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The quahty of such ab initio mteractwn potentials " teraction centers. The parameters in eq. (1) (in ang-
has been examined by using them to compute bulk stroms and kilocalories per mole) are:
features such as the cohesive energy of water dimers _ - _
[11] and orientationally averaged properties such as 90 =0. 45 = 11.801, = 2y ,
the virial coefficient of steam [7] and pair correlation

upgtions of liauid water [41, We fee] that a rather Aom = Apy = Aum =0,
o e P g —— e (o ] = 4040 Ay = 798

their anisotropy, the contribution of electron correla-
tion, the importance of many body forces, etc. could
2 L 3 -

=3914, byy=3.125.

7 scattering). In this paper we report the resu ;o a'ﬁ%ﬁ_-; S ,
. V= CelRY...0 — CoIRG.. 0+C10/Ro e O

liminary study on the binding energies, equilibrium
structure and intermolecular frequencies of the water with
dimer and hexagonal ice (Ih) using the Hartree—Fock Co=02178, Cy=172835 and Cyp=24119.7.

1) and ) & p@

mteracnon potentlal (HF potennal) of Popkle et al.

those yielded by various phenomenologicalhpotentia}s
and the results for the solid are compared with available
experimental data. 3. The water dimer

Six degrees of freedom are necessary to describe
2. The potentials the conformation of the system composed of two
rigid monomers. A conﬁguratlon of minimum energy

— T R W

Cartesian coordinates of the N = 8 points which re-

4 4
W= [R;; + Az expf—biRo present the two monomers [14] . Since the ab initio
Var Q"f? lag(R; + Ay exp{byRy)] - & intermolectiar potet i was CasHatca asSaing &

= ii.\ -i ~ Lo tlaa 3o diegtdunal L.

molecular plane, at a distance 0of 0.2259 A from the separation between inter- and intramolecular frequen-
oxygen [11]. The O—H bond length was taken to be cies.
- 0.957 A and the HOH bond angle 105°. It should be Starting from an arbitrary initial configuration we
stressed that no special meaning was attributed by reach a configuration of minimum energy using steepest
—_=\‘-'— A L B — T — i WY 2 I

. the interaction potenttal or to the position of the in- The final results were shown to bq independent of the



Table 1
Calculated conformation and stabilization energy of the water dimer

Potential

cpa) HF HFK ssb) §T29)
R (R) 2974 298 273 2.85 2.852
8 () 4.6 36 i4 58 ~1.0
&) 119.0 124.8 103 100.2 1282
Stabilization 56 439 6.48 5.76 6.839

energy (kcal/mole)

) From ref. [10]. Calculations carried out with the 6-31G* basis set.

b) From ref. {16]. ©) From ref. {15].

ok el ' ' bat fhaciphlagijper stpeis poniglpigvchath tha

— one minimum in either energy surface although initio R and HEK potentials ditfers markeﬁyﬂ'roni’_r ’
several saddle point conﬁguratxons (which exhibit the structure which would be stable for dipole and
i = i TR 107 (Nt sedieommio eolp g tiease “rodey i et eeatians Lol T, e e e p—
have been found in both surfaces. range polarization effects seem to contrlbute to deter-
Our results with both potentials agree with other mining the equilibrium conformation.
ab initio {10] and semiempirical {15,16] calculations The O--O distance, which seems to be the most
which show that the minimum energy configuration is important conformational parameter, is longer for the

the one for which one water molecule and the bisector HF potential (Rq.. = 2.98 A) than for the semi-

ab initio methods by Curtiss and Pople oxygen atoms. istance, per-
usmg the 6-3 IG* basm set and the resuits obtamed mitting better electrostatlc mteractlon hetween the

It can be seent that all potenuals predxct thhm 15° a acceptor molecule Thxs in tum allows a reducnon in
linear hydrogen bond (6 = 0). It should be mentioned the ¢ angle from 124° to 103, resulting in close re-
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H (1)

(a)

H* (0

2hle 2 dirper isfhe.creatinn nfclncer interatomie dictaneas
i
= —————————————————————————————————————————————————————— VU A VMR I el el A T :

204 1746
185 1268
A" 536 5525

b} From ref. [16].

pulsive contacts between H(2)-0,, H(1)*~-H(2) and
H(2)*--H(2) which are relieved by widening the §
angle from about 4° to 14°. Thus the overall effect of

- € correction eI O UKk iiDTIum geor Rplacenent.

183
166

681

for all potentials the equilibrium geometry of the dimer
has a C; symmetry, the frequencies can be dividied in
every case into three planar modes of symmetry, A’,
and 3 out-of-plane modes of symmetry, A”. The analysis

A ARy ) AY =

The upper A" mode is clearly a hydrogen bond out-of-
plane bend, a motion in which the H---O distance
changes substantially. The second A” mode is a torsion
of the two monomers around the hydrogen bond, and
the third mode is a mixture of bending and the tor-
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{a) Ihe calculation DY LUTTISS aNnd FOpIE [ 1] WIth

e = ) Sato -t »

MOIECUICS. 1S dSSUITS LEdL LIS CalCuldiou Livyuunuviva

s A 71 " H 2 M 1711 7121
- U Bwﬁ_—‘—w“ ,

they recalculated the diagonal force field with the
more extended 6-31G* basis set, they obtained smal-
ler diagonal A’ force constants. In an approximate
calculation (using only diagonal terms) they carried
out with these force constants, the hydrogen bond
stretch frequency of 204 cm™! (column 2, table 2)
was reduced to 170 em—1. This compares very well

by locating 4 oxygen atoms of a primitive unit cefl in
special pos*tlons +(1/3,2/3,2;2/3,1/3,1/2 +z) of

the P63/ me (Dﬁh) hexagonal space group [24]. Ac-
cording to the experimental results z = 1/16 and the
unit cell dimensions « and ¢ are such that all the

-0 distances are equal and the sublattice formed

by the oxygen atoms is tetrahedral [25]. The hydrogen

. withghel7dcm— value chsinedinthe ME calonlae o _atomeswers located 0957 A fram the nrypensand

tion.
(b) When comparing the frequencies calculated with

Aloa TYM chiindlal bo tbmna Akinluaad lsh oo LIDY

cies increase, whereas the three low frequencies de-
crease. The character of the normal modes and their
relative order remain unchanged by introducing the
dispersion forces. The frequencies are rather sensitive
to the inclusion of the correlation contribution.

7o PR . SRR f o ¥ - DR NTL

AvamLATUL; wawMY v verw man mm o smm—eep mes amswe e s

much closer than to the pure restricted HF calculations.
This is the behavior one would expect from an empirical
potential which implicitly includes the effect of the
dispersion forces.

4. Hexagonal ice .

,in whic! one parametrizes tHe !orce tge unit cell parameters 2, b, ¢, a, § and . No constraints

constants to obtain agreement between calculated
and expenmental normal modes [18 19] or on pheno~

allowed to depart from the O+-0 line so as to form an
HOH angle of 105°. (If the hydrogens would be on

tha NN lina thau arantd alea farm 2 totrahadral

is given by
4 M
1
Vo n =224 23 Vog- 3)
neel 3 ey I =4 af C
Y€ n T e 4bn bt nimemes L nbicsn e cmm A

action with the 124 unit cells surroundmg the basnc
unit cell and hence M = 496. The energy per molecule,
which is the quentity to be related to the sublimation
energy of ice, is one-fourth of ¥, .. For hexagonal
ice we carried out two parallel studies. In a first ap-
proximation we neglected zero point energy effects
and looked for a crystal configuration which minimizes
Lhe statxc energy ngen by eq (3) The energy was mlm-

ela A e

} P

were imposed on the minimization path except to
assume that the crystal is built by translating the basxc

the ab initio interaction potentials. The calculations

zation was carried out in the 3/V cartesian coordinates
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" Table 3 : pendent units no single value of the calculated O---O
Conformation of ice Ih at which the lattice encrgy is a mimi- bond length, or HO--0 hydrogen bond angle can be
ﬁtwfr i N slVUll. UL LU ULLICVIVIILLD LI Ul U WV lCllBul daiy uic

angle of the hydrogen bond formed by the different
Potential ) monomers are definitely small. From table 3 it can be
seen that the HFK potential predicts O---Q distances

i HFK 0.2 A smaller than the HF calculations and that in
;((‘::)) Zgg :gi‘l’ both cases the bond is almost linear.
c(R) 78532 7403 It is difficult to describe the exact character of the
@ 295 89.7 normal modes, since symmetry rules are not operative
8 88.9 90.2 here. But even though the eigenvectors show that there
19 ~aprigti engyrigfjanahnantdbitionn to onak

Lattice energy groups: ¥ngher friquenc1e§, at whxf:h thf molecules"
. £ Jeasrinr Fronsingaing o

h# aie U LY PEGLUSIGHWIIGL LIV WILWWL WL HIMVAILLE SV

Frequencies (em™): of the frequencies and lowering others, caused by the

. coprlationpoteatialin the dims, e goticed ciearl —_—
692 759 here in the librational modes. The higher librational fre-

660 762 quencies calculated with the HFK potential are about
653 679 100 cm—! higher than the high frequencies yielded by
569 635 the HF potentiai. On the other hand the lower libra-
-:’;‘5‘ ii‘;‘ tional modes are about 60 cm—1 lower with the HFK
423 2410 POicniiai

x

equilibrium configuration of the crystal, by repeating

339 274 our calculations at a series of preestablished molar
Translations 234 271 volumes. In every case the starting conformation of the
217 2§9 Colr il ~ -2 20 tha tatrahodral acrancamant aftha
\ F

FRY a0 i A el Tl WY (1M Ante e ‘-‘-&5&1 !!i‘ _

38 37 this case the unit cell axes were kept at fixed values
3 28 which satisfy the relation ¢fa = 1.628 with angles
a=[=90° y=120° We omitted a complete calcula-

space of the N = 16 centers of interaction of the four ~  tion of the density of states to evaluate the zero point
monomers in the upit gell. Results for the calpulaged aperev and assumed in this nreliminarv studv thatthe
unit cell parameters, lattice energy and k = 0 lattice average of each one of the optical modes over the whole
frequencies for the configuration which minimizes the Brillouin zone equals its k& = 0 value, and that the three
static energy are given in table 3. It can be seen that with  acoustical modes can be estimated by a Debye model
" .

e enery argivenn abe 3 11

e ; €IS arc substantiaily shortene; meniioned that such an approximation was shown to
-when the cerrelation energy term is included in the be very good in the case of N, crystals {22,23]. The
- calculation, ) results at the crystal configuration which minimizes the

| babalen . L edall, 4




Table 4 Table 5

Conformation of ice Ih which minimizes the total energy of Comparison between calculated and experimental data for ice
the crystal. Frequencies calculated at this conformation Ih

Potential Calculated - Experimental
HF HFK HF HFK

a=b(A) 4.854 4.602 a (&) 4854 4602 449682)

e (&) 7.927 1516 c(R) 7927 7516  7.31983)

Energy ver molec Sublimation energy b) 2b) )

\ 6.20 8.53 P ﬁ“"“ 7.39 9.72 1131
. . . em *)

Librations 753 835 Lower libration ~595d)
715 778 €em™) 339 267 525
704 762 Librational
616 701 bandwidth 414 568 ~5004)
592 624 (cm™)
549 570 Higher translation
444 452 em™) 237 260
37: 306 Transiational
344 283 bandwidth 203 232
339 267 (em™)

Translations gzg Egg 2) From the low temperature results of ref. [27].
nnn aen b) These values were obtained by adding to the results in
ey o PN .

/ f

data. It can be seen from the table that the dispersion
Comparing tables 3 and 4 it can be seen that the forces contrlbute to making the unit cell smaller and

e —

T ) s - - . -
voiume in sucn a way wmat meur aver!gi ll a IEHC mon’ N potentail yieias umt ceit

which depends only weakly on the volume. Another dlmensmns larger and sublimation energy smaller than
ogce is that the gap etweea the exp_enmgmllalm.lhls_cnuld_he_due_m_the_facj—

ce mm - I 5 a - w - - a -

In table § we compare some values calculated with mental results.
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