Interconversion of diborane (4) isomers
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Highly correlated electronic structure calculations using many-body perturbation theory
(MBPT) and coupled-cluster (CC) gradient techniques are applied to a study of a reaction
pathway which links the two forms [C,, and D,, ] of diborane(4) [B,H,]. A reaction
coordinate which preserves C, symmetry is studied, as this mechanism is allowed by orbital
symmetry rules. However, calculations show that the minimum energy path does not conform
to this idealized mechanism. Rather, the reaction coordinate bifurcates, and the transition state
contains no nontrivial elements of symmetry. At the level of partial fourth-order many-body
perturbation theory {SDQ-MBPT (4)] with a large triple-zeta plus double polarization basis
set, differences in distances between the hydrogen atoms corresponding to the bridge atoms in
the C,, form and the two boron atoms [6r(B-H) = |r(B,-H) — #(B,-H)—] are 0.14 and
0.81 A, reflecting the pronounced asymmetry of the transition state structure. We find that the
C,, isomer should be the thermodynamically favored form of B,H,. At the coupled-cluster
singles and doubles level with a noniterative treatment of triple excitation effects, the barrier to
isomerization is found to be 6.3 kcal/mole using a large generally contracted basis set. This
result, along with statistical arguments concerning the rate of reaction, suggest that
equilibrium may be established relatively rapidly, and that rigid molecule treatments of B,H,

spectra may not be appropriate.

1. INTRODUCTION

In the past two decades, the diborane(4) [B,H,] mole-
cule has been the subject of considerable theoretical
study.'"!" Recent investigations’'! have demonstrated that
there are at least two minima on the global B,H, potential
energy surface. One of these forms has two three-center two-
electron hydrogen bridge bonds and a butterfly-shaped
structure with C,, symmetry, while the other has no bridge
bonds and a staggered D,, structure like that found in the ¥V
state of ethylene (see Fig. 1). This system is particularly
appealing for theory because it is one of the simplest boron
hydrides which exhibits structural isomerism. In addition,
the recent preparation of B,H, by successive proton abstrac-
tion from B,H, and its subsequent characterization by pho-
toionization mass spectrometry'? offers hope for experimen-
tal confirmation of theoretical predictions concerning this
system.

Calculations by Lipscomb and co-workers®” and by
Curtiss and Pople'®!! have unanimously predicted that the
C,, and D,, isomers of B,H, (hereafter referred to as I and
I, respectively) have nearly identical energies, with the
most recent calculations'® predicting an energy difference of
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only 0.1 kcal/mole which favors I. Calculated vertical and
adiabatic ionization potentials'®!! of both forms were used
to interpret the photoionization experiments carried out by
Ruscic, Schwarz, and Berkowitz (RSB),'? who observed
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FIG. 1. Structures of the two stable B,H, isomers, I (C,, symmetry) and II
(D,, symmetry).
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ionization of B,H, at photon energies which indicate that the
B,H, precursor is the C,, isomer. The photoionization on-
set of the D,, form has not been directly observed, but is
predicted to lie at approximately 10.5 eV by theory.'® At first
glance, one might conclude that these results suggest that the
C,, form is the kinetically favored product of proton ab-
straction from B,H; and that the barrier to isomerization is
quite high. However, RSB argue that ionization of II may be
occurring, but is difficult to resolve from the already strong
ionization signal of I, which begins to appear at ~9.7 eV. In
addition, they suggest that I may be the precursor of B,H,",
which is formed by fragmentation of a B,H, cation and has
been observed experimentally. If the latter suggestion is cor-
rect, then RSB argue that the relative abundance of the two
isomers is roughly 1:1, based on the relative intensities of
B,H," and B,H," photoion signals. This possibility alterna-
tively suggests a rapid establishment of isomeric equilibri-
um.

From the above discussion, it is clear that an under-
standing of the isomerization pathway in B,H, will be useful
in the interpretation of new experiments and further analysis
of those carried out by RSB. In addition, a detailed explora-
tion of the isomerization mechanism may be useful in estab-
lishing models for similar processes in the higher boranes,
including the rapid hydrogen scrambling which is observed
in essentially all of the boron hydrides.*®* RSB!2 have sug-
gested that the two isomers interconvert by a stepwise mech-
anism, involving planar D,, structures as intermediates. By
using a combination of experimental data and theoretical
calculations, they estimate that the barrier height associated
with such a process would be approximately 30 kcal/mole,
sufficiently high to “freeze” out the isomeric components.
However, they also suggest that a lower energy mechanism
might be possible. Indeed, it is a straightforward matter to
show that a single-step mechanism involving a reaction
pathway which preserves C, symmetry'? is allowed by orbi-
tal symmetry rules. This possibility has not previously been
addressed in the literature, and its study forms the principal
focus of this paper.

Il. THEORETICAL METHODS

All calculations reported here were carried out with the
newly developed ACES 11 program system.'* This program
package has been designed to take full advantage of Abelian
point group symmetry, and has been optimized for modern
vector supercomputers such as the Cray YMP, which was
used for all calculations reported here. Most of ACES 11 has
been written at the University of Florida in the past two
years, but it also includes the MOLECULE'® and ABACUS'®
programs for evaluation of integrals and derivatives of the
integrals, the latter of which is required to compute the gra-
dient of the electronic energy. Both programs are ideally
suited to ACES II, as they exploit symmetry through the use
of symmetry adapted basis functions and perform impres-
sively on vector supercomputers. In addition, they have been
written to handle generally contracted basis sets!” in an effi-
cient way.

Structures of isomers I and II were first located using
second-order ~ many-body  perturbation  theory'®

[MBPT(2)] and partial fourth-order MBPT [SDQ-
MBPT(4)] with the double-zeta basis sets of Dunning,®
augmented with our usual set of polarization exponents.?°
Starting with the DZP-SDQ-MBPT(4) structures, addi-
tional geometry optimizations were carried out with a larger
triple-zeta plus double polarization basis set [ TZ2P?'] at the
SDQ-MBPT (4) level. Geometry optimizations for the two
stable structures were also performed at the coupled-cluster
singles and doubles (CCSD) level. However, the results
were not significantly different from those obtained with
SDQ-MBPT (4) to warrant the cost of optimizing the transi-
tion state structure (C, symmetry) at this level of theory. As
a result, the TZ2P-SDQ-MBPT (4) structures were used in
all of the high-level single point calculations discussed in the
following section. All geometry optimizations were per-
formed with recently developed analytic gradient tech-
niques;** minimizations used the Morse-adjusted Newton—
Raphson algorithm,? while transition state searches were
performed with eigenvector following methods.?* In the lat-
ter optimizations, the exact Hessian was used to begin the
calculation, and Hessian update procedures were used sub-
sequently.

To obtain accurate estimates of the energy difference
between I and II as well as the height of the barrier which
separates them, single point energy calculations were carried
out at various levels of MBPT as well with the CCSD,*
CCSD 4+ T(CCSD),?*$and CCSD(T)?"?® coupled-cluster?®
approaches. To gain some understanding of basis set effects,
these calculations were carried out with both the DZP and
TZ2P basis sets, and with the PVTZ correlation consistent
generally contracted basis set of Dunning.?® The latter basis
has been optimized specifically for correlated calculations,
and contains 30 functions for each boron atom (4s3p2d 1f)
and 14 functions on the hydrogen atoms (3s2pld). In the
single point calculations, the d and f polarization functions
were composed of the set of pure spherical harmonics corre-
sponding to each angular momentum, while a full set of six
Cartesian d functions were used in the optimizations. Zero-
point vibrational contributions to the isomerization energy
and barrier height were estimated from the DZP-MBPT(2)
harmonic force fields, which were evaluated by numerical
differentiation of analytical gradients.'

ill. RESULTS

Geometrical parameters optimized at the DZP-
MBPT(2) and TZ2P-SDQ-MBPT (4) levels for both I and
IT as well as the transition state are presented in Table I;
Table II contains a complete set of Cartesian coordinates
corresponding to the TZ2P-SDQ-MBPT (4) structures. At
the DZP-MBPT(2) level, harmonic frequencies and in-
frared intensities were evaluated for all three structures;
these results are presented in Table III.

A. Interconversion pathway

Initial transition state searches using the eigenvector
following algorithm were performed at the DZP-MBPT (2)
level. Searches were started at the DZP-SCF minimum ener-
gy geometry of isomer II, using eigenvectors obtained from
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TABLE 1. Energies and geometrical parameters for the two structures of
B,H, and the transition state for their interconversion. Energies are given in
hartree, bond distances in A, angles in degrees.

(a) G,, form (1) DZP-MBPT(2) TZ2P-SDQ-MBPT (4)

Energy — 51.83320 — 51.907 24
r(BB) 1.484 1.458
r(BH,) 1.176 1.169
r(BH,) 1.354 1.333
a(BBH,) 173.5 174.0
a(H,BH,) 83.2 84.3

(b) D,, form (1I)

Energy - 51.836 19 —51.909 71
r(BB) 1.671 1.648
r(BH) 1.200 1.191
a(HBB) 121.6 121.9

(c) Transition state

Energy — 51.821 86 — 51.896 29
r(BB) 1.541 1.517
r(B\H,,) 1.181 1.171
rB,H,,) 1.184 1.177
r{BH,,) 1.323 1.303
r(B,H,,) 2.063 2.026
r(B,H,,) 1.465 1.444
r(B,H,,) 1.220 1.213
a(B,B\H,,) 168.0 168.4
a(B,B,H,,) 139.8 141.5
6(H,,B,B.H,,) 160.4 160.2
a(H,,BH,,) 67.7 68.4
a(H,,B;H,,) 94.8 94.9
a(H,,BH,,) 116.7 116.9
a(H, B/H,,) 132.1 1319
a(H,,B,H,,) 111.4 111.8
a(H,;BH,,) 123.5 122.6

the internal coordinate harmonic force constant matrix
(Hessian). From this point, the eigenvector corresponding
to the second smallest eigenvalue of the Hessian®? was fol-
lowed out of the potential well and a stationary point was
located after 12 geometry steps. Subsequent calculation of
the harmonic force constants at this geometry, however, re-
vealed that the Hessian contained two negative eigenvalues.
One of these belonged to a mode of @ symmetry and corre-
sponds to the presumed reaction coordinate, while the other
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is associated with a nonsymmetric & mode and indicates that
this structure is unstable with respect to a lowering of sym-
metry to C,. Following this, an additional search was
launched from this second-order saddle point; the @ mode
having a negative eigenvalue was searched uphill, while the
energy was minimized along all other modes (including the
b mode mentioned above). Convergence to a true transition
state was extremely rapid, and its character was confirmed
by evaluation and diagonalization of the harmonic force
constant matrix. A final estimate of the transition state ge-
ometry was obtained by location of the stationary point at
the SDQ-MBPT (4) level with a TZ2P basis set, which con-
tains polarization functions that have been optimized for
correlated calculations.?! The process of locating this transi-
tion state clearly illustrates the power of the eigenvector fol-
lowing method,?* as the two separate searches started from
regions with zero and two negative eigenvalues in the Hes-
sian matrix, respectively, and standard Newton-Raphson
approaches will fail in either case.

Our calculations indicate that the isomerization path-
way linking I and II through the C, region of configuration
space is not preferred by nature, even though such a route is
consistent with orbital symmetry rules. In the language of
Dewar,>? this reaction is concerted, but not synchronous. As
the C, pathway is followed from the D, structure, the sur-
face contains a branch point which represents the confluence
of two different but equivalent pathways which pass through
transition states on their way to structure I. It is significant
to note that the energy difference between the second-order
saddle point having C, symmetry and the true transition
state geometries on either side of it is small ( < 1 kcal/mole).
This is due to the soft nature of a transverse mode which acts
to interchange the positions of the two hydrogen atoms.
Consequently, the potential energy surface exhibits a soft
double-minimum perpendicular to the direction of net reac-
tive flux (see Fig. 2), and the conformational freedom af-
forded in the isomerization is extremely high. Although it
would be meaningless to calculate partition functions based
on the harmonic vibrational frequency for this transverse
mode, the entropy of activation is probably large, suggesting
arapid isomerization process. Furthermore, the rate of reac-
tion is additionally enhanced by the large number of equiva-
lent reaction channels on the potential energy surface rela-
tive to starting materials, which is given by the one half the
rotational symmetry number of the stable isomers [2 for
1~ TS and 4 for IT-TS].>

TABLE II. Cartesian coordinates for isomers I and IT and the transition state linking them, optimized at the
SDQ-MBPT (4) level of theory with the TZ2P basis set. All coordinates are in bohr, and the molecules have

been placed in the principal axis orientation.

Isomer 1 Isomer II Transition state
X Y V4 X Y zZ X Y z
B 1.3778 0.000 —0.1155 0.000 -—1.8897 0.000 1.4682 —0.0766 0.1161
B —13778 0.0000 —0.1155  0.0000 1.8897  0.0000 — 1.3966  0.0188 —0.0930
H 0.0000 1.6911 1.1461 1.3508 — 1.3508  2.7483  0.2750 —0.5788 1.9793
H 0.0000 — 1.6911 1.1461 — 1.3508 1.3508  2.7483 3.6493  0.2628  0.0303
H 3.5756  0.0000 0.1150 — 1.3508 — 1.3508 —2.7483 — 1.5242  2.2547 0.3981
H —35756 0.0000 0.1150 1.3508 1.3508 — 2.7483 —3.1821 - 1.3056 — 0.1241
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TABLE III. Harmonic frequencies (w) and infrared intensities (I) for structures I and II and the transition
state linking them. All values computed at the DZP-MBPT(2) level by finite difference of analytic energy
gradients and dipole moments. Frequencies are in cm ! intensities in km/mole.

Isomer I Isomer 11 Transition state
CZU DZd Cl
Mode Mode Mode
symmetry (2] 7 symmetry 2] I symmetry 2] I
®, a, 2874.3 0.7 a, 2637.5 a 2835.7 20.5
W, a; 2148.5 14.8 a, 1241.2 a 2788.0 49.9
w; a, 1346.1 1.8 a, 859.6 a 2523.0 19.1
W, a, 1130.8 0.0 b, 515.3 e a 2066.2 90.6
s a, 736.2 3.6 b, 2615.4 87.1 a 1293.4 64.5
W a, 1346.1 cee b, 1177.8 9.7 a 1167.6 76.8
@, a, 651.5 .- e 2705.4 165.1 a 1137.0 0.3
Wy b, 2831.9 323 e 1029.5 45.1 a 1014.4 0.9
W b, 1391.5 232.9 e 444.3 32 a 844.6 20.2
@y b, 494.2 35.1 a 831.5 52
o b, 2153.5 44.2 a 468.7 84.2
@2 b, 808.5 0.8 a 343.9; 22.7

From Fig. 3, which shows a ball and stick representation
of the transition state geometry, we see that the two hydro-
gens corresponding to bridging hydrogen atoms in isomer I
are not in symmetrically equivalent environments. Some
idea of the asymmetry can be gained by comparing the differ-
ence in B-H bond lengths for both hydrogens. While one of
the protons is in a relatively symmetrical environment
[Ar(B-H) = |+(B,~H) — #(B,-H)| = 0.14 A], indicating
a partially formed bridge bond, the other still resembles a
terminal hydrogen [ A#(B-H) = 0.81 A ]. The difference be-
tween these two values (0.67 A) provides a quantitative
measure of the asymmetrical nature of the transition state
geometry.

B. Correlation and basis set effects

In order to investigate the effects of basis set extension
and electron correlation effects, single point calculations

FIG. 2. Schematic cross-sectional view of the isomerization channel. The
inverted parabolas normal to the plane of the page pass through equivalent
transition states. The apparent maximum of the curve is the second-order
saddle point along the pathway which conserves C, symmetry.

were performed at the TZ2P-SDQ-MBPT(4) stationary
points using the following levels of theory: MBPT(2),
MBPT(3) SDQ-MBPT(4), MBPT (4), CCSD,
CCSD + T(CCSD) and CCSD(T), using the DZP and
TZ2P basis sets as well as the PVTZ correlation consistent
basis set of Dunning.*® Results of these calculations are re-
ported in Table IV. Consistent with all of our previous stud-
ies of the boranes,>’ the infinite order effects included in the
coupled-cluster models have only slight effects on the pre-
dicted energy differences; the CCSD and CCSD(T) [or
CCSD + T(CCSD)] models agree quite well with their
fourth-order MBPT approximations, SDQ-MBPT[4] and
MBPT|[4], respectively. Also in line with previous work,
contributions of triple excitations favor the isomer with
more hydrogen bridge bonds. The near equivalence of re-
sults obtained with the CCSD(T) and CCSD + T(CCSD)
models reflects the fact that triple excitation effects are well
approximated by a low-order treatment in the present case.
The CCSD + T(CCSD) method is exact through fourth or-
der in perturbation theory, while the CCSD(T) model in-
cludes one of three terms which occur in fifth order. For
difficult cases, this additional term tends to offset the tenden-
cy for CCSD + T(CCSD) to overestimate these effects but
differences are negligible for well-behaved molecules such as
the boron hydrides. This property of the boranes is due to the

FIG. 3. Ball and stick representation of the transition state geometry. The
atomic labels are consistent with Table 1.
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TABLE 1V. Isomerization energy and barrier height for the conversion of
the C,, isomer of B,H, to the D,, form. All values (kcal/mole) represent
electronic energy differences and were calculated at the corresponding
TZ2P-SDQ-MBPT (4) geometries. Zero-point corrections listed at the bot-
tom of the table were calculated from the harmonic vibrational frequencies
presented in Table III.

AE (I-11) AE™

DZP basis
MBPT(2) —18 7.1
MBPT(3) —4.3 5.9
SDQ-MBPT(4) —5.6 ' 5.1
MBPT (4) —3.6 5.9
CCSD - 6.0 4.9
CCSD + T(CCSD) -39 5.4
CCSD(T) — 4.0 5.4

TZ2P basis )
MBPT(2) 23" 9.1
MBPT(3) —-0.7 7.6
SDQ-MBPT(4) —1.5 6.8
MBPT(4) —0.8 7.8
CCSD —2.3 6.5
CCSD + T(CCSD) 0.2 7.2
CCSD(T) 0.2 7.3

PVTZ basis
MBPT(2) 3.3 9.5
MBPT(3) 0.3 8.0
SDQ-MBPT(4) —1.0 7.2
MBPT(4) 1.9 8.3
CCSD — 14 6.9
CCSD + T(CCSD) 1.1 7.7
CCSD(T) 1.2 7.7

DZP-MBPT(2) zero-point correction
— 0.6

isolated nature of electronic states in these molecules and the
resulting lack of near-degeneracy effects such as those pres-
ent in multiply bonded molecules.?’ Nevertheless, dynami-
cal electron correlation is extremely important in these sys-
tems, since the SCF approximation tends to grossly
exaggerate the stability of two-center bonds relative to the
three-center bonds which are ubiquitous in boron hy-
drides.>® However, these effects are easily handled by pertur-
bation theory, and the MBPT expansion of the correlation
energy therefore converges rapidly for these molecules.
Basis set effects are modest in the present case. Improve-
ment from DZP to PVTZ tends to favor isomer I. This too is
consistent with previous experience, as the nonclassical hy-
drogen bridge bonds found in the boranes make more de-
mands on the basis set than the simpler terminal B-H units.
At the highest level of theory [CCSD(T) with the PVTZ
basis set], we find that isomer I is approximately 1.2 kcal/
mole more stable than II, and that the transition state lies
only 7.7 kcal/mole above 1. The error due to neglect of resid-
ual correlation effects is likely to be small ( < 1 kcal/mole)
and might favor either isomer. However, further improve-
ment of the basis would probably favor the nonclassical form

(I) and further lower the barrier. The magnitude of these
effects is difficult to estimate, but is probably not more than
~2 kcal/mole. Addition of zero-point energy corrections
estimated from the DZP-MBPT (2) harmonic frequencies
(see Table IV) reduce the PVTZ-CCSD(T) isomerization
energy to 0.6 kcal/mole and the barrier heights t0 6.3 and 5.1
kcal/mole for the transitions from I and II, respectively.

IV. DISCUSSION AND CONCLUSIONS

The results of this study indicate that a low energy path-
way exists for interconversion of the two low-lying isomers
of diborane (4). Unlike the stepwise process previously sug-
gested in the literature, the mechanism proposed here con-
sists of a single concerted, but unsynchronous, rotation of
the BH, groups. The pathway initially follows an idealized
reaction coordinate which preserves C, symmetry, but then
bifurcates at a branch point leading to two equivalent transi-
tion states which lack nontrivial elements of symmetry.

The magnitude of the barrier height found in the present
study [ ~6 kcal/mole] suggests that establishment of equi-
librium should occur rapidly under ambient conditions.
Consequently, experimentalists studying this molecule
should expect to find both isomers in comparable propor-
tions, although the results of the present calculations and
those presented previously'®'! indicate a slight preference
for isomer 1. Statistical considerations favor this isomer as
well, as the number of distinct permutational structures is
twice that for II [24 vs 12] and the equilibrium constant for
I-II would be approximately equal to two even if the corre-
sponding points on the energy surface were degenerate. In
addition, the low barrier height and flat nature of the transi-
tion state region found in the present study suggests that a
standard rigid-molecule interpretation of the spectra of
B,H, may not be entirely appropriate. This possibility needs
to be considered in future experimental analyses.

It should be pointed out that the transition state ob-
tained in the present study does not necessarily correspond
to the lowest energy mechanism linking isomers I and II,
since B,H, has 12 conformational degrees of freedom and an
exhaustive search of such a surface is an intractable probiem.
Nevertheless, the pathway studied here is intuitively appeal-
ing, as it roughly follows an idealized symmetry-conserving
reaction coordinate which is allowed by orbital symmetry
rules; in our opinion, it is probable that it does indeed repre-
sent the minimum energy path for this process. In any event,
the activation energy corresponding to the pathway studied
here necessarily represents an upper limit to the true value.
The value of 6.3 kcal/mole calculated at the PVTZ-
CCSD(T) level is probably within 3 kcal/mole of the exact
nonrelativistic result for these geometries, so that reasonable
estimates for the barrier height (I -TS) and isoniei:zation
energy (I-1II) are 6 + 3 and 1 + 3 kcal/mole, respectively.

While the barrier height found here seems to be small for
such an extensive rearrangement of the nuclear skeleton, one
must remember that intermolecular hydrogen scrambling
and other rearrangements in the boron hydrides and related
compounds typically occur faster than the NMR time scale.
In this regard, the isomerization of B,H,, studied here might
help to serve as a model for certain classes of these reactions.

J. Chem. Phys., Vol. 97, No. 2, 15 July 1992



1216 Stanton ef al.: Interconversion of diborane (4) isomers

ACKNOWLEDGMENTS

This work has been supported by the U.S. Air Force
Office of Scientific Research, under Grant No. 89-0207. We
also thank the Ohio and Florida State Supercomputer
Centers for grants of Cray-YMP time which was used for the
calculations presented here, and Sullivan Beck for assistance
in preparing the figures. P.R.T. was supported by NASA
Grant No. NCC 2-371.

'P. H. Blustin and J. W. Linnett, J. Chem. Soc. Faraday Trans. 71, 1058
(1975).

1. M. Pepperburg, T. A. Halgren, and W. N. Lipscomb, Inorg. Chem. 16,
363 (1977).

*J. D. Dill, P. v. R. Schleyer, and J. A. Pople, J. Am. Chem. Soc. 97, 3402
(1975). .

“A. B. Bigot, R. M. Lequan, and A. Devaquet, Nouv. J. Chem. 2, 449
(1978).

SM. L. McKee and W. N. Lipscomb, J. Am. Chem. Soc. 103, 4673 (1981).

°D. R.Armstrong, Inorg. Chim. Acta 18, 13 (1976).

M. A. Vincent and H. F. Schaefer, J. Am. Chem. Soc. 103, 5677 (1981).

8R. R. Mohr and W. N. Lipscomb, Inorg. Chem. 25, 1053 (1986).

9]. F. Stanton and W. N. Lipscomb, in Proceedings of the 6th International
Meeting on Boron Chemistry, edited by S. Hermanek (World Scientific,
Teaneck, 1987), pp. 78-82.

19L. A. Curtiss and J. A. Pople, J. Chem. Phys. 90, 4314 (1989).

L. A. Curtiss and J. A. Pople, J. Chem. Phys. 91, 5118 (1989).

2B, Ruscic, M. Schwarz, and J. Berkowitz, J. Chem. Phys. 91, 4576
(1989).

3The C, axis which is preserved corresponds to one of the two perpendicu-
lar C, axes in the D, structure, not the principal S, axis.

“acEs I1, an ab initio program system, written by J. F. Stanton, J. Gauss, J.
D. Watts, W. J. Lauderdale, and R. J. Bartlett, Quantum Theory Project,
University of Florida, 1991.

"SMOLECULE is a vectorized Gaussian integral program, written by J. Alm-
lof and P. R. Taylor.

1SABACUS is a program which calculates derivatives of Gaussian integrals,
written by T. Helgaker, P. Jérgensen, H. J. A. Aa. Jense, and P. R. Taylor;
the version of ABACUS used in ACES 1 is a 1988 version of the code which
has been appropriately modified to perform large-scale CC/MBPT gradi-
ent calculations.

'7See, for example, J. Almlsf and P. R. Taylor, J. Chem. Phys. 86, 4070
(1987).

8R. J. Bartlett, Ann. Rev. Phys. Chem. 32, 359 (1981), and references
therein.

'*T. H. Dunning, J. Chem. Phys. 58, 2823 (1970).

201, T. Redmon, G. D. Purvis, and R. J. Bartlett, J. Am. Chem. Soc. 101,
2856 (1979); J. F. Stanton, W. N. Lipscomb, D. H. Magers, and R. J.
Bartlett, J. Chem. Phys. 90, 3241 (1989).

2IT. H. Dunning, J. Chem. Phys. 55, 716 (1971). The polarization func-
tions are composed of a [2,1] contraction of three Gaussian functions,
with contraction coefficient chosen according to Dunning [J. Chem.
Phys. 55, 3958 (1971) ]. Exponents have been optimized for prototypical
first-row molecules at the MBPT(4) level. For boron, the exponents are
1.0414 and 0.3085 for the first d function and 0.295 for the second. Corre-
sponding values for the hydrogen p functions are 1.2203, 0.2839, and 0.26,
respectively.

22See, for example, E. A. Salter, G. W. Trucks, and R. J. Bartlett, J. Chem.
Phys. 90, 1752 (1989); T. U. Helgaker and P. Jérgensen, Adv. Quantum
Chem. 19, 183 (1988); J. Gauss and D. Cremer, Chem. Phys. Lett. 138,
131 (1987); A. C. Scheiner, G. E. Scuseria, J. E. Rice, T. J. Lee, and H. F.
Schaefer, J. Chem. Phys. 87, 5361 (1987); J. Gauss, J. F. Stanton, and R.
J. Bartlett, ibid. 95, 2623 (1991).

23], F. Stanton and D. E. Bernholdt, J. Comp. Chem. 11, 58 (1990).

24C.J. Cerjan and W. H. Miller, J. Chem. Phys. 75, 2800 (1981); J. Simons,
P. Jérgensen, H. Taylor, and J. Ozment, J. Phys. Chem. 87, 2745 (1983).

#@G. D. Purvis and R. J. Bartlett, J. Chem. Phys. 76, 1910 (1982).

26M. Urban, J. Noga, S. J. Cole, and R. J. Bartlett, J. Chem. Phys. 83, 4041
(1985).

27K. Raghavachari, G. W. Trucks, J. A. Pople, and M. Head-Gordon,
Chem. Phys. Lett. 157, 479 (1989).

28R. J. Bartlett, J. D. Watts, S. A. Kucharski, and J. Noga, Chem. Phys.
Lett. 165, 513 (1990).

29R. J. Bartlett, J. Phys. Chem. 93, 1697 (1989), and references therein.

3°T. H. Dunning, J. Chem. Phys. 90, 1007 (1989).

31J. F. Stanton, Int. J. Quantum Chem. 39, 19 (1991).

32At the SCF level, the lowest eigenvalue of the force constant matrix corre-
sponds to the torsional motion of the BH, group.

33Gee, for example, M. J. S. Dewar and A. B. Pierini, J. Am. Chem. Soc. 106,
203 (1984); M. J. S. Dewar, ibid. 106, 209 (1984).

34The factor of § is required because we refer to the number of equivalent
channels, and not the number of equivalent transition state structures.
The effective symmetry of the channels is C,, which has a symmetry num-
ber of 2.

35]. F. Stanton, W. N. Lipscomb, and R. J. Bartlett, J. Am. Chem. Soc. 111,
5721 (1989), and references therein.

3See, for example, W. N. Lipscomb, Boron Hydrides (Benjamin, New
York, 1963).

J. Chem. Phys., Vol. 97, No. 2, 15 July 1992



