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The reliability of the two-layered ONIOM (our own N-layered molecular orbitamolecular mechanics)
method was examined for the investigation of the &action pathway (reactants, reactant complexes, transition
states, product complexes, and products) betweeyCCéhd an OH ion in microsolvation clusters with one

or two water molecules. Only the solute part, {8Hand OH, was treated at a high level of molecular
orbital (MO) theory, and all solvent water molecules were treated at a low MO level. The ONIOM calculation
at the MP2 (Mgller-Plesset second order perturbation)/aug-cc-pVDZ (augmented correlation-consistent
polarized valence doublg-basis set) level of theory as the high level coupled with the B3LYP (Becke 3
parameter-Lee-Yag-Parr)/6-8G(d) as the low level was found to reasonably reproduce the “target” geometries
at the MP2/aug-cc-pVDZ level of theory. The energetics can be further improved to an average absolute
error of <1.0 kcal/mol per solvent water molecule relative to the target CCSD(T) (coupled cluster singles
and doubles with triples by perturbation)/aug-cc-pVDZ level by using the ONIOM method in which the high
level was CCSD(T)/aug-cc-pVDZ level with the low level of MP2/aug-cc-pVDZ. The present results indicate
that the ONIOM method would be a powerful tool for obtaining reliable geometries and energetics for chemical
reactions in larger microsolvated clusters with a fraction of cost of the full high level calculation, when an
appropriate combination of high and low level methods is used. The importance of a careful test is emphasized.

I. Introduction A first theoretical study for the reaction of methyl chloride

Chlorinated hydrocarbons (CHCs) have been used as a solven\LNIth hydroxy anion in a microsolvated cluster
and a degreaser in a range of industrial applications for a long _
time, and the used solvent was, unfortunately, simply dumped (H0).0H " + CHCI(HO0)n, —
into landfills, exposed ditches, and drains. Consequently CHCs (H,0),HOCH; + CI (H,0),; (1)
are recently becoming the most ubiquitous contaminant on earth
as a whole, and it is thus obviously required to clarify the fate was performed for the reaction GBI + OH~ by Ohta et al.
of such contaminants in nature. CHCs are known to be with one and two water solvent molecules+ m=n"+ m
degradable by abiotic processes such as hydrolysis. The= 1 and 2) at the ab initio HF level of the MO methbd.
investigation of their behavior in groundwater, such as reactions Subsequent studies suggested that the quantitative description
with OH™, metal ions, and others, is considered to be very of the $,2 reaction requires a high level of correlation treatment
important. with a large basis sét.A very high level study of the reaction

Although there have already been some studies (both CH;Cl + OH™ with one and two water molecules has recently
theoretical—> and experimentét!! about the hydration process been performed by Garrett et‘alThey found that CCSD(T)/
of CHCs and their reaction with OH the overall picture for aug-cc-pVDZ single-point energy at the geometry optimized at
possible reaction pathways has not be fully understood. To the MP2/aug-cc-pVDZ level gives nearly quantitatively correct
explore the potential energy surface for the reaction in water results for ot + m=n'+ m = 1 and 2). However, this level
solvent, a difficult but important problem is how to evaluate of calculation requires an extremely large amount of supercom-
the profound effect of water solvent on reaction mechanism. puter time, and calculations for the same reaction system with
Although recent theoretical techniques enable us to calculatethree or more water molecules would be very difficult even with
the solute electronic structure under the effect of water solvent the maximum use of the supercomputer time.
by using those such as the polarized continuum m&délit The recently developed ONIOM (Our own N-layered inte-
would be a better way, if possible, to explicitly treat at least grated molecular orbitaH- molecular mechanics) method
the first solvent shell of water molecules using the microsolvated provides a possibility to achieve such high accuracy calculation
cluster. on a large molecular system. In the two-layer MOMO version
of ONIOM,® also called IMOMO (integrated MG- MO),”

* To whom correspondence should be addressed. E-mail: morokuma@ the active part of the reaction is considered in the “model”
O Rys University. system and is treated with both at “high” and “low” levels of
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Figure 1. Scheme of the real and model system used in the ONIOM
calculations for reaction Ci€l + OH~ in hydrated clusters.

at the “low” level of MO calculation, and then they are inte-
grated to define the ONIOM total energy of the “real” system.

E(ONIOM, real)= E(high, model}+ E(low, real)—
E(low, model) (2)

The ONIOM energy is an extrapolation or additive approxima-
tion for the “target” calculation(high, real), the “high” level
calculation for the “real” system, which is too expensive to
perform. The definition of the “model” system and the choice
of the levels of calculation are left to the users and depend on
the errors that can be tolerated in the ONIOM treatment. It

should be recognized that a careless choice of level combination

in the ONIOM method leads to a failure, and a careful test of
the reliability of a given level combination has to be made. The
clearly defined requirement of the “low” level method is that it

reproduces reliably the substituent effect, i.e., the difference

between the real system and the model system, calculated a

the “high” level.

The ONIOM method has already been applied to the studies

of the steric effect for the & reaction between Cland alkyl
chloride and has been found to give a very good approximation
for “high” level geometry and energetics including the barker.

Re and Morokuma

cc-pVDZ/IMP2/aug-cc-pVDZ level of theory, i.e., the single-
point calculation at the CCSD(T)/aug-cc-pVDZ (hereafter
referred to as CC/b) level at the optimized geometries at the
frozen core MP2/aug-cc-pVDZ (referred to as MP2/b) level,
for reaction 1 with fom + m=n"+ m = 1 and 2 have been
provided to us by Garrett and Borisé¥Because not all of the
stationary points were available, we also performed additional
calculations at the same level to supplement their results. We
will use these results as the “target” calculations of the ONIOM
studies; namely, we will compare the ONIOM geometries and
energies with these “target” results to assess the errors associated
with the ONIOM extrapolation scheme. We will naturally
choose the level used in the pure MO calculation as the “high”
level of the ONIOM method.

For geometry optimization, we examined three types of
methods as the “low” level. Recent reports show that gradient-
corrected and hybrid DFT methods provide reasonable results
with relatively lower cost for some of hydrogen-bonded cluster
systemt®~23 We, therefore, employed density functional gradi-
ent-corrected BLYP and hybrid B3LYP methétis® as well
as the HF method as the low level. In all low level calculations,
we used the 6-3tG(d) basis set, a smallest basis set required
to describe hydrogen-bonding anionic systems (referred to as
BLYP, B3LYP, and HF), The notation like “(MP2/b:HF)” is
used to indicate the “high level:low level” combination in the
ONIOM method. The ONIOM geometries are, then, compared
with the “target” geometries at the MP2/aug-cc-pVDZ level.

To improve the accuracy of energetics, single-point energy
calculations are performed on the above ONIOM optimized
geometries by using another ONIOM combination, where the
CC/b method is used as the “high” level and MP2/6+&i(d)
{referred to as MP2), B3LYP, and BLYP methods are employed
as the “low” level. The obtained energetics will be compared
with the target CC/b//MP2/b level of results. All of the
calculations were performed by using Gaussiad’ @hd a
development version of the Gaussian package.

Ill. Results and Discussions

The aim in the present series of studies is to obtain as accurate According to previous theoretical studiethe Si2 reaction

results as possible for large hydrated cluster systems using the,.yveen microsolvated 4).0H" with CHsCI(H20)m for m
ONIOM method, in which all of the solvent water molecules |1/ 3042 proceeds thrc?ugh a prereaction comn[;lex and the

are treated only at the low level. If this could be done, we are
ready to investigate the reaction mechanism of highly hydrated
(m+ n > 3) CHCs with the OH ion.

In the present study, we will compare geometries of inter-
mediates and transition states (TSs) of the reaction & form
=n"+m =1 and 2 optimized at various ONIOM combinations

transition state, followed by highly exothermic energy release
process involving the migration of water molecules to give
product complexes. The potential energy profiles calculated at
the CC/b//IMP2/b level, by Borisov and Garfétand supple-
mented by us, are summarized in the Figure 2. HRE€, RC1,

and RC2 are the prereaction complexes ®),OH---CHs-

with those optimized at the target MP2 level and assess WhatC|(H20)m TSO. TS1 and TS2 are the transition states and

low level is needed. We will perform a similar energetic
comparison between the high level pure MO method and the
ONIOM methods to examine the low level needed for accurate
description potential energy profiles.

Il. Method of Calculation

The detail description for the ONIOM method has already
been published elsewhefe.The accuracy of the ONIOM

method depends much on the choice of the model system and

the low level of the method. In the present ONIOM calculations,
the model system consists of only g and the OH ion,
which will be treated with both the high and the low level of
method. All of the surrounding water molecules are included
in the real system, which is calculated only at the low level
method as shown in Figure 1.

Very accurate results of equilibrium and transition state

geometries and their energies obtained at the CCSD(T)/aug-

PCO, PC1, and PC2 are the product complexes £8),-
HOCH;z--ClI"(H,O)y for m+n=m + n" =0, 1, and 2,
respectively. The MP2/b optimized geometries (“target” geom-
etries) are shown in Figures—=8. Because the purpose of the
present paper is not exploring overall potential energy surfaces
but examining the reliability of the ONIOM method for this
system, only the reaction pathway described above would be
considered.

In the present ONIOM study where solvent molecules are
treated at the low level, the requirement for the low level in the
ONIOM method is to reasonably describe the sotgelvent

as well as solvenrtsolvent interactions in comparison with the
target calculation. In the following discussion, we will pay our
attention to how various low levels of pure MO methods as
well as various ONIOM combinations reproduce the benchmark
results and seek the most suitable method as a low level in the
ONIOM method.
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Figure 2. CCSD(T)/aug-cc-pVDZ//IMP2/aug-cc-pVDZ (CC/b//MP2/b) potential energy profiles for reactigHV + CH;CIW, (n + m= 1
and 2), where W denotes;8. HereRCO, RC1, andRC2 are the prereaction complexes;(®),OH~ + CHz;CI(H2O)n, TSO, TS1, andTS2 are the
transition states, andCO, PC1, andPC2 are the product complexes {8)yHOCH; + CI~(HO)y form+n=m +n' =0, 1, and 2, respectively.

A. MO and ONIOM Optimized Geometries. HF and DFT coordinates to one of the hydrogen atoms of the methyl group.
vs “Target” (MP2/b) Optimized Geometrie3.o seek the best  For then + m= 1 system RC1), all pure MO methods provide
candidate for the lower level method in the ONIOM calculation, similar geometries, where OkH,0) coordinates to CkCl to
we first examine the geometries obtained with three types of form two hydrogen bonds between them. Note that the OH
the pure MO method (B3LYP, BLYP, and HF) and compared ion is more strongly attracted toward the carbon atom of methyl
with the “target” (MP2/b) geometries. All of the geometries chloride at the BLYP level compared to the other methods,
obtained at the pure MO methods are shown in left column of resulting in shorter €-:OH~ and longer CICH--OH, distances
the figures. Optimized geometries of reactant molecules andas well as a largellC—OH—HOH angle than that for MP2/b.
their hydrated clusters determined at the “target” level are shown For the dihydrated systemn(+ m = 2), the “target”
in Figure 3 together with those at the lower level of pure MO calculation provides the multiring structure, where the Gt4O),
methods. The structures of XH,0), (X = OH and CI) at the fragment, forming a cyclic hydrogen-bond ring, interacts via
‘target” level of method are in good agreement with the three oxygen atoms with three hydrogen atoms of;CIH
previously reported resul8-31 In contrast, we could not obtain ~ Although the structure is highly strained, the net-stabilization
the structure reported previouklipr the CHCI(H,O) complex owing to the multiring of hydrogen bonding would stabilize

with the water molecule interacting only with chlorine atom. the complex RC2). It should be mentioned that this highly
Because this geometry optimization was performed under the networked structureRC2) is, however, not reproduced with
Cs symmetry assumption, the present result without such any other pure MO method; the optimizations lead to the singly
assumption would be more reliable. Three lower levels of the hydrogen-bonded structure between -LHand OH (H.0),
pure MO methods (HF, BLYP, and B3LYP) provide similar (RC2).
results as those obtained with the “target” calculation. In  Figure 5 depicts the optimized geometries of the transition
particular, the B3LYP method well describes the hydrogen-bond state for the substitution reaction with glhversion in both
distances with less than 0.1 A of differences from the benchmark bare f + m = 0) and hydratedn(+ m = 1 and 2) systems.
values, in contrast to 010.3 A differences at the HF level. Note that the transition state for the bare syst@i8Q) could
Optimized structures of the reactant complexes are shown innot be obtained with full density functional methods. For the
Figure 4. In then + m = 0 structure at the MP2/b levé&l,OH~ monohydrated system, we obtained the struct@i®l) at all
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Figure 3. MO and ONIOM optimized geometries (in A and deg) of reactant species for reactionmi+fan = m + n' = 0, 1, and 2, respectively.

For pure MO methods, geometrical parameters from the top are at th
for the ONIOM methods, the high level is MP2/b and the low level is

e level of MP2/b (target), B3LY*P)(BLYP (in []), and HF (in ()), and
B3LPY<(in), BLPY (in []), and HF (in ()), respectively. For the target

calculation, an asterisk indicates the value from ref 15 and without an asterisk indicates the value obtained by us.

of the MO levels, where O molecule bounds on OH In any
level, we could not obtain the other TS reported previously with
Cs symmetry constraint,in which H,O molecule is bounded
on the CI side. Because the interaction with® is much
weaker for Ct than for OH, such a structure could be a
shallow potential energy minimum under symmetry restriction
and may not exist as a real local minimum. In T&1 structure
at the MP2/b level, C+C and C-0O distances are calculated to
be 0.07 A longer and 0.104 A shorter than those in the bare (
+ m = 0) system. The three other pure MO methods provide
similar qualitative structures, whereas the @ bond length is
longer by 0.30.3 A and thedC—O—H angle is much larger
than that of the MP2/b values.

In the case of then + n = 2 cluster system, a significant

several TSs for the & reaction. Two most probable TSs are
obtained with the “target” (MP2/b) method. One, denoted as
TS2¢ is the transition state, where two,® molecules are
moving from OH to CI~ concertedly with the substitution/
CHs; inversion. This structure is similar to the transition state
for the substitution/CHklinversion for Ct + CHsCl + 2H,0,
found by Asada et & The other is one denoted &§2s where

two H,O molecules are unmoved and stay on ONote that

we could not find the TS with one or two-8® molecules on
Cl~ because of the same reason as discussedhférn = 1.

The CHC and CHO bond distances ifiS2care 0.084 A longer
and 0.132 A shorter at MP2/b level, respectively, than those in
the bare f + m = 0) system. The corresponding values for
TS2sare 0.129 and 0.182 A, respectively. The latter is thus a

discrepancy is found for the results between the “target” and much later transition state than the former. Three other pure

the other pure MO methods. There may exist logically the

MO methods gave essentially the same structurel 82sbut
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Figure 4. MO and ONIOM optimized geometries (in A and deg) of reactant complexes for reactionmifon = m + n' =0, 1, and 2. For
methods used, see Figure 3.

for TS2c The TS2c structure is completely missed at the HF
level; the optimization converged TG2s In addition, the nature
of TS2c is qualitatively different between the DFT and the
“target” level. The CC distance in th@ S2cstructure is shorter
than the C-O distance at the BLYP level, and they are identical
at the B3LYP level, whereas at the target MP2/b levet-ClI
is longer than €O. Compared with the “target” level, the DFT
methods seem to unable to describe the nature of the chargeThis reaction was found to be highly endothermic, and the path
transfer state, although it can describe the concerted feature ofis in essence simply uphill or has a small reverse barrier from
the TS; the HF method fails in both aspects. the product complex. For instance, for et n = 0 system,
Figure 6 illustrates the product complexes for the monohy- target MP2/b optimization gives a TS with the energies of RC,
drated PC1) and dihydratedRC2) systems. Both of the HF TS, PC, and products (relative to the reactantsy6.4,—10.8,
and the DFT methods reasonably reproduce the “target” —10.9, and 11.0 kcal/mol, respectively. The MP2 and HF
geometries. The optimized structures for the product speciesmethods respectively give a similar hump, whereas the DFT
(Figure 7) obtained at the low level of MO methods are all in method gives no hump. For the monohydrated system, pure
reasonable agreement with the “target” geometries. B3LYP and HF calculations give similar structures to that of

In Figure 8, we additionally show the optimized structures
of the products of the hydride abstraction channel:

(H,0),0H" + CH,CI(H,0),,—
(H20)v41 + (CHLIT)(HO) (3)
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Figure 5. MO and ONIOM optimized geometries (in A and deg) of transition states for reactionmi4on = m' + ' =0, 1, and 2. For methods
used, see Figure 3.

[CI"CHy~OH (H,0),] (TS2i)

the target MP2/b level. However, the pure BLYP optimization Summarizing, the HF method poorly describes the geometries,
converges to CECI(OH™). For the dihydrated system, the three (RC2) and (TS2c), where the solvent molecules bound on the
lower pure MO methods including BLYP properly converge solute part very weekly. The DFT methods could be better
the target MP2/b product structure, g8~ (H,0),. However, candidate as the lower level in the ONIOM method, although
geometrical parameters at the pure MO methods suggest thathey have some significant discrepancy compared to the “target”,
the negative charge is more localized on the Cl part at the MP2/bagain (a) missing the reactant comple<2 having multidi-

and B3LYP level but on the Chpart at the BLYP. This latter mensional hydrogen bonding and (b) differing in the nature of
BLYP result is related to the stronger @HHOH interaction, the transition statef'S2c In the following section, we will
suggested by the unexpectedly short €IHOH distance (1.641  discuss the reliability of the ONIOM method coupled with the
A) and the longer water HOH bond. DFT as well as HF methods.
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Figure 6. MO and ONIOM optimized geometries (in A and deg) of product complexes for reactionrh fom = m + n' = 0, 1, and 2. For
methods used, see Figure 3.

ONIOM Optimized GeometriesThe ONIOM optimized geometry, is obtained at the (MP2/b:B3LYP) level, whereas the
geometries are all shown in the right column of Figures83 hydrogen bond lengths are again found to be poor at the (MP2/
Optimized geometries of reactant species in Figure 3 show, asb:BLYP) level as in the case of reactants. For the dihydrated
expected, that the structural parameters of O8BHCI, and system RC2), the ONIOM method both at (MP2/b:B3LYP)
CH3OH parts are similar to those at the higher level, MP2/b, and (MP2/b:BLYP) levels provide the multiring structure,
and the remaining parts including the intermolecular hydrogen although one hydrogen bonding between water molecules is very
bonds are quite similar to those evaluated with the correspondingmuch weakened. The erroneous situation (a), discussed above,
lower level methods. We note that in @EI(H,0), there are at the pure MO level is thus successfully improved in the
substantial differences in CIGH:-OH, hydrogen bond distances ONIOM calculations. This implies that the CIGHOH™
between the (MP2/b:BLYP) and (MP2/b:HF) methods and the interaction is important in describing correctly the overall
corresponding pure MO methods. structure of the hydrated system. Note that ONIOM (MP2/b:

Optimized structures of the reactant complexes with the HF) calculation gave only the singly hydrogen bonded structure
ONIOM methods are shown in Figure 4. In the (MP2/b:BLYP) (RC2). Itis therefore obvious that the electron correlation must
level of the ONIOM calculation for the + m = 1 system be included into the lower level of calculation in order to
(RC1), the G--OH™ distance is much closer to the higher level correctly describe the weakly bounded compRE2.
value, leading to a significant improvement of the structure.  Figure 5 depicts the ONIOM optimized geometries of the
The best ONIOM geometry, compare with the target MP2/b transition state for the hydrated ¢ m = 1 and 2) systems.



7192 J. Phys. Chem. A, Vol. 105, No. 30, 2001

Re and Morokuma

MO m+n=0 IMOMO
1103+
<1.100> 1435« H 0966+ MP2/b
[1.108) <1.4265> o~ <0.969>
1087 Q ooso <B3LYP>
1.103* [ (04 [BLYP]
<1.100>
o) (HF)
Hoen CH-OH <MP2/b:B3LYP>
o O 3 [MP2/b:BLYP]
1.100* (1.081) m+n=1 (MP2/b:HF)
<1.097> 1.444* 0.967* <0.966>
[1.105] Q  <1.433> () <0.969> () [0.966)
(1.085) [1.453] [0.980] 0.967)
100+ 0.947)
<1.097> : 1.904* <1.880>
{1.105] Loo6 Y <1.880> . [1.893)
(1.085) : Y [1.891] : ", (1.990)
dabe 53 EZ
(1.080) 0975 0.965%
<«0979> "\ <0968> Tg‘g;?]’ N Tg'gggi
[0.991] [0.979] (0953) (0.947)
(0.953) 0.947) ’ N\
0.966* ) CH3O0H(H20) 565-Q
sl ol
(0968) =0 """2.172¢ ©0947) EB—0""210>
0992%  <2210> <0.994>  [2.208]
<0.994>  [2.208] CIr(H,0) [1.009]  (2.409)
[1009] (2.171) (0.960)
(0.992)
1.098%  1437% —
<1.093>(~<1.425> m+n=2 <1.098>
. |
H (1)(8}(1)] [i 434] <li 8;493> [1.098] 1.848 ooy
ML 140D [1845] g8 (1.098) ‘ sy <[(11g§<7)]> Eg'gl%
: (1989) <0.986> (1.983)  (0957)
ee. _ [1.000]

<1.102>

1 B O
0~978>
()[0978] %

Q) (0.956) A e
[0.994] \ _Z 1102) s
, (0.953) @ 0.965+ L1035 .0
mion <0.968> [1.102) s A <1872
(oss) A1o12e 109791 @) <L A 78]
/ <1871> (0947 [1.940] (2.011)
1929+ pes (2.036)
<1.809> oo <0.985>
nog 09557 0978+ (2.009) [0.997)
o4z <0968 <0.985> <0.968> || 0956)
' [0.979] [0.998] (09791
0.947) (0.956) CH3OH(H20)2 0.947)
0966 0.944*
0.96 Y
<[0.9831> <[(1) 3?3; <0.969> <0.998>
©.948) §xd_ (0962) 2128* [0.980] . [1.014]
A . <2.145> (0.948) 0962 5146
2186  / .. [2138] X .
<2072 | ., B3 @07 .. [2138)
(2.084) N [2.084] ¢ . (2:336)
2226/ g5 * (2226)" ~
(O <0.980> L N ’@
0.971* | [0.992] 7" 2363 Q <0980> .
<0977> || (0. 955) 7 <2514 CI H,0) Tg‘gggi \ Eg g?g . ;2 .
[0.989] @G ~-” [2.530] ,0), ) .
—0" 2530
(0.951) @ (2.647) 0. 951) EZ 646:;

Figure 7. MO and ONIOM optimized geometries (in A and deg) of product species for reactionm fon = m +n" =0, 1, and 2. For methods
used, see Figure 3.

Although the higher MP2/b treatment on the active part in the between the ONIOM and “target” results for the hydrogen
ONIOM calculation does not improve the large€€—O—H angle abstraction channel. For the monohydrated system, the ONIOM
in TS1, the geometry of the active part<@CHz---OH~ becomes (MP2/b:B3LYP) and (MP2/b:HF) calculations give similar
much closer to the MP2/b result. For the hydrated syster ( structures to that of the “target”, whereas the ONIOM (MP2/
m = 2), the erroneous situation (b) is again significantly b:BLYP) method does not, with optimizations converging to
improved by the ONIOM calculation. The €C bond is longer CH3CI(OH™). Similarly, this method is unable to locate the
than that of C+O at the (MP2/b:DFT) level, consistent with  CH,CI~(H20), structure for the dihydrated system. This is
the “target” result. Although the €tHOH distance is calculated  understandable from the strong €HHOH interaction at the
to be ca. 5 A and two water molecules are closer to@Hthe pure BLYP result as discussed in the previous section.
(MP2/b:DFT) level as compared to the “target”, the ONIOM Summarizing the findings in the present section, one can
transition states still have the concerted feature. On the otherconclude that the ONIOM coupled with the B3LYP methods
hand, as is anticipated from the pure HF resuliS2c could as the lower level could be a good approximation of the target
not be obtained at the (MP2/b:HF) level. MP2/b geometries for the reaction between@jCHsCIl and
Figure 6 illustrates the ONIOM optimized geometries of the OH™(H20)y, (n + m= 1 and 2). On the other hand, the (MP2/
product complexes for the mond?C1) and dihydrated systems  b:BLYP) level of the ONIOM method can be good, in the
(PC2). For the product complexes, all of the ONIOM methods present case, only for the3 channel but not for the hydrogen
reasonably reproduce the target MP2/b geometries. The ONIOMabstraction channel. The (MP2/b:HF) is not appropriate to
optimized geometries for the product species for iz &hannel describe the geometries for this reaction, indicating the necessity
are also in reasonable agreement with the “target” geometriesof correlation treatment not only for the active part but also for
as shown in Figure 7. However, there exist some discrepanciesthe solute-solvent and solvertsolvent interactions.
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Figure 8. MO and ONIOM optimized geometries (in A and deg) of product species for the hydride abstraction channel for reactimn2rfor

=m +n" =0, 1, and 2. For methods used, see Figure 3.

B. MO and ONIOM Energies. HF and DFT vs “Target”
(MP2/b) EnergiesTable 1 summarizes the energetics for the
reaction obtained with the various pure MO and ONIOM
methods at the respectively optimized geometries. Fontie
m = 1 system, at the “target” (MP2/b) level, the reactant
complex RC1) is stabilized from the most stable reactant,
OH~(H20) + CH3Cl, by 14.3 kcal/mol, which climbs the barrier
of 7.2 kcal/mol before reaching very exothermically the product

underestimates the stabilization energyRE1 by 1.6 kcal/
mol and the activation barrier by as much as 4.8 kcal/mol. Note
that a large overestimation is found for the stability of the
product complexRPC1) as well as various product species at
the HF level. The average absolute errors are 2.7, 2.8, and 7.4
kcal/mol for the B3LYP, BLYP, and HF methods.

ONIOM EnergiesThe successful integration in the ONIOM
method is found for the (MP2/b:HF) level for which the absolute

complex. In comparison with the “target” values, the three other averaged error is very much reduced to 0.9 kcal/mol, clearly
pure MO methods generally underestimate the stabilization an acceptable error. On the other hand, the error at the (MP2/

energy of the reactant compleRC1) as well as the activation
barrier fromRC1 to TS1. For instance, the B3LYP method

b:B3LYP) level is reduced only a little, and that at the (MP2/
b:BLYP) level is even increased. Most of the improvement in
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TABLE 1: Calculated Relative Energies (in kcal/mol) of the Reactions 1 and 3 wittm + n = 0, 1, and 2 Obtained at Various
Pure MO and ONIOM Levels at the Respectively Optimized Geometriel

MOP IMOMO MO IMOMO MO IMOMO MO
MP2/F (MP2/b:B3LYP)  B3LYP  (MP2/b:BLYP)  BLYP (MP2/b:HF) HF
m+n=0
OH™ + CH4CI 0.0
[CHsCI--:OH] RCO -16.4
[Cl7+--CHj3---OH]~ TS0 -—134
[CI7+--CH30H] PCO -
Cl~ + CHsOH —51.7
m+n=1
OH™ + CHzCI-(H,0) 22.4 26.5(4.1) 26.5(4.1) 27.1(4.7) 26.9 (4.5) 22.3(0.1) 22.4(0.0)
OH™+(H20) + CHsCI 0.0 0.0 0.0 0.0 0.0 0.0 0.0
[CH3Cl++-OH]-H,0 RC1 -14.3 -12.8(1.5) -12.7(1.6) —-12.3(2.0) —12.8(1.5) -—13.3(1.0) —12.7(1.6)
[CI7+++CHjz*+-OH] -H0O TS1 —-7.1 —-54(1.7) —10.3(3.2) —4.6(2.5) —12.4(5.3) —8.6(-1.5) —7.5(-0.4)
[CI7+--CH30H]-H0 PC1 -56.7 —53.4(3.3) —57.9 1.2) —52.7 (4.0) —53.6(3.1) —56.3(0.4) —69.3(12.6)
H,0 + CH.CI~+(H;0) 15.8 16.5(0.7) 18.0 (2.2) 9.5(6.3) 12.0 (3.8) 17.7 (1.9) 13.5(2.3)
Cl~ + CH30H-(H,0) —31.2 —28.7(2.5) —34.6 —3.4) —28.2(3.0) —30.6 (0.6) —32.4(1.2) —49.6(—18.4)
Cl~+(H20) + CH;OH —39.7 —37.0(2.7) —42.9 (3.2) —36.8(2.9) —39.2(0.5) —39.4(0.3) —56.7(17.0)
averaged absolute error (2.4) 2.7) (3.6) (2.8) (0.9) (7.4)
m+n=2
OH~ + CH4Cl-(H20), 40.5 48.0 (7.5) 48.4 (7.9) 42.0 (1.5)
OH+(H20) + CH4Cl+(H,0) 17.7  21.1(3.4) 20.9 (3.2) 19.4 (1.7)
OH™+(H20), + CHsCl 0.0 0.0 0.0 0.0
[CHsCl---OH"]-2H,0 RC2 -126 -—10.4(2.2) —9.7 (2.9) —11.1(1.5)
[CI7+--CHj3---OH] -2H,0 TS2c —0.2 4.1(4.3) 4.6 (4.8) NA
[Cl7+++CHg--OH]:2H,0O  TS2s —1.9 1.1(3.0) 2.0(3.9) 1.1 (3.0)
[CI~---CH30H]-2H,0 PC2 -—-48.0 —-42.1(5.9) —41.2 (6.8) —42.6 (5.4)
H,0 + CH.CI~+(H;0), 29.0 30.8(1.8) 26.1(2.9) 30.6 (1.6)
Cl~ + CH3OH-(H:0), —20.2 —16.9(3.3) —16.2 (4.0) —20.2(0.0)
Cl~+(H20) + CH3;OH-(H.0) —239 -—19.5(4.4) —19.4 (4.5) —22.9(1.0)
Cl~+(H20), + CHs;OH —32.8 —28.0(4.8) —27.9 (4.9) —30.2 (2.6)
averaged absolute error (4.0) (4.6) (2.0)

aThe numbers in parentheses are the differences from the target MP2/b calcl@oget calculations MP2/b= MP2/aug-cc-pVDZ; B3LYP
= B3LYP/6-314+G(d); BLYP = BLYP/6-31+G(d); HF = HF/6-31+G(d).

the (MP2/b:HF) level comes from the relative energie®GfL optimization at the MP2/aug-cc-pVDZ level and the improved
and various product species. Although the (MP2/b:HF) level single energy calculation at the CCSD(T)/aug-cc-pVDZ level,
of the ONIOM method gives a much better average performancereproduces the experimental results quantitatively. Obviously
than (MP2/b:DFT), the latter gives much better barrier heights this is our target calculation. In Table 2, we summarize the
than the former. For example, the barrier at the (MP2/b:B3LYP) energetics of the reaction improved at various levels of single-
level is 7.4 kcal/mol vs 7.2 kcal/mol at the “target” MP2/b, point calculations at the (MP2/b:DFT) geometries and compare
whereas (MP2/b:HF) for the energy barrier in comparison with with the “target” (CC/b) results. The CC/b calculation at the
4.7 kcal/mol at the level. (MP2/b:B3LYP) or (MP2/b:BLYP) geometries quantitatively

For then + m = 2 system, the energy barriers from the reproduces the target CC/b//MP2/b values with an average
reactant complexRC2) to transition state$S2candTS2sare absolute error of 0.6 kcal/mol or less for baitht+ m= 1 and
obtained to be 12.4 and 10.7 kcal/mol, respectively, at the 2 systems, indicating that the ONIOM (MP2/b:DFT) geometries
“target” calculation. The transition stales2sfor the substitu- are quite reliable, and does not cause significant error in the
tion/CHs inversion followed by the migration of #0 molecules energetics. Because the (MP2/b:DFT) geometrie§ &2care
from the OH side to between Cland HO-CHjs is slightly slightly different from the target MP2/b geometry as shown in
more favorable than the concerted transition seB2c The Figure 5, the relatively large errors (2.2 kcal/mol) are found
relative energies of “concerted” and “stepwise” transition state for TS2c at both the CC/b//(MP2/b:B3LYP) and CC/b//(MP2/
are correctly reproduced at the ONIOM (MP2/b:DFT) level of b:BLYP) levels. Note that the wrong product structure of the
the calculations. For instance, the two barrier heights are 14.5proton-transfer reaction at the (MP2/b:BLYP) level results in a
and 11.5 kcal/mol at the (MP2/b:B3LYP). In contrast, we are large error (3.8 kcal/mol) at the CC/b//(MP2/b:BLYP) level.
not able to discuss such a relationship because, as discussed in For both monohydratech(+ m = 1) and dihydrated(+ m

the previous section, (MP2/b:HF) level totally missES2G = 2) systems, the ONIOM energetics at the geometries
although the averaged absolute error of 2.0 kcal/mol is again determined at the (MP2/b:B3LYP) are on the average slightly
much better than those for the (MP2/b:DFT). more favorable than those at the (MP2/b:BLYP) geometries.

Summarizing this section, the average error of the ONIOM The comparison of the improved energies evaluated at the (CC/
(MP2/b:HF) method is pretty small, but this combination misses b:MP2) and (CC/b:B3LYP) level shows that MP2 is more
a transition state because of the poor performance of the HF suitable than B3LYP as a lower level when combined with the
method in transition state optimization. On the other hand, the CC/b level. The absolute averaged errors at the (CC/b:MP2)
ONIOM (MP2:DFT) methods give large averaged absolute error |evel are found to be 0.6 and 1.5 kcal/mol for mono- and
but reproduce the barriers at transition states quite well. dihydrated systems, respectively, well within usual experimental

Improvement of EnergiesAs discussed above, Garrett and errors of thermal measurements. Table 2 also shows that the
Borisov found that CC/b//MP2/b calculation, i.e., geometry barrier heights for reaction 1 are obtained with errors-&f1,
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TABLE 2: Calculated Relative Energies (in kcal/mol) of the Reactions 1 and 3 wittm + n = 0, 1, and 2 Obtained at Various
Pure MO and ONIOM Levels at the Respectively Optimized Geometriel

MOb IMOMO(MP2/b:B3LYP) IMOMO(MP2/b:BLYP)
CC/¥ MO IMOMO IMOMO MO IMOMO IMOMO
energy geometry MP2/b CClb (CC/b:MP2) (CC/b:B3LYP) CC/b (CC/b:MP2) (CC/b:BLYP)
n=0
OH™ + CH4CI 0.0
[CHsCI---OH] —16.9
[CI7+--CHj3---OH]~ —15.3
[CI7+--CH30H] -
Cl~ + CHsOH —53.6
m+n=1
OH™ + CHsCI-(H,0) 22.6 22.6 (0.0) 23.6 (1.0) 26.4 (3.8) 22:40.2) 23.4(0.8) 27.0 (4.9)
OH™+(H20) + CHsCI 0.0 0.0 0.0 0.0 0.0 0.0 0.0
[CH3Cl++-OH]-H-0 RC1 -14.7 -14.7(0.0) -14.3(0.4) —13.2(1.5) -14.6 (0.1) -14.2(05) —12.7(2.0)
[CI7+++CHjz*++OH]-H0O TS1 -9.1 -89(0.2) —-9.8(-0.7) -—-7.4(1.7) —9.0(0.1) —10.0-0.9) —6.6(2.5)
[CI~++-CH30H]-H,0 PC1 584 -58.2(0.2) —58.6(0.2) —55.2(3.2) —58.4(0.0) —58.8(-0.4) —54.5(3.9)
H,0 + CH.CI~+(H.0) 13.6 14.0 (0.4) 12.2 (1.4) 13.50.1) 9.8 3.8) 4.0 (9.6) 7.0 ¢6.6)
Cl~ + CH30H-(H,0) —329 -32.9(0.0) —33.3(0.4) -30.7(2.2) —33.1(0.2) —33.6(0.7) —30.2(2.7)
Cl~+(H:0) + CHs;OH —41.4 —-41.4(0.0) —41.2(0.2) —39.0(2.4) —41.6 0.2) —41.4(0.0) —38.7(2.7)
averaged absolute error (0.1) (0.6) (2.2) (0.6) (1.8) (3.6)
m+n=2

OH~ + CH5CI+(H20), 40.7 40.8 (0.1) 44.4 (3.7) 47.9 (7.2) 40.8 (0.1) 44.1 (3.4) 48.3 (7.6)
OH+(H20) + CHyCl+(H,0) 17.8  17.9(0.1) 20.4 (2.6) 21.0 (3.2) 18.0(0.2) 20.3(2.5) 20.9 (3.1)
OH™+(H20), + CHsCl 0.0 0.0 0.0 0.0 0.0 0.0 0.0
[CH3Cl---OH"]-2H,0 RC2 -131 -135(0.4) —-12.1(1.0) -10.7(2.4) —13.3(-0.2) —12.0(1.1) —10.0(3.1)
[CI~--CHj3---OH] -2H,0 TS2c —-21 0.1(2.2) —0.4(1.7) 1.9 (4.0) 0.1(2.2) —0.6 (1.5) 2.5(4.6)
[Cl7++CHg--OH]:2H,O  TS2s —4.0 —3.8(0.2) —4.4(-04) -11(2.9) -3.7(0.3) —41(01) -0.2(3.8)
[CI~---CH30H]-2H,0 PC2 —499 -49.6(0.3) —48.6(1.3) —44.2(5.7) —49.7(0.2) —48.8(1.1) —43.3(6.6)
H20 + CH.CI~+(H-0), 26.9 24.8¢2.1) 25.8—(1.1) 29.7 (2.8) 24.5(2.4) 21.2 ¢5.7) 23.5¢3.4)
Cl~ + CHzOH-(H:0), —-21.8 -21.6(0.2) —21.9(0.1) -18.9(2.9) —21.8(0.0) —22.2(0.4) -18.23.6)
Cl~+(H20) + CHs0OH-(H20) —254 -253(0.1) —-241(1.3) -—-21.4(4.0) —25.4(0.0) —22.4(1.0) —21.4(4.0)
Cl~+(H;0), + CHs;OH —345 -343(0.2) —32.7(1.8) —29.9(4.6) —34.4(0.1) —32.9(1.6) —29.84.7)
averaged absolute error (0.6) (1.5) (4.0) (0.6) (1.9 (4.4)

aThe numbers in parentheses are the differences from the target CC/b//MP2/b calctil@kiertarget calculatiorf. CC = CCSD(T)/aug-cc-
pVDZ; MP2/b = MP2/aug-cc-pVDZ; MP2= MP2/6-3HG(d); B3LYP = B3LYP/6-31+G(d).

+0.7, and—1.4 kcal/mol forRC1 — TS1 (for m + n = 1), section. The S-value test is a systematic way of evaluating the
RC2 — TS2¢ andRC2 — TS2s(both form + n = 2) with performance of low level methods against the “target” high level.
the ONIOM (CC/b:MP2) method at the ONIOM (MP2/b: Inthe ONIOM method, the target high level energy of the real
B3LYP) geometries, compared with the “target” values of 5.6, system, E(high, real) is approximated b¥(ONIOM, real)
11.0, and 9.1 kcal/mol. With the ONIOM (CC/b:B3LYP) defined by eq 2. Therefore, the error introduced by using
method at the ONIOM (MP2/b:B3LYP) geometries, the corre- E(ONIOM, real) instead oE(real, high) is defined &3%
sponding errors arg-0.2, +1.6, and+0.5 kcal/mol.

One notices in both ONIOM (CC/b:MP2)//(MP2/b:B3LYP) 6 = E(high, real)— E(ONIOM, real)
and QNIOM (CC/_b:MP2)//(MP2/b:BBLYP) methods that the. = [E(high, real)— E(high, model)]—
error increased with the number of low level water molecules:
0.6—1.5 kcal/mol form + n = 12 for the former method and [E(low, real)— E(low, model)]
2.2-4.4 keal/mol for the latter. This is in a sense as expected, = Shigh) — Slow) (4)
because the error mainly comes from the interaction of the low
level water molecules with the solute, which should increase The quantities in the square brackets in the second equation of
with the number of water molecules. eq 4, represent the difference between the real system and model

Consequently, we can say that the ONIOM (CC/b:MP2)// system, evaluated high and low level, respectively, and are called
(MP2/b:B3LYP) method is the best candidate among the the substituent effects or S value at each le&high) and
ONIOM methods we tested. At this level, we can obtain an Slow). Equation 4 shows that the ONIOM energy will match
excellent approximation for the geometry and energetics @ exactly the targeg(high, real) if Slow) is equal toShigh).
kcal/mol error per solvent water molecule) of the reaction 1 When one wants to use the ONIOM method, one does not know
potential energy surface at the CC/b//MP2/b level of theory Shigh), because this requir€high, real) results which one
which is too expensive to perform. The ONIOM (CC/b: wants to avoid calculating. However, in the present study, we
B3LYP)//(MP2/b:B3LYP) method is also a possible choice, if have the targeE(high, real) and thereforg(high) for all of the
one can tolerate a larger errorZ.0 kcal/mol error per solvent  systems under study. Therefore, we will comp&fieigh) with
water molecule). various levels ofylow). The low level that gives the smallest

C. Selection of the Lower Level MethodS-Value Tests with  absolute error ofSlow) from Shigh) is the best low level
MP2/b as the High Leel. The accuracy of the ONIOM method to be used with this high level.
energetics depends much on the lower level of the method used. In Table 3, for all of the reactants, reactant complexes,
Thus, the selection of the lower level is critically important for transition states, product complexes, and products, we compare
the success of the ONIOM calculation as shown in above the Svalue (relative to the reference reactants of QHbO)ntm
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TABLE 3: Svalues,S(level) = [E(level, real) — E(level, model)] (in kcal/mol, Relative to the Reactants OH(H,O)mn +
CH3Cl), Evaluated at the MP2/b (High Level) and Various Lower Level MO Methods for the Reactions 1 and 3 withm + n =
1land 2

S(high) Slow)
method MP2/b B3LYP BLYP HF
n+m=1
OH™ + CH,CI(H,0) 22.4 26.5 (4.1) 26.9+4.5) 21.5(0.9)
OH~(H20) + CHsCl 0.0 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)
[CH4Cl+++OH]H,0 RC1 1.1 2.7 €1.5) 3.3¢2.1) 2.5¢1.4)
[CI7++-CHg"--OH] -H,0 TS1 7.0 9.1¢21) 9.8 2.8) 6.3 (0.7)
[Cl=++-CH;0OH]+H,0 PC1 11.0 14.5 ¢-3.5) 15.1 ¢4.1) 11.3 ¢0.3)
H20 + CH.CI~(H;0) 4.6 5.5 (0.9) 5.1 ¢0.5) 7.3¢2.7)
Cl- + CH3;0H(H;0) 20.5 23.2¢2.7) 23.6(-3.1) 18.6 (1.9)
Cl~(H20) + CHs;OH 12.0 14.7 €2.6) 14.7 €2.7) 11.9 (0.1)
averaged absolute error (2.5) (2.9) (1.1)
n+m=2
OH™ + CH;CI(H,0), 40.4 48.0 ¢7.6) 48.3¢7.9) 41.5¢1.1)
OH~(H20) + CHsCI(H-0) 17.7 21.1¢3.4) 21.0¢3.3) 19.8 ¢2.1)
OH~(H20). + CHzCI 0.0 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)
[CHsCI---OH]-2H,0 RC2 2.2 5.7 ¢3.5) 6.54.2) 5.6 3.4)
[Cl+--CHg*+-OH]-2H,0 TS2¢ 14.2 19.4 ¢5.1) 20.2 ¢-6.0) 17.3 ¢3.1)
[Cl-+-CHg:--OH] -2H,0 TS2s 13.9 17.1€3.2) 18.0 ¢4.1)
[CI~+++CH;OH]-2H,0 PC2 11.8 18.1¢6.2) 18.8 (7.0) 18.5 (-6.7)
H>0 + CH.CI~(H20) 17.8 21.5¢3.7) 20.5¢2.7) 23.55.7)
Cl~ + CH3OH(H:0), 314 35.0¢-3.5) 35.5¢4.0) 31.1(0.3)
Cl~(H20) + CH3;OH(H:0) 27.8 32.4¢4.7) 32.4¢-4.6) 28.8 (1.1)
CI~(H,0), + CH;OH 18.9 23.8¢4.9) 23.8(-4.9) 21.8 (2.9)
averaged absolute error (4.6) (4.9) (2.9)

a All calculations are performed at the geometries determined at the MP2/aug-cc-pVDZ (MP2/b) level. The numbers in parentheses are values
of 6 = Shigh) — S(low). ? Reference 15 and present work.

+ CHsCI) at the target MP2/b level with those at the B3LYP, I@%'&E] A(fi'n Ec\gllllr%%?,' SR(leelgg\l/)e t()[lfr(llgvlgéa{;glr)wts gg‘?@bmw
BLYP, and HF levels. All of theS values were calculated at 1 cH,CI), Evaluated at the CC/b (High Level) and Various
the MP2/b optimized geometries. The average absolute errorLower Level MO Methods for the Reactions 1 and 3 withm
in the Svalue is 2.5, 2.9, and 1.1 kcal/mol for B3LYP, BLYP, +n=1land2

and HF method, respectively, for the monohydratee-(m = Shigh) Hlow)

1) system and 4.6, 4.9, and 2.9 kcal/mol, respectively, for the

dihydrated 0 + m = 2) system. This suggests that in the method cChb MP2 B3LYP
ONIOM method where the high level is MP2/b, HF does better OH- + CH,CI(H:0) m+ ”2:2%5 23.6€1.0) 26,5 (3.9)
than B3LYP and BLYP as the lower level. This may sound OH*(HZO)i- CH23CI 00  00(00) 0.0(0.0)
surprising, because B3LYP and BLYP somehow have taken [CH4Cl++-OH]-H.0 RC1 1.0 1.4(0.4) 25(15)
the electron correlation into account, whereas HF does not. We [CI~+--CHz--OH]*H,O TS1 7.3 6.3(1.0) 8.7{1.4)
have encountered a similar situation before in the ONIOM [CI”:+*CH;OH]-H,0 PC1 11.0 10.6(0.3) 14.0{3.1)
calculation of G=C bond dissociation enerdy® We believe H20 + CH.CI"(H:0) 58  39(19) 5.2(0.6)
that the errors in the HF method is systematic, and the effect of g:,(;g;'fgg:zoﬁ)‘ ig'g iggéodsz)) 13127'9(3'3
the low level solvent molecules on the energetics is reasonably ayeraged absolute error ' 0.8) @2
reproduced. On the other hand, the errors in the density mtn=2

functional methods are random because of the semiempirical o~ 1 cH,cI(H,0), 40.8  44.3¢35) 47.9¢7.1)
nature of parametrization and the effects of the low level solvent oH-(H,0) + CHsCI(H-0) 17.9  20.4£2.4) 21.0(3.1)
molecules also contain the same random error. OH~(H20), + CHsCI 0.0 0.0(0.0)  0.0(0.0)

S-Value Tests with CC/b as the Highuegé We performed a {g:ﬁ%;"o"&]_"]%'ga o $§22c 1'72 1 i'66 g (%)"é)) 3i?3 S{Zisg)
similar Svalue test at (MP2/b:B3LYP) geometries adopting [Cle--CHy-OH]-2H,0 TS2s 13.7  13.1(0.6) 16.542.7)

CC/b as the high level and MP2 and B3LYP as low levels, as [c|-...CH,0H]-2H,0 PC2 116 12.6¢1.0) 17.0(5.3)

shown in Table 4. The average absolute errors of the ONIOM H,0 + CH,CI~(H:0), 16.6  17.7¢1.0) 21.7 ¢4.9)
(CC/b:MP2) single-point energies, compared to the CC/b target Cl~ + CH;OH(H0), 319 31.6(0.3) 34.72.8)
energies, are 0.8 and 1.4 kcal/mol for e+ n = 1 and 2 CI"(H20) + CH;OH(H:0) 284 295(1.2) 32.2(3.8)
systems, respectively, and those of (CC/b:B3LYP) are 2.2 and Cl"(H,0) + CHsOH 19.3  20.9¢1.6) 23.7 (4.4)

. d absolut 1.4 3.9
3.9 kcal/mol, respectively. The errors for the (CC/b:MP2) averaged absollite error (24 (39

combination are much smaller than those for (CC/b:B3LYP) a All calculations are performed at th(_e geometries determined at the
and any other ONIOM combinations we have examined. (MP2/aug-cc-p_VDZ:B3LYP/6-3%G(d)) (i.e., (MP‘2/b:B3LPY)) level.
) . . . The numbers in parentheses are values of Shigh) — Slow).

D. Computational Time Requirements.The largest merit
of using the ONIOM method is in saving computational time. N*-® if a method as accurate as CCSD(T) is used. We have
One can obtain the results nearly as accurate as the targetlocumented timing data for (G8I)(H2O) and (CHCI)(H20).
calculation with a fraction of the cost. In addition, in ONIOM, using a PC with an Intel Pentium Il CPU, as follows: For the
the cost increase with the increase of the $izef the system m+ n = 1 system, the cost of ONIOM geometry optimization
is determined at the low level and is much less steeper thanis about 20% of the pure MO optimization and the cost of single-
that of the target calculation, which could be of the order of point improved energy calculation is about 10% of the pure
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