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Accurate ground state energies comparable to or better than the best paviimitso results can

be obtained using the fixed-node quantum Monte Cdh-DQMC) method. The residual energy,

the nodal error due to the error in the nodal structure of a trial wave function, is examined in this
study using nodal surfaces given by near HF-limit wave functions. The study is aimed at better
understanding of the nodal error and the cancellation of nodal errors in calculating energy
differences. Calculations have been carried out for the first-row hydrides LiH to FH and the
corresponding atoms. The FN-DQMC ground state energies are among the lowest to date. The
dissociation energieB, have been calculated with accuracies of 0.5 kcalthok better. For all
hydrides, the dissociation energies are consistent with experimental values. The fixed-node quantum
Monte Carlo method can therefore offer a very straight-forward way to calculate highly accurate
dissociation energies. @996 American Institute of Physid$$0021-960606)00641-]

I. INTRODUCTION Il. THE NODAL ERROR IN FIXED-NODE QUANTUM
MONTE CARLO

The quantum Monte Carlo method has been successful
in calculating accurately the ground state energy and othe
properties for many atoms and molecuted.For few-
electron systems such as Hi;, and LiH, quantum Monte
Carlo methods provide exact solutions of the Sdimger o -
equation® For larger systems, the fixed-node diffusion quan- or HY =3V¥ -V, 2.
tum Monte Carlo methodFN-DQMC) can provide highly
accurate solutiond.The difference between the fixed-node The stationary solution of this equation is the ground state
energies and the exact nonrelativistic ground state energie&@ve functionWy. This equation is mathematically a diffu-
known as nodal error, is due to the error in the nodal surfac&On €guation and it can be simulated with a random walk of
of a trial wave function which is imposed on the solution of partlcles Ieadlng toa sample V\ch a distribution correspond-
the Schrdinger equation. When calculating the chemicallyIng to the stationary s_olutmfl%. , )
important energy differences, such as dissociation energie§, Impo\;an.ce sar:jwpllng (\jN'th a?] apprpxmatefo;]trlal wave
ionization potentials, or electron affinities, standard analytic#ncmf)n T IS use tc_) reduce the _var;ar;tza of t € process.
calculations can usually achieve a large cancellation of error ranstorming Eq(z:;) Into an equatlon_ 0 _\PO\PT.’ mt_er-
in the total energy. Similarly, with nodal errors of the order preted as a probability depsﬂy, IS p;‘:’qS'ble by multiplying Eq.
of 10 kcal mol'* for ten-electron systems a significant can- (2.2) by ¥y and rearranging to obtal
cellation is necessary if chemical accuracy of 1 kcal This of | )
to be achieved with the quantum Monte Carlo method. 5=V A= VIV In[Wel]—[Ene— Eq]f (2.2

In several QMC studies energy differences have been i . ) )
calculated using the fixed-node method, but only Subrama Which Er is a trial energy an,.=HW /¥y is the local
niam, Lee, Schmidt, and Moskowfthave calculated fixed- €N€roy which is a function of position in configuration space.

node energies and dissociation energies for a range of mo-I[h!S equa_hon_can be glmulated with a_random vyalk_ Incorpo-
rating a diffusion, a drift, and a branching or weighting step.

ecules. For the current study, we have calculated highl)ﬁ'he ound state enerds. can then be obtained as the e
accurate fixed-node ground state energies of the first-row at- ground s %o ined as ex-
ectation value of the local energy over the stationary distri-

oms and hyd_rld_es using weI_I-defmed noda! surfaces pmv'degution b(R)=W W/ [W ¥, dR whereR denotes a position
by near HF-limit wave functions. In a previous QMC stddy . . .
.nvector in configuration space. Thus we have

we were able to calculate the dissociation energy of FH i
excellent agreement with experiment using this type of nodal 1N

surface. To determine how well the HF nodal surfaces can  Eo= | Ed(R)P(R)dR= lim 21 Eid(R). (2.3
reproduce the experimental dissociation energies for a wider N=—e 71T
range of molecules we have calculated here the dissociation The random walk simulation of E@2.2) requires a dis-
energiedD, and estimated the nodal errors for all remainingcretization of the imaginary time. The use of finite time
first-row hydrides. The results are compared with those obteps introduces ime step errorthat can be eliminated by
recent analytic calculations. extrapolating to time step—0. This form of the diffusion

The basis for the diffusion quantum Monte Carlo method
DQMC) is the time-dependent Schiimger equation in
imaginary time
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guantum Monte Carlo method with importance sampling hasvell defined in terms of the basis set and the metfiti or
been derived by Reynolds, Ceperley, Alder, and Léster. MCSCP of a short analytical calculation. QMC methods
Because of the Pauli principle the ground state wavéhave been used to optimize the MO'’s or the CI coefficients
function for an electron system with more than two electronf a multiconfiguration wave function with respect to the
has a nodal hypersurface and is thus not the lowest-energsariance, but a reduction of the variance does not necessarily
solution of Eq.(2.1). The Pauli principle can be satisfied by cause a reduction of the nodal erfbAdditionally, the vari-
imposing an appropriate nodal hypersurface on the stationagnce minimization is a nonlinear problem with many param-
solution and solving Eq2.1) with the nodal hypersurface as eters if the MQO’s are to be optimized. Typically, there will be
an additional boundary conditichSince the nodal hypersur- many shallow local minima and the nodal error will be de-
face is not fully determined by the Pauli principle the sta-pendent on the optimization procedure and the random
tionary solution will in general be only an approximation to samples.
the exact wavefunction, and it can be shown that the corre- In this work, we used orbitals of near HF-limit quality to
sponding eigenvaIuEg:N) is an upper bound to the exact determine the nodal surfaces and calculated the correspond-
nonrelativistic eigenvalug&,.® The difference ing fixed-node energies for the first-row atoms and hydrides.
(PN The nodal errors are calculated using new estimates of the
Enode=Eo ™~ Eo (2.4 nonrelativistic ground state energies for both the atoms and
is known as thenodal error and is dependent So|e|y on the hydrides. The dissociation energieS are obtained from the
nodal hypersurface. fixed-node energies. For Be and BeH we also calculated the
An approximate nodal hypersurface is most easily defixed-node energies for small MCSCF wave functions used

fined by the nodes of a trial wave functioh; that satisfies ~as trial functions defining the nodes.
the Pauli principle. The ground state wave functi§™’

within each nodal region o¥ is then nodeless and thus the |Il. CALCULATIONS

product of ¥V with the trial functionf =™ W, is posi-

tive. The fixed-node energy can also be determined using the The VQMC ca_llculatlo.ns were carried out using the gen-
Green’s function QMC methotiL’ eralized Metropolis algorithm with the proposed moves de-

The general form for the trial wave functiol; used in termined by the drift-diffusion algorithm, and the DQMC

this work consists of the usual product of determinants fopfllcudlatljonds_;/tvzrfi C"_’lmedl Outtﬁzn_?ha moﬂlﬁed form of the
the @ and B electrons multiplied by a positive correlation standard dnit-cifiusion -aigorithrm. the Walkers were as-

factor (Jastrow factor signed a weight and were split or joined when the weight
became larger or smaller than given thresholds as suggested

by Umrigar, Nightingale, and RundéWe also used a cutoff

term for the drift term as suggested by DePasquale, Roth-

stein, and Vrhikt3

where® is an orbital product antﬂaij is a correlation func- For the correlation facter, we emp|oyed a form of

tion symmetric with respect to all electron permutations. AUaij given by Schmidt and MoskowitZ2 and based on that

more general form employs a multiconfiguration function developggl by Boys and Handy for transcorrelated wave

function

Pr=detd@ detdPeV, U= Uy, (2.5

a,i<j

n
V=] ¢ detd!® detd |eY, (2.6) Na
= . - Uaij= 2 Oyl Ao T T e, 3.1

where ®; denotes an orbital product of a configuration. In
both cases, the fixed-node energy is dependent only on theherea andi,j refer to the nuclei and the electrons, respec-
orbital part of the trial wave function. tively, and wherer is defined byr =br/(1+br). Different

For this type of trial wave function, the nodal error is values ofb were chosen for_ij andr ;.
typically more than an order of magnitude smaller than the  The orbitals ¢, for the atoms were taken from the
correlation energy but it is still significantly larger than Hartree—Fock STO wave functions of Clementi and Rdétti.
chemical accuracy of 1 kcal mdl. The accurate determina- For the molecules we modified the STO basis set from Cade
tion of energy differences corresponding to dissociation enand Hud’ by using the same orbital exponents ferand
ergies, ionization potentials, and electron affinities with az-type orbitals and by dispensing with tHetype atomic
fixed-node QMC method depends therefore on the efficienbrbitals. After expanding the STO’s into 1fbr 1s) to 6 (for
cancellation of the nodal error, making it important to con-3d) GTO’s we obtained the MO coefficients for the STO
trol the nodal error. Like the standard basis sets and standatmsis withcamEss'® Experimental bond lengths were used.
methods of the common analytic calculations “standardThe resulting RHF/ROHF energies are within 2 kcal ifol
nodal surfaces” seem to be necessary for well-defined calef the HF-SCF limit for each molecule and the correspond-
culations of fixed-node energies. ing Slater determinants are believed to yield nodal errors

Both forms for the trial wave function offer the possibil- indistinguishable at the present accuracy from the nodal error
ity of using orbitals from standarab inito calculations com- for the exact HF-SCF wave functions.
bined with a correlation factor that may be optimized with a  The correlation function for the atoms was the 9-term
Monte Carlo method. The fixed-node enerff™ is then  function with four electron—electron, three electron—nucleus,
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TABLE I. Ground state and correlation energies for first-row atoms: exact nonrelatiistic RHF/ROHF-
limit (Escp, VOMC (Eygmc), DQMC (Epgumc) energies, and total correlation energies zFvith the percent-
age of CE obtained with DQMC.

En Esci EVQMCb EDQMC CEtal CEDQMC
(hartrees (hartreey (hartrees (hartrees (mhartrees (%)

Li(3s) —7.47806  —7.43273 —7.47316) —7.478 035) 45.33 99.91)

Be(!s) —14.667 36 —14.57302 —14.63328) —14.657 64) 94.34 89.74)

-14.616 64 —14.65888)¢ —14.667 22)¢ 99.492)

B(%P) —24.65393 —24.529 06 —24.61138) —24.640 84) 124.8 89.%53)

C(P) —37.8450 —37.688 62 —37.79567) —37.829 35) 156.4 90.03)

N(*S) —54.589 3 —54.400 93 —54.539(06) —54.575 85) 188.4 92.83)
ocP) —75.067 —74.809 40 —75.01094) —75.051 &4) 258 94
F(P) —99.734 —-99.40935  —99.668%5) —99.717 63) 325 95

@Davidsonet al. (Ref. 20.
bSchmidt/Moskowitz(Ref. 14).
‘MCSCEF energy(see the tejt
dUsing MCSCF trial wave function.

and two electron—electron—nucleus terms from Schmidt angairs of determinants for the orbital part'¥f,. The MCSCF
Moskowitz* The corresponding correlation functions for energies(see Tables | and )icorrespond to 54% and 15%
the hydrides consisted of 14 terms and were optimized witliecovery of the correlation energies of Be and BeH, respec-
respect to the variance using iterative fixed sampl@oth tively. The high percentage for Be is due to the well-known
the linear coefficients,, and the nonlinear parametebs  near degeneracy of thes®2s? and 1s°2p? configurations.
were optimized. For the optimization we used the The FN-DQMC calculations were carried out on the
Levenberg—Marquardt methtithat requires only the gradi- IBM SP2 machines of the Center for Academic Computing
ent of the parameters but converges like a Newton—Raphsomt the Pennsylvania State University and the Maui High Per-
based method. Only one or two iteration steps were requiretbrmance Computer Center. The VQMC calculations and the
for the variance to be sufficiently converged. wave function optimization were done on an IBM RS/6000

The correlation factor of Schmidt and Moskowitz per- workstation.
forms as well for the hydrides as it does for the atoms and
recovers from 63% of the correlation energy for BeH to 78%
for FH (see Tables | and )llin VQMC calculations. IV RESULTS AND DISCUSSION

For Be and BeH we also employed a short multiconfigu-  For the first-row atoms and hydrides we carried out
ration expansion multiplied by a correlation factor as trial VQMC and DQMC calculations using the trial wave func-
wave functionW;. For Be a four-CSF expansion resulting tions described above. In order to obtain the fixed-node en-
from an active space of €2p) was determined with ergy for the HF nodes we carried out DQMC calculations for
GAMESSin an MCSCEF calculation. The corresponding orbital several time steps and extrapolated with a quadratic poly-
space for BeH i920,30,17) resulting in six CSF's or six nomial to 7=0. The time steps were chosen such that the

TABLE II. Ground state and correlation energies for first-row hydrides: exact nonrelatiistic RHF/ROHF
(Escp, VQMC (Eygmc), DQMC (Epgumc) energies, and total correlation energiesgFnith the percentage of
CE obtained with DQMC. Experimental bond lengths have been Used.

En Esce EVQMC EDQMC CEotal CEDQMC
(hartree® (hartreey (hartreey (hartreey (mhartreep (%)

LiH (i=*) -8.0702152  —7.98738  —8.04593) —8.07012) 82.8 99.92)
BeH (=1) —15.246 8 —15.153 18 —-15.2121) —15.24062) 93.6 93.%52)
—15.16738 -15.22318" —15.24572) 98.92)

BH (™) —25.2879 —25.13195 —25.2122) —25.27595) 156.0 92.83)
CH (3I1) —38.4787 —38.280 26 —38.4252) —35.46305) 198.4 92.13)
NH (32_) —55.220 —54.979 18 —55.1622) —55.205%8) 241 93.93)
OH (1) —75.736 —75.42219 —75.6482) —75.72138) 315 95.02)
FH (S*) —100.459 —100.07185 —100.37%2) —100.442%6) 388 95.62)

&Chen/AndersorfRef. 22.

PHandyet al. (Ref. 23.
‘Montgomery/Ochterski/PeterssoRef. 24).
IMCSCF energy(see the texjt
*Peterson/Kendall/Dunnin(Ref. 25.
fUsing MCSCF trial wave function.
9Huber/HerzebergRef. 26.
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energy for smallest time step and the extrapolated valu@ABLE lll. DQMC nodal errorsE qqefor SCF wave functions for first-row
yielded overlapping error bars. We used eight time step8©°mS(A) and hydridedAH), and their difference Enoge.

from 0.001 to 0.02 hartEe‘é for FH and time steps ranging Eo () Eoo (AH) AE.
from 0.001 to 0.1 hartreé for Li. For all molecules except A (mhartrees (mhartrees (mhartrees
BH the (_:oefficient for _thg linear te_rm_ in the extr_apolating Li 0.035) 0.12) 012
polynomial was zero within the statistical uncertainty. Be 9.84) 6.2(5) ~3.6(6)
The results for both the VQMC and the DQMC calcula- 0.22)? 1.1(2)2 0.83?
tions are given in Tables | and Il. The uncertainties indicated B 13.14) 12.05) 1.16)
correspond to one standard deviation in the last digit given. € 15.15) 15.75) 0.07)
To determine the nodal error the exact nonrelativistic ground g 12?5) [llt% 6:@)
state energies are required. The most reliable determination ¢ 16.4 16.6 0.07)

of the nonrelativistic energies for the atoms is probably that— _
by Davidsonet al?° We list their values in Table I. A reli- “Using MCSCF functions.
able theoretical determination of the nonrelativistic clamped-

nucleus ground state energies of the hydrides to mhartreg, o error to 0.2.0.2 mhartree and the fixed-node energy to
accuracy is considerably more difficult to obtain. For each 0f—14.66722) hartree. This result is consistent with a more
these we subtract the experimental dissociation en&rgy ... rate calculation by Umrigar, Nightingale, and RdAge
from the combined nonrelativistic ground state energies of; o obtained—14.667193) hartree for the Be ground state
the atoms. Assuming accurate values for the atoms, possibgq]ergy_ For BeH, we obtained with the multiconfiguration
error may be due to finite mass, spin—orbit, or other relativyis; wave functionE(OFN):_15_245$3) hartree which is, to
istic contriputions. to the experimental dissociation energyour knowledge, the lowest calculated variational energy for
De. The spin—orbit effects have been calculated and only s molecule to date. Our total energies are consistent with
the case of FH has a significant contributioi®.38  he fixed-node results of Subramaniatal* but have error
keal mol™*) been found? In Table IV we list the corrected, pars that are more than an order of magnitude smaller.
“nonrelativistic,” value for the dissociation energy of FH The values in Table I-1Il show that while the correlation
used to determine the nonrelativistic ground state energy Qfnergy increases strongly with the number of electrons and
—100.460 hartree in Table Il. The experimental dissociationpe nyclear charge the nodal error increases only slowly such
energies of BH and NH have, to our knowledge, not yet beefy, ot the fixed-node energies of FH, OH, and F recover 95%
measured with the accuracy achieved for the other hydrideg ihe correlation energy.

The difficulty for BH is'a barr'ier in .theA I state. A new In Table 1V, the experimental dissociation energizs
evaluation of the barrier height yields for BB.=84.1 g6 compared with the dissociation energies obtained from
kcal mol %2 whereas Bauschlicheet al! obtain an esti- FN-DQMC, from VOMC, and from otheab initio calcula-
mate of 84.80.5 kcal _morl using a theoretical determina- ons The VQMC dissociation energies show inconsistent
tion of the barrier height. The first value is used here t0yeyiations from the exact values and are less accurate than
calculate the nonrelativistic energy for BH listed in Table II. the 20-year-old calculations of Meyer and RosRhs spite
Since the e_xperimental dissociation engergy of NH is knownne fact that the VQMC total energies are comparable to
only to be in the range 80.5-84.7 cht® we use the theo-  the most accurateab initio results. For NH, we obtain
retical estimate of 82.3:0.7 kcal mol ! by Bauschlicher and with VOMC E,=-55.1622) hartree compared toE
Langhoff? to obtain the estimat&,,=—55.220 hartree for 0 0
the ground state energy of NH.

In Tables | and Il we list, in addition to the ground state "
energy, the correlation energy and the percentage of the cor-
relation energy recovered by the FN-DQMC calculation. The
fixed-node energies are for all systems among the lowest
variational total energies found in the literature. The lowest
percentage of the correlation energy is obtained for the Be,
and B atoms. In both cases the well-known near—degenerac§ or
of the 22— 2p? configurations result in unusual large corre- <
lation energies and considerably smaller contributions of th
HF configuration to the exact wave function. The nodal er-
rors for atoms and hydrides are shown in Table Ill and Fig. 4r
1. The error bars given for the larger systems are due to
uncertainties in the nonrelativistic energies.

The results for the Li and Be atom are special because
their fixed-node energies are independent of the orbitals. Itis - - - L . . s -
remarkable that the nodal error for Li is less than 0.1 mhar-
tree whereas the nodal error for Be is about 10 mhartreg:g, 1. pQMC nodal error€, o for SCF wave functions for first-row
Including the 22 configuration for the Be atom reduces the atoms(solid line) and hydridesdashed ling

arError [{

Nod:
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TABLE IV. Dissociation energie®, in kcal mol'* calculated with QMC  and Bauschlicher and Langhoff. For CH our agreement with
compared with experimental and selected other theoretical results. ; ;
P P experiment is perfect. BL and PKD calcula, values
Experiment DQMC  VQMC Other theory slightly above ougs: For BH our calculated dissociation value
84.83) kcal mol'™ is slightly below the corrected experi-

LiH 5800 5741 4574 57.2 mental value 84.1 kcal mot determined by Persicd, but
BeH  49.83) 52.13) 49.48) 49.6'49.9 1

4932) 4037) matches the recommended value &8).8kcal mol* by
BH 84.1 84.84) 631) 805! 84.35"84.4 Bauschlicher, Langhoff, and Tayldt.For BeH our dissocia-
CH 83.8 83.94) 811  80.0]82.9; 833 81.% tion energy is 2 kcal moft off the experimental value using
NH  805-84.7 8145 77(1) 77.9/81.4,81.8 the SCF nodes, but in excellent agreement when using MC-
OH 106.6 106.45 86(1)  100.1f105.0, 105.6 SCF nodes

f i | :
FHo s 14134 130D 13441388 1413 1418 In conclusion, we have been able to obtain the dissocia-
3Huber/HerzbergRef. 26. tion energied,, for the first-row hydrides in a very straight-
:golin/D(r;zef/SZtginhaue(lRef. 27. forward way with accuracies of about 0.5 kcal mbbr bet-
ersico(rert. . . .

dHofzumahaus/StuiRef. 29. ter using t_he_ FN-DQMC r_nethod and nodal surfaces given by
ezemke(Ref. 30, corrected for spin—orbit effect. near HF-limit wave functions.
'Meyer/RosmugRef. 21.
9Montgomeryet al. (Ref. 24. ACKNOWLEDGMENTS
f“BauschIicher/Langhoff/TaylotRef. 3]).
'Peterson/Kendall/DunnintRef. 25. Support by the National Science Foundati@rant No.
LBBil:;((::Tllllif:rtg'// I_Lir;%rr]]%fftfﬁsz' %33 CHE-8714613and the Office of Naval Resear¢Brant No.
Peterson/DunningRef. 3. N00014-92-J-1340is gratefully acknowledged. _A.L. is _in—
"Bartlett (Ref. 35. debted to the Alexander von Humboldt foundation for finan-

cial support by the Feodor—Lynen program. We are thankful

for the generous allotment of cpu time on the SP2 at the

=-55.154 08 as the estimated complete basis set limit f_or Maui High Performance Computer CentHPCO).
CAS+1+2 calculation from Peterson, Kendall, and Dunning
(PKD). lThe vQme dlssc_)C|at|on e[‘ergyDe_W(l) 1J. B. Anderson, ifQuantum Mechanical Electronic Structure Calculations
kcal mol™* on the other hand is 5 kcal mdi below the es- with Chemical Accuragyedited by S. R. LanghofKluwer, Dordrecht,
timated value of 82.830.7 kcal mol'! whereas PKD obtain ,1995, pp. 1-45.
very good agreement with the FN-DQMC result and the es-,J- B- Anderson, Int. Rev. Phys. Chefi, 85 (1995.
timate. The inconsistency of the VQMC results is probabl B. L. Hammond, W. A. Lester, Jr., and P. J. Reynolttonte Carlo

) . y A P Y Methods in Ab Initio Quantum ChemistfWorld Scientific, Singapore,
due to the inadequacy of the optimization process becauseiggy).
the trial wave functions are for practical reasons optimized*R. P. Subramaniam, M. A. Lee, K. E. Schmidt, J. W. Moskowitz, J. Chem.

; ; ; Phys.97, 2600(1992.

V;I]Ith re;pgct ltO small Vfarrllance _|n§tea_d of low enerhgy. Dl.'le t05A. Lichow and J. B. Anderson, J. Chem. Phfte.be publishell
the statistical nature of the optimization process the variance; g anderson, J. Chem. Phya3, 1499(1975.
was not well enough converged to ensure convergence of thér. c. Grimm and R. G. Storer, J. Comput. Phys134 (1972.
variational energies to better than 1 mhartree. Larger sample¥P- J. Reynolds, D. M. Ceperley, B. Alder, and W. A. Lester, Jr., J. Chem.

in the optimization process will be necessary for better con—gg’hés';agfsgfn(lggghem PhygS, 4121(1976

vergence. _ 10M. H. Kalos, D. Levesque, and L. Verlet, Phys. Rev9A2839(1974.

The FN-DQMC results in Table IV have error bars of *'z. Sun, R. N. Barnett, W. A. Lester, Jr., J. Chem. P196.2422(1992.
less than 0.5 kcal mof and are, with one exception, in per- mgééls.(lilgr;;)ria?ar, M. P. Nightingale, and K. J. Runge, J. Chem. P@gs.
fect agreement with the experl_mental daFa. For the exceptions,, - DePasquale, S. M. Rothstein, and J. Vrbik, J. Chem. Fi%,8629
BeH, agreement can be obtained after inclusion of the con- (19gg.
figurations resulting from thesf2p? configuration on Be. A K. E. Schmidt and J. Moskowitz, J. Chem. Phg8, 4178(1990.

. . .l . 15

comparison with recersb initio calculations shows that the __S. F. Boys and N. C. Handy, Proc. R. Soc. London Se818 43 (1969.

18E . Clementi and C. Roetti, At. Data Nucl. Data Tablel 177 (1974.
accuracy of the FN-DQMC results can be matched only byirp” £, e ang W, M. Huo, At. Data Nucl. Data Tabes 415 (1973.
the most sophisticated methods. Compared with most calcusm. w. schmidt, K. K. Baldridge, J. A. Boatz, S. T. Elbert, M. S. Gordon,
lations our approach is very straightforward. The FN-DQMC J. H. Jensen, S. Koseki, N. Matsunaga, K. A. Nguyen, S. J. Su, T. L.
dissociation energy for FH has already been discdsgad ~ Vindus, M. Dupuis, and J. A. Montgomery, J. Comput. Ché#. 1347

is in perfect t with iment and and t cakeli 20,
IS In perrect agreement with experiment and anad recen CagW.H.Press, S. A. Teukolsky, W. T. Vetterling, B. P. Flannétymerical

culations. For OH, the error bar of our valille,=106.45) RecipegCambridge University Press, Cambridge, 1992

kcal mol ! again includes the experimental value of 106.6%°E. R. Davidson, S. A. Hagstrom, S. J. Chakravorty, V. Meiser Umar, and

kcal mol'%, while in recent MRCI calculations with very 21\‘,3\/ Feroese F'Sdc';erhphys R?" (‘:V:]‘ 707;(1992]%56 (1978

I basis sets PKD obtained 105.0 kcal Faind Baus-  zp oy - oncm o DoSiuS, = =0em. o8 )

arge . & . B. Chen and J. B. Anderson, J. Chem. PI§@2, 4491 (1995.

chlicher and Langhoff calculated 105.6 kcal mot. Adding  23N. C. Handy, R. J. Harrison, P. J. Knowles, H. F. Schaefer Ill, J. Phys.

the Davidson correction, PKD obtain 106.3 kcal molFor ,,.Shem.88, 4852(1984. _

NH our result is slightly above the estimate 827 J. A. Montgomery, Jr., J. W. Ochterski, and G. A. Petersson, J. Chem.
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