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A method that includes explicit electremroton correlation directly into the nucleaglectronic orbital self-
consistent-field framework is presented. This nuctedectronic orbital explicitly correlated Hartre€ock
(NEO-XCHF) scheme is formulated using Gaussian basis functions for the electrons and the quantum nuclei
in conjunction with Gaussian-type geminal functions. The NEO approach is designed for the quantum treatment
of a relatively small number of nuclei, such as the hydrogen nuclei involved in key hydrogen bonding
interactions or hydrogen transfer reactions. The conventional nu@ésstronic-orbital-based methods produce
nuclear wave functions that are too localized, leading to severe overestimations of hydrogen vibrational
frequencies, as well as inaccuracies in geometries, isotope effects, couplings, and tunneling splittings. The
application of the NEO-XCHF approach to a model system illustrates that the description of the nuclear
wave function is significantly improved by the inclusion of explicit electrgmoton correlation. In contrast

to the NEO-HF method, the NEO-XCHF method leads to hydrogen vibrational stretch frequencies that are in
excellent agreement with those calculated from grid-based methods. This approach is computationally practical
for many-electron systems because only a relatively small number of nuclei are treated quantum mechanically
and only electrorrproton correlation is treated explicitly. Electromlectron dynamical correlation can be
included with density functional theory or perturbation theory methods.

I. Introduction perturbation theory (NEO-MP2) levels. Similar techniques have
been developed by other grouhs?

These molecular-orbital-based methods typically produce
| huclear wave functions that are too localized, leading to severe

interactions and hydrogen transfer reactions. In conventiona e oo )
treatments based on the Ber®ppenheimer approximation overestimations of hydrogen vibrational frequencies. The mag-
. <aNitudes of the errors in the calculated hydrogen vibrational

nuclei are represented as classical point charges. In this case, hi ; ft 1 h
the nuclear quantum effects are typically neglected or are SIr€ch frequencies are often 2668000 cn (i.e., on the same

. o .
included in the form of harmonic zero point energy corrections ?rder as .the .freqlut.enmis éhemselv@s?. IThe ?tendmg Ir.noc.ie |

and Bell tunneling correctiors.Grid-based methodscan _requenme_?hlnvowr;g Iy rogen farr? asolo en quaf|tat|v_ey
provide accurate nuclear wave functions for the Be@ppen- Incorrect. The overlocalization of the nuclear wave function

heimer potential energy surface but are computationally expen-!mpacts not only the frequenm_es but_a!so the geometries, the
sive for multidimensional systems. isotope effects, and the tunneling splittings. We have demon-

Recently, methods have been developed to include nuclearstrated that the overlocalization of the ground state nuclear wave
quantum e;‘fects in electronic structure calculations without funct|or_1 can result in qualitative errolrs for the geomeF”C Isotope
invoking the Borr-Oppenheimer approximation. In the nuclear eﬁiﬁtsdln hyd(;ogen-bp nde:j ?)éstte?ﬁg.gor ;axa}[;]n}:iled grltd-b?sed d
electronic orbital (NEO) approacéhé specified nuclei are treated methods and experimental data indicate that deuteration de-

guantum mechanically on the same level as the electrons bygreases :]he quotrrllnequolrlneldlstat?tc? It? thedhydzgggn ﬂu%r."ieth t
solving a mixed nuclearelectronic Schidinger equation using Imer, whereas theé molecular-orbital-based methods predict tha

molecular orbital techniques. The NEO approach is designed deuteration increases this dlstgﬁ&e. ]

for the quantum mechanical treatment of a relatively small e have shown that dynamical electrgoroton correlation
number of nuclei, such as the hydrogen nuclei involved in key s_trongly influences the delocalization of nuclear wave func-
hydrogen bonding interactions or hydrogen transfer reactions. tions®* Unfortunately, the recovery of electremproton cor-
This approach has been implemented at the HarfFeek relation using or_blltal-based treatments suffer_s from slow
(NEO-HF), configuration interaction (NEO-CI), multiconfigu-  convergence reminiscent of that found for precise treatments

rational self-consistent-field (NEO-MCSCF), and second-order Of €lectron-electron correlation. The qualitative impact of
electron-proton dynamical correlation on the wave function is

*To whom correspondence should be addressed. E-mail: shs@ 9reater than that of electrerelectron dynamical correlation
chem.psu.edu. because of the attractive electrostatic interaction between the
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Nuclear quantum effects such as zero point motion and
hydrogen tunneling are often significant for hydrogen bonding




9984 J. Phys. Chem. A, Vol. 110, No. 33, 2006 Letters

electron and the proton and the difference between the masseselectron and the proton, respectively. In eq 2, the summation
The physical basis for the problems with the molecular-orbital- term is the Gaussian-type geminal (GTG) expansion, which
based approaches for treating electrpnoton correlation can couples the electron and the proton. For notational convenience,

be understood by comparison to a Be@ppenheimer grid- we define the GTG factor as

based calculation of the nuclear wave function. In this treatment,

the external potential is computed at discrete points of a grid . Ngem e po2
representing the nuclear coordinates by calculating a new Grer) =1+ Zbk expl=yr-—r'] )

electronic wave function for each set of nuclear coordinates.
Thus, the electrons adjust instantaneously to the positions of

th lei. Th tional molecul bital-based h We have derived modified Hartre&ock equations using the
€ nuciel. The conventional molecular-orbital-based approachesSgianqard variation method to minimize the eneffyo H| Wioild
do not include this type of explicit correlation between the

. with respect to both the electronic and the nuclear molecular
electrons and the quantum nuclei. At the HartrE€eck level, P

th i lei . field of the elect orbitals subject to the normalization constraifitio Wioil = 1.
€ guantum nuciel move in an average field ol the electrons ¢, resulting HartreeFock equations for the electron and the
and the electrons move in an average field of the quantum

. - . ) - t
nuclei. Corrections at the MP2 level and multiconfigurational proton are
methods are unable to fix the severe problems with the Hartree £2r®) w(r®) = °<S(r®) v 4
Fock nuclearelectronic wave function. (F) () = €9 v “)
In this Letter, we present the nuclealectronic orbital fP(rP) YP(rP) = (P yP(rP) (5)

explicitly correlated HartreeFock (NEO-XCHF) method,

which includes explicit electronproton correlation directly into  where the Fock operators are defined as

the nuclear-electronic orbital self-consistent-field framework.

This scheme is formulated using Gaussian basis functions for 5% = fdfp YP(rP) G(rérP) pr(r”) G(rér»  (6)
the electrons and the quantum nuclei in conjunction with

Gaussian-type geminal functions that depend on the distance P(yPy — e e Py ], ,€ e

between an electron and a quantum nucleus. Previously explicit £ore) fdrew (r% G(rer®) Hy*(r9) G(rr®)  (7)
electron-electron correlation has been included in MP2 cor- and the overlap operatos(r®) and s(r?) are defined analo-
rections for electronic structure calculatiéh® but, to our gously without the operatd.

knowledge, not in the self-consistent-field procedure. Geminals ~ The spatial orbitals for the electron and the proton are
have also been used in other contexts within electronic structureexpanded in Gaussian basis sets:

theory?425 Adamowicz and co-workers have developed a non-

Born—Oppenheimer approach in which all electrons and nuclei NB
are treated quantum mechanically with explicit correlation P = ZCji(pj(re) (8)
between all particle® This approach is restricted to relatively 7

small systems. In the NEO-XCHF approach, only a small

number of nuclei are treated quantum mechanically, and only

electron-proton correlation is treated explicitly with Gaussian- Yi(r®) = ZCE'rrp,‘ir(r") 9)

type geminals. As a result, the NEO-XCHF approach is appli- “

gable to Iargerr]sysr;fer;]]sdof chem_|t<;‘al gnd lbflologlcal_|ntere|st.|Wedwhere the unprimed indices refer to electronic basis functions

atetmhgnNStE%ti:Fa}g/eel aile :?ngperrc])\\//cladrastigr?i;car\ig;(\a/vni?rlletshgaNcégfe e_lnd the primed indices refer to nuclear basis functions. Substitu-
tion of these expansions into eqs 4 and 5 leads to the Hartree

XCHF method for a model system. We also present a general - ; .
form of the NEO-XCHF nuclearelectronic wave function that Fock-Roothaan equations for the electron and the proton:

NB¢

will enable calculations of larger many-electron systems. NE¢ Ngr
II. Theory XFZvcii = Giezszvcii (10)

For a system with one electron, one proton, &Ralassical Y Y
point charges, the Hamiltonian is Ny Ny
. > Fhchy =y Sl (12)
H=—--vZ-—Vv2?— v v

2° om ° : :
" where the Fock matrix elements are defined as
4 Ne 7
A A 1
ze C+Zp c_e p(l) N
|r - rA| |r o rAl |r - | FZ‘V = ZC‘E'i'CE'i'HMM'VV' (12)
wv
Here,r® andrP denote the spatial coordinates of the electron
and proton, respectively, and, and Zx denote the spatial NEi
coordinates and the charges of the classical point charges. At Fhy = Zcfncle/i i (13)
the NEO-XCHF level, the total nucleaelectronic wave func- v
tion for a system comprised of one electron and one proton is H -
vy
Ngem e p e p e "y e P e
Wiolr iD=y WO Y beexplyirt 1) (@) J e i) ) S Hel) ¢ )
(14)

where y&(r®) and yP(rP) are spatial orbitals representing the and the overlap matrix eIemenﬁv and Sﬁv, are defined
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analogously without the operatét. Note that these Fock and ()
overlap matrixes are different from those used in conventional e @
electronic structure theory. As long as the overlap matrixes are

invertible, however, eqs 10 and 11 can be solved using standard

matrix methods for generalized eigenvalue equations. The inte- (b)
grals over GTGs are evaluated using the McMuretdavidson
approach by expanding them as linear combinations of Gaussian
Hermite integral327-29 The NEO-XCHF approach has been
incorporated into the GAMESS electronic structure céte.

In addition, we have derived alternative modified Hartree
Fock equations using the variation method to minimize the total
energy (Wioi H| W ol W10 WiotlOwith respect to both the elec-
tron_ic a_nd the nuc_lear molecular orbi_tals subject to orthonor- Fioure 1. (a) Schematic picture of the 1 model system. The solid
ma!lzatlon cqnstralnts for the electronic 6?““' nuclear m0|e_CUIar cirgcles rep(re)sent the ele?:tronic basis%_'r]lctions, a)r/1d the dashed circle
orbitals. In this case, the total wave function is not normalized. gpresents the nuclear basis functions. (b) The ROHF potential energy
The resulting HartreeFock equations for the electron and the  as a function of the X H distance for the model system.
proton are

Energy

X-H distance

to bosonic nuclei is straightforwafdIncluding the GTGs as a

1 £9(r) — D]ptot|H|lptotDAe(re) W(r®) = &9 summation of Gaussians multiplied by the NEO-HF wave
W o W ioill W, [P function is more computationally practical than including them
(15) as a product of Gaussians or at the basis function level because
N this form requires only four-particle and simpler integrals. Since
1 £0(rP) — W HIW o D PP = 2P the geminal expansion parametel®,and y, represent the
@pmtppmﬂ W, W, 3 4 v fundamental properties of an electron and a proton, these
totl = tot (16) parameters can remain fixed at values predetermined from
variational calculations on small systems. We expect that a
where the operatorA®(r€) and AP(rP) are defined as relatively small number of GTGs (i.8\Ngem < 4) will be required

to obtain the desired accuracy of the nucteglectronic wave
A%(r®) = fdrp YPIOGH(rer) — 19°(r")  (17) function. For the case of multiple electrons and quantum nuclei,
modified Hartree-Fock equations analogous to those in eqgs 15
AP(rP) = fdrewe(re)[GZ(re,rp) — 1p(r® (18) and 16 can be solved iteratively to self-consistency. For large
systems, the computational efficiency can be enhanced by
Expansion of the molecular orbitals in Gaussian basis sets usingavoiding the calculation of many of the demanding three- and
egs 8 and 9 leads to HartreBock—Roothaan equations that ~ four-particle integrals with a distance cutoff.
are identical to those in NEO-HF except that the Fock operators
are modified to be the expressions in square brackets in eqs 1311. Application to Model System
and 16. As the GTG factoB(r&rP) approaches unity, eqgs 15
and 16 approach the NEO-HF equations. Note that the molecular
orbital energies are different in the two formulations of NEO-
XCHF.

We have confirmed that the two formulations of NEO-XCHF
give identical ground and excited state energies for the mode
systems studied in this Letter. We used the first formulation
given by eqgs 4 and 5 to calculate the vibrational stretching
frequencies presented below. The frequencies were calculate
as the energy difference between the proton eigenvalues define
in eq 11 for the excited state corresponding to the hydrogen
vibrational stretching mode and the ground state. Similar
frequencies were obtained by performing a separate NEO-XCHF
calculation for the relevant excited state.

This approach can be extended to systems composed o
multiple electrons and multiple quantum nuclei by using the
following form of the total nuclearelectronic wave function:

To validate the NEO-XCHF approach, we apply it to a model
system containing one electron and one proton. The model
system, X[H], is depicted in Figure 1. This model consists of
a hydrogen atom moving in the field of an infinitely massive
Ipositive point charge. The electron and the proton of the

hydrogen atom are treated quantum mechanically, and the
positive point charge Xis treated classically. We emphasize
hat the NEO approach is designed for systems in which at least
jwo nuclei are treated classically, thereby eliminating the
difficulties associated with translations and rotatiéhi this
model system, however, only a single nucleus is treated
classically, so the ground state should be a rotational state that
is spherically symmetric about the classical nucleus. We are
1able to describe the vibrational states along theHXaxis by
placing the basis function centers for the nucleus and the electron
at a single point. The same basis function center is used for
both the electronic and the nuclear basis functions.
W (rerP) = The frequencie_s correspon(_jing to the stretching motion of
N % M Calculated sing he NEO-HE and NEG-XCHE methocs, Th
2 calculated using the -HF an - methods. The
DY) O(rP){1+ Z Z Z by exp[y,Ir;® — rJp| 1} (19) cc-pVDZ electronic basis set was used for all calculati@ns.
SIS For the NEO calculations, the distance between the classical
Here,®&(r®) and®P(rP), respectively, are antisymmetrized wave nucleus and the centers of the electronic and nuclear basis
functions (i.e., determinants of spin orbitals) representing the functions was chosen to be the equilibrium distance obtained
electrons and fermionic nuclei such as protons. The total wave from a conventional ROHF/cc-pVDZ calculation ofbH An
function is antisymmetric with respect to interchange of any even-tempered (ET) nuclear basis set including 5s-, 5p-, and
two electrons or any two quantum nuclei because the GTG factor5d-type Gaussian basis functions was constructed for hydrogen,
is symmetric with respect to these interchanges. The extensiondeuterium, and tritium using the method of Bardo and Rueden-
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cies using the NEO-full CI approach. Note that even the NEO-
full CI method does not provide frequencies as accurate as the
NEO-XCHF approach. In addition, we found that the variation-
ally optimized exponent of the 1s basis function from the NEO-
XCHF/1s calculation corresponds to a frequency much lower
and closer to the harmonic ROHF frequency than the exponent
from an analogous NEO-HF/1s calculation. Thus, the NEO-
XCHF method provides a more accurate description of the
nuclear wave function than the NEO-HF method.

We emphasize that the goal of the NEO-XCHF approach is

Figure 2. Nuclear molecular orbitals corresponding to the ground state

and the hydrogen vibrational stretch excited state for thgikmodel not to obtain quantitatively accurate frequencies for spectro-
system at the NEO-HF level. The point charge X is represented by a SCOpiC purposes but rather to obtain qualitatively reasonable
green circle. frequencies that enable the calculation of geometries, isotope

effects, vibronic couplings, and tunneling splittings for relatively
large systems. The improvement observed for this model system
suggests that the NEO-XCHF approach will alleviate the

TABLE 1: Exponents for the ET-5s5p5d Nuclear Basis Set
for H, D, and T Isotopes

n  wvaem?)  Ga(bohr)H  Ln(bohr?) D &n(bohr?) T qualitative errors observed previously for properties such as the
1 500 2.091 532 4.180 988 6.274 596 geometric isotope effects.

2 866 3.622 534 7.241 472 10.867 601

3 1500 6.274 596 12.542 965 18.823789  |v. Conclusions

4 2598 10.867 601 21.724 415 32.602 802

5 4500 18.823 789 37.628 895 56.471 366 We presented a method that includes explicit electfmoton

aThe exponents in the table are related to frequencies using the COrrelation directly into the nucleaelectronic orbital self-
harmonic approximation. The range of frequencies used for determining consistent-field framework. Our application of the NEO-XCHF
the exponents was generated using the even-tempered scheme developedethod to a model system illustrates that the description of the

by Bardo and Ruedenbefgy, = of" nuclear wave function is significantly improved by the inclusion
TABLE 2: Vibrational Stretching Frequencies Calculated of explicit ellectror°rproton correlation. In.partlcular, the nuclear
from the Energy Level Splittings for the Model System wave function becomes more delocalized, and the hydrogen

vibrational frequencies are decreased when explicit eleetron
proton correlation is included. An accurate description of the
nuclear wave function is essential for the calculation of

harmonic VSCF
isotope  NEO-HF NEO-XCHF NEO-fullCI ROHF ROHF

H 3621 1649 2263 1710 1645  gepmetries, isotope effects, vibronic couplings, and tunneling
D 2729 1081 1707 1210 1177 splittinas
T 2302 963 1457 988 966 pirtings.

The NEO-XCHF approach is computationally practical for
berg32 The exponents for this basis set are given in Table 1. many-el_ectron systems because only a relatively small number
To avoid significant contamination of the vibrational states with ©f nuclei are treated quantum mechanically and only eleetron
rotational character, the d basis functions with the two lowest- Proton correlation is treated explicitly. Electrerlectron dy-
frequency exponents were excluded for the calculations on na}mlcal correlatlt_)n can b_e |nclud_ed within the framework of
hydrogen and the d basis functions with the lowest-frequency thiS @pproach using density functional theory or second-order
exponent were excluded for the calculations on deuterium and Perturbation theory. Nondynamical correlation can be included
tritium. Four GTGs were included in the NEO-XCHF calcula- With multiconfigurational methods such as MCS€Fand
tions. The values ob and y in the geminal expansion were non(_)rthogona_l Ct.This approac_h will faC|I|t_ate (_:ompu'gatl_onal
variationally optimized simultaneously with the exponent of the Studies of a wide range of chemically and biologically significant
nuclear basis function for NEO-XCHF/1s calculations with only Nydrogen transfer and hydrogen bonding systems.

a single 1s Gaussian nuclear basis function. The values of these
parameters were fixed for the subsequent NEO-XCHF/ET Acknowledgment. We gratefully acknowledge the support
calculations. The NEO-HF nuclear wave functions for the ©f AFOSR Grant No. FA9550-04-1-0062. We also thank Todd
ground state and the excited state corresponding to the hydrogefY/atineéz and John Tully for very helpful discussions. C.S.
vibrational stretching mode are depicted in Figure 2. thanks Dr. Pal Dz_ahle for generously providing a manuscript of
The results for the X[H] model system are presented in Table his doctoral thesis.
2. For comparison, we calculated the frequencies at the ROHF
level from the Hessian and with the vibrational self-consistent-
field (VSCF) method;3* which is a grid-based method that (1) Bell, R. P.The Tunnel Effect in ChemistrChapman and Hall:
includes anharmonic effects. The VSCF method is expected tolondon, 1980.
be accurate for this model system because the electron is gg \E;,"evgrt‘,“ag"é.“’lﬁrfjinﬁce?i ﬁiﬁgﬁgig’cﬁf?e} JSChem. Phys
predominantly adiabatic with respect to the proton. The NEO- 2002 117 4106. T . s
HF frequencies are greater than the frequencies calculated using (4) Pak, M. V.; Hammes-Schiffer, Bhys. Re. Lett.2004 92, 103002.
the Hessian and VSCF approaches for all three isotopes by  (5) Pak, M.V,; Swalina, C.; Webb, S. P.; Hammes-SchiffeCBem.
approximately a factor of 2, corresponding to an error with a Phy(sé)ZOé)\;ta?iCr)]i 257,'Pak M. V.- Hammes-Schiffer. Ghem. Phvs. Lett
magnitude of~2000 cnT! for hydrogen. When four GTGs are 005 404 394. ’ Srs. R
included in the NEO-XCHF calculation, the frequencies are (7) Swalina, C.; Pak, M. V.; Hammes-Schiffer,5 Chem. Phy005
within 5 cm ! of the VSCF frequencies for H and T and within 123 014303. ,
100 cn1? of the VSCF frequency for ¥ Since dynamical 123(?351"5’;9"]' H.; Pak, M. V.; Hammes-Schiffer,JSChem. Phys2005
electron-proton correlation is responsible for the dramatic ;

‘ X ) (9) Shigeta, Y.; Takahashi, H.; Yamanaka, S.; Mitani, M.; Nagao, H.;
improvement in the frequencies, we also computed the frequen-Yamaguchi, K.Int. J. Quantum Chenil99§ 70, 659.
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