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We present a class IV charge model, in particular charge model 3 (CM3), for molecules containing boron.
The model is designed to be able to obtain particularly useful partial atomic charges by mapping (class II)
partial atomic charges obtained bywdin population analysis into improved (class 1V) charges that reproduce
accurate charge-dependent observables. To train the model, we mainly use dipole moments as the observables,
and we have developed a training set of 43 accurate dipole moments and one quadrupole moment for molecules
containing B in addition to H, C, N, O, and/or F. In the present paper we report CM3 parameters for use with
hybrid density functional theory, in particular with Adamo and Barone’s modified Periféang (mPW)
gradient-corrected exchange functional, the PW91 gradient-corrected correlation functional, 25%Hartree
Fock exchange, and the popular 6-31G* basis set. Dipole moments of boron-containing molecules computed
from CM3 atomic point charges have root-mean-square errors of only 0.13 D and mean unsigned errors of
0.10 D as compared to experiment or high level of theory.

1. Introduction approximate wave function. A dipole moment calculated this
way would be called a density dipole moment. Given a set of
partial atomic charges, one can also calculate the dipole moment
by classical electrostatics. We call this a point-charge dipole
moment. A key advantage of class IV partial atomic charges is
that, for a given®, the class IV point-charge dipole moment
calculated with tha?’ is usually more accurate than the density

Partial atomic charges are used for modeling electrostatic
potential fields! intermolecular interaction potentials and heats
of formation? and solvation energiéand are also used as solute
descriptors in quantitative structuractivity relationshipg.Class
IV partial atomic chargésare designed to be more accurate
than those obtained by population analysis methods of Muftiken ™ .
and Lawvdin’ or electrostatic fitting. In other words, class IV dlpE;)Ie morfr;ent CalEUII?tEd with the sarfie | theories b
partial atomic charges reproduce accurate charge-dependeng f i'?srovr\]/i((j)ee(rjsivingi a ?)?ggotr? disnemIc?on:]gr:frzziatit)r?s()rl?riusectilése
observables such as dipole moments or quadrupole moments.d.ﬁ. ity in devel 1ty ful 9 "gl h d for b
A recently developed class IV charge model called charge model. ffficulty in developing useful semiempirical methods for boron
3 (CM3) is more stable than previous models with respect to is the creation of a diverse and representative test set of data

unphysical fluctuations in calculated bond orders and is better that can be used to tra[n and validate the theory. Segtlon 2
suited for use with extended basis St€M3 has been presents a data set of dipole moments for boron in which we

parametrized against a larger, more diverse training set thanattempt to meet th_is c_hallenge: Sectic_)n 3 presents the me_thods
previous class IV charge modéls forH.LiC.N.O.F.Si. P.S used for parametrization. Section 4 gives the results, section 5

Cl, and Br, and in the present article we extend the parametriza—presents discussion, and section 6 gives conclusions.
tion to boron.

Class IV charges are obtained by a parametrized mapping of
charges obtained by a population analysis, and the parameters This section presents a data set of dipole moments for boron-
depend on which method and basis set is used to calculate thecontaining compounds that will be used to train and validate
wave function that provides the unmapped populations. In the the CM3 model for boron. Our goal is that the data set should
present paper we have chosen Adamo and Barbhesdified include boron in a variety of coordination environments, charge
Perdew-Wang 1-parameter exchange (the parameter is the states, and hybridization states. To determine the optimal set
percentage of HartregFock exchange, which is 25%) and of charge model parameters, we use a test set of molecules
Perdew-Wang-1991 correlation (mPW1PW291) hybrid density containing boron bonded to H, C, N, O, and/or F. The test set
functional method with the popufdr6-31G* basis set. consists of 43 polar molecules as well as the nonpolar boron

Our parametrization will be based primarily on dipole trifluoride molecule. Chart 1 illustrates all the molecules in the
moments. The conventional way to calculate molecular dipole test set and assigns a canonical structure number to each. Each
moments is to calculate the expectation value of the dipole polar molecule in the test set has been assigned an experimental
operator over the electron density’|2, where W is an dipole moment or a high-level theoretical dipole moment.
Experimental dipole moments are available for 14 of the

* Corresponding authors. C.J.C.: phone 612-624-0859, fax 612-626- molecules in the test set. We used these experimental data in
2006, e-mail cramer@chem.umn.edu. D.G.T.: phone 612-624-7555, faxX the parametrization, and in addition we used these experimental
612-626-9390, e-mail truhlar@umn.edu. . . .

Permanent address: Department of Chemistry, University of st. data to validate a theoretical method for calculating accurate
Thomas, St. Paul, MN 55105. dipole moments of other molecules in the test set, i.e., those
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CHART 1: Structures of the Boron-Containing Molecules in the Training Set
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molecules without available experimental data. The theoretical TABLE 1: Comparison of Experimental Dipole Moments

method chosen is to calculate density dipole moments using
mPW1PW91 hybrid density functional theory with an extended

(Debyes) to Density Dipole Moments Using the mPW1PW91/
MG3S Wavefunction

basis set, namely the modified Gaussian-3 semidiffuse basis set

(MG3S'9, which has previously been shot%io provide very
accurate dipole moments. For the atoms in this study, i.e., H,
C, N, O, F, and B, the MG3S basis is identical to the older
6-311+G(2df,2p) basid* As noted in the Introduction, density
dipole moments are determined in the usual way, i.e., as
expectation values of the dipole operator using the calculated
electron densityd’|2; we use this term to differentiate this kind
of calculated dipole moment from population-analysis dipole
moments (calculated by iedin’ population analysis) or from
class IV dipole moments (calculated from CM3 partial atomic
charges).

For each molecule in the training set we used geometries
optimized at the mPW1PW91/MG3S level.

Experimental dipole moments have been obtained from
several source’$~17 Table 1 compares 14 experimental dipole
moments to the theoretical MPW1PW91/MG3S density dipoles.

molecule u(expt) u(density)
BFH 0.971 0.929
BF,OH 1.86 1.995
BF.NH, 2.595 2.725
BF,CH; 1.668 1.723
BF,CH,CH; 1.69 1.751
BF,CHCH, 1.74 2.114
BF,CCH 1.876 1.980
BF(OH), 1.818 1.896
BH,OH 1.506 1.561
BH>NH; 1.844 1.899
BH(OH), 1.47 1.541
BH(NH,), 1.25 1.330
BFsNH3 5.903 6.158
BH3NH3 5.216 5.363
MSE —0.11
MUEP 0.12
RMS® 0.15

When these experimental dipoles are compared to the high-error.

aMean signed erro Mean unsigned errof.Root-mean-square
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TABLE 2: Dipole Moments (Debyes) for Boron-Containing
Molecules Comprising the Training Set
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TABLE 3: Comparison of Density Dipole Momentst
(Debyes) to CM3 Dipole Moment8 for Trigonal Pyramidal
Distortions of BF3

molecule u molecule u
FBF angle BF bond energy

BFH 0.971 HBO 2.808 .
BFEOH 186 FBO 2171 (deg) length (A)  (kcal/mol)  u(density)  x(CM3)
BF:NH- 2.595 HOBO 3.891 120.0 1.308 0.0 0.0 0.0
BF,CHs 1.668 NHBO 4.598 119.0 1.310 3.3 0.624 0.621
BF,CH,CHjs 1.69 CHBO 3.781 118.0 1.312 6.7 0.886 0.885
BF,CHCH, 1.74 HBCH 0.611 117.0 1.314 10.1 1.089 1.093
BF?CCH 1.876 HOBCH 2.370 114.7 1.319 18.4 1.460 1.482
iﬁ:nzFéE()%%H iggg Eggnz ‘51%? a Calculated using the mPW1PW91/MG3S wave function for fixed
BF(H)NH; 2'405 BHFNHs 5.654 bond angle and minimized bond leng#Calculated using the
BF(OH)Z 1818 BHFOH, 4068 mPW91PW91/6-31G*//mPW1PW91/MG3S wave function.
BF(NHy), 2.343  BHOHNH; 4.893 " )
BH,F 0.786  BHNH,NHs 3.735 eq 1 because such terms are more sensitive to unphysical
BH,OH 1.506 BENH; 5.903 fluctuations in the Mayer bond orders.) Furthermore, given the
BH>NH: 1.844 BRNH2NH3 4.433 molecules in the training set, the most critical charge parameters
5:28:3&' g-ggz BF(CH)2NHs ?-ggg are those between B and F, followed closely by those between

FoeTs : F2BNH,C(O)NH : B and H. It is essential that the charge model be “physical”,
BH.CHCH, 1.322 F,BNH,C(CHy)NH 3.480 and in particular it should follow expectations based on
BH,OCH; 1.670 e 1.972 electronegativity differences between the elements. Given these

F2BNHC(NH)NH considerations, we determined the optimum parameters by the

BH(OH), L4T £ BNH.CH.NCH 4.790 following strategy.
BH(NH>), 1.25 F.BNH C—lHCHCHzNH 4.631 We found that a simple minimization of the average error
BH(OCH), 1.580 BZEa ? 0.0 with respect to the parameters was insufficient to satisfy the

o o above considerations in that not only are there a variety of local
“In the final fit, this equilibrium geometry value was replaced by  minima, but some of them, even the one with the smallest error,
the four nonzero values in Table 3. See section 3. could be recognized as unphysical. However, we did find a

level theoretical dipoles, the mean unsigned deviation is only Strategy that does appear successful in yielding a physical model.
0.12 D (note: 1 D= 1 Debye= 10 18 esu cm= 3.3356 x This strategy begins by considering the atomic charge distribu-
10730 C m = 0.39343 atomic unit). This result is acceptably tion in boron trifluoride. This might seem surprising because
small and validates the use of mMPW1PW91/MG3S density the molecular dipole moment of Bfs zero by symmetry and
dipoles as accurate values for molecules where experimentaitherefore any B-F polar bond charge distribution would give
dipole moments are unavailable. the correct molecular dipole moment. However, the molecular
The complete set of accurate dipole moments used in this quadrupole moment of Bffs not zero, and the physically correct
work to obtain CM3 parameters for boron is given in Table 2. B—F charge distribution should be consistent with the nonzero
Experimental dipoles are used when available; otherwise the duadrupole moment.
values in Table 2 are theoretical density dipoles at the The molecular quadrupole momefi, of BF; calculated at
mPW1PW91/MG3S level. Experimental dipole moments in the mMPW1PW91/MG3S level, which is con&dergéi to be
Tables 1 and 2 are presented with the precision found in the accurate, is 4.01 B (note: 1 8 1 Buckingham= 10%° esu

literature whereas mPW1PW91/MG3S density dipoles are given ¥ = 3.3356x 10740 C n¥ = 0.74347 atomic unit). The best
to three s|gn|f|cant d|g|ts after the decimal. eXperImental Valu?é IS 9Z2(8F3) = 3.37 B estimated from Stark

effect measurements of the dipole moments of several van der
Waals complexes of Bf- Considered as an array of atomic
partial charges centered on the nuclei, the electrostatic quad-
rupole moment for BEis

3. Parametrization

The CM3 charge model is defined by the following mapping:

CM3 PA 2
Q. =0 t Z((D Bt Cz2.Biw) (1) 3
K= “ . Gzzz Equ (4)
where where—q is the partial atomic charge on each of the three F
C,, =—C,y, (2) atoms andRis the B-F bond length. With the BF bond length

(1.308 A) and quadrupole moment calculated at the mPW1PW91/
and MG3S geometry, the partial atomic charge at each F was
determined as-0.325. This value was used to determine an

Dzz = —Dzz (3) estimate of 0.249 for the value of the-f CM3 parameteDgr
oM - ) ) (with Cgr = 0), and we then tested this against calculated dipole
and whereq, ™ is the CM3 partial atomic charge on atdm moments for nonplanar BRonfigurations possessing trigonal

q.” is the value obtained by population analyst, is the
atomic number of atonk, By is the Mayer bond ordéf—20
connecting atomk andk’, andDzz andCzz are the parameters  calculated at the mPW1PW91/6-31G* level, for BFith Cg,
to be determined. FCG[EA we use Lovdin populations. symmetry and with various fixed bond angles. The close
An important aspect of parametrizing the CM3 method is agreement between these dipole moments provides confidence
that the number of nonzel©;z parameters is restricted to the in these Dgr and Cgr parameters, which were then fixed
smallest number that gives a good fit to the test data set. (Thetemporarily as constraints on the nonlinear optimization for the
reason for this is to minimize the number of quadratic terms in remaining boron CM3 parameters.

pyramidal geometries. Table 3 compares density dipole mo-
ments, calculated at the mPW1PW91/MG3S level, to CM3 ones,
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TABLE 4. CM3 Parameters for B with mPW1PW91/ -0.05
6-31G* Wavefunctions 0.04
-0.19
Dzz Czz 0.43
0.37
H-B —0.239 0.0 034
B—C 0.134 0.0
B—N 0.441 —0.163
B—O 0.211 0.0
B—F 0.200 0.0

With Dgg and Cgr fixed for the moment, we optimized the
remaining CM3 parameters to minimize the root-mean-square
error in the dipole moments of Table 2. The scalar dipole
momentu, is calculated from the atomic chargeg:", by

-0.03
0.06
-0.17

u= \/(quMsxk)z + (Zq(k:'\lle’yk)2 + (ZqEM?’Zk)2 (5) Figure 1. Mulliken (top), Lowdin (middle), and CM3 (bottom) partial

atomic charges in borinic acid.

wherex, Y, andz are the Cartesian coordinates of atém training set of molecules seems to demand the quadratic term

Optimization of the parameters is done by the nonlinear in the atomic charge model for bonds between boron and

adjustment of th®zz andCzz in eq 1. The minimization was  nitrogen.

carried out by using standard NAG Fortran 90 routfAegth

a variety of initial CM3 parameters for the search. First we 5 Discussion

optimized the H-B and B-O parameters using 14 molecules

from the training set that contained only+8 and B-O bonds Because partial atomic charges are not unique, it is interesting

in addition to B-F bonds. A good fit was obtained using only to compare different models for obtaining partial atomic charges

Dng andDgo parameters with th€ug andCgo parameters set  in molecules containing boron. Boron trifluoride is an important

to zero. With these additional parameters temporarily fixed, we example. At the planar triangular equilibrium geometry ogBF

next optimized B-N parameters for 12 molecules in the training  the mPW1PW91/6-31G* class IV CM3 charge calculated for

set that contained BN bonds in addition to B-F, B—H, and/ B is 0.80 (for F it is—0.27). In contrast, the class Il Mulliken

or B—O bonds. In this case there was significant improvement charge for B is 0.66 (for F it is-0.22) and the class Il lwdin

in the quality of the fit when a nonzerGgy parameter was  charge for B is 0.075 (for F it is-0.025). Using the CM3 point

included with theDgy parameter. These parameters were also charges the calculated molecular quadrupole moment gisBF

fixed temporarily, and 10 molecules from the training set 3.3 B compared to the previously mentioned high-level theoreti-

containing B-C bonds in addition to BF, B—O, B—H, and/ cal value of 4.0 B. As can be seen, using thevldin charges

or B—N bonds were used to determine a good estimate to thehere would seriously underestimate the quadrupole moment.

Dgc parameter. Th€gc parameter was fixed at zero. Further comparisons can be made with class lll charges
The final fit for CM3 parameters used the estimates obtained calculated for Bg. Generalized Atomic Polar Tensor (GAPT)

above as initial guesses in the fitting routine, and all six nonzero charges have recently been published for BE the MP2/6-

parameters were optimized simultaneously against 47 data. The311++G(3d,3p) level of theor§? The GAPT charge on B is

entire 43 polar molecule training set, as well as the four trigonal found to be 1.52, considerably higher than the present CM3

pyramidal conformations of Bf-were used in this final fit. charge. Atoms-in-molecules (AIM) charges for Bfave also
been published recenffyand the AIM charge on B is 2.43 at
4. Results the B3LYP/6-31#G(2d,p) level of theory. These large positive

charges would seriously overestimate the quadrupole moment
The boron CM3 parameters for mapping thanidin charges of BFs. Finally, we have also calculated atomic charges obtained
of the mPW1PW91/6-31G* wave functions for the molecules by fitting the electrostatic potential of BFaccording to the
in the training set are listed in Table 4. The absolute value of charges from electrostatic potentials (ChEIPG) sclérard
all of the parameters is greater than 0.1. This is a reflection of the MP2/MG3S wave function. The ChEIPG charge obtained
the fact that the dipole moments calculated frofvidn charges for B is 1.05, about 30% higher than the CM3 charge. The
using 6-31G-type basis sets are significantly in efrbr.fact, quadrupole moment calculated using the ChEIPG charges for
the root-mean-square (RMS) error in the'wdin dipole BF; is 4.3 B and is close to the experimental value. One can
moments for the 43 polar molecules in the training set is 0.54 see that the high-level ChEIPG charge for B agrees better with
D, and the mean unsigned error is 0.42 D. In comparison, the the CM3 charge than do any of the other models.
calculated CM3 dipoles show a RMS error of only 0.13 D and  Figure 1 gives a comparison of the Mulliken; Wdin, and
a mean unsigned error of only 0.10 D. Simply put, tHevdm CM3 partial atomic charges for each atom in the JBH
partial atomic charges do not reproduce accurate dipole andmolecule (borinic acid), and Figure 2 shows the comparison
quadrupole moments well whereas the CM3 partial atomic for the BH(OH) molecule (boronic acid). The CM3 charges
charges are accurate in this regard. are consistent with expectations based on the Pauling electro-
As indicated above, the only nonzeBe, parameter that we  negativity scale. The expected increase in the partial charge at
use is the one for BN bonds. If only theDgy parameter were B in boronic acid over borinic acid is found although the
used for such bonds, then the RMS error for the dipole momentsincrease is rather slight. Figure 3 shows the partial atomic
of the 12 molecules with BN bonds used to provide close charges for each atom in the BPH molecule (difluoroborinic
parameter estimates would be increased by a factor of 5 overacid). Here, again as expected, there is a significant increase in
the fit that included theCgy parameter. The diversity of the the partial charge at B over that found in the unsubstituted acid.
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Figure 2. Mulliken (top), Lowdin (middle), and CM3 (bottom) partial
atomic charges in boronic acid.
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Figure 3. Mulliken (top), Lowdin (middle), and CM3 (bottom) partial
atomic charges in difluoroborinic acid.
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Figure 4. Mulliken (top), Lowdin (middle), and CM3 (bottom) partial
atomic charges in the ammonia-borinic acid adduct.

The electronegativity of B should depend on the orbital
hybridization utilized in bonding to other elements. Figure 4
shows the partial atomic charges for each atom in theB¥OH
molecule of the ammontaborinic acid donofacceptor com-
plex. The dative B-N bond is long and weak with a recently
reported bond dissociation energy of 11.23 kcal/fdh the
present work the BN bond order is found to be 0.52.
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Figure 5. Mulliken (top), Lowdin (middle), and CM3 (bottom) partial
atomic charges for the symmetrically independent atoms in the four-
membered heterocycli¢l.

hybridization. As seen in Figure 4, the decrease in electro-
negativity of B results in substantial increases of negative
charges at the oxygen and hydrogen atoms bonded to B as
compared to borinic acid alone.

The training set includes four-membered heterocy8kes
41 modeled from a recent study off2] cycloaddition reactions
of isocyanates, ketimines, and carbodiimides to a nomirdiiB
double bond’ Figure 5 gives the structure and partial atomic
charges for the model ring compléd that can be visualized
as the [2-2] complex between difluoroaminoborar® (vith a
carbodiimide, HNCNH. As can be seen, all of the bonds in the
complex are quite polar even though the symmetric arrangement
of the bonds results in only a modest molecular dipole moment
of 1.97 D, smaller than the 2.60 D dipole moment of difluoro-
aminoborane alone.

6. Conclusions

We have presented a model for the prediction of partial atomic
charges based on hybrid density functional theory with the
6-31G* basis set for molecules containing boron. A direct
comparison between theoretically calculated and experimentally
measured quantities has been made. Dipole moments for 43
polar molecules, and the quadrupole moment fog, BBmpare
closely to values obtained from experiment or high levels of
theory. In this regard the partial atomic charges calculated using
CM3 parameters for molecules containing boron are accurate
and should prove to be useful in applications such as solvation
models?

Availability . The CM3 model including parameters for boron
is available in the latest versions iebNDoPLUSV4.478 andMN-
Gsm,2? which is an add-on to GAUSSIANGS.

Acknowledgment. This work was supported in part by the
University of Minnesota Research Site for Educators in Chem-
istry (RSEC), which is funded in part through NSF-CHE-
0113894, and by the U.S. Army Research Office under the
Multidisciplinary University Research Initiative (MURI) pro-
gram, grant number DAAD19-02-1-0176.

Nevertheless, as the geometry about B changes from planaReferences and Notes

trigonal toward tetrahedral, the electronegativity of B is expected

(1) Chemical Applications of Atomic and Molecular Electrostatic

to decrease due to a drop in the s character of B orbital Potentials Politzer, P., Truhlar, D. G., Eds.; Plenum: New York, 1981.



6488 J. Phys. Chem. A, Vol. 107, No. 33, 2003

(2) (a) Bowen, J. P.; Allinger, N. LRev. Comput. Cheml991, 2, 81.
(b) Kristyan, S.; Ruzsinsky, A.; Csonka, G.Theor. Chem. Acc2001],
106, 319.

(3) Cramer, C. J.; Truhlar, D. GChem. Re. 1999 99, 2161.

(4) For reviews and recent examples, see: (a) Mekenyan, O. G.; Veith,
G. D. SAR QSAR Eiron. Res 1994 2, 129. (b) Clare, B. W.; Supuran,
C. T.Eur. J. Med. Cheml999 34, 463. (c) Nguyen-Cong, V.; Van Dang,
G.; Rode, B. MEur. J. Med. Cheml996 31, 797. (d) Beck, B.; Clark, T.;
Glen, R. CJ. Comput. Chen1997 18, 774. (e) Pugh, W. J.; Degim, |. T.;
Hadgraft, J.Int. J. Pharmaceutic00Q 197, 203. (f) Moon, T.; Chi, M.
H.; Kim, D.-H.; Yoon, C. N.; Choi, Y.-S.Quant. Struct-Activity
Relationship200Q 19, 257. (g) Schulten, H.-R.; Leinweber, Biol. Fertility
Soils 200Q 30, 399. (h) Schmitt, H.; Altenburger, R.; Jastorff, B.;
Schueermann, GChem. Res. Toxica200Q 13, 441. (i) Oliferenko, A. A.;
Palyulin, V. A.; Pisarev, S. A.; Neiman, A. V.; Zefirov, N. $. Phys. Org.
Chem 2001, 14, 355. (j) Vallejos, G.; Rezende, M. C.; Cassels, B.JK.
Comput.-Aided Mol. Desigh002 16, 95. (k) Khlebnikov, A.; Schepetkin,
I.; Kwon, B. S.Cancer Biother. Radiopharn2002 17, 193.

(5) Storer, J. W.; Giesen, D. J.; Cramer, C. J.; Truhlar, D.JG.
Comput.-Aided Mol. Desigh995 9, 87.

(6) Mulliken, R. S.J. Chem. Phys1962 36, 3428.

(7) Léwdin, P.-O.J. Chem. Phys195Q 18, 365.

(8) Besler, B. H.; Merz, K. M.; Kollman, P. Al. Comput. Chen199Q
11, 361.

(9) Winget, P.; Thompson, J. D.; Xidos, J. D.; Cramer, C. J.; Truhlar,
D. G.J. Phys. Chem. 2002 106, 10707.

(10) Adamo, C.; Barone, VJ. Chem. Phys1998 108 664.

(11) Hehre, W. J.; Radom, L.; Schleyer, P.; Pople, J.Ah. Initio
Molecular Orbital Theory Wiley: New York, 1986.

(12) Lynch, B. J.; Zhao, Y.; Truhlar, D. Q. Phys. Chem. An press.

(13) Thompson, J. D.; Xidos, J. D.; Sonbuchner, T. M.; Cramer, C. J.;
Truhlar, D. G.PhysChemComr2002 5, 117.

(14) (a) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, J.AChem.
Phys 198Q 72, 650. (b) Frisch, M. J.; Pople, J. A.; Binkley, J.5.Chem.
Phys 1984 80, 3265.

(15) Starck, B. InMolecular Constants from Microw& Spectroscopy,
Landolt-Bonstein, New Series, Group; IHellwege, K.-H., Hellwege, A.
M., Eds.; Springer-Verlag: Berlin, 1967; Vol. 4, p 136.

(16) Demaison, J.; Htner, W.; Starck, B.; Buck, I.; Tischer, R;
Winnewisser, M. InMolecular ConstantsLandolt-Banstein, New Series,
Group Il; Hellwege, K.-H., Hellwege, A. M., Eds.; Springer-Verlag: Berlin,
1974; Vol. 6, p 260.

Brom et al.

(17) Demaison, J.; Dubrulle, A.; Hmer, W.; Tiemann, E. IMolecular
Constants from Microwee Spectroscopy, Landolt-Btstein, New Series,
Group II; Hellwege, K.-H., Hellwege, A. M., Eds.; Springer-Verlag: Berlin,
1982; Vol. 14a, p 584.

(18) Mayer, I.Chem. Phys. Lettl983 97, 270.

(19) Mayer, I.Chem. Phys. Lett1985 117, 396.

(20) Mayer, I.Int. J. Quantum Cheni986 29, 73.

(21) Novick, S. EJ. Phys. Chem1986 90, 3871.

(22) NAG Fortran 90 Library, 4 ed.; The Numerical Algorithms Group,
Inc.: Oxford, 2000.

(23) Haiduke, R. L. A.; de Oliveira, A. E.; Bruns, R. E.Phys. Chem.

A 2002 106, 1824.

(24) Matta, C. F.; Gillespie, R. J. Chem. Educ2002 79, 1141.

(25) Breneman, C. M.; Wiberg, K. B.. Comput. Chenml989 11, 361.

(26) Sana, M.; Leroy, G.; Wilante, @rganometallics1992 11, 781.

(27) Pawelke, G. IPAdvances in Boron Chemistrysiebert, W., Ed.;
Royal Society of Chemistry: London, 1997; p 244.

(28) (a)HonDoPLUSV4.4 by H. Nakamura, J. D. Xidos, J. D. Thompson,
J. Li, G. D. Hawkins, T. Zhu, B. J. Lynch, Y. Volobuev, D. Rinaldi, D. A.
Liotard, C. J. Cramer, D. G. Truhlar, University of Minnesota, Minneapolis,
2003, based oronD0-v.99.6. (b) M. Dupuis, A. Marquez, E. R. Davidson,
HONDO 99.6, 1999, based aimonpo 95.3 by M. Dupuis, A. Marquez, E. R.
Davidson, Quantum Chemistry Program Exchange (QCPE), Indiana Uni-
versity, Bloomington, IN, 47405.

(29) Xidos, J. D.; Li, J.; Thompson, J. D.; Hawkins, G. D.; Winget, P.
D.; Zhu, T.; Rinaldi, D.; Liotard, D. A.; Cramer, C. J.; Truhlar, D. G;
Frisch, M. J.mN-Gsm, version 3.1, University of Minnesota, Minneapolis,
MN 55455-0431, 2003.

(30) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr,;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.;
Salvador, P.; Dannenberg, J. J.; Malick, D. K.; Rabuck, A. D.; Raghavachari,
K.; Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Baboul, A. G.; Stefanov,
B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.; Gomperts, R.;
Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.;
Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen,
W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-Gordon, M.; Replogle,
E. S.; Pople, J. AGaussian98revision A.11;Gaussian, Inc.: Pittsburgh,
PA, 2002.



