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Total Energy and Normal Vibration
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A new computational scheme integrating multi-center ab initio molecular orbitals for determining total energy
and normal vibration of large cluster systems is presented. This method can be used to treat large cluster
systems such as solvents by quantum mechanics. The geometry parameters, the total energies, the relative
energies, and the normal vibrations for four models of water cluster, the hydrated hydronium ion complex,
and the transition state of proton transfer are calculated by the present method and are compared with those
obtained by the full ab initio MO method. The results agree very well. The scheme proposed in this article

is also intended to be used in modeling computer cluster systems using parallel algorithms.

1. Introduction same fragment group. However, if the solvents act as reagents
] in the reaction, at the beginning of the trajectory we cannot
It has been recognized that solvent effects would be a central gistinguish which solvent molecules act as reagents during the
topic in the theoretical physical chemistry Therefore, the  simylation process. Accordingly, the treatment of solvent
development of predictive quantum chemistry based methods molecules by the QM/MM method and/or the fragment MO
to study conformational energies, molecular stabilities, electronic method is unsuitable for such molecular dynamics calculations.
properties, chemical reactivity, and dynamical behavior of  pacently, in light of this, we have proposed an approximation
molecules in large cluster systems as solvent is a high priority. \athod (integrated multi-center molecular orbital: IMIC ME
Several approaches for treating quantum chemistry processes, \yhich the forces of all atoms of the solute and the solvent
for large cluster systems have been propdsétiOn the other 510 ayajuated at the level of the QM method. This method
hand, molecular dynamics meth&ts” have become important o\ 41 ates the force of every atom in each molecule necessary
investigation tools for modeling chemical phenomena in large ¢, rajectory calculation. The calculated geometry parameters
cluster systems. The forces in molecular dynamics calculatlonsby the IMIC MO exhibit very good correspondence with those
can be_evaluated usin_g an empirical function with_ parameters by the full ab initio MO method as shown in the previous papers.
determined by experienc&,?? quantum mechanics (QM) |5 the present paper, we report the development of the IMiC
methods>2%"2° quantum mechanical methods such as combined \;5 method for the approximate representation of total energy
quantum mechanical and molecular mechanical (QM/MM) 51y the second derivative matrix, namely normal vibrational
methods,** or fragment molecular orbital (FMO) methotfs:* frequencies for an entire system. This scheme is applied for

Especially for chemical reactions and solvent effects, it iS gome small water clusters and hydration systems of hydronium
difficult to evaluate potential fields using empirical functions 5,

with parameters determined by experience. Therefore, the QM,
QM/MM, and FMO methods are used for this application.
However, enormous CPU computation time is necessary when
using QM methods for evaluating potential fields. Accordingly, 2.1. IMIC MO Model and Validation. The IMiC MO

such analysis is limited to small systems. For molecular method was proposed as an approximation technique to evaluate
dynamics calculations of large cluster systems involving the force of each atom at the ab initio MO level in order to
solvents, the QM/MM method, the fragment MO method, or perform a molecular dynamic calculation and a geometry
methods including dielectric field models are used. In some optimization in large cluster systems as solvent. The basic idea
chemical reactions in solvent, the solvents act as reagents inbehind our IMiC MO approach can be explained most easily
the reaction. For example, it is known that proton or hydronium when it is considered as an evaluation scheme of the force of
ion in water solvent has an important role for some biological each atom for a molecule unit. For a molecule unit, we define
reaction systems. In this case, with treatment by the QM/MM that a bond exists between atoms if the distance between any
method, some solvent molecules are treated by QM, and othergiven atoms is less than 1.5 times the sum of the covalent bond
solvent molecules are treated by MM. In the treatment of radii of those atoms. Thus, we define atom groups connected
systems including solvent molecules by QM/MM, however, by bonds as molecules. Namely this method divides the entire
there are many cases in which the solvent molecules treated bysystem into units of molecules, and calculates the force of each
MM become involved in the important region of the reaction atom in the unit. To reduce the number of orbitals to allow the
according to molecular trajectories. The use of QM/MM system to be resolved in a single QM calculation, the system is
methods for trajectory calculations presents important problemsdivided into three regions (see Scheme 1): the molecule for
from a theoretical viewpoint in that the accuracy of the QM/ which the force is calculated (target molecule), the region of
MM method does not hold during molecular movement as molecules surrounding the target molecule (adjacent molecular
pointed out in the previous pap®&r.For the fragment MO region), and all other molecules (environment molecular region).
method, the molecules relating to reaction have to include the Adjacent molecules are defined as follows. We compare the

2. Theoretical Treatments
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the target molecule and environment molecules. Another is the
QM calculation Era¢ for only the target molecule including
the electrostatic potential for the adjacent and the environment
molecules. The electrostatic potential energy between the target
molecule and the environment molecules is evaluated ap-
proximately as eq 1

A

S=22 R Rl

where V; and R are the electrostatic point charge and the
coordination for theth atom, respectively. Then the electronic
energy for one target molecule in the whole system is evaluated
aseq?2

@)
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where eq 2 can be represented as the following. If the energy
terms such a&rae are decomposed as eq 3,

E(T) + E(A) + E(T-A) + E(T—e)+ E(A—e) (3)

Eine) ~

Erpe =

the terms Erae — Eiae) and Erae — Erae — Eiae) in €q 2 are

each atom of other molecules with their respective van der Waalsrepresented as egs 4 and 5, respectively, wB€Fg andE(A)

bond distances,). The subscripts a and b ig, andd,, denote

are electronic energies of each T and A, &fd—A), E(T—e),

atoms of the target molecule and of other molecules, respec-andE(A—e) are each the interaction energy between T and A,
tively. If rapis shorter thaml,p,, the molecule including the atom T and e, and A and e.

of b is regarded as an adjacent molecule. Environment molecules

are all molecules other than the target molecule and the adjacent  Erae = Ene = E(T) + E(T—A) + E(T—e) — E(A—1)
molecules. The target molecule and molecules belonging to the (4)
adjacent molecular region are treated by QM, and molecules

belonging to the environment molecular region are included in
the electrostatic field calculation as a point-charge approxima-
tion. The force of each atom in the system is evaluated by
repeating this process for all molecules. The algorithm for
computation by the IMiC MO method was described in the
previous pape® In our method, the number of atoms constitut-

ing a molecule can be changed during the calculation process

of molecular dynamics calculation or geometry optimization.

Therefore, when a chemical reaction occurs in the system,

molecules recombine.

For this method, the computational time increases only
linearly with the number of molecules in the system as shown
in the previous papé#.It is important to note that the repetition

does not need to be performed sequentially. Accordingly, these
repetition operations can be calculate in parallel using more than Ee'e
one computer. The real time of computation can be distributed
if parallel processing is used. We implemented a program by

taking the ab initio (QM) component from the GAMESS
programg®

2.2. Evaluation of Total Energy for IMIC MO. In the IMiC
MO method the system is divided into three regions, and the
electronic energiesErae) for one molecule unit, which are
included in the QM calculation of the target molecule and the
adjacent molecules with the electrostatic potential of environ-

ment molecules, are calculated. The subscript capital letters and®

small letters indicate the treatments by QM and by the static
potential calculations for molecules in three regions (T and t:

target molecule; A and a: adjacent molecules; and e: environ-
ment molecules), respectively. To evaluate the total energy of

a whole system, we calculate two extra type QM calculations
for one target molecule. One is the QM calculatid&ng) for
the adjacent molecules including the electrostatic potential for

Ene = E(T—A)

Then eq 2 can be represented as the following,

The ~ Etae ™ — E(T—a)— E(A-t) (5)

ES®= E(T) + E(T—e) + Y(E(T-A) +

E(T—a) — E(A—t)) — /,E(t—e) (6)

If the energy terms such &T—A) are also decomposed as eq

E(T—A) = E(t—a) + E(t:oth—a) +

E(t—a:oth)+ E(t:oth—a:oth) (7)
eg 2 can be represented as eq 8

E(T) + E(t:oth—a) + E(t:oth—e) +
1/2(E(t—a)+ E(t:oth—a:oth)+ E(t—e)) (8)

where E(t:oth—a) indicates the interaction energy between T
and the electrostatic potential of a except for the electrostatic
interaction energy between t and a, d@goth—a:oth) is the
interaction energy between T and A except for the electrostatic
interaction energy between t and a. The interaction of the inter-
regions except foE(t:oth—a) andg(t:oth—e) includes a half of
ach term to avoid the double count of the energies.
The nuclear repulsion energy for one target molecule unit
can be calculated by eq 9
ZZ
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i<,-,;,jq R - R +5iezjm R - R

wherez, is nuclear charge of théh atom. Then the total energy
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for the whole system can be obtained approximately as eq 10

°
from eq 11. @ '
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Er= E$e+ E¥UC (10) (C) Ring (H,0), (D) Block (H,0)4
all molecules Figure 1. Structures for four models of water clusters calculated by
11 the IMiC MO method and the full ab initio MO method with the HF/
11) 6-31G(d) level. The values in parentheses were obtained by the full ab

Eootar = Z Er

2.3. Hessian Matrix Definition for the IMiC MO Model. by the present method exhibit very good correspondence with
To evaluate the Hessian matrix of the IMiC MO model, we those obtained by the full ab initio MO method.
divide the matrix into the block of each molecule unit. The vibrational frequencies for four models of water clusters
According|y there are two types of blocks in the Hessian were obtained by both our method and the full ab initio MO
matrix: the diagona| block and the 0ff-diagona| block. The method. The calculated vibrational frequenCieS are shown in
elements of the diagonal block for each molecule unit are Figure 2, with the numerical table shown in the Supporting
evaluated by the second derivative of the energiaf, which Information. For the model (A) of linear ¢®)s, the largest
is obtained with the evaluation of the Hessian of the target difference in each frequency obtained by both methods is 4.8
molecule. The elements of the off-diagonal block are evaluated €M™ and the mode corresponds to the-B symmetric-
simply by the addition of each half of the off-diagonal element Stretching mode (4022.1 crh by the IMiC MO and 4017.3
of each Hessian matrix between these target molecules. Thecm™* by the full QM), and is only 0.1% in error. One imaginary
evaluation of each block of the Hessian matrix is shown in frequency for the linear model is also obtainetB(1 and—8.3
Scheme 2. The evaluation of the Hessian matrix for the IMiC €M) by both methods, corresponding to the bending mode of

MO model is very simple and can also be calculated with a the entire system relating to the formation of a ring. The average
parallel procedure in computation. error of the frequencies obtained by the present method is only

1.1 cn7?, and the correspondence is quite good. For the model
(B) of boat (HO)s, the correspondence of the frequencies
calculated by both methods is slightly worse than that of the
The geometry parameters of some small clusters obtained byabove linear model. The largest difference in each frequency
the present method were already tested in the previous papersobtained by both methods is 30.1 thand the mode corre-
Briefly, however, the equilibrium geometries of some small sponds to the ©H symmetric-stretching mode (3869.6 Tt
clusters obtained by the IMiIC MO method are compared with by the IMiC MO and 3839.5 cmt by the full QM), and is only
those from the full ab initio MO method. We should focus on  0.8% in error. The average error of the frequencies obtained by
the calculation of energies and vibrational frequencies in the present method is only 6.8 cf For models (C) and (D)
comparison with the corresponding full ab initio MO calcula- of (H,O)s clusters, the largest difference in each frequency
tions. obtained by both methods is 36.5 and 37.5 ¢mespectively.
3.1. (HO)s and (H,0)s Clusters. The geometry parameters  These frequencies correspond to thekDsymmetric-stretching
of a system are considered to be the classification of the mode (3943.3 cmt by the IMIC MO and 3906.8 cmt by the

initio MO method.

3. Applications

geometrical isomerization of water clusters of,() and
(H20)s, respectively: (A) linear (bD)s, (B) boat (HO)s, (C)
ring (H20)s, and (D) block (HO)s. The geometry parameters
for four models were obtained by both our method and the full
ab initio MO method at the HF/6-31G(d,p) V80 The

full QM for model (C) and 3871.4 and 3833.9 chfor model
(D)), and the errors are under 1%. The average error of the
frequencies calculated by the present method is only 8.0 and
7.9 cnt! for models (C) and (D), respectively. In the above
four models of water clusters, the largest difference in each

calculated geometry parameters are shown in Figure 1: thefrequency obtained by both methods relates to theHO
values in parentheses were obtained by full ab initio MO symmetric-stretching mode and their errors are only under 1%.
calculations. From the figure the geometry parameters obtainedThe average error of frequencies by the present method is in
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Figure 2. Normal vibrational frequencies of (A) linear §8)s, (B) boat (HO)s, (C) ring (H:O)s, and (D) block (HO)s calculated by the IMiC MO
method and the full ab initio MO method.

TABLE 1: Total Energy and Relative Energy for (H20)s, (H20)s, and H*(H;0)14 Cluster Systems by IMiC MO and Full QM
Calculations atthe HF/6-31G(d,p) Level

total energy (hartree) relative energy (kcal/mol)
full QM IMiC MO diff (kcal/mol) full QM IMiC MO
(H20)s
linear type —380.160 512 —380.160 479 —0.02
boat type —380.175 470 —380.174 606 —0.54 —9.39 —8.86
(H20)s
ring type —456.215 907 —456.215 264 —0.40
block type —456.220 669 —456.219 349 —0.83 —2.99 —2.56
H*(H20)14
complex —1064.920 267 —1064.919 420 —0.53
TS —1064.897 976 —1064.897 800 -0.11 13.99 13.57

the range between 1 and 8 cthand the correspondence of state (B)). From the figure, it can be seen that the geometry
the vibrational frequencies by both methods is fairly good. parameters obtained by the present method exhibit very good
Total energies and the isomerization energies of the water correspondence with those by the full ab initio MO method.

clusters, (HO)s and (HO)e, are listed in Table 1. From the The vibrational frequencies of the complex and the transition
table, the total energy obtained by the IMIC MO method is  state obtained by both the present method and the full ab initio
slightly higher than that by the full ab initio MO method. The  \10 method are shown in Figure 4, with the numerical table
largest difference between total energies calculated by both OUrghown in the Su : : ’

T . pporting Information. From the figure, the
method and the full ab initio MO m_ethod is only 0.83_ kcal/mol frequencies obtained by the present method indicate very good
for the block type of (HO)s. For the linear modell, the difference correspondence with those by the full ab initio MO method.
of total energies calculated by both methods is only 0.02 kcal/ For the complex, the largest difference in each frequency

mol, and is quite small. The differences of the relative energies . . .
of the isomerization for (kD)s and (HO)s models are only obtalped by both methqu IS 83.4 Chx:or%rrfta)spondmg (o the
0.53 and 0.43 kcallmol, respectively. Thus, the agreement of PeNding mode of hydronium ion (1456.8 cfiby the IMIC MO
energies calculated by both methods is also fairly good. and 11373'3 cmt 3_3/ th? futILQM), Z‘nd tpethse_c(glnd tone ';_65'7
. . iy cm™! corresponding to the mode of the streaching
3.2. Hydration of Hydronium lon and Transition State hydronium ion (3077.3 it by the IMIC MO and 3011.6 crt

of Proton Shift. To check the accuracy of geometrical . .
parameters, energies, and vibrational frequencies for Iargerby the full QM). For the transition state, the largest difference

cluster systems than those in the previous section, thesell €ach frequency obtained by both methods is 50.3"cm
properties of the hydration complex of hydronium ion and the corresponding to the reaction path§48.1 cm by the IMIC
transition state of proton shift of the#H,0)14 cluster were ~ MO and—598.4 cn1* by the full QM) and the second one is
calculated by both the present method and the full ab initio MO 18.9 cnT*with the mode corresponding to the-®l symmetric-
method with the HF/6-31G(d,p) level. For the complex and the Streaching mode (3706.8 and 3687.9 éjnThe average errors
transition state structures, the correlation between the bondof frequencies obtained by the present method are 7.0 and 4.4
distances obtained by the present method and the full ab initiocm* for the complex and the transition state systems, respec-
MO method is shown in Figure 3 (complex (A) and transition tively. From comparison of the average errors of frequencies
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section, the average error does not depend on the system size.
The total energies of the complex and transition state'of H Number of Processor

(H20)14 and the relative energies between Fhé(lﬂbo)“ Figure 5. Efficiency of parallel processing against the number of

systems calculated by both methods are also listed in Table 1.processors.

The difference of total energies obtained by both methods is

0.11 and 0.53 kcal/mol for the transition state and the complex, nymber of CPU is shown in Figure 5. As shown in the figure,

and is almost the Same level W|th that of small Cluster.s. The the efﬁciency of para||e| processing by the present method
difference of the relative energies Is 0.42 kca|/m0|, and is also increases |inear|y against the number of CPU. Therefore’ the

quite small. From the above facts, it is considered that the present method is very suitable for full use of parallel processing
difference errors for energies and normal vibrational frequencies and/or grid computing.

obtained by our method do not depend on the system size.

3.3. Computation Times. To evaluate the variation in 4 conclusions
processing time for the number of CPU (central processing units)
from 1 to 18 by the present method at the HF/6-31G(d,p) level, We have developed the procedure (IMIC MO: ab initio
the real computation times for determining the force in the integrated multicenter molecular orbital) for calculations of the
cluster system of 100 water molecules were observed with atotal energy and the vibrational frequency of large cluster
shared memory computer including 18 CPU (SGI Power systems at the ab initio MO calculation level. To test the
Challenge). The efficiency of parallel processing against the accuracy of the present method, the total energy and the
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