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The structural impact of nuclear quantum effects is investigated for a set of bihalides, TXMX} F, Cl,

and Br, and the hydrogen fluoride dimer. Structures are calculated with the vibrational self-consistent-field
(VSCF) method, the second-order vibrational perturbation theory method (VPT2), and the nuclear-electronic
orbital (NEO) approach. In the VSCF and VPT2 methods, the vibrationally averaged geometries are calculated
for the Born-Oppenheimer electronic potential energy surface. In the NEO approach, the hydrogen nuclei are
treated quantum mechanically on the same level as the electrons, and mixed nuclear-electronic wave functions
are calculated variationally with molecular orbital methods. Electron-electron and electron-proton dynamical
correlation effects are included in the NEO approach using second-order perturbation theory (NEO-MP2).
The nuclear quantum effects are found to alter the distances between the heavy atoms-y08.d2for

the systems studied. These effects are of similar magnitude as the electron correlation effects. For the bihalides,
inclusion of the nuclear quantum effects with the NEO-MP2 or the VSCF method increasesxhdistance.

The bihalide X-X distances are similar for both methods and are consistent with two-dimensional grid
calculations and experimental values, thereby validating the use of the computationally efficient NEO-MP2
method for these types of systems. For the hydrogen fluoride dimer, inclusion of nuclear quantum effects
decreases the-F+ distance with the NEO-MP2 method and increases thE Histance with the VSCF and

VPT2 methods. The VPT2-H- distances for the hydrogen fluoride dimer and the deuterated form are consistent
with the experimentally determined values. The NEO-MPZRdistance is in excellent agreement with the
distance obtained experimentally for a model that removes the large amplitude bending motions. The analysis
of these calculations provides insight into the significance of electron-electron and electron-proton correlation,
anharmonicity of the vibrational modes, and nonadiabatic effects for hydrogen-bonded systems.

I. Introduction ab initio potential energy surfaces, they are computationally
Hydrogen bonding plays an important role in biomolecular dem_anding for larger systems. Pgth i_ntegral methods have been
structure and functiohmolecular self-assembRand solvatiors. applied to study hydrogen bonding in solution. For example,
Theoretical studies of hydrogen-bonded systems are challengingh€ Car-Parrinello molecular dynamics approach combined with
due to the low-frequency, anharmonic intermolecular vibra- @ Path integral treatment of the nuéféias been used to analyze
tions*5 Moreover, nuclear quantum effects of the hydrogen atom the structural impact of nuclear quantum effects on hydrogen
motions significantly impact the structures and spectroscopic bonding in liquid hydrogen fluoride and wat&!>
properties of these systems. Conventional molecular dynamics The nuclear-electronic orbital (NEO) method is an alternative
and electronic structure calculations of hydrogen-bonded systemsapproach for including nuclear quantum effects directly into
typically neglect the nuclear quantum effects. electronic structure calculatio”$:22 In the NEO approach,
Recently, the role of nuclear quantum effects in hydrogen- selected nuclei are treated quantum mechanically on the same
bonded systems has been investigated with a variety of footing as the electrons, and mixed nuclear-electronic wave
theoretical methods. The quantum diffusion Monte Carlo fynctions are calculated variationally using molecular orbital
approach has been used to study the impact of nuclear quantumechniques. Both the nuclear and the electronic wave functions
effects on donor-acceptor distances, rotational constants, and, expanded in terms of Gaussian basis functions. The nuclear
hydrogen bond energies in gas-phase hydrogen-bonded chusters. basis set typically includes p, andd-type Gaussians. In the

g ?r:sé?(ljtv lntﬁgzsogaf;j ?iléglntuoTeg;ifgf: It(i)nd“gggrtﬁ)g ?hrtleo nc:teet:'fi)gl NEO treatment of hydrogen-bonded systems, only the hydrogen

q y P L pote nuclei are treated quantum mechanically. Dynamical electron-
energy surfaces of larger systems. The vibrational Self'Cons"':'tem'eIectron and electron-proton correlation effects are included in
field (VSCF)8°the multimode vibrational configuration interac- P

tion,>10 and the second-order vibrational perturbation theory the NEO framework using second-order pertgrbation theory
(VPT2)!L12 approaches have been used to investigate anhar-(NEO-MP2)?0 Other group$’™2° have also studied hydrogen
monic effects on frequencies and interaction energies in bonded systems using a related nuclear molecular orbital

hydrogen-bonded systems. Although these methods can utilize™€thod, but their studies used only a singéebasis function
for the hydrogen nucleus and did not include electron-electron
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The NEO method possesses several advantages over other The NEO-MP2 corrections for electron-electron, proton-
methods for including nuclear quantum effects. Anharmonic proton, and electron-proton correlation are derived in ref 20.
properties of the potential energy surface are included directly For a system wittN paired electrons and, high spin quantum
in NEO calculations. Moreover, the impact of nuclear quantum protons, the reference NEO-HF Hamiltonian is defined as
effects on the electronic wave function is inherently included
in NEO calculations because the nuclear and electronic wave Ne o e e - N o
functions are calculated simultaneously. This type of responseHy ~ = Z{h (i) + vee (i) + vep dD)} + Z{hp(") +
is not fully included in methods that calculate nuclear wave ! !
functions on Born-Oppenheimer electronic potential energy vie(i) + v (0} (2)
surfaces with no feedback between the nuclear and electronic
wave functions. In addition, the NEO approach is more The unprimed indices refer to electrons, and the primed indices
computationally efficient for the calculation of vibrationally refer to quantum protons. In eq & andhP are the one-particle
averaged molecular structures than the grid-based methods suckerms for the electrons and protons, respectively, and are defined
as VSCF and the VPT2 method. NEO calculations at the in ref 16. Morever, as defined in ref 26,(i) is the Coulomb-
Hal’tree-FOCk (NEO'HF) or Second-Order perturbation theory exchange Operator for the electron,gg"(') |S the e|ectr0n_
(NEO-MPZ)_ levels are approximately as expensive as the proton Coulomb operator for the eléctron%',f(i') is the
corresponding conventional RHF or MP2 analogues. Coulomb-exchange operator for the quantum protons, and

In this paper, we utilize three different approaches to study ! (i) is the electron-proton Coulomb operator for the quan-
the impact of nuclear quantum effects on molecular structure. tym protons. The combined perturbation for electron-electron
The NEO-MP2 and VSCF approaches are applied to a set ofand electron-proton correlation W = Wee + Wep, Where the

bihalide compounds, [XHX}" (X =F, Cl, Br), and the NEO-  perturbation for electron-electron correlation is defined as
MP2, VSCF, and VPT2 approaches are applied to the hydrogen

fluoride dimer, (HF). Our objective is to compare the geom- Ne Ne
etries calculated with a variety of quantum mechanical ap- W, = Zral — Zng(i) (3)
proaches to available experimental data. Additionally, we 1= .

analyze the significance of electron-electron and electron-proton ) o _
correlation, anharmonicity of the vibrational modes, and non- and the perturbation for electron-proton correlation is defined
adiabatic effects for these hydrogen-bonded systems. Bi-2aS
halides exhibit anharmonic potential energy surfaces that must
be described accurately to recover vibrationally averaged _ 1 HE /: HE o
molecular properties. Experimental bond lengths and frequencies Wep = _zzrii' - zvep,e(') - Z”ep,p(' ) (4)
are available for the bihalides with fluorine and chlorine. These v : :

bihalide systems have also been studied by Del Bene and Jordan =NEO-MP2 — ENEO-HF 1 (2
using a two-dimensional grid-based approachhe hydrogen (;’he total NEO-MP2 energy & =E t et
fluoride dimer exhibits an asymmetric hydrogen bond that Eep, Where

strongly influences vibrationally averaged molecular properties.

Ne Np Ne Np

Experimental F-F distances are available for the hydrogen £ — 1 |[@brsC [@blsrf? c
fluoride dimer and the deuterated form of the dirffet? ee Zag el oo e ®)
The remainder of the paper is organized as follows. Section PaTa™ &6
Il provides a summary of the NEO-HF, NEO-MP2, VSCF, and @a.m,mz
VPT2 methods. Section Ill presents the results for the bihalides E(j;} = — (6)
and the hydrogen fluoride dimer. The final section presents S P B P
a a r r

conclusions and future directions.

Herea andb refer to occupied electronic molecular orbitals,
Il. Theory and Methods andr ands refer to virtual electronic molecular orbitals. The
indicesa andr’, respectively, refer to occupied and virtual
nuclear molecular orbitals. The energi€sand €-, respec-
tively, are the electronic and nuclear orbital energies for the
unperturbed Hamiltonian. Note that the MP2 corrections for
electron-electron and electron-proton correlation are indepen-
dent, thereby enabling two different types of NEO-MP2
calculations. One type of calculation includes only the correction
for electron-electron correlation, NEO-MP2(ee), and the other
type includes the corrections for both electron-electron and

Wi (rrP) = og(r)Pg(r®) 1) electron-proton correlation, NEO-MP2(eep).

For the special case of systems wiNkpaired electrons and
where ®g(ré) and ®f(rP), respectively, are antisymmetrized @ single quantum proton, the reference NEO-HF Hamiltonian
wave functions (determinants of spin orbitals) representing the is defined as
electrons and fermionic nuclei such as protons. (HeendrP
denote the spatial coordinates of the electrons and quantum . . . , ,
nuclei, respectively.) The spatial orbitals for the electrons and 0= z{he(') + e (i) + vep D} + WP(L) + v 1)
the quantum nuclei are expanded in Gaussian basis sets, and ! (7)
the variational method is used to minimize the total energy with
respect to both the electronic and nuclear molecular orbitals. The advantages of this reference Hamiltonian over the conven-

A. Nuclear-Electronic Orbital Method. In the NEO ap-
proach, the system is divided into three pari&:electronsN,
guantum nuclei, anbl; classical nuclei. The NEO-HF and NEO-
MP2 approaches have been described in detail elsevifigte.
At the Hartree-Fock level, the total nuclear-electronic wave
function can be approximated as a product of single configu-
rational electronic and nuclear wave functions:

Ne
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tional reference Hamiltonian that includes the proton-proton TABLE 1: Experimental and Theoretical X —X Distances in
Coulomb-exchange operator are discussed in ref 20. ThisA for Bihalide Systems, [XHX]~ with X =F, Cl, Bra

reference Hamiltonian was used for the bihalide calculations [FHF]~ [CIHCI]-  [BrHBr]~
in this paper. method Rer Reici Rerer
The NEO methodology has been implemented in the GAMESS  experimentaRe 227772 3.1122(26) N/A
electronic structure prograf The DZSPDN hydrogen nuclear ~ experimentaRo 2.304 3.14676(5)  N/A
basis set was used for the NEO calculations presented in this MP2 2.288 3.110 3.408
. . . 2D gric® 2.324 3.152 3.430
paper. This DZSPDN ngclear ba5|§1§epcludes two each of SCE-MP2 5311 3131 3.424
s, p-, andd-type Gaussians, resulting in a total of 20 nuclear NEQ-MP2(ee) 2.321 3.150 3.449
basis functions per hydrogen center. The'ax@pVTZ elec- NEO-MP2(ee)/1Dgrid 2.325 3.151 3.451
tronic basis set!=33 in which the prime indicates that diffuse =~ NEO-MP2(ee-ep) 2.313 3.139 3.437
functions were placed only on the heavy atoms, was used for NEO-MP2(eerep)/1Dgrid ~ 2.318 3.142 3.440

the bihalide calculations, and the aug-cc-pVTZ electronic basis 2 The au¢cc-pVTZ electronic basis set and MP2 level of including
set was used for the HF dimer calculations. At the NEO-HF electron-electron correlation were used in all calculations. The DZSPDN
level, analytical gradientéwere used to carry out all geometry ~ nuclear basis set was used in all of the NEO calculatibReference
optimizations. Structures were identified as minima on the NEO 38. ° Reference 39 Calculated using rigid rotor approximation and

. . . .. By from ref 38.¢ Reference 27.
potential energy surface by computing and diagonalizing the

NEO Hessian matrix! At the NEO-MP2 level, all geometry  roximation, and the second-order perturbation theory correc-
optimizations were performed using numerical gradients. A tions are calculated from the cubic force constants and
criteria of 10°° hartree/Bohr was used for all geometry gemidiagonal quartic force constants. The required cubic and
optimizations, and all SCF densities were converged to within gyartic force constants are obtained by numerical differenti-
107" ation of the analytical Hessians. Vibrationally averaged molec-
A significant source of error present in electronic structure ular structures are standard output for VPT2 calculations in
calculations on hydrogen-bonded dimers is basis set superposiGaussian036
tion error (BSSE). BSSE is the mutual improvement of the
electronic basis sets on the monomers in the overall basis oflll. Results and Discussion
the dimer. Since BSSE can impact structures of hydrogen-
bonded dimer8? we have estimated the magnitude of BSSE
with the counterpoise correcti&h using both the NEO-
MP2(eetep) and conventional MP2 methods for the HF dimer.
Both the NEO and conventional counterpoise correction calcula-
tions were performed using the MP2/aug-cc-pVTZ optimized
HF dimer geometry. The NEO-MP2(¢ep) and conventional
MP2 counterpoise corrections ar€).55 and—0.48 kcal/mol,

A. Bihalides. In this subsection, we analyze calculations for
a set of [XHX]™ systems with X=F, Cl, and Br. We compare
the X—X distances obtained with the NEO approach to the
distances obtained with two-dimensional grid methods by Del
Bene and Jord&h and to distances obtained with the VSCF
method. To enable this comparison, we used the-ecipVTZ
electronic basis set and included electron-electron correlation
. S at the MP2 level for all calculations. For the NEO calculations,
respectlyely. Thus, the amount of BSSE. is similar for the only the hydrogen nucleus was treated quantum mechanically,
conventional MP2 and NEO-MP2 calculations. and it was represented by a single nuclear basis function center
~ B. VSCF and VPT2 Methods. The VSCF method as  jth the DZSPDN nuclear basis set (i.e., 20 nuclear basis
implemented by Chaban, Jung, and Getbaas used to  fynctions). The NEO-MP2 method was used to include both
calculate vibrationally averaged geometries for the bihalides and gjectron-electron and electron-proton correlation. The geometries
the HF dimer. An option to calculate vibrationally averaged \ere optimized at the NEO-MP2(ee) and NEO-MP2{ep)
molecular structures W|th|n the VSCF fl’ameWOI’k |S not |eve|s_ To include the XX mode quantum effects in the NEO
implemented in the distributed version of GAMESSThere- calculations, we implemented the NEO-MP2/1Dgrid approach.
fore, we have incorporated this capability into an experimental | this approach, the NEO-MP2 energy is calculated along a
molecular vibrational wave function is constructed as a product Hamiltonian (FGH) methdd is used to calculate the wave
of vibrational normal mode wave functions. The expectation fynction corresponding to the XX mode. The NEO-MP2/
values of the Cartesian coordinates with respect to the VSCF ngnd approach assumes an adiabatic Separation between the
ground-state wave function are determined through linear hydrogen motion and the XX motion (i.e., the hydrogen
transformations. For all of the VSCF calculations, 16 directly nycleus and the electrons are assumed to respond instantaneously
computed quadrature points along each normal mode were usedg the motion of the heavy nuclei).

to construct the VSCF pOtential. The potentials were calculated We emphasize that the NEO calculations are much faster than
at the MPZ/aU’gCC-pVTZ level for the bihalides and at the MP2/ the two-dimensional gr|d and VSCF calculations. The two-

aUg-CC-pVTZ level for the HF dimer. Geometries obtained at dimensional potentia| energy surface used for the [F‘I—m‘]d
the VSCF level and frequencies obtained at the VSCF and CC-calculation of Del Bene and Jordan required 206 single point
VVSCF level8 are reported. The CC-VSCF (Correlaﬂon corrected conventional MP2 energy Ca]cu|ation5' and 1601 quadrature
VSCF) level includes a second-order perturbation theory cor- points were used to construct the VSCF potential. In contrast,
rection to include dynamical correlation between the vibrational only 32 NEO-MP2 calculations were used to construct the NEO-
modes. MP2/1Dgrid potential for [FHF}. For this system, a single
The VPT2 method as implemented by Barbnén the NEO-MP2 energy calculation requires onil5 s of CPU time,
Gaussian03 packa#fewas used to calculate vibrationally —which is similar to a conventional MP2 energy calculation.
averaged geometries for the HF dimer at the MP2/aug-cc-pVTZ  Table 1 presents the-XX distances calculated with a number
level. This method was not available for linear molecules such of different approaches. The two-dimensional grid method
as the bihalides. In the VPT2 method, the zeroth-order vibra- includes the nuclear quantum effects of the hydrogen and the
tional wave functions are generated from the harmonic ap- X—X modes, as well as the coupling between these modes. The
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VSCF method includes the quantum effects of the two bending TABLE 2: Experimental and Theoretical Symmetric Stretch
modes, in addition to the hydrogen stretch angdXXmodes, Mode Frequencies in cni* for [XHX] ~ with X = F, CI, Br

and describes the couplings among the modes in an approximate method [FHFT  [CIHCI]-  [BrHBr]~
manner. The two-dimensional grid and VSCF methods do not ™, e riment 583 318 N/A
include the response of the electronic wave function to the Mp2-harmonic 633 345 208
nuclear wave function or a rigorous treatment of electron-proton 2D gric® 589 317 195
correlation because the nuclear wave functions are calculated VSCF-MP2 618 343 205
on a Born-Oppenheimer electronic potential energy surface. In EE&;{?A%Z-(?Sllegrid 56%% 3;231 12%72
contrast, the quantum nuclear and electronic wave functions are NEO-MP2(ee-ep)/1Dgrid 611 334 206

calculated self-consistently in the NEO approach, and the NEO-

MP2(eetep) method includes a significant amount of electron-  ° Reference 38 Reference 3% Reference 27.

proton dynamical correlation. The NEO-MP2(ee) and NEO- ) o o
MP2(eet-ep) methods include the nuclear quantum effects of Proton dynamical correlation improves the description of the
the hydrogen but not the XX motion, whereas the NEO- ~ Pending modes within the NEO approach. An improved
MP2(ee)/1Dgrid and NEO-MP2(é@p)/1Dgrid methods include description of the bending modes through either VSCF or NEO-
the nuclear quantum effects of the hydrogen and thexx I\/_IP2(ee%ep)_ leads to petter agreement of the calculated
motions but not the coupling between these motions. distances with the experimentab values?®3°

The NEO approach is capable of including the nuclear The agreement between the NEO-MP2(ep)/1Dgrid method

quantum effects of the bending mode with an adequate nuclearand the experimentd®, values provides further validation for

basis set, sufficient electron-proton correlation, and inclusion ';he Ntlio i]pEp(;O?AC;]é Zir x /1FD th.z X_zi( ii/l;téigces t(;]btglned

of nonadiabatic effects between the classical and quantum nuclei.r%”g)2 E b ) th ( ep)_ g?a;oan| Th n;(_eﬁ ods are
The present implementation is aimed at an accurate description_ above the experimentas, value. 1he diterences
of the stretching modes, however, so the nuclear basis set isbetvveen the XX d|stange obtained with the convennona! MPZ
not optimized for the description of the lower-frequency bending ”?eth(’d an_d the experlme_nta; suggest that the remaining .

modes. Inclusion of electron-proton correlation at the NEO- dlsc_repanmes may be due in part to Ilmltatlons of the electror_nc
MP2(eet-ep) level provides an approximate description of these basis set and level of electron correlgtlon: Another potgntlal
bending modes within the context of this nuclear basis set and source of error for the VSCF calculations is the approximate

in the absence of nonadiabatic effects between the classical an&reatr_nent of the C°”p'".‘95 among the vibrational mod_es. A
quantum nuclei. possible source of the discrepancy for the NEO calculations is

. . - . . the limited treatment of the bending modes due to the choice
The results provided in Table 1 indicate that inclusion of the

| p  the hvd i Vi of nuclear basis set and level of electron-proton correlation. An
nuclear quantum effects of the hydrogen significantly Increases , 4 itional source of error in the NEO approach is the adiabatic
the X—X distance relative to the conventional MP2 method.

. i separation of the hydrogen and heavy atom motions. This error
Comparison of the NEO-MP2 and NEO-MP2/1Dgrid results yocreases as the mass of X increases. For [ClHQRe

illustrates that the quantum effects of the-X motion are not difference between the experimenfy value and the NEO-
as significant as those of the hydrogen motion. Specifically, MP2(eet-ep)/1Dgrid distance decreases to 0.005 A.

the X=X distance is altered by nearly an order of magnitude The frequencies corresponding to the X symmetric stretch

more by the quantum effects of the hydrogen nucleus than by 1\, qe are presented in Table 2. The conventional MP2 frequen-
the quantum effects of the heavy nuclei. The NEO-MP2(ee)/ qjes are significantly greater than the experimental values due

1Dgrid method leads to anXX distance within 0.001 A of e neglect of anharmonic effects. The two-dimensional grid
the distance obtained with the two-dimensional grid method for 4 cc.vscE frequencies are much closer to the experimental
X = F and X= ClI. This excellent agreement provides validation | -, .os The VSCFE frequencies are greater than the CC-VSCF
for the NEO approach. _ S frequencies due to the lack of dynamical correlation among the
Analysis of the results for the three different halides indicates viprational modes in VSCF. The NEO-MP2/1Dgrid frequencies
that the difference between the NEO-MP2(ee)/1Dgrid and the are smaller than the conventional MP2 frequencies but larger
two-dimensional grid X-X distances is significantly greater for  than the two-dimensional grid and CC-VSCF frequencies. The
X = Br than for X= F and ClI. To verify that the hydrogen |arger errors in the ¥ X symmetric stretch frequencies calcu-
nuclear basis set is not the source of the discrepancies, weated with the NEO approach compared to those calculated with
optimized the exponents in the nuclear basis functions for eachthe two-dimensional grid and CC-VSCF methods are most likely
system and found that the results did not change significantly. due to a combination of the adiabatic separation of the hydrogen
A source of error in the NEO-MP2/1Dgrid calculations is the and X—X motions and an inadequate nuclear basis set in the
adiabatic separation of the H and-X motions. This erroris  outer regions of the NEO potential energy surfaces (i.e., for
expected to decrease as the mass of X increases. A source ofarge X—X distances). The potential along the proton coordinate
error in the two-dimensional grid calculations of Del Bene and becomes a double well at large-X distances. As shown in
Jordan is the neglect of the impact of the nuclear wave functionsref 21, an additional nuclear basis function center may be
on the electronic structure. This error is expected to increase asrequired for an accurate description of these types of potentials.
the number of electrons in X increases and is most likely The inclusion of an additional nuclear basis function center is

responsible for the discrepancies whenr=XBr. expected to decrease the energy in the outer region of the
Inclusion of electron-proton dynamical correlation in the NEO potential energy surface along the-X mode and thereby lead
calculations decreases the-X distances by~0.01 A. Simi- to a lower frequency for this mode. Although these types of

larly, the X—X distances calculated with the VSCF method are calculations are straightforward, the level of accuracy provided
~0.01 A shorter than the distances calculated with the two- in Table 2 is satisfactory for the purposes of this paper.

dimensional grid method. The smaller=X distances for the The asymmetric stretch and bending mode frequencies for
VSCF calculations are most likely due to the inclusion of the the bihalides are given in Table 3. Note that the stretching and
bending motions. As discussed above, the inclusion of electron-bending mode frequencies are of similar magnitude for the
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TABLE 3: Experimental and Theoretical Bending (v,) and TABLE 4: Experimental and Theoretical Structural Data
Asymmetric Stretch (vs) Mode Frequencies in cn? for for the HF Dimer?
[XHX] ~ with X = F, CI, Brﬁ : : method Rer e ' 0, 0,
[FHF] [CIHC] [BrHBr] experimertt 2724003 NA NA 1046 117+ 6°
method V2 V3 V2 V3 V2 V3 2.7913
experiment 1286 133F N/A 723 N/A 646 RA 2880 0905 0902 olr 19T
MP2- harmonic 1334 1280 843 629 725 663 ; | : : ;
i N/A 1485 N/A 881 N/A 846 CCSD(T) 2.742 0.927 0.924 6.66 110.79
2D on NEO-HF 2.787 0925 0922 629 119.76
VSCF-MP2 1283 1485 816 939 701 901 ; : : . :
CC-VSCE-MP2 1277 1464 811 925 698 894 NEO-MP2(ee) 2.717 0.931 0.928 6.53 110.92
NEO-MP2(ee-ep) 2.717 0.930 0.926 6.30 111.40
aReference 38 Reference 39 Reference 43¢ Reference 27. VSCF-MP2 2.772 0.926 0.928 6.92 111.78
VPT2-MP2 2.801 0.902 0.905 7.01 116.42
(a) a Definitions for the structural parameters are given in Figure 2.

Distances are in A, and angles are in degrees. The aug-cc-pVTZ
electronic basis set was used in all calculations. The DZSPDN nuclear
basis set was used in all of the NEO calculations. Distances and angles
involving the hydrogen nuclei were computed as expectation values
with respect to the NEO hydrogen nuclear wave functidieference

29. ¢ The large amplitude bending motions are removeékhe stretching

and bending motions are includedn ref 29, these angles are
interpreted to be associated with the equilibrium geoméfRgference

41.

(b)
lecular beam experiments on this syst&# They have
calculated the FF distance using a model that removes the
large amplitude hydrogen bond exchange motion (i.e., the
tunneling motions between equivalent hydrogen-bonded struc-
tures) but retains the stretching and bending motions about a
single equilibrium geometry. Thus, the HF dimer is an ideal
benchmark for the NEO, VSCF, and VPT2 approaches. In the
NEO calculations for this system, both hydrogen nuclei were
treated quantum mechanically.

) . o ' Table 4 provides the HF dimer-H- distances determined
Figure 1. Depiction of (a) the bifluoride [FHF]molecule and (b) the oy conventional electronic structure methods, the VSCF and
hydrogen fluoride (HF)_ dimer. The hydrc_)gen nuclei are represented VPT?2 hods. the NEO h d o Id Th
by nuclear wave functions computed with the NEO approach. The methods, the approach, and experimental data. The
figures were generated using MacMolPfasising a contour value of ~ conventional RHF, MP2, and CCSD(T) calculations indicate
0.05 au. that the FF distance decreases as the amount of electron-

electron correlation is increased. The NEO-HF calculation
£ o, suggests that the-F distance is also reduced when nuclear
\ quantum effects are included. The impact of nuclear quantum
= e effects on the FF distance is on the same order as the impact
Rpp \\ - of electron-electron correlation on this distance. When both
9, = = electron-electron correlation and nuclear quantum effects are
B included in the NEO-MP2(ee) calculation, the F distance is
further reduced. The NEO-MP2(ee) result illustrates that nuclear
Figure 2. Definitions of the structural parameters for the HF dimer. quantum effects and electron-electron correlation effects on the
F—F distance are approximately additive for this system.
bihalides. The bending mode frequencies for [FH&3Iculated  Furthermore, when only the hydrogen-bonded hydrogen nucleus
with the VSCF and CC-VSCF methods are in excellent s treated quantum mechanically, the IF distance is 2.733 A
agreement with the experimental value. The asymmetric stretchwith the reference Hamiltonian in eq 7 and 2.730 A with the
mode frequencies calculated with the VSCF and two-dimen- reference Hamiltonian in eq 2. Thus, relative to the CCSD(T)
sional grid¢” methods are somewnhat larger than the experimental calculations, the nuclear quantum effects due to the terminal
values for all of the bihalides. The hydrogen stretching and hydrogen in the HF dimer have the same impact on th& F
bending mode frequencies are not calculated with the NEO- distance as those due to the hydrogen-bonding hydrogen.
MP2 method because this method does not provide accurate As given in Table 4, the NEO-MP2(¢ep) and NEO-
excited vibronic states. Multiconfigurational NEO methods are MP2(ee) calculations yield the same-F distance for the HF
being developed to enable the calculation of these frequencies dimer. This observation indicates that electron-proton correlation
B. Hydrogen Fluoride Dimer. In this subsection, we analyze s not significant with this nuclear basis set for this system. In
calculations for the hydrogen fluoride (HF) dimer, which is contrast, for the [XHX] systems discussed in the previous
depicted in Figure 2. The HF dimer is a prototypical hydrogen- subsection, electron-proton correlation significantly altered the
bonded system for comparing electronic structure results to X—X distances with this nuclear basis set. Note that the
experimental structural and vibrational datd!In contrast to reference Hamiltonian in eq 7 was used for the bihalide systems,
the [XHX]~ systems, the hydrogen patrticipating in the hydrogen which include only a single quantum nucleus, whereas the
bond in the HF dimer is not equally shared between the two reference Hamiltonian in eq 2 was used for the HF dimer, which
fluorine atoms, and the potential for this hydrogen is highly includes two quantum nuclei. We verified that the impact of
asymmetric. Klemperer and co-workers have performed mo- electron-proton correlation on the -X distances in the
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TABLE 5: Experimental and Theoretical Vibrational TABLE 6: Experimental and Theoretical Structural Data
Frequencies in cnt?! for the HF Dimer? for the DF Dimer?2

mode experimefit VPT2 CC-VSCF VSCF harmonic method Rer r ra 01 0
stretch 3931 3916 3865 3866 4082 experimerit 2,778 N/A N/A N/A N/A
stretch 3868 3846 3802 3744 3989 VSCF-MP2 2.765 0.924 0.925 6.75 111.55
bend N/A 456 711 743 578 VPT2-MP2 2.794 0.909 0.910 6.79 115.03
o/p bend 400 406 648 690 474 R . N
bend 304 153 559 568 219 _ Deflnltlons_ for the structural pgrameters are given in Figure 1._
F—F stretch 125, 128 130 123 227 159 Distances are in A, and angles are in deg. The aug-cc-pVTZ electronic

basis set was used in all calculatiohfReference 4C¢ The stretching
@The theoretical frequencies were calculated at the MP2/aug-cc- and bending motions are included.
pVTZ level. Reference 40.
TABLE 7: Theoretical Vibrational Frequencies in cm~1 for

bihalides is still significant when the reference Hamiltonian in 1€ DF Dimer at the MP2/aug-cc-pVTZ Level

eq 2 is used. Thus, the greater impact of electron-proton mode VPT2 CC-VSCF VSCF harmonic
correlation on the bihalides than on the HF dimer is not due to  stretch 2872 2831 2839 2958
the different reference Hamiltonians but rather is due to the stretch 2818 2782 2758 2892
different types of proton potentials. The proton potentials for  bend 354 502 519 417
the bihalides are flat, symmetric single wells, whereas the proton /P bend 306 429 463 341
potential for the HF dimer is a tighter, asymmetric single well Ee—anstretch ﬁi % ‘3%% 1183(;

along the donor-acceptor axis. Electron-proton correlation is
more important for the bihalides because the proton nuclear of the shared hydrogen becomes flatter, reducing the zero point
wave function is more delocalized along the donor-acceptor axis. energy of this mode. The vibrationally averagedf-distance
As discussed below, however, electron-proton correlation may is determined by a balance between the opposing effects of the
be important for calculations of the HF dimer with a nuclear stretching and bending modes, as well as the electrostatic effects.
basis set designed to describe the lower frequency bendingThe VPT2 F-F distance of 2.801 A is in excellent agreement
modes. with the vibrationally averaged FF distance of 2.7913 A

In addition to the FF distance, the two angles and the-H determined experimentally by Klemperer and co-workeiar
bond lengths defined in Figure 2 are also provided in Table 4. a model that includes all stretching and bending motions about
For the NEO approach, these quantities were calculated asa single equilibrium structure. The-fF distance of 2.717 A
expectation values with respect to the nuclear wave functions. calculated with the NEO-MP2 method is in excellent agreement
The H-F bond lengths for both HF molecules increase when with the distance of 2.72 A obtained experimentally from a
electron-electron correlation and nuclear quantum effects aremodel that removes the large amplitude bending mot#ns.
included. The increase in the-HF bond lengths due to electron- We also studied the impact of isotopic substitution on the
electron correlation is of similar order as the increase due to geometry of the HF dimer. Specifically, we calculated theF-
nuclear quantum effects. The increasedfHdistances result  distance for the HF and DF dimers using the NEO-MP2, VSCF,
in larger dipole moments in each of the interacting HF and VPT2 approaches. The structural data for the DF dimer
molecules, thereby enhancing the electrostatic interaction be-are presented in Table 6, and the calculated vibrational frequen-
tween the HF monomers and decreasing th& Eistance. Thus,  cies are presented in Table 7. For the NEO-MP2 calculations
inclusion of nuclear quantum effects using the NEO approach of the DF dimer, the DZSPDN(D) basis set optimized for
strengthens the hydrogen bond in the HF dimer. deuteriumd? was used. The NEO-MP2(ee)-F distance in the

In contrast to the NEO-MP2 results, the-F distances  DF dimer was calculated to be 2.726 A, whichi6.01 A longer
calculated with the VSCF and VPT2 methods are larger than than the NEO-MP2(ee) distance for the HF dimer. As discussed
the conventional electronic structure-F distance. To evaluate in ref 22, this weakening of the hydrogen bond upon deuteration
the accuracy of the VSCF and VPT2 approaches for this system,arises from the decrease in the-H bond lengths and therefore
we analyzed the vibrational frequencies calculated at the VSCF, the dipole moments of the HF monomers. Conversely, the VPT2
CC-VSCF, and VPT2 levels. These frequencies are provided F—F distance in the DF dimer was calculated to-b@.01 A
in Table 5. The frequencies calculated at the CC-VSCF and shorter than the VPT2 distance for the HF dimer. A similar
VPT2 levels are in reasonable agreement with the experimentaltrend was found with the VSCF method. This decrease in the
frequencies compiled by Collins and co-work&3he frequen- F—F distance by~0.01 A upon deuteration was also observed
cies calculated at the VSCF level do not agree as well with experimentally by Klemperer and co-worké&réor the model
these experimental frequencies. These discrepancies are moghat includes all stretching and bending motions about a single
likely due to the omission of some important higher order terms equilibrium structure.
in the implementation of VSCF in the GAMESS packddgss These results suggest that the NEO-MP2 calculations ac-
a result, the vibrationally averaged geometries calculated with curately account for the stretching motions of the hydrogen
the VPT2 method are expected to be more reliable than thoseatoms but may not adequately describe the bending motions,
calculated with this VSCF method. which significantly impact the +F distance for the HF dimer.

The qualitative difference between the NEO results and the The bending modes have a greater structural impact on the HF
VSCF and VPT2 results for the-H distance arises from the  dimer than on the bihalides because the HF dimer bending
treatments of the bending-type modes. Previous sttidiese modes have lower frequencies. Moreover, the stretching and
suggested that librational motions in the water dimer increase bending frequencies in the HF dimer differ by an order of
the O-0O distance. An analogous effect is expected to be magnitude, whereas the stretching and bending frequencies in
observed in the HF dimer. As the separation between the twothe bihalides are of similar magnitudes. The DZSPDN nuclear
HF monomers is decreased slightly from equilibrium, the basis set was designed for higher-frequency stretching mdfions.
bending motions become more confined, increasing the zeroThus, the DZSPDN basis set adequately describes the hydrogen
point energy of these modes. In contrast, the stretching potentialvibrational ground state in the bihalide systems, but it may not
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give the correct hydrogen vibrational ground state in the HF resulting in larger dipole moments in each molecule and
dimer due to the significant difference between the bending and therefore a stronger electrostatic interaction between the HF
stretching frequencies. We performed NEO-MP2 calculations monomers. The NEO-MP2 FF distance of 2.717 A is in

on the hydrogen fluoride dimer with a larger nuclear basis set excellent agreement with the distance of 2.72 A obtained
(i.e., quadruple: s and p and doublez d) with frequencies experimentally for a model that removes the large amplitude
ranging from 400 to 4000 cmd, and the results were virtually ~— bending motiong? These results illustrate that the NEO-MP2
identical to those obtained with the DZSPDN nuclear basis set. approach accurately describes the stretching motions. In contrast
We also found that including proton-proton correlation at the to the NEO-MP2 results, the inclusion of nuclear quantum
NEO-full CI level'819did not alter the qualitative trends. These effects with the VSCF and VPT2 methods increases th& F
results suggest that additional electron-proton dynamical cor- distance. The VPT2 FF distance of 2.802 A is in excellent
relation or multiconfigurational nuclear-electronic wave func- agreement with the distance of 2.7913 A obtained experimen-
tionst%19may be required to accurately predict geometries for tally with a model that includes all stretching and bending
these types of systems. Note that these large amplitude bendingnotions around a single equilibrium struct@Pe-or the isoto-
motions will be damped in large clusters and condensed phasepically substituted DF dimer, the VPT2 method predicts a
environments. The path integral Car-Parrinello molecular dy- decrease in the-FF distance by~0.01 A. This decrease in the
namics results of Raugei and Klein for liquid HF indicate that F—F distance upon deuteration is consistent with the experi-
inclusion of nuclear quantum effects decreases thE #istance mental dat&® These results indicate that the VPT2 method

in solution14 accurately describes both the stretching and the low-frequency
bending motions.
IV. Conclusions Our analysis provides a comprehensive evaluation of the

. . . applicability of the NEO approach to the investigation of
We have investigated the structural impact of nuclear quantum hydrogen-bonded systems. The agreement of the NEO-MP2
effects for a set of bihalides, [XHX]with X =F, Cl, Br,and  cajcylations with multidimensional grid, VSCF, and VPT2
the hydrogen fluoride dimer. These two types of hydrogen cqicyjations, as well as experimental data, illustrates the potential
bonding systems are fundamentally different because the protony ine NEO approach for calculating quantitatively accurate
potential along the donor-acceptor axis is flat and symmetric gyrctures. The NEO approach is substantially more efficient
for the bihalides_but tighter and asymmetric _for the HF dime_r. than the multidimensional grid, VSCF, and VPT2 methods and
Moreover, the difference between the bending and stretching yherefore will enable the inclusion of nuclear quantum effects
mode frequencies is significantly greater for the HF dimer than ¢4 much larger systems. In large clusters and condensed phase
for the bihalides. We compared structural parameters Obtai”edenvironments, the low-frequency bending modes are not ex-

from conventional electronic structure methods, multidimen- pected to impact the geometries as significantly. Future work
sional grid methods, the VSCF and VPT2 methods, the NEO- | focus on the extension of the NEO approach to describe
MP2 approach, and experimental data. Our analysis provides|oy,_frequency bending motions more accurately. These exten-
insight into key physical principles governing the structural  sjons will involve the development of more flexible nuclear basis
properties of hydrogen-bonded systems. sets and methods that include additional electron-proton cor-

For the bihalides [XHX], inclusion of the nuclear quantum  rejation and nonadiabatic couplings between the hydrogen and
effects of the hydrogen significantly increases theXdistance. heavy atom motions.

The quantum effects of the hydrogen motion impact thexX

distance by nearly an order of magnitude more than the quantum  Acknowledgment. We gratefully acknowledge the support
effects of the X-X motion. The X=X distances calculated with  of AFOSR Grant No. FA9550-04-1-0062 and NIH Grant
the NEO-MP2(ee)/1Dgrid method are in excellent agreement GM56207. We also wish to thank Mike Pak and Jonathan Skone
with the distances calculated with the Born-Oppenheimer two- for helpful discussions and Ken Jordan and Kadir Diri for
dimensional grid methodf. The differences between the-X assistance with the VPT2 calculations.
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