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Abstract: A revised version of MNDO is employed particulardy for the treatment of hydrogen-
bonded water clusters and linear-chain ice.  The computed results of the average hydrogen-bond
energics and the first ionization encries for large water clusters and ice are found 10 correiate well
with observation. In addition, using the tight-binding crystal orbital method of LCAD, the band
structure of the lincar-chain ice is reported.

I. Introdwction

Various levels of direct lattice vector approaches associated with SCF HE (self-consistent field Hartree-Fock) LCAO
(linear combination of atomic orbitals) CO (crystal orbital) have been used 6. 1n order 10 avoid excessive computationa!
time, semi-empirical valence-chectron methods! 720 are ofien employed. Among these semi-empirical methods, MNDO?0
(modified NDDO'® (neglect of diatomic differential overlap)) is the most recent development and has become one among
the most widely used 10ols for studying organic molecules, clusters and polymers.

Here we introduce & modified treatment of MNDCO to specifically study molecular clusters and crystals. The molecular
cluster is the aggregated state of molecules as & bound system due 1o attractive intermolecular mteraction. Thus it will be
of great interest how physical properties of hydrogen-bonded water clusters vary due to the intermolecular interaction as
cluster size increases. Recently, linear-chain water clusters as model clusters have been s subject of great interest duc to their
relevance to solution clectrochemistry, solitonic mechanism for proton transfer bloenergetics and atmosphernic chemistry
involving ie. Thus particular systems of present interest are the finite linearchain water clusters of large size, (#,0), and
the infinite linear-chain ioe crystal, (#;0)... Using a modified treatment?! 32 of MNDO particularty suited for hydrogen-
bonded lincar-chain water clusters, we report the computed results of the average hydrogen-bond encrgies and the first
lonization energics for water clusters, including the electronic band structure of the linear-chain ice crystal. In addition, we
will examine the convergence of the hydrogen-bond encrgies and the first ionization energies to the predicted bulk limit of
ice as cluster size increases.

IL. Modification of MNDO for the Treatmont of Water Clusters and Ice Crysial

In gencral, the k-th block diagonalized matnx for the effective one-electron Hamniltonian (between the stomic Bloch
functions) is written for infinite linear-chain crystals (i, N - oo).!

o0

Flo= ) capiikga) Flg) . Ly
=00

where £ is the crystal wave number, ¢, the cell index and a, the primitive translation. Here the matrix elements of F(g) be-
tween the atomic orbitals, ,0 belonging to the reference uait ocll 0 and ,¢ belooging to the unit cell q and the matrix ele-
ments are explicitly,
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Here D, , is the charge density matrix element for the one-dimensional crystal. u, v, 4, and o are the atomic orbital indices.
¢. 5. and ¢ are the cell indices. C(k) is the expansion cocfficient for crystal orbitals. V,, is the Coulomb interaction between

electrons a and §.
Now writing
T AL AP A (1.4
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the expression (11.2) is simply,

) vio! 1 olvd
Floq= <uWvi> + Y. Y D5t [r,.ov'Tr,.op . (11.6)

st do

Here the first term is the familiar one-clectron integral and the second term, the two-electron integrals I. The two-electron
integrals I are determined by paramcterization.

We now devide the matrix elements (11.6) of F into two sets, namely intramolecular and intermolecular elements and
introduce the NDDO tppmximationw. Thus we obtain for the intramolecular matrix clements,

00 00
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which represents the matrix element between the atomic orbitals ;2 and v both belonging 1o the same atom a in the same
cell 0, and

0o
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which represents the matrix element between an atomic orbital u? belonging 1o an atom a and an orbital v§ belonging to a
different atom b in the same cell 0. Now for the intermolecular matrix clements we obtain

(]
. o 1 oo}
F,0.9 = <> - 7120013,3 W0 ar9)

“a

representing the matrix clement between an atomic orbital 44 belonging to an atom a in the cell 0 and an orbital vf belonging
1o a diffcrent atom b in ccll ¢.
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Parameters in the conventional semi-empirical methods are sekected by fitting physical properties for isolated molecules
(monomers), based on grometries wherein their equilibrium intra-stomic distances are much shorter compared o intermo-
locular scparations between molocular units in the molecular clusters or molecular crystals. For this reason semi-empirical
methods are likely to fail in reproducing the obecrved properties of molecular clusters or crystals whose building blocks are
the molecular units. ‘Thus in our treatment we divide parameters into two acts; one for the i ocular interaction and
the other for the intermolecular interaction in sccord with the expressions (11.7) through {11.9).

Beside the scparation of the intramolecular and intermokecular interactions mentioned earicr, in our treatment we in-
troduce only the core-core sepulsion cnergy differently from the original MNDOZ. 1t is written?!:22

Egpm 22y (sgtglopspy [ + yqpe ™ Sa¥ad) | (110

for the pairs of atoms a and b. EHere 7 is the interatomic distance between a and b. y and & are the parameters to be chosen
by fitting measurcments (See ref. 21 for details). Z, and 7, are the core charges of atoms a and & respectively. (5,3,155) above
is the two-clectron two center integrals involving the s« atomic orbitals in the two different atoms a and & . Despite the
employment of the two scts of parameters, it was encouraging to find?! that the values of the intramolecular parameters
converged close to the ongnal MNDO p 3. Por the details of parameterization for water, we refer the readers to ref.
21 1t is of note that the AMI method?> of Dewar and coworkers yiekled & reasonably good but relatively small
hydrogen-bond cnergy ~ 3.3 Kcalimok for water dimer. To the best of our knowledge, no further application to the clusters
of larger size has appeared.  Other MNDO maodification for water was recently reported by Burstein and 1saev2* but no
application 10 the systems of water clusters have appeared.

Finally, the crystal orbital encrgy or the energy band (k) is obtained!
Flk) Clky = ofk) Stk) Clk) . {f.11)
S{k) is the k-th block of the block diagonalized matrix for atomic overlap integral. ‘The electronic band structure of infinite

hincar-chain ice, (/7,00 will be reported in the next section.

111, Computed Results of Hydrogen-bonded Water Clusters and loe

Here we avoid formal description of treating molecular clusters and the parameterization procedure as they appeared
clsewhere2 122 All the calculated results below are based on optimized geometries. -

o % NN NN

>\-‘t-

H
-2+ / / % / /

-3} H
PR ST SRTT WY SNN NN TAUNE NS WY THNAE SHE TUNNY ST TUN NN DU T NS S S
-5 0 5 10

x (a)
Fig. 1t

Optimized geometry for 1-D ice linear chain. H denotes hydrogen
and O denotes oxygen. The circled atoms are at z » 0.58 A, others
are at z = Q.
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The predicied?? heats of formation for the water clusters taken from portions of the hexagonal ke 1 were found to
bchpodwﬁmlhcnbhﬁﬁoukmmomolTomodadeimun”. In the present study we consider both the
finite and infinite lincar-chain clusters. Thus, in order to make direct comparison with the linear-chain ice crystal, we first
pay attention to lincar-chain water clusters shown in Fig. 1. The hydrogen (O — H---0) bond length is 2.88 A, the

As shown in Fig. 2, the first ionization coergy is predicted to & as ¢l size n increascs.  Further we note that
there exists the propentsity of linearity between the ionization energy ¢« and 1ia. The numerical results for the first jonization
encrgics {¢) arc well represented by the analytic expression ¢ » 0.879 eV (1/n) + 11.69 ¢V, In the large size lmit the
ionization energy converges to a value of 11.7 ¢V. This is satisfactorily close 1o the observed vatue?® (work function of
~ 11.0 eV) of bulk ice. The predicted fust jonization encrgics of the finite lincar-chain clusters (//,0), are generally larger
than those??2 of non-lincar clusters, as expected.  Further the ionization encrgy (or work function) of the infinite lincar-chain
cluster, (//,0)... is found to be greater than obscrvation. This value is expected to be smalicr whea the compicte dimen-
sionality of ke, namely the three-dimensional ice is fully taken into account. This is because the additional dimensions en-
hance the dispersion of electron cloud in all directions and thus the reduction of electron binding energy, i.e., the first
onzation energy.

13 8

% .~
d

- LEVECECR
> g6 500 o
(-3 ~
[ d V]
Y o121 <
W g 4 O
s = O n-MER
= S 21 * 1-D ICE,(H,0),,
N ® EXPERIMENT ,
z © FINITE 1-D ICE
- . . . . X 0 + PO + " - +

0.0 0.5 1.0 V3 os o7 s

1/n n
Fig. 2 Fig. 3

Binding energy per bond vs.
First ionization energy as a cluster size n for tinite chain

function of the inverse of
eritical size, i.e., 1/n. :fg“::;:t;?)zéig?‘f°f the infinite

In Fig. 3 we show vanation of the hydrogen-bond cnergy, B,. (binding encrgy / bond) as a function of cluster size.
Also shown is the hydrogen bond energy for the case of the infinite 1-D ice chain. At the large size limit, the hydrogen bond
encrgy for the finite clusters reaches a value of 6.65 Kcal/mol, which is within |% of the infinite crystal result of 6.59
Kcai/mol. ‘Ihis shows cxcellent convergence to the bulk value as the cluster size a increases. Finally in Fig. 4 ws introduce
the band structure of the lincar-chain ice crysial (#,0),,. Calculations performed with one and two nearest neighbor ap-
proximations yicklcd results with insignificant differences.  The predicted band gap is ~ 15.9 eV. The optimized geometry
of O~ 11---0 bond length is found to be 2.88 A for the linear crystal. Prodicted valence band widths arc narrow as expected.
The predicted band gap is in qualitative agreement with the eartier CNDO;2 calculations of Ladix?”, in that both calcu-
lations show the 1.D ice crystal to be an insulator. Tlowever the CNDO/2 calculations yielded a much greater value of 20.4
cV for the band gap.
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Enerqy band structure for our linear-chain ice crystal.

1V, Summary

There has been a great interest in both the finite and infinite linear-chain water clusters?’ 3! In the the present study
we have systematically examined the first ionization encrgies and average hydrogen-bond energics of the linear water clusters
as a function of cluster size. ‘The salient features found from this study arc a decrease of the first jonuation encrgy with
cluster size n obeying closely a linear relationship with 1/a . The predicted band gap of the linear-chain ice was large with
159 eV. Duc to the economy of computational time with the modified MNDO treatment presented here, it will be of great
intcrest to cxamine the water clusters of larger sie and the three-dimensional ice erystal in order to realistically understand
the bulk clectronic propertics of hydrogen-bonded water systems.

Acknowlcdgement

Present work is partially supported by NST A'TM 82-12328. One (S.11.5.5.) of us would like to give his sincere thanks
to professor M. J. 8. Dewar for inspirational post-doctoral training. He is also greatful to Dr. Yukio Yamaguchi and Dr.
Paul K. Weiner for their collaboration with the author for the computer code development of lincar-chain crystals using
MNIDX and MINDO/) repectively.

(a) Present address:  [Department of Physics Kyung-Sang National University, Chinju, Korea
(b) Present address:  Physics Devision, Chinese Academy of Sciences, Beijing, China

References
. Goixd Re, J. Ladik, and G. Biceo, Phys. Rev,, 1967, 155, 997

2, J. M Andre, L. Gouverneur, and G. [eroy, Iat J Quant. Chem , 1967, |, 427 and 451,

7383



7384

21.

P13

24,

25.

26.

27.

28.

M. S. CHOE ef al.

R. N. Euwema, D. .. Wilhite, and G. T. Suratt, Phys. Rev. B, 1973, 7, 818.

R. N. Euwema, G. G. Wepfer, G. T. Suratt, and D. 1.. Whilhite, Phys. Rev. B, 1974, 9, 5249.

J. M. Andre, and G. Leroy, Int. J. Quant Chem, 1971, §, $57.

J. Delhalke, J. M. Andre, S. Dclhalle, J. J. Pireauz, R. Candano, and J. J. Verbist. J. Chem. Phys. 1974, 60, 595.

M. Kertesz, J. Koller, and A. Azman, ‘Lecture Notes in Physics’ 113; Recent Advances in the Quantum Theory of
Polymers’, ed. J. M. Andrc, J. L. Bredas, J. Delhalle, J. Ladik, G. 12roy, and C. Moscr, Springer-Verlag. 1980, pp.
56-79; M. Kertesz, ). Koller, and A. Azman, ). Chem. Phys., 1977, 5, 1180.

W. L.. McCubbin, and R. Mann, Chem. Phys. [ctt., 1968, 2, 230.

P. M. Grant, and 1. P. Batra, Solid State Commun_, 1979, 29, 225.

K. Morokuma, Chem. Phys. Lett., 1970, 6, 186.

. S F. O’Shea, and D). P. Santry, Chem. Phys. Lett, 1974, 25, 164,

1. Fujita, and A. Imamura, J. Chem. Phys, 1970, $3, 4555.
D. L. Bevendge, |. Jano, and J. Ladik, J. Chem Phys, 1972, $6, 4744.

M. J.S. Dewar, . 11. Suck Salk, and P. K. Weiner, Chem. Phys. Lett., 1974, 29, 220.

. M.J.S. Dewar, Y. Yamaguchi, and S. H. Suck Salk, Chem. Phys. Lett , 1977 50, 259: ibid, 1977, 51, 175; Chem. Phys.

1976 43, 145.

V. Young, S. tI. Suck Salk, and E. W. Hellmuth, J. Appl Phys, 1979, 30, 6088.

R. G. Parr, ‘Quantum Theory of Molecular Electronic Structure’, W. A. Benjamins, Inc.. Reading. MA, 1972.

J. A. Poplc, and D. L. Bevendge, ‘Approximate Molecular Orbital Theory’, McGraw-Hill, New York, 1970.

M. J S. Dewar, “The Molecular Orbital Theory of Organic Chemistry’. McGraw-11ill Book Co., New York, 1969.
M. J. S Duewar, and W. Thicl, . Am. Chem. Soc., 1977, 99, 4899; ibid, 1977, 4907.

S. 11. Suck Salk, T. S. Chen, D. L. llagen and C. K. Lutrus, Theor. Chim. Acta, 1986 70, 3.

S. 11. Suck Salk and C. K. Lutrus, J. Chem. Phys., 1987, 87, 636.

M. 1. S. Dewar, E. G. Zoehisch, E. I Healy, and J J P. Stewart, ] _Am Chem. Soc., 1985, 107, 3902.

K. Y. Burstcin and A. N. Isacv, Theor. Chim. Acta, 1984, 64, 397

S. Tomoda and K. Kimura, Chem. Phys. Lett,, 1983, 102, 560.

A.J. Yencha, H. Kubota, T. Fukuyama, T. Kondow and K. Kuchitsu, J. Electron. Spectry, 1981, 23, 431.
A. Kamfen and ). Ladik, Theor. Chim Acta, 1974, 34, 115,

Y. Kashimon, T. Kikuchi, and K. Nishmoto, J. Chem. Phys., 1982, 77, 1904.

J. ¥ Nagle, M Milke, and 11. J. Morowitz, ] Chem. Phys,, 1980, 72, 3959.

R. Lochmann and T. Weller, Int. J. Quant. Chem , 1984, XXV, 1061.

. A. laforque. €. Brucena-Gribent, 1. [aforguc-Kantzer. G. el Re. and V. Barone, J. Chem Phys., 1984, 4436,



