover, the potential functions proposed in this paper
chemical reactions catalyzed by zeolites. Usually adsorbed . .
. . . ~~can also be adopted for quantum or semiclassical calcula-
water molecules are close to metallic cations generating

strong local electric field ﬁons. For instance, the vibrational level can be evaluated by
We attempted our .first MD simulation of water in humerical integration of the Sghi'mger .eq_uatior‘(an e_x-
zeolited® in 1986 by selecting natrolite, a natural fibrous ample for a molecule adsorbed in a zeolite is reported in Ref.

zeolite”® whose structuré and propertie® are known, and 16), quantum corrections can be applied following the
Feynman—Hibbs approach,or approximated quantum cal-

by testing some available point charge models for flexible ) . B
water. The structure of natrolite is represented in Fig. 1. Aculations can be performed by the path integrals metfiod.
Finally, one can ask why are we discussing empirical

simplified model was used, in which the crystalline frame- , : y ) )

work, including the charge compensating ‘Neations, was po_tentlals, when the-f|rst principles MD smulauo(s.g.,
kept fixed(a quite common approximatiprand water inter- usmgzzthe Car—Parrinello methpcare feasible also for
acted only with the N& cations, with charge- e, and with waters- The reasons are only in part practical. Indeed, actu-
oxygen atoms of the framework, bearing a charge-6f2e. ally Car—Parrinello calculations can handle systems contain-
It appeared that the point charge models for flexible watetnd at most about 100 atoms, but, even worse, the duration of
could not reproduce the experimental trend of the influencéhe simulations hardly exceed a few picoseconds. However,
of electric fields on water molecules, which was confirmedeven when thousands of atoms can be simulated for nanosec-
by ab initio quantum mechanical calculatiotisee Ref. 15 onds by first principles methods, empirical potentials will
for more details to enlarge the HOH angle, to increase Still be used to investigate the behavior of “mesoscopic”
slightly the OH bond lengths, to red-shift the stretching vi- systems, containing millions of atoms for milliseconds, per-
brational frequencies, and to blue-shift slightly the bendingmitting us to explore an actually nearly unknown field, and
mode frequency. Contrary to this trend, the HOH angle dito develop efficient theoretical and simulation methods to
minished, and the internal stretching vibration frequenciedridge the gap between the microscofatomic scalg and
became highel® Apparently, the inclusion of a nonlinear macroscopic worlds.

FIG. 1. The structure of natrolite as seen from the crystallographiccaxis
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Il. THE MODEL stress that the model reported in Ref. 23 reproduces rather
well (within about 4 kJ/mdl a sophisticated and accurate

. Letus consider a system bfcharged particles, interact- g, ;antum mechanical potential energy surface for a wide
ing with each other via a potential energy function depenquange of configuratiorts of the water molecule and, there-

on their positions and on the electric fields acting upon eadf'ore the structure and the vibrational frequencies
of them and generated by the other particfesiich also As mentioned above, the effect of the electric field is to

depend on the positions of the partiotes enlarge the HOH angle, to increase slightly the OH bond

V=V(rq,...,\|E1,....EN) lengths, to red-shift the stretching vibrational frequencies,
. and to blue-shift slightly the bending mode frequency. These
=V{ri{{E(rhh  (.i=1..N), @ phenomena are present, at least in part, in liquid Wates-
wherer; are the positions of the particles afg are the  Sibly with the exception of the HOH angle, whose values, as
electric fields. The force acting on a partiéles given by derived from diffraction data, are reported in the 103°-105°
range, but they are more evident for water adsorbed in zeo-
‘ N (av) IV JE; @ lites.
o o e T g ary’ Indeed, in some cases, water molecules are located in

crystallographic positions and their structure can be accu-
rately determined by neutron diffractioisee, for instance,
Refs. 14 and 26 Usually, they are coordinated to the cations
JE; present on the internal surface of the micropores, and their
5_fi’ distance from the cations, as well as the adsorption energy,
are very similar to the corresponding ones for an isolated
corresponds to many-body forces involving in principlé  system containing one cation and one water molecule. This
the particles of the system as it is better illustrated if thenappens because of the high symmetry of the zeolite alumi-
atom pair approximation is assumed. In this approximationposilicate frameworks, which makes the average electric
the potential energy is represented by the sum of pairwisgeld generated by the framework itself very small or negli-
interactionsV(r;;|E) between particles andj. Therefore, giple, so that the electric field acting upon an adsorbed water

whereE stands for{E;}. In particular, it is worthy to note
that the terms in Eq(2) including the 3N X 3N matrix,

Egs.(1) and(2) become molecule is close to the one generated by the cations. This

fact has been supported by experimental studsee, for

V=2 > V,(r;|E), (3)  instance, Refs. 27 and P&nd has been exploited in per-
ke forming ab initio calculations on Na—water systems in na-

V(1 [E) IV, (rij|E) JE; trolite, a r;gltural zeolite, neglecting the influence of the

fi=— 2 . —2 TJE o framework:
= ' = ! ' Ab initio calculations forM"* —water systems N "*

V(1 E) I, =Li", B&",Na", Mg?") including water flexibility and

-2 >

, (4)  various configurations were performed by our grougnd,
Zi >k JEy ar;

previously, by Hermanssoat al*° for (M""=Li", B&",
where, againE stands foE;} and the terms containing the Mg**, AI®*), confirming the experimental resultfarger
electric field gradients have been grouped in two sums, thelOH angles, longer OH bond lengih®und in zeolites.
former including the gradient of the electric field acting on ~ These calculations were used to find empirical cor-
the particlei for which the force is calculated, and the latter rection to describe the effect of an electric field on the in-
including the gradients of the electric fieldsting on all the  tramolecular potential of a water molecule, avoiding self-
other particles multiplied by the derivatives, with respect toconsistent procedures like the one proposed by Robifison.
these electric fields, of the potential function terms involvingWWe assumed as a guideline the perturbation treatment used
the particle j, even though these terms do not include explicby Kahn, Cohen de Lara, and “Mer? to interpret the IR
itly any interaction with the particle.i spectra of small molecules adsorbed in zeolites. In particular,
It is worthy to note that in general the last group of termsthis treatment was followed to find a dependence of the HOH
is not zero: indeed, it insures that the third law of the dynam-angle deformation on the electric field, which can be consid-
ics (as generalized for many-body forges obeyed. ered an indirect electronic effect. Indeed, it is caused by a
As an example of application of the above-describeccomplex interplay of electrostatic interactions involvitigy
model, we considered again the starting point which origi-electronic density transfer from hydrogen to oxygen atoms;
nated the development of the model itself, i.e., water ad{ii) the corresponding increase of the positive net charge on
sorbed in aluminosilicates, which usually experiences stronthe hydrogen atomsiii ) a deviation from thesp* hybridiza-
electric fields. tion of the orbitals of the oxygen atoms, which in the isolated
In order to solve the problem of reproducing the struc-molecule is the main responsible for the HOH angle value;
tural and dynamical properties of the water molecule undeand (iv) the electrostatic forces acting on the nuclei.
the influence of an electric field, some potential terms de- Before reporting the derivation of the electric-field-
pending on the electric field itself have been inclidéd a  dependent corrections, we must recall that the effect of the
modified central forcéCF) intramolecular model of wat&t  electric field on the charged H and O atofig., the Cou-
(derived from the model by Stillinger and RahriinWe  lombic force, dependingjnearly on the electric fielfis al-
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TABLE |. Parameters for thantramolecularmodel potential of wateEqgs.(8) and(10), and(A1)—(A3) in the
Appendix. (Energies in kJ/mol when distances are in A and electric field in unie Af.)

Parameter 1 2 3 Ed8) Eq. (10
a 151.144 90 302.289 80 132.124 28 365 213.37 2.568 52
b 28.2456 75.312 36.273 96 630 7 28.2456
c 7.904 04 R —376.56 446 534.21 7.904 04
d 34.033 66 e 0.9584 5.%10°°
e 35.203 97 81.1986 10.0
f 1.1 5.35772 68.889 62
g 11.93842 1.45251
h 8.642 72 25.104
m 2.2 1.5151
n 1004.16 12.17043
p 0.9584
q 29.558 29

ways present; unfortunately, its acts so asettucethe HOH  Moreover, we suppose that the polarizability tensor is diag-
angle, contrary to the actual experimental and theoreticabnal and is independent of;=Aryy because the polariz-

trend. ability depends essentially on the electronic distribution
Since the intramolecular potential functions contain thearound the oxygen atom.
equilibrium HH distances for the isolated molec(sze the In order to obtain the values af ,X,,x3 at equilibrium,

Appendi¥, these distances were increased by a quantityhe derivatives of Eq(5) with respect tox;,X,,X5 are set
dyy, Whose dependence on the “external” electric field act-equal to zero, and by considering the above-mentioned ap-
ing upon the oxygen atomvas derived from the perturbation proximations, it results in

treatment by Kahn, Cohen de Lara, andIlio® As “exter- by

nal" electric fleld. we mean the field generated by the par- - Ky Xq + Ky X+ Kygg+ an

ticles not belonging to a given molecule, or the total field Xy

acting on the oxygen atom from which the contributions of

’a
the hy_drogen ato_ms_of the same molecule are subtra<_:ted. 0=KaX;+1{ Kot 0|g2 Xo
Following the derivation of Ref. 32, we choose a set of in- 19X22
ternal coordinates of the water molecule to describe its de- 2=
formation: kot J°ag E2l vt NVan ®
27| oxp0%3 37 oxy
X1= Al
0
X2= Al on,, 0=KgX1+1 Kgot axgaxz) EZ] 2
X3=AT o, 7 v
2 + K33+ _2_ E2 3 (9 an
wherer , is the distance between the hydrogen atoms, and X3

Fon, andropy, are the distances between the oxygen atonBy solving the systen6) with respect tok,, one obtains the

and the hydrogen atoms. following dependence on the electric field modukis
The total intramolecular potential of a water molecule
subjected to an electric field as a function of the above- mE*+nE*+p
defined internal deformation coordinates may be represented X(B)= qE*+ rEZ+s’ ™
as follows:
) where the symbols,...s are constants. The values of these
Vv :E D K--+( ﬁzmo)_ T( P ag )E Y constants were fitted to quantum mechanical calculations
T214 0 L axiax X 0] s Tam performed by our group foM"*—water systems N""
(59  =Li",Be#",Na',Mg®") and to experimental datésee Ref.

15 for more details It was found that the constaptbecame

whereK;; are the elastic constants in the minimumy, is the negligible, so that, after renaming(E) asd,(E), the final

equilibrium dipole moment of the moleculgy is the polar-

N e . . result was
izability tensor at equilibrium, and/,, is the anharmonic
contribution to the potential energy. 5 E%+b
The equilibrium dipole moment is a linear function of  dun(E)=aE"=a 25 (8

the chosen internal coordinates, so that
B The terms of the potential function containiilg,y(E)
( J"Mo ) =0. are described in the Appendix and the values of the param-
IX;jdX; eters are reported in Table |. These modified terms insure the
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correct values of the HOH angle and the correct trend of dABLE Il. Parameters for thentermoleculamodel potential of watdiEgs.
slight increase of the bending frequency for increasing electV—(13 (Energies in kiimol when distances are in A.

tric field. ) ) Parameters A B C D E F
In order to obtain the correct values of the stretching

frequencies and of the OH bond length we could not use the xoo igsggsogg ilgg 22135596 2003 15 45
same method, because the corresponding t{eee the Ap- v:: 213486 276 4186 15 315
pendi¥y does not include the equilibrium OH distance. In-
stead, it was found that a correcting additive term of the form Charges do A
bE? (units ofe) —0.65966 0.32983
Vou(E)=—a c )
corresponding to a decrease of the intramolecular repulsive
term Godo A B C )
X Voo(f)—4m30r 2 5T A Dexp[—E(r—F)7],
11
VOHrep:r_c (10 (1)
) ) ) _ Yo0H C
yielded both a control of the elongation of the bond induced ~ Vor(r)= Tmegr +Aexp—Br) -z, (12)
by the electric field and a lowering of the stretching frequen-
cies caused by the negative curvature of the added term. The qudu
values of the parameters which enter in E@.and(10) are Viun(r) = yp—— Aexp(—Br)+Cexd —D(r—E)?].
reported in Table I, and were derived, as reported in Ref. 15, 0 (13)
by fitting ab initio calculations and some spectroscopic data
for water adsorbed in zeolites. The values of the parameters are reported in Table II.

The electric-field-dependent terms are essentially in\We may note that the Gaussian function in the O-0 interac-
tramolecular and short ranged; however, an indirect effect otion, which was present in the original WB model, is cen-
intermolecular interactions is caused by the changes of theered, as in the original one, &=4.5A, a value corre-
structure of each molecule and by tNebody forces arising sponding to the @- 05 distance between two oxygen atoms,
from the last term of Eq(4). O, and G, both linked by hydrogen bonds to a third oxygen

Once an electric-field-dependent intramolecular modelD,. This little dip in the potential energfthe parameteb is
for water was available, intermolecular interactions had to benly about 2 kJ/mdl controls the variations of 5-O,— O,
added. Among the models proposed in literature, the one bgngle which, as stated by Robinsenal.>* should be one of
Wallgvist and Bern& (WB), developed in two forms, with the keys to understanding the behavior of liquid water, and,
and without polarization, was chosen. It is very simple: theby some elementary geometrical considerations, it can be
centers of force correspond to the atoms, and the reprodushown that this minimum is roughly equivalent to the mini-
tion of the properties of liquid water is good, both for the mum at 3.4 A in the O—O potential function proposed in Ref.
form including polarization and for the fixed charge version.34 just to monitotO—O—-0Oangles. Indeed, this distance cor-
For the sake of simplicity, we preferred to avoid including responds to the shorter diagonal of the parallelogram with
linear polarization and to consider a fixed charge model. sides Q—0, and Q-0;.

Unfortunately, the values of the charges used in the WB  As in all the recent studies in this field, the fitting was
potential are very different from those adopted by the CFcarried out directly for liquid water, and in our case for one
model for the intramolecular termg§=—0.92 andqpoy  more reason: the unknown effect of the many-body forces
=—0.6596@, respectively. This difference stems from re- arising from the last term of Eq4). The fitted properties
production of the dipole moment of the water molecule inwere cohesive energy, radial distribution functions, and dif-
the liquid, which corresponds to the WB charges, and of thdusion coefficients. Internal pressure and HOH angle were
isolated molecule, corresponding to the CF model chargeslso monitored. Once the potential parameters were derived,
We preferred to maintain the CF choice at least for two reawe verified its ability to reproduce the properties of the water
sons:(i) the high value of the dipole moment in the liquid is dimer, as shown in Sec. IV A.
due to polarization effects, which vanish at a distance rate A potential model including electric point charges for
faster than the point charge potentials; dfgl at large dis- the aluminosilicate framework had been derived by some of
tances the CF charges are preferable, as recently pointed dhe author® by fitting structural and vibrational properties
by Guillot and Guissani, mainly because they give a betteof silicalite, zeolite, Na A, and Ca A, obtaining satisfactory
description of the high-temperature low-density phHse. results. Therefore, in order to simulate hydrated zeolites, be-
Therefore, while assuming the form of the WB model butsides a model for water, it was necessary to add water—cation
maintaining the CF charges values, we were obliged, unwilland water—framework potential&b initio and experimental
ingly, to fit again the parameters of the WB potential and todata(both structural and vibrationalvere easily fitted, using
add some terms in order to obtain a reasonable intermolecthe following form, for representing the interactions between
lar potential for liquid water. The final form of the water— an ion and the oxygen and hydrogen atom of a water
water intermolecular potential is the following: molecule:
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TABLE Ill. Parameters for Na—water interactiongEq. (14)]. (Energies are  TABLE V. Parameters for the interactions between an oxygen atom of the

in kd/mol when distances are in)AThe charge of Nais +e. zeolitic framework (@) and an oxygen atorfO) or a hydrogen atorfH) of
water[Egs.(15) and(16)]. (Energies are in kJ/mol when distances are in A.

Parameters A B C
Parameters A B C
Na"—0 489528.0 4,526 —376.56
Na'—H 416 987.5 7.07 292.88 0;-0 3500000 3100 15.0
O;—H 984.9 179.9
Charges Ao Osi Qal
OnatYoH C (units ofe) -1.0 1.8 1.3

VNa+o,H(r)=W+Aexp(—br)—r—4. (14
The values of the parameters for the Navater interac-

tion are reported in Table Ill. In Table IV the structural and 5¢oms of water were derived from a simplified form of the

vibrational properties of the Na-water system obtained us- corresponding O—O and O—H ones for water—water interac-

ing the above-described model are illustrated. They reprog,,s.

duce satisfactorily experimental arab initio results. The The potentials for interactions between an oxygen atom

parametrization actually includes also Li and Ca ions ang the zeolite framework (0 and an oxyger(O) or a hy-

will be extended to other ions, but we prefer to delay theirdrogen(H) atom of the water molecule were represented by

publication after extensive tests on zeolites will be available.

Finally, the water—framework potentials were fitted to 1 Yoo, A B C
structural and vibrational data of natrofiteand scolecité® Vo0~ dreg 1 r2 A (15
We choose these zeolites because their strudiith or-
dered positions for Al and Si atomsvas studied at low 1 Yo8H, A B
temperatures by neutron diffraction, allowing an accurate de- Vor= m T + AT (16)

termination of atomic position&nd in particular of the po-

sitions of hydrogen atomssince water molecules at room and the values of the pargmeters_ are reported in Table VI.
and lower temperature are in ordered crystallographic posiBOth the form of the potential functions and the values of the

tions. Moreover, experimental vibrational spectra are avaijlParameters are to be considered as preliminary and subject to
able. The aluminosilicate structures of both zeolites is thdurther adjustments, because we performed only test calcula-

same, but natrolite contains sodium cations whereas scolecii@nS: except for natrolite. _
contains calcium cations. In conclusion, the total potential energy of a hydrated

Water was assumed to interact with Si and Al atoms vigdlUminosilicate is given by
a Coulomb potential onlythe values of the charges are re- V=V;+Voo+Vou+ Vaut Vio+ Vin+ Veot+ Veu
ported in Table V, and the potential functions between the o e ra
oxygen atoms of the framework and the oxygen or hydrogen +Voi (E)+ VI(E) + Viioh, 17

TABLE IV. Results for Na —water systenin vacua (* denotes assumed and fixed vallies.

Water molecule frequencidsm™?)

Na"-O O-H; HOH E
A A) (degrees  (KJ/mol) vy vy V3 NAT—Water

Experiment ~ 2.28 ~0.99 ~109 -24.00 ~163¢  ~3300-350C 305+ 15°
-23.£

ab initiof 2.21 0.947 106.6 —28.6

ab initio? 2.23 0.96 1045 —258

ab initio” 2.23 0.96 1048 -25.1

ab initio 2.21 0.96 1045  —28.7

ab initio 0.96" 1048 —24.7

DFTX ‘e 0.96" 10485 —24.4

DFT 2.25 0.96 1045  —23.4

This work 2.21 0.987 107.1 -24.2 1673 3420 3460 320

aReference 58.

PReference 14 for water adsorbed in natrolite and coordinated tocisiton.
‘Reference 10 for water adsorbed in natrolite and coordinated tochigon (see texk
YReference 59.

®Reference 60.

'Reference 13.

9Reference 61.

"Reference 62.

Reference 63.

IReference 64.

KReference 65.

'Reference 66.
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TABLE VI. Results for liquid water T=300 K). (* denotes assumed and fixed valles.

Density I oH Oon AEgq D

(glcn?) A) (degrees (kJ/mo) (10" ° m?s)
Experiment 0.997 0.966 102.8 41.5 2.4

0.9¢ 105.%

This work 0.997 0.98 102.9 42.6 2.24
CF 1.000 0.96° 99.9 39.7 1.12
WB(pain? 1.000 0.96" 104.52 41.6 2.4
WB(pol)? 1.000 0.96° 104.52 41.2 2.8
mMcyL" 0.998 0.975 103.5 22.73 1.9
TIP4P 0.997 0.96 104.52 41.6 3.3:0.5
SPC/E 0.997 1.0 109.47 46.7 2.4

%Reference 41.
PReference 42.
‘Reference 67.
YReference 43.
*Reference 24.
'Reference 68.
9Reference 33; Whpair) is the fixed charge potential, Wgol) is the version including polarization.
"Reference 69.
Reference 40.

whereV; is the overall potential energy for the aluminosili- form®’ with time step of 0.5 fs was used and, for liquid
cate frameworksee Ref. 35 Voo, Vou, andVyy are sum  water, NVE ensemble with periodic boundary conditions,
of the pairwise potentials defined by Eq$1)—(13), Vic and  minimum image convention, and Ewald summation for the
V|, are the same ones corresponding to Bdl), andVro  evaluation of electric potential energy, electric field, and
andVgy indicate the contribution of the interactions betweenfield gradient were adopted.
water and the atoms of the framewdgEgs. (15) and(16) for For bulk water, a cubic MD cell with side equal to
oxygen atoms, Coulombic only for Si and]AThe last three  21.752 A, containing 343 molecules, corresponding to a den-
terms, which depend on electric fields, stem from the Eqgssity of 0.997 g cm?, was chosen. For bulk water, after about
(A1)—(A3) of the Appendix. 14 ps of equilibration, a production run of 48 ps at room
For condensed state simulations, the evaluation of th@emperatur¢300 K) was performed. The computer time re-
electric fields and their gradients was performed by usingyuired by one step was, for bulk water, about 2.5 s on a
Ewald summations including all charges and then subtractinggs20 COMPAQ workstation. The energy conservation error
the intramolecular contributions. ThHespace terms of the \yas less than 0.01%.
electric field gradients are computationally demanding, and  The IR spectrum was computed as Fourier transform of
special methods are required in order to speed up the calcihe total dipole autocorrelation functions, the diffusion coef-
lations. In particular, it turned out that the convergence of theicient of bulk water was evaluated with the usual Einstein
k-space sums for the electric field gradient was ensured by gymuyla, and the internal pressure was derived from the virial
lower value of|k| as compared with the corresponding ON€theorem(see Refs. 3, 12, and 38 for the details of the treat-
for the electric field evaluation. Moreover, the contribution ant of MD simulations daja
of k-space sums to the electric field gradient changes rela- | order to find the optimized frozen structure of a water
fciv_el_y slowly, and the total energy conservation is good everyimer a simulated annealing procedure was adoptédter
if it is not updated each step, but about every ten steps.  inimization, the vibrational frequencies were evaluated by
_ When t_he calc_ulat|on5 reported n this paper were fin-gjn, jation runs 5 ps long, starting from configurations cho-
ished, an interesting paper proposing a new method fogq, iy order to excite only one vibrational mode for each run,

evaIrLljagn_g COU|OmbIC|. po';enu_als _wals EUbl'SﬁégTh's at a temperature corresponding to the room temperature.
method is very appealing for its simple form and appears . vp simulations of natrolite were performed at dif-

iunsbleidespelglatl)lyttfor Ilqumlits, anhd fortr\]/vater n part|c(;jgl?r, terent temperatures, namely 166 K, 307 K, and 650 K, in
It should yie etier resufts when the minimum distance, ;o compare the results of the calculation with the avalil-

between opposite charges is smaller. Test calculations Shogm\f)le experimental datahe diffraction data for the structure

that it could shorten the computing time by about three times N

o g . determination were collected at 20 K and at room tempera-

for liquid water, obtaining practically the same results as oo

. : . ."“ture, and the vibrational spectra were recorded at room tem-

using the Ewald method. A detailed study of the application o .
of this method is in progress perature, and to check the mobility of water at high tem-

' perature. Indeed, it is well knoWhthat at about 600 K at
least some water has evaporated from the zeolite. The simu-
lation at 166 K was compared with the experimental struc-

Standard MD simulations were performed for threeture at 20 K, taking into account the quantum zero point
kinds of systems: liquid water, isolated water dimer, andvibrations of the real crystal which cannot be reproduced by

hydrated natrolite. A modified Verlet algorithm in velocity classical MD calculations. The equivalence of the two tem-

IIl. CALCULATIONS
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FIG. 2. Oxygen—oxygen radial distribution function of liquid water, present F|G, 3. Oxygen—hydrogen radial distribution function of liquid water,
work results(continuous ling compared with an experimental data &Ref. present work resultécontinuous ling compared with an experimental data
44) (dashed ling set(Ref. 44 (dashed ling

peratures was estimated by comparing experimental and ) ) ) ) )
computed vibration mean square amplitudes. line with the experimental evidence of a slight stretching of

Natrolite structure belongs to the monoclinic symmetryth® OH bond. As for the HOH angle, the treatment of the
group Fdd2, but th@ angle is just 90°. The cell dimensions XPerimental data yields different values, ranging from
area=18.26 A, b=18.64 &, andc=6.59 A, respectively, 102.8°"t0105.5%"and the computed value approackesd
and the cell contains 16 Na ions, 16 Al atoms, 32 Si atomsgctually was fitted tpthe lower value. The computed diffu-

- . . _ 79 2 71 .
80 O atoms, and 16 water moleculés total 136 atomp  Sion coefficient,D=2.24<10""m’s -, is close to the ex-

_ —9 —1 43
The MD box corresponded to three crystallographic cells suP€rimental value oD =2.4x10""m’s = o
perimposed along the axis in order to obtain an approxi- The radial distribution functions are shown in Figs. 2—4

mately cubic one of 18.2618.64<19.77 A, including 552 ~and are reasonably similar to the experimental dfesmd in

atoms. The time step was 0.5 fs, and the simulations were 2§1€ With the results of other MD simulations performed with
ps long, after 5 ps for equilibration, but the simulation at 307€MPpirical potentials. _ o9

K was prolonged up to 400 ps in order to check the depen- !N Fig. 5 the simulated and experimental IR sp

dence of the computed quantities on the duration of the rurln different frequency ranges are reported, and the results

Neither the structural properties nor the spectrum did changBPP€ar o be satisfactory. In particular, the O—H stretching
significantly by increasing the simulation length. band, in the frequency range 34003700 Cpis red-shifted
with respect to the gas phase frequendi@860 and 3754

cm 1) reported in Ref. 23.

IV. RESULTS AND DISCUSSION In summary, the results of the simulations reported in

A. Liquid water this work are in line with those of the most used models, as
. . _ _discussed, for instance, in a recent pApaihere the perfor-

As mentioned above, our main interest was in the Simu, 5 ces of different potentials are compared. It appears that

lation of water molecules adsorbed in aluminosilicatess,. some of them there is at least one computed value that is
where usually the water—water interactions are not critical

for a good reproduction of the experimental data, but, in

order to test more extensively the model proposed in this

work, a simulation of liquid water at room temperature was [ Exp

performed. —— This work
The results are reported in Table VI, and are compared

with those obtained by some other models, including the

most relevant flexible water potentials not considering polar-

ization, the WB potentials, and two of the most popular rigid

water potentials, and in Figs. 2-5. The cohesive energy of

bulk water was computed as the difference between the en-

ergy of a gas of 343 water molecules at room temperature 05

and the total energy of the simulated liquid water, in order to

take into account the deformation energy of the molecules

due to the interactions with other molecules including the 00,

electric field effects. As it appears in Table VI, it is slightly r (A

lower t.ha.n the experimental onfey about 1 kl/mol but it FIG. 4. Hydrogen—hydrogen radial distribution function of liquid water,

falls within the error bounds of the results of most recempresent work resultécontinuous ling compared with an experimental data

simulations’® The deformation of the water molecule is in set(Ref. 44 (dashed ling

2.0

15

1.0

9l
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TABLE VII. Results of water dimer: Structural data and binging energy for

---- Exp. water dimer.
—— This work

0,-0, 0" 04° 04 AE
A (degrees (degreep (degrees  (kJ/mo)

Experiment  2.98° 57+10° 51+10° 6+10F —23+3¢
58.5+6° 50.2+6°

This work 2.93 27.3 53.1 0.9 —-17.25
CF 2.84 30.9 48.1 -3.6 —23.57
WB(pain 2.80 21 48 0 -30.9
WB(pol)’ 2.95 19 47 0 -14.7
MCYL?® 2.87 37 56.0 4 —24.85
TIP4P 2.75 46 52.2 0 -26.1
SPC/E 2.75 22 52.2 0 -30.0
. ) ) ) 29, and 64 are the angles between the O—O distance and the bisector of the
0 200 400 600 800 1000 acceptor and donor molecule, respectivelys the angle between O-0 and
(@) P O-H; distances, where Hs the hydrogen atom involved in the hydrogen
bond.
PReference 54.
---- Exp. ‘Reference 55.
—— This work 9Reference 70.

fComputed using the modified central for@@F) proposed in Ref. 24.
Reference 33; Wpain is the fixed charge potential, Wpol) is the ver-
sion including polarization.

9Reference 69.

"Reference 67.

iReference 71.

the charge distributions,® and possibly other effects: all

these requirements would make any simulation a formidable

task, using the actually available computers. Beyond analyti-

cal representation of the potential enerdiasd possibly as a

/ . - basis to refine thejrpath integral Car—Parrinello molecular
1000 1500 2000 2500 3000 3500 4000 dynamics simulatior®é>3 could be the good technique, if it
(b) cem were not so computer resources demanding.

FIG. 5. Computed infrared spectrum of liquid water, in arbitrary u@ts-

tinuous ling, in different frequency ranges compared with averaged experi- :
mental dataRefs. 45-49 (a) 0-1000 cm; (b) 1000—4400 crm’. B. Water dimer

‘‘‘‘‘‘‘‘‘‘‘‘‘

The results for the water dimer are summarized in

__Tables VIl and VIII, and are compared with those of the
poorly reproduced. For the 'pre'sent quel the weak point iBriginal modified CF model by Stillinger and Rahnin,
the computed pressure, which is toosfl@h)out 600 MPR  yith those of some other models including the WB potential,
~ As pointed out by Robinsoet al,”™ “the” model for  om which the present one was derived, and with experi-
liquid water is still lacking, because not only water showsnental data. As usual for potentials designed for condensed
per sea very complex behavior, but also the results for agi4¢e simulations, the computed O—0O distai2®3 A) is
given model may depend strongly on the simulation methodg,grter than the experimental of&98 A) 5455but unexpect-

For gns_tance, in Ref. 17, quantum corrections proposed|y petter than for other mod&fs(by recalling that it was
by Se;é yield, for a given potential, a softening of the ra- o 3 fitted value, and in the liquid the first maximum of the
dial distribution functions especially in the first hydration §_q radial distribution function is 2.85)AThe other struc-
shell, an increase of the diffusivitypy nearly 100% at room -5 parameters are in line with other potentials fitted to the
temperature and a decrease of the heat of vaporizaliop  properties of liquid water. The energy of cohesion is lower
nearly 10% at room temperatyreThe same trend is ob- han the experimental one, probably because in the liquid the
served if quantum effects are simulated by the path integrghany-hody electric-field-dependent forces are slightly over-
method* estimated.

Therefore, in our opinion, the proposed models should  op, the other hand, the computed vibrational frequencies
pe adjusted at b_est in order to fit the gxperlmental valges O(fsee Table VII), though they wereot fitted during the pa-
interest in a series of computer experiments once a simulgameter optimization, are much closer to the experiment than
tion method is chosen, waiting to improve the method itselfiqse derived from other modets.

For water, a “good” MD simulation method should take in
account, at the same tim@ the quantum nature of the in-
tramolecular vibrationgboth for the oscillation amplitude
and zero point energy” (i) the quantum behavior of hydro- In order to check the validity of the above-described
gen atoms;?%21(jii ) the polarization and the oscillations of model when applied to water adsorbed in zeolites, we per-

C. Water in natrolite
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TABLE VIII. Results of water dimer: vibrational frequenciésm™1).2

V12 VY11 V10 Vg Vg V7 Ve Vs Vy V3 V2 V1

Calculated 86 480 170 280 324 434 1530 1500 3572 3570 3680 3657

CF 87 281 120 307 327 509 1409 1483 4332 4303 3853 3856

Experiment n.a. na. 150 na. 290 520 1593 1611 3545 3600 3730 3714
147 320 1601 1619 3532 3600 3722 3730
155 3574 3634 3726 3709

3556 3627 3715 3699

#Experimental values and the numbering of normal modes are taken from Ref. 56 and references therein.
®This work.
‘Computed using the modified central forg@F) proposed in Ref. 24.

formed, as reported earlier, some preliminary calculations om the isolated water molecule and in liquid water and are
several zeolites, including scolecite and natrolite, but onlyclose to the experimental results. Especially for angles, the
for the last one the simulations were achieved and analyzegresent results are better than the previous ones.

in details. The computedIR) spectrum is reported in Fig. 6 along

The simulated structure of natrolite results are remarkwith the experimental one and that obtained in the previous
ably stable, like the experiment, showing thermal factors inwork (Ref. 13. The one obtained in the present study is
creasing with temperature, and with the correct order of magrather good, although with some frequency shifts with re-
nitude. The symmetry of the crystal, which is not imposed, isspect to experiment and with some intensities sometimes too
conserved accurately. Average coordinates are close to thiegh or too low. The improvement over the previously com-
experimental ones, and distances and angles differ from e)puted spectrum is dramatic, especially for the stretching band
periment at most by some 0.01 A and a few degrees, respeat 3300—3600 cit. However, for the last one, whereas the
tively. As in this paper the interest is focused on the behavionewly computed band is centered at the right frequency, it is
of water; we shall not discuss the results related to the alutoo narrow and not sufficiently structured when compared
minosilicate framework any further. with the experimental one.

The diffusion of water was not observed even at 650 K,  We attribute this discrepancy, and the slight blue-shift of
probably because the simulations were not sufficiently longhe bending band at about 1650 ¢into a possibly too stiff
(they lasted about 20 psbut the distribution functions of the interaction between water and framework.
coordinates of oxygen atoms of water at that temperature are By comparing the results for the Nawater systemin
large and those of hydrogen atoms are flat, suggesting libraracuo (Table 1V) and for water in natrolitg Table 1X) it
tions of very large amplitude or free rotation. appears that the effect of the aluminosilicate is nearly negli-

The structural and vibrational properties of water ob-gible: the structure and the vibrational frequencies of water
tained by the new model are compared with the experimentare nearly the same. This finding is in line with previous
data and with the results of the previous simulatfdris  experimentd’?® and theoretical work, both for natrolite in
Table IX and in Fig. 6. As it appears in Table IX, the experi-
mental O—H distances corrected for thermal vibrations of the
only crystallographically independent water molecule are
very well reproduced, within some 0.003 A, and with the
correct length order. Moreover, HOH angles are larger than

TABLE IX. Structural results for water in natrolite: bond lengths and angles
for the adsorbed water molecule. Distances are in A and angles in degrees

| {
Room temperature Low temperature - / h ,’ﬂi
‘‘‘‘‘‘ g iy
Calculated Calculated : "
Experiment Calculated (this work) Experiment (this work |$-|' "
[
Distances ,'h‘l i \l"I
OH, 098:0.02 0.997 0.993 0.995 0.992 i Ii
OH, 0.98+0.02 0.992' 0.990 0.991 0.989 J I\"ﬂ "
Angles _,E-_/J.r -l Neres
HOH 108 98.8 105.3 107.9 1058 1000

3000 4000 5000
cm™

dReference 72.
PReference 13. Average of the results of six runs, lasting 35 ps in total. FIG. 6. Computed infrared spectrum of hydrated natrolite, in arbitrary units

‘Reference 14. (continuous ling compared with experimental datRef. 10 (dashed ling
dAverage of the values of the two crystallography independent OH dis-and with previous result@Ref. 17 (dotted—dashed linen the range 1000—
tances. 5000 cm L.
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particulaf® and for the extended use of relatively small clus-ACKNOWLEDGMENTS
ters for representing specific sites of zeolitesain initio
calculations, which compare fairly well the full-crystal ones
; 7
when avalllall)lé_’. . . . __versitadegli studi di Sassari and by Consiglio Nazionale
Work is in progress to refine the potential functions in )
X : . delle Ricerche.
order to attain a better reproduction of the experimental data

and to extend the calculations to zeolites containing different
ions or of different structural groups. APPENDIX: POTENTIAL FUNCTIONS FOR THE
INTRAMOLECULAR POTENTIAL OF WATER

This research is supported by Ministero dell’'Universita
"della Ricerca Scientifica e TecnologitslURST), by Uni-

The intramolecular potential model for water is rather
V. CONCLUSIONS complex. Though it may appear awful, in practice it can be
fitted with splines, with the exception of the electric-field-
We stress that the present schegs.(1)—(4)], which ~ dependent terms. The constant teopis reminiscent of an
is able to yield satisfactory results in a special case, is oftermolecular term of the original CF modéland is nec-
general form and could be useful for representing complexessary in order to give the correct dissociation energy of the
electric-field-dependent phenomena such as reactive potemolecule. The form of the potential is the following:
tial energy surfaces, both empirical and quantum mechanical. a, by d,
In particular, the results reported in the present papeWJid(r|E)=——+ &
show that the introduction of electric-field-dependent terms rr {1+exd —e (r—fy)l}

in the intramolecular potential of water can improve the re- 01

production of complex electronic effects by relatively simple - 1+exg—hy(r—mp]!

empirical functions. The presence bfbody terms in the

intermolecular terms forces resulting from the electric field +ny(r—py)?exd —q.(r—p1)?]+ Vou(E),
gradient entails a modification of the intermolecular poten- (A1)

tials for water, which, however, can be handled by adjusting
empirical functions taken from literature, and yielding results_ ;. ") 2
similar to the best ones obtained from classical MD simula—VHHamE) =Tt by =&, exp{—fo[r =g, — dun(B)]%

tions.
As remarked above, the model can be improved by in- +halr —my—dun(E)J?
cluding polarization, but the results of the simulations, and in x exp{—n,y[r—m,—dyy(E)1?}, (A2)

particular for water and other molecules containing hydro-

gen, may change depending on the simulation technique¥ion(r)=2as exp[—bg(rHH—rOHl—rOHz)zj
The presence of hydrogen entails both the quantum behavior 5
of the hydrogen atoméconnected among the others with +C3[(ron,—ds) +(rop,—ds)]
tunneling effects and high vibrational frequencie@vhich 2

imply high zero point energies and scarce energy exchange xexp{—esl (Tow, ~da) T (Fow,~da) I3 (A3)

with the environment so that a quantum or at least a semi-The values of the parameters are reported in Table I. The
classical treatment should be demanded to reasonably SimtérmsdHH(E) andVoy(E) are defined in Eqg8) and (10),

late these kinds of molecules. These considerations, togethgsspectively.
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