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The BH molecule, which is suggested as an intermediate of the acidolysissof dHtains a weak two-
electron-three-center bond and it requires extremely high-level of theories to calculate the energy and structure
correctly. The structures and energies osBHd the transition state for the hydrogen scrambling have been
studied using recently developed multi-coefficient correlated quantum mechanical methods (MCCMs). The
dissociation energies and the barrier heights agree very well with the previous results at the CCSD(T)/
TZ(3d1flg, 2pld) level. We have also calculated the potential energy curves for the dissociatigtods H:H

and . The lower levels of theory were unable to plot correct potential curves, whereas the MCCM methods
give very good potential energy curves and requires much less computing resources than the CCSD(T)/
TZ(3d1f1g, 2p1d) level. The potential energy of the;Beétambling has been obtained by the multiconfiguration
molecular mechanics algorithm (MCMM), and the rates are calculated using the variational transition state
theory including multidimensional tunneling approximation. The rate constant at 300 K is 2.§% &@d
tunneling is very important.
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Introduction can be a critical test for theory. Based on the comparison
between the dissociation energy ofBhto BH; and H and
The existence of BHwas postulated on the basis of the barrier height for the scrambling, Schreieeal have
experimental observations of the acidolysis of 4Blh concluded that the hydrogen scrambling is not likely. They
aqueous solutioh. have also pointed out the possibility of large tunneling effect.
N - Therefore it is necessary to calculate the scrambling rate and
HT + BHa + 2H0 — 4H; + B(OH) the role of tunneling to explain the experimental observations
In acidic HO, BH,™ accepts a proton to form BHwvhich is  correctly.
dissociated into Biand H. Since the reliabla@b initio calculations for Bl require
H* +BHi — BHs — BHs + Hs very high Ieyels of e]ectron correlation with large pasis sets,
it is almost impractical to generate good potential energy
The first step is slow and the dissociation is known to besurface for the rate calculation. We have used recently
very fast. In BO, mostly HD molecules are formed from the developed multi-coefficient corrected quantum mechanical
same mechanism as above, but a small amount sfdlso  methods (MCCM) and the multi-configuration molecular
detected. In basic D, the unreacted BHturned into, first mechanics method (MCMM) to generate potential energy
BHsD™, then BHD,", etc? Pitzeret al have reported that surface, and calculated rates using the variational transition
B.Ds was obtained by shakinga® with D, at room  state theory including multidimensional tunneling approxi-

temperaturé.The possible mechanism is as following. mations.
BzHe > ZBHg + Dz <> [BH3-D2] > [BHzD-HD] .
& BH,D + HD Computational Methods
These observations suggest the existence af &td the All electronic structure calculations were performed with
scrambling of hydrogens. Later, BHhas been detected the Gaussian98 program packagédnitial geometries for
spectroscopically in a low temperature matrix. BHs complex were fully optimized at the QCISD level of

Schreineret al have performed extensivab initio theory with the TZ2P basis sets, and then the structures of
calculations for the Bkisystems.They found that geometry BHs complex were partially optimized by fixing the distance
and energy of Bkldepend very much on the level of theory between Boron and the center of &long the dissociation
and the size of basis sets. The HF level of theory igoordinate of Bl to BH; and H. The MCCM potential
inadequate for BE and even CCSD(T) level with the DZP energy curves were calculated using these partially optimized
basis sets cannot predict the structure of Bbirectly. BH structures. The full geometry optimization was also performed,
should be considered as a molecule with chemical bondand frequencies and zero-point energies far BHs;, and
between BHand H.° This is a weak 2-electron-3-center BHs were obtained using the optimized structures. The
bond, and the correct description for the bond dissociatiostructures optimized at the QCISD/TZ2P level has been used
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for the potential energy curve at the G3 level. Although we + CeAE(QCISD(T)|MP4/6-31QG1)) + Eso + Ecc  (5)
followed the G3 procedures, it is not the real G3, since the _
G3 level uses the MP2/6-31G(d) method for the geometry E(MC-QCISD) =ciE(HF/6-31G())
A . ) + CAE(MP2|HF/6-31Gq))
optimization. Therefore we will denote it as G3//QCISD/ + GAE(MP2/MG3|6-31Gq)
TZ2P. For the potential energy curve for Beissociation, + CAE(QCISD|MP2/6-31G1) ©6)
the single-point MCCM calculations were performed using
the structures partially optimized at the QCISD/TZ2P level. The MG3 (modified G3) basis set denotes the G3large basis
So these calculations are denoted as MCCM//QCISD/TZ2Pset without the core polarization functioi€Each of these
All of the multi-coefficient correlated quantum mechanical methods assigns coefficients to each energy difference involved
methods have been described elsewhere in détail; in the linear combination; the coefficients have been optimized
therefore, only a short description of each method employetb fit the atomization energies of 82 molecules containing
will be given here. Since all of these methods involvefirst-and-second-row elemerifsin the MCCM-UT, MC-
differences between energies at different basis sets arf@CISD, and MCG3 methods, the basis set deficiency has
theory levels, a short notation has been used in order to writieen corrected by the linear combination of the energy
the equation for a multilevel energy succinctly. In this difference with optimized coefficients.
notation, the pipe“|” is used to represent the energy The multilevel structure, energy, and Hessian are calculated
difference either between two one-electron basisBietd by using theMULTILEVEL 2.1.1 program? This program
B2 or between two levels of electronic structure thédry uses the&AussIAN 98 package to obtain the energy, gradient,
andL2, e.g, Mgller-Plesset second-order perturbation theoryand Hessian components and then combines the components
and Hartree-Fock theory. The energy difference between twtin calculate the multilevel energy, gradient, and Hessian.
basis sets is represented as Frequencies were calculated from the Hessian. Single-level
_ _ Hessians were used with the NewtonRaphson step. In most
AR(L/B2|B1) =E(L/B2) - E(L/BI) 1) cases, an HF/6-31G(d,p) Hessian was recalculated every
whereL is a particular electronic structure method, and B1 ighree steps, and this matrix was used in the determination of
smaller than B2. The energy change that occurs uposvery Newton-Raphson step formallLTILEVEL optimizations.
improving the treatment of the correlation energy is represented Details of the multiconfiguration molecular mechanics
by (MCMM) algorithm have been described elsewhere in détail;
_ therefore, only a brief description of each method employed
AR(L2|L1/B) = E(L2/B) ~ E(L1/B) 2) will be given here. In the MCMM formalism, the reactive
whereLl is a lower level of theory thah2, andB is a  system can be defined by using several valence bond
common one-electron basis set. Finally, the change in energyonfigurations or, more generally, diabatic configurations
increment due to increasing the level of the treatment of theorresponding to each of the minima on the potential energy
correlation energy with one basis set as compared to th&urface. Each configuration can be described by a molecular
increment obtained with a smaller basis set is represented asechanics potential/11(q) andVa2(q), which is correct in
AE(L2|L1/B2|B1) the vicinity of the well. For a geometny far from the

= E(L2/B2) - E(L1/B2) - [E(L2/B1) - E(L1BL)]  (3) minima the energy can be expressed in terms of the two

diabatic configurations by solving the secular equation:
The Utah variant of MCCM (MCCM-UT-L) methods are
written as

E(MCCM-UT-L) = ciE(HF/cc-pVDZ)
+ CAE(HF/cc-pVTZ|cc-pVDZ)
+ CGAE(MP2|HF/cc-pVDZ)

Vll -V V12

)
VlZ V22 -V

where the termViy(g) is called the resonance energy
+ CAE(MP2|HF/ce-pVTZ|cc-pvDZ) function or resonance integral, akddenotes th_e lowest-
+ GAE(L[MP2/cc-pVDZ) +Eso + Ece @) energy e_lgenvalue of. The element; of t_he matrix may _
be considered to be the representation of the electronic
whereL is either MP4SDQ or CCSD. Equations for the Hamiltonian (including nuclear repulsion) in an electronically
electronic energies for the multi-coefficient Gaussian-3diabatic basis, and the eigenvaliés the expectation value
(MCG3Y’ and the multi-coefficient QCISD (MC-QCISE)  of the electronic Hamiltonian (including nuclear repulsion)
methods are given below. for the lowest-energy electronically adiabatic state. This

E(MCG3) =cE(HF/6-31G()) eigenvalue is given by
+ CAE(HF/MG3|6-31Gq))

+ CAE(MP2| HF/6-31Ge) V(q) = %{ (V1a(q) + Var(@))
+ CAE(MP2|HF/MG3|6-31GY))
+ GAE(MPASDQ|MP2/6-31Gl) (V@) = Voo @) + 4Vip(@)] 73 (8)

+ CAE(MP4SDQ|MP2/6-31G @, p) |6-31G)
+C;AE(MP4|MP4SDQ/6-31GY) the components of its gradient are given by
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Note thatV tends to the energyii of configuration 1
(reactants) or the energys, of configuration 2 (products)

if the reference geometry corresponds to a saddle point or
local minimum (well) on the potential energy hypersurface,
g¥is zero). Furthermore we expand the diagonal elements
of Vi around the geometg®:

Vool d:K) OVEO + 900" Aq + 240104 (14)
where
o = ®y o0 = PVon
Vr(1) - Vnn(q )v g,(])— Dﬁq Dq:q(k),
fR = Emﬂ] (15)
" [hgogth - o

for n = 1,2. Note that the quantities with supersctiptafe
constants evaluated at the geomeffy of each reference
point, k, and therefore are independenigofThe quantities
Vin defined in Eq. (14) antl1x(d;k) and its derivatives are
functions dependent on the geometryas well as on the
geometry of the reference polatSubstituting Egs. (12) and
(14) into (11), we obtain the following general form of the
Vi term:

Vlz(q;k)z D(ng) —V(k))(Vék) _V(k))
+(VI V) (g —g¥) aq
(VI V(k))(g(zk) B g(k))TAq
+Lvg -v9)aq" (19 1% aq
+%(v£k> V¥ aq" (190 -1%) aq

+[(g —g™) " 4q][ (989 - g") " Aq] (16)

Equation 16 provides an analytic expression for evaluating
the resonance integral in the vicinity of a reference point.

whenever the value of the resonance integral is negligiblejowever, when dealing with a nuclear configuration far
The critical issue in the MCMM formulation is the calculation from the reference poirk, the valueviAq: k) given by Eg.

of that resonance integral and its derivatives, sincé/the

(16) is unbounded either positive or negative, and hence the

and V2, terms and their derivatives are extracted from thegue of\(q) given by Eq. (8) diverges. In this paper, we
molecular mechanics force field. Note that is generated  gpplied a modified version of a Shepard interpolation

using the connectivity (valence structure) of reactants, andchemé 17 previously applied directly to(q). This method

V2, is generated using the connectivity of products.
From Eq. (7)Vi2(q) can be expressed as:

Vi2(q)?= [Vi1(9) = V(@) Vz2(q) - V()] (12)

Near the arbitrary geometf, each quantity on the right
hand side of Eq. (11) can be expanded in Taylor's series.

Thus,
V(aik) OV + g g™ +2 4090 ¥mg®  (12)

where
29" = q-q¥ (13)

and V¥, g®, and f® are the target energy, gradient, and
Hessian matrix respectively of the reference point (note that

does not make any assumption, and it allows for systematic
improvement as the numbigr of pointsk is increased.
The Shepard interpolation algorithm, in internal coordinates
q, yields
M

Vix(a) = Y Wi(a)Vi2'(9:K) a7)
k=1

where the normalized weight¥(q) are defined as

W(q) = @)

w(q) (18)

and

M
w(a) = Y w(a) (19)
=1
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andV1? (d;k) is a modified quadratic function whereN' is less than or equal to the numYef internal

coordinates used in Egs. (8)-(18).
[Vlz'(q;k)]2 = [Vlz(q;k)]zu(q;k) (20) The reaction rates have been calculated using the

variational transition state theory including multidimensional

where the quadratic part is tunneling approximation, which have also been described in
many literature$®?° We have used MC-Tinkerate that

[Vlz(q;k)]2 interconnect Polyrate and Tinker program packages for the

© W' w0 1 T () © rate calculations.
=D [1+b (@-a™)+5(a-a7) C™(a-q )J
Results and Discussion
(21)
and the modification is The optimized structures of Bkt the QCISD level have

. Cs symmetry. The MCCM level of theory also predicts the

0 _ 12 12 Cs structure and the geometrical parameters are listed in

0 XP(=/ Vi 1) [Vae(a:K)]™>0 Table 1 along with the previous high-lewd initio results’

E 0. [Vlz(q;k)]zs 0 The bond lengths for B-H2 and B-H3 at the QCISD level
(22) and are longer than the corresponding values fronalthe

initio study, whereas those from the MCCMs are slightly

We use a very small value &f 1x 10® Ep? (where 1E, =1 :
hartree), so that Eq. (22) converges rapidly to 1 Withshorter. The geometrical parameters from the MCCMs show

increasing values oMp(q:K)J2. The constant®®, b®, and good agreement with those from the CCSD(T)/TZ(3d1f,2p1d)

C® are chosen such that Eq. (20) combined with Eq. (8 evel. In particular, the structure from the MCG3 method
reproduces the expansion 12 ' ' grees very well. Table 2 lists the geometrlcgl parameters for
The weights should be cho.sen so that several conditio th tranS|t|p n state (TS) of hydrogen scrambling. Th? Q.CISD
are fulfilled: evel predict the TS structure witl,, symmetry, which is

' consistent with the CCSD(T)/TZ(3d1f,2p1d) level. Al MCCMs

wi(q®) =1, allk; (23)  used in this study give the same symmetry for the TS too.

u(g:;k) =

(k) - The TS structures from the MCG3 and MC-QCISD methods
wi{q™ ) << 1, K#ki (24) agree almost perfectly with that from CCSD(T)/TZ(3d1f,2p1d)
oy . level.

d_q g =g 0o, allks (25) Table 3 lists the dissociation energies ofsBidd barrier
heights of hydrogen scrambling calculated at various levels

Wi 00 allK (26) of theory. TheDe values from the QCISD level are 2.14 and

dqz W ' 1.89 kcal/mol, respectively, which are too small, andvthe

4=q values are 7.52 and 7.57 kcal/mol, respectively. Schreiner

. . t al®> have performed various levelsaf initio calculations
Equations (23) gnd (24) are required so that Eqs. (8), (17 or the BH; systems. They found that geometry and energy
and (18) essentially reproduce the values of the target Born- ;

) ; of BHs depend very much on the level of theory and the size
Oppenheimer surface at the Shepard points. Egs. (25) a%q basis sets. ThB. values at the CCSD(T) level with TZ2P
(26) are required so that Egs. (8), (17), and (18) reproduce i ¢

. . nd DZP basis sets were 3.32 and 0.82 kcal/mol, respectively.
tho(?nl,:: elirf:;d qu:gggczzer:)ms gf Ergééﬁ? (?}ft) tﬂ,e ;tSkhepar hey have reported 5.82 and 5.65 kcal/mol foDhandVv*
POIN'S. W goes & app 8l . ' values, respectively, at the CCSD(T)/TZ(3d1flg,2p1d)//
and it must do so rapidly enough to preserve these linear a T X

. CSD(T)/TZ(3d1f,2p1d) level, which is the highest level of
quadratic terms as well. Furthermoi(q) should be +

. i . . theory used so far. THe. andV* values at the CCSD(T)/

continuous and smooth; as we move from pkitd point .
. : L TZ(3d1f,2p1d) level were 5.26 and 6.11 kcal/mol, respectively.
k', the values ofVi»(Qq) and its derivatives should go . S
. ® : (k) Adding one set of boron g-type function increases the
smoothly from their values at' to their values af ) . : :
R . S dissociation energy and decreases the barrier height.
The weighting function we are using is S . ) .
Considering higher electron correlation and using larger

[dk(CI)]_4 basis sets seem to increase the dissociation energy and
w(q) = ——— (27) decrease the barrier height.

M 1 All De andV* values from the MCCM agree very well

i:zl[dk(q)]4 with those from the CCSD(T)/TZ(3d1flg,2pld) level. In

particular, the MCCM-UT-CCSD values agree almost

perfectly. The G3//QCISD/TZ2P level underestimates the

dissociation energy and slightly overestimates the barrier
N’ height. TheD, values at the CCSD(T)/TZ(3d1flg,2pld)

de(@) = |Y (o —q)? (28)  level is 0.92 kcal/mol, which is larger than all the MCCM
i=1

values. Schreineet al have obtained zero-point energies

wheredk(dq) denotes a generalized distance betwegamd
q® defined as:
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Table 1. Geometrical parameters of Biptimized at the MCCM levels along with the high lesielinitio result$

CISD/ MCCM-UT-  MCCM-UT- CCSD(T)TZ

Parameters QTZZP MC-QCISD ™ cqp MP4SDQ MCG3 (3d1f,§p)1d§

r(B-H1) 1.198 1.203 1.196 1.195 1.204 1.202

r(B-H2) 1.472 1.401 1.401 1.397 1411 1.422

’|*1 L, TEHY 1.484 1.415 1.416 1.411 1.425 1.436
e 1B 1.191 1.194 1.187 1.186 1.195 1.194
o W3 r(H2-H3) 0.786 0.808 0.796 0.796 0.805 0.799
4 O(H1-B-H2)  80.2 79.2 795 795 79.4 79.6
O(H2-B-H3)  30.8 33.4 328 32,9 33.0 325

O(H4-B-H5)  119.9 120.1 120.0 120.1 120.1 120.1

3BH; structure ha€s symmetry. Lengths are in A and angles in dedReterence 5.

Table 2. Geometrical parameters for the transition state of hydrogen scrambling opBidized at the MCCM levels along with the high
level ab initio resulfs

Parameters  QCISD/TZ2P MC-QCISD Mcccclvé-g T Ml\jl:&'\g'gg MCG3 ((:;Sl?g)llgsz
" r(B-H1) 1.268 1.268 1.260 1.258 1.271 1.270
/ r(B-H2) 1.250 1.250 1.242 1.240 1.253 1.251
T, o r(B-H4) 1.180 1.187 1.181 1.178 1.187 1.187
w r (H1-H2) 1.080 1.089 1.081 1.080 1.088
3 6(H1-B-H2) 50.8 51.2 51.2 51.2 51.0
6(H4-B-H5) 128.1 128.1 128.1 128.1 128.0 128.1

The TS structure haB,, symmetry. Lengths are in A and angles in dedReference 5.

Table 3. Dissociation energies of Btand barrier height for hydrogen scrambling calculated at various levels offtheory

Level De Do De (fit) \VAi
CCSD+T(CCSD)/[5s4p3d1f/4s2p1d]//MP2/[3s2p1d/281p] 5.4 0.9 7.2
CCSD(T)/[TZ2P 3.32 0.72 6.79
CCSD(T)/DZP 0.89 0.19 6.38
CCSD(T)/TZ(3d1f,2p1d) 5.26 0.36 6.11
CCSD(T)/TZ(3d1f1g,2p1d)//CCSD(T)/TZ(3d1f,2ptd) 5.82 0.92 5.65
QCISD/TZ2P 2.14 -2.69 7.52
G3//QCISD/TZ2P 4.95 5.13 6.10
CCSD(T)/cc-pVQZ/IQCISDITZ2P 5.58 5.74 5.96
MC-QCISD 6.15 0.83 6.12 5.44
MCCM-UT-CCSD 5.76 0.37 5.76 5.71
MCCM-UT-MP4SDQ 6.11 0.73 6.09 5.59
MCG3 5.95 0.65 5.92 5.83

Energies are in kcal/mde andD, are dissociation energies from the equilibrium structure and from the zero-point energy level, respédsivaly.
barrier height for the hydrogen scrambling of B¥Ref. 24 °Ref. 5. Zero-point energies are scaled by 0.95.

from frequencies calculated at the CCST(T)/TZ2P levelenergy curve wher®. is between 1.6 and 2.4 A. Using
and scaled by 0.95. The MCCM frequencies are nohigher level of electron correlation increases the well depth
scaled. If we scaled these frequencies by 0.93)4halues  and improves the shape of the curve, as shown in the curve at
would be increased by about 0.27 kcal/mol, and then outhe QCISD(T)//QCISD/TZ2P level, but this curve is still far
MCCM values agree quite well with the results by Schreinefrom the standard Morse type potential curve. At the CCSD(T)/
et al cc-pVQZ/IQCISDI/TZ2P level, the potential curve is very
The potential energy curve along the dissociation coordinatemooth without the flat region. Not only high correlation
calculated at the QCISD/TZ2P, QCISD(T)//QCISD/TZ2P, level but also larger basis sets seems mandatory for the high
CCSD(TM)/cc-pvQZ/IQCISDITZ2P, and G3//QCISD/TZ2P quality potential energy surface. The potential energy curves
levels are shown in Figure 1. We have plotted the potentigblotted at the MCCM levels are shown in Figure 2. These
energy with respect to the distance between B atom and thpotential curves are quite consistent with each other, and no
center of H unit, R;, as the dissociation coordinate. The flat region is appeared. However, these curves cannot be
QCISD level show unusually flat region on the potentialfitted into a single Morse type function either. It is not
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Figure 1. The potential energy curves along the dissociationFigure 2. The potential energy curves along the dissociation

coordinate of BH The partially optimized structures at the coordinate of Bl Potential energies were calculated by using the

QCISD/TZ2P level were used. The open circles, closed trianglespartially optimized structure at the QCISD/TZ2P level. The closed

open triangles, and closed squares are obtained at the QCISD/TZcjrcles, open circles, closed triangles, and open inverted triangles

QCISD(T)/IQCISD/TZ2P, G3//QCISD/TZ2P, and CCSD(T)/ are from the MC-QCISD, MCCM-UT-CCSD, MCCM-UT-MP4SDQ,

cc-pVQZ/IQCISDITZ2P levels, respectively. and MCG3 methods, respectively. The lines passing through the
point are from the best fit of Eq. (29).

surprising since the reaction coordinate paramiters not
defined with a single bond distance. So we made an equatiorasonably accurate potential energy surface of the BH
with two range parameters for the Morse type function to fitdissociation.

the potential curves, as shown in Eq. (29). Figure 1 and Figure 2 shows quite clearly that the MCCMs
can correct the incompleteness of the QCISD level with

V = Dg[[1 —aexp{-a,(R. —R.)} TZ2P basis sets for the potential energy surface of BH
—(1-a)exp{-t,(R,— R)}] 2 1] (29) dissociation. This method is even superior to the QCISD(T)/

TZ2P and G3 methods. It is interesting to note that only

In this equationg;, and a, are range parameteiR; is the  experimental atomization energies are used to adjust the
minimum of the potential energy curve, aodand (ta) coefficients of the MCCM. No experimental data for weak
controls the relative importance of two terms with rangechemical interactions are used. The MCCMs have been
parameters. The estimat®d values from Eq. (29) are listed tested successfully to reproduce the structures and energies
in Table 3, and these values at the MCCM levels are almosif hydrogen-bonded dimétsand hydrated proton clusters,
identical to the optimizeBe values. ThdRe values are 1.351, and proton affinities of moleculé$This study and previous
1.351, 1.348, and 1.360 A at the MC-QCISD, MCCM-UT- results suggest that the MCCM could be applied to
CCSD, MCCM-UT-MP4SDQ, and MCG3 levels, respectively. reproduce many other chemical properties than the atomization

Although the G3 method cannot be used to calculate thenergy. Another important observation is that the most
potential energy curve for the dissociation of a molecule taccurate method among the MCCMs for the atomization
atomic species because of the HLC term, it is okay foy BHenergy is not necessarily the case for other chemical
dissociation since it dissociates into two molecular speciegroperties? In this study, all four MCCMs give almost the
BH3 and H. The potential curve from the G3//QCISD/TZ2P same results in the dissociation energy and barrier height.
method is shown in Figure 1. This curve is better in shap&@he Maximum deviation within these four methods is only
than those at the QCISD or QCISD(T) levels. We have fitted.4 kcal/mol for both dissociation energy and barrier height.
the G3 potential curve to Eq. (29), and obtained 5.13 kcallhe MCCM-UT-CCSD agrees the best with the CCSD(T)/
mol and 1.360 A for th®. andRe values, respectively. The TZ(3d1flg,2p1d) level.
Re value is the same as that from the MCG3 method, We used the MMS3 force field for the;Mand Vb, terms in
however, theD. value is smaller than the MCCM and the Eqg. (7), and the MCCM-UT-CCSD method was used for
CCSD(T)/Tz(3d1flg,2pld) values. The potential curve atenergies, gradients, and Hessians for the high-level Shepard
the CCSD(T)/cc-pVQZ/IQCISD/TZ2P level was also fitted points. We defined several force field parameters fog BH
to Eqg. (29). This curve is lower in energy than the G3 curvethat are missing. The potential and vibrationally adiabatic
The well depth from the curve fitting is increased to aboutenergies along the reaction coordinate are shown in Figure 3.
5.74 kcal/mol and thB. value is 1.366 A. This well depth is We have used 15 high-level Shepard points step by step to
almost identical to theD. value at the CCSD(T)/ generate the potential surfaces. The potential endrgy,is
TZ(3d1flg,2pld) level. These results suggest that at least thery smooth, however, the vibrationally adiabatic potential
CCSD(T)/cc-pVQZ level of theory is required to generateenergy, Vo, runs in and out slightly, along the reaction



The Potential Energy Surface of Bahd the Rate of the Hydrogen Scrambling Bull. Korean Chem2@@@g.Vol. 24, No. 6 769

12 T T T T

24 m
44 0\
- m
10 - \\
/ 32 2y haN n
,_6 \\\ \
£ 8F - . . u
g {30 27 ™ \-
g / In k *-
= °r / RN
5 7 128 18} N
@ (X
o 4l N
6k —m—Ink Y
ﬁ 426 \\\
2+ y L
iﬂj 424 14 1 1 1 1 1 1 1
b ‘ 20 25 3.0 35 4.0 45 5.0
0 A . L i
1.0 05 0.0 05 1.0 1000
s (bohr) Figure 4. The Arrhenius plots for the rate constants with and
. . _— . . . without tunneling correction.
Figure 3. The potential energy and vibrationally adiabatic potential 9
energy curves along the reaction coordinate of hydrogen scrambling
in BH5. The vertical lines show the position of the high-level .
Conclusions

Shepard points at the transition state (s=0) and in the reactant
channel (s<0). The same points are in the product channel (s>0).
We have calculated structures and energies gfaBid the

TS for the hydrogen scrambling using recently developed
coordinate. It occurs in the interpolated region between highmulti-coefficient correlated quantum mechanical methods.
level Shepard points, and, in principle, it will be disappearedur results agree very well with those from the CCSD(T)/
when we use infinite number of Shepard points. TheTZ(3d1flg,2pld) level. We have also calculated the potential
tunneling coefficients and rate constants are listed in Tablesnergy curves for the dissociation of Bidto BH; and H.

4 and 5. The microcannonically optimized tunneling The QCISD level with TZ2P basis sets produce a flat region
coefficient is 7.2 at 300 K, which is large compared with theon the potential curves, where reaction coordinate parameter,
tunneling coefficient of general proton transfer reactionsR., is around 1.6 and 2.4 A. It would be necessary to use the
The Arrhenius plots for the rate constants are shown ICCSD(T)/TZ(3d1flg,2pld) level of theory to generate the
Figure 4. The plot for the rate constants including tunnelingeasonable potential energy curve for thes Bidsociation.
correction is curved; it becomes flat at a very low temperatureThe lower levels of theory were unable to give correct
which indicates large tunneling effect. The rate constant gbotential curves, whereas the MCCM generates very good
300 K with this tunneling coefficient is 2.1 x%§", which  potential energy curves and requires much less computing
is very fast. This suggests that the hydrogen scramblingesources than the CCSD(T)/TZ(3d1flg,2p1ld) and CCSD(T)/
might compete with the fast dissociation of HiHdto BH; cc-pVQZ levels.

and H. The MCCM-UT-CCSD level of theory was used for the
energy, gradients, and Hessians of high-level Shepard points,
to generate the potential energy surface using the MCMM
algorithm. Tunneling is very important and the rate constant

Table 4. Small curvature, large curvature, and microcannonically
optimized tunneling coefficients at various temperatures

T (K) K (H)> K (H)T K (Hy™ for the BH; scrambling is 2.1 x £0s%, which is very large.
200 125 18.9 125 This suggests that the hydrogen scrambling might compete
250 19.4 4.84 19.4 with the fast dissociation of BHnto BHz; and H.
300 7.20 2.68 7.20
400 2.86 1.66 2.86 Acknowledgment This study is supported by a grant
500 1.92 1.36 1.92 from the Korea Research Foundation (KRF-2002-070-
C00048).
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