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The impact of nuclear quantum effects on hydrogen bonding is investigated for a series of hydrogen fluoride
(HF), clusters and a partially solvated fluoride anion(H,0). The nuclear quantum effects are included

using the path integral formalism in conjunction with the €Barrinello molecular dynamics (PICPMD)
method and using the second-order vibrational perturbation theory (VPT2) approach. For the HF clusters, a
directional change in the impact of nuclear quantum effects on the hydrogen-bonding strength is observed as
the clusters evolve toward the condensed phase. Specifically, the inclusion of nuclear quantum effects increases
the F—F distances for the (HR).-4 clusters and decreases the FFdistances for the (HR)4 clusters. This
directional change occurs because the enhanced electrostatic interactions between the HF monomers become
more dominant than the zero point energy effects of librational modes as the size of the HF clusters increases.
For the F(H20) system, the inclusion of nuclear quantum effects decreasestBealistance and strengthens

the hydrogen bonding interaction between the fluoride anion and the water molecule because of enhanced
electrostatic interactions. The vibrationally avera¢fdshielding constant for #H,0) is significantly lower

than the value for the equilibrium geometry, indicating that the electronic density on the fluorine decreases
as a result of the quantum delocalization of the shared hydrogen. Deuteration of this system leads to an
increase in the vibrationally averaged© distance and nuclear magnetic shielding constant because of the
smaller degree of quantum delocalization for deuterium.

I. Introduction a variety of methods. Nuclear quantum effects on water clusters
. ) . have been studied with the quantum diffusion Monte Carlo
Hydrogen bonding plays a vital role throughout chemistry an5r0act9In contrast to the results obtained with the PICPMD
and biology. Nuclear quantum effects such as zero-point energy method for liquid water, the inclusion of nuclear quantum effects
and tunneling have been shown to influence the structural and;, gas-phase water clusters produced increase® @istances
dynamical properties of hydrogen bonds. A wide range of o clusters containing up to six water molecules. Nuclear
computational methods have been developed to include nuc:learquamum effects were also found to increase theOOdistance
quantum effects in calculations of hydrogen-bonded systems;p, the water dimer using a different method for including the
in both the gas phase and condensed phases. Applications ofyiermolecular part of the zero point vibrational enetdy.
computational methods to model systems such as hydrogengrthermore, the inclusion of nuclear quantum effects in the
fluoride (HF) and water have provided insights into the quantum e gimer with the second-order vibrational perturbation theory
mechanical nature of hydrogen borids! (VPT2) method resulted in an increased fF distance that is
The impact of nuclear quantum effects on the structure of consistent with experimedt!® This increase in the FF
hydrogen-bonded liquids has been studied with the density distance of the HF dimer is due to the librational, or bending-
functional theory-based CaParrinello molecular dynamics  type, modes. As the separation between the two HF monomers
(CPMD) method in conjunction with the Feynman path integral is decreased slightly from equilibrium, the bending motion
(PI) treatment of the nuclei. For both liquid HF and water, becomes more confined, increasing the zero point energy of
inclusion of nuclear quantum effects with the PICPMD method this mode. In contrast, the stretching potential of the shared
resulted in shorter hydrogen bond doracceptor distances  hydrogen becomes flatter, reducing the zero point energy of
compared to the corresponding classical CPMD simulafidns.  this mode. The vibrationally averaged-F distance is deter-
The shorter doneracceptor distances in the PICPMD simula-  mined by a balance between the opposing effects of the bending
tions reflect strengthened hydrogen bonds arising from enhancedand stretching modes, as well as the electrostatic effects. The
electrostatic interactions between individual monomers. The same combination of effects also leads to increasecDO
anharmonicity of the potential and the corresponding delocal- distances in the water dimé&t.
ization of the hydrogen nuclei increase the dipole moments in |, this paper, we investigate the impact of nuclear quantum
the individual monomers, resulting in enhanced electrostatic qtfacts on hydrogen bonding in a series of HF clusters and the
interactions. F~(H,0) system. The HF clusters represent relatively weakly
The impact of nuclear quantum effects on the structures of hound systems, and~FH,0) represents a relatively tightly
gas-phase hydrogen-bonded clusters has been investigated withound system. Specifically, the dissociation eneByy for
F~(H20) is 26.24 0.8 kcal/mol'6 and the dissociation energy
* Corresponding author. E-mail: shs@chem.psu.edu. Do for (HF), is 4.6 kcal/molt” Our study of the HF clusters
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was motivated by the previous observations that nuclear classical nuclei were obtained by averaging the distances over
quantum effects decrease the hydrogen bond strength (i.e.20 ps after an equilibration of 3 ps for the dimer and trimer
increase the donetracceptor distances) for small gas-phase and by averaging the distances over 9 ps after an equilibration
clusters and enhance the hydrogen bond strength (i.e., decreasef 3 ps for the larger clusters. The PICPMD data with- 16

the donor-acceptor distances) for liquid HF and water. Our were obtained by averaging the distances over 1 ps (i.e., 10 000
objective was to determine if the impact of nuclear quantum time steps) following 1 ps of equilibration for each HF cluster.
effects on the doneracceptor distances changes directionality To test the convergence, the PICPMD simulations were also
as the cluster size increases and to analyze the balance of effectgerformed withp = 8 quasiparticles, averaging the distances
leading to this type of crossover behavior. The partially solvated over 5 ps following 3 ps of equilibration for (HEFand (HF),
fluoride anion, F(H»0), is more strongly bound than the HF averaging the distances over 1.5 ps following 1 ps of equilibra-
clusters, and the hydrogen bond is dominated by electrostatiction for (HF), and (HF}, and averaging the distances over 1 ps
interactions. As a result, a more detailed analysis of the nuclearfollowing 1 ps of equilibration for (HF) Similar results were
quantum effects can be performed for(R20). In particular, obtained from these additional simulations.

the vibrationally averaged nuclear magnetic shielding constants The VPT2 calculations for the HF clusters were performed
can be calculated for this system to elucidate the impact of using the implementatiék?2 in Gaussian03 with density
nuclear quantum effects on the electronic structure. The functional theory in conjunction with both the BLY#2° and
combined study of these two types of systems presented in thisB3LYP3%:31 exchange-correlation functionals. The aug-cc-
paper provides insight into the fundamental quantum mechanicalpVDZ32 basis set was used for all of these calculations. We

nature of hydrogen bonds. verified that this electronic basis set is sufficient by calculating
the difference between vibrationally averaged and equilibrium
Il. Methods F—F and FH distances for the HF trimer at the BLYP level

- ] ) using a series of basis sets, aug-caag\Mor n = 2—4. The

We utilized two different approaches to study the impact of giferences in these distances for this series of basis sets were
nuclear quantum effects on the structural properties of HF |ess than 0.003 A. An ultrafine grid was used for the numerical
clusters. The first approach is the density functional theory- quadrature in the KohnSham procedure, and the geometries
based CarParrinello molecular dynamics (CPMD) methd,  \were optimized using a tolerance of FOHartree/Bohr. The
in which the nuclei move on a potential energy surface generatedgjsplacement size used for the numerical differentiation of
“on the fly.” To study the impact of nuclear quantum effects, analytical second derivatives in the VPT2 procedure was 0.01
we performed the CPMD simulations with both a classical A
treatment of the nuclei and a Feynman path integral (Pl)  we used two different implementations of the VPT2 approach
quantum treatment of the nuckiz®In the discrete path integral {5 study the nuclear quantum effects in(A,0). The VPT2
formalism, each quantum nucleus is represented by a ripg of - method as implemented by Baréh&in Gaussian03 was used
quasiparticles, where each quasiparticle interacts with its two g calculate anharmonic vibrational frequencies. In addition, the
neighbors via a harmonic potential and experiencpolthe  yibrationally averaged molecular structures and isotropic nuclear
actual potential energy. Equilibrium quantum mechanical aver- magnetic shielding constants were calculated using the VPT2
age quantities are obtained through molecular dynamics simula-gpproach as implemenf&d® in the DALTONS® electronic
tion of the system of quasiparticles. The second approach isstrycture program. Note that the Hessian eigenvalue threshholds
the second-order vibrational perturbation theory (VPT2) ysed to distinguish vibrations from rotations and translations
method?*-?2in which zero-order vibrational wave functions are  needed to be increased slightly at the DFT level in order to
generated from the harmonic approximation, and second-orderperform the VPT2 calculations in DALTON. For this system,

perturbation theory corrections are calculated from the cubic 3| calculations were performed with density functional theory
and semidiagonal quartic force constants. The VPT2 method gt the B3LYP/aug-cc-pVTZ level of theory.

enables the calculation of vibrationally averaged molecular
properties that include anharmonic effects for comparison to IIl. Results
the corresponding properties of the equilibrium structures. We

chose the PICPMD and VPT2 methods because they are base(af

on well-defined approximations and are computationally practi- and are depicted in Figure 1. These structures are cydif,

cal for these systems, . i . whereas the liquid form of HF consists of zigzag hydrogen-
The PICPMD and CPMD simulations were performed with pondeqd chaing As the HF clusters increase in size, however,
the PINY_MD*#* simulation package at 290 K with a 0.1 s they can acquire characteristics present in the liquid because
time step. '_I'he temperature of 290 K, which is slightly below o larger rings are approximately zigzag hydrogen-bonded
the HF liquid boiling point of 292.7 K at 1 atdt,was chosen  ¢hains that are connected at both ends. Thus, the investigation
to be consistent with the HF liquid PICPMD simulations of f this series of HF clusters can provide insight into the
Raugei and Kleirt. The BLYP exchange-correlation functional g jitatively different behavior of small gas-phase HF clusters
was utilized for these simulations. TroullieMartins type  ang Jiquid HF. As discussed above, the inclusion of nuclear

pseudopotentials were used for the hydrogen atoms and thegyantum effects was previously found to increase ther F
atomic core of the fluorine aton#€ The valence wavefunctions distance for the HF dimer and decrease theFFlistances for

were expanded in a plane wave basis set with an energy cutoff"quid HE.

of 80 Ry. To test the effect of the cutoff, the calculations were 1 impact of nuclear quantum effects on the deramceptor

also performed for the HF dimer and trimer with an energy F_r gistances in the (HF)clusters is calculated as
cutoff of 90 Ry. The overall trends were found to be the same

for the two values of the energy cutoff. For the PICPMD AR (n) = RSF(”) - REF(”) 1)
simulations, each quantum nucleus was represented by a ring

of p = 16 quasiparticles. Qualitatively similar results were The superscrip® indicates that the +F distance was calculated
obtained using = 8 quasiparticles. The CPMD data for the with the PICPMD or VPT2 method, whereas the supers&ipt

A. Hydrogen Fluoride Clusters. The structures for the series
HF clusters were calculated at the B3LYP/aug-cc-pVDZ level
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Figure 1. Structures of hydrogen fluoride clusters, (Fk)s, calculated
at the B3LYP/aug-cc-pVDZ level.
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Figure 2. Difference between quantum and classicalF-distances

for a series of hydrogen fluoride clustersR- is defined in eq 1. The
filled circles correspond to CPMD calculations, the open circles
correspond to VPT2/BLYP calculations, and the filled triangles
correspond to VPT2/B3LYP calculations. The error bars correspond
to the standard error of the mean with correlation correctffis
computed for the PICPMD and CPMD simulations. The error is reduced
for the larger HF clusters since they are more strongly bound.

indicates that the +F distance was calculated using the classical
CPMD method or the equilibrium value from a conventional
electronic structure optimization. An analogous expression is
used for the covalent-+H distances in these clusters.

The impact of nuclear quantum effects on theFdistances
for the clusters (HR)-2-¢ is depicted in Figure 2. The inclusion
of nuclear quantum effects increases theFdistances for the
(HF)n=2—4 clusters and decreases the-F- distances for the
(HF)n>4 clusters. Thus, as the HF clusters evolve toward the
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Figure 3. Difference between quantum and classical covalenHF
distances for a series of hydrogen fluoride clust&®e is defined
analogously toARe in eq 1. The filled circles correspond to CPMD
calculations, the open circles correspond to VPT2/BLYP calculations,
and the filled triangles correspond to VPT2/B3LYP calculations. The
error bars correspond to the standard error of the mean with correlation
correction4®4° computed for the PICPMD and CPMD simulations.

occurs between (Hipnd (HF}. The ARer values obtained with
the VPT2 method agree well with the values obtained using
the PICPMD method for the (HRs 4 clusters. The change in
the sign of ARrr between (HF) and (HF} is observed with
both the VPT2 and PICPMD methods, but the quantitatiRer
values differ for the dimer and the (HE} ¢ clusters.

For the HE dimerARg¢ is ~0.04 A smaller for the PICPMD
calculations than for the VPT2 calculations. This difference
arises because the PICPMD simulations sample the two
equivalent hydrogen-bonded conformers, whereas the VPT2
calculations are based on an expansion about a single equilib-
rium conformation. The VPT2 and PICPMD results for the HF
dimer are qualitatively similar in that they both result in positive
ARefr values, indicating that the inclusion of nuclear quantum
effects increases the—f distance for the HF dimer. This
observation is consistent with previous calculations illustrating
that the inclusion of nuclear quantum effects increases th® O
distance for the water dimé?.

The quantitative differences between the VPT2 and PICPMD
results for theARg values in the (HR)-s¢ clusters can be
understood by analyzing th&Re values depicted in Figure 3.

At the PICPMD level, thé\Rg values are positive and increase
with the size of the HF cluster far= 3 — 6. In contrast, at the
VPT2 level, theARry values are negative and do not display a
clear trend with cluster size. In general, the HF distances are
expected to increase upon inclusion of nuclear quantum effects
due to the anharmonicities of the-H stretching modes. The
PICPMD results follow this expected trend. The non-physical
contraction of the FH distances obtained with the VPT2
method is largely responsible for the quantitative differences
in the AR:¢ values for the larger clusters. The Appendix presents
an analysis that addresses this contraction of thkl Bistances

at the VPT2 level. This analysis indicates that the nonphysical
contraction of the vibrationally averaged-H distances arises
from the truncation of the poorly converging many-mode
potential. This issue casts doubt on the quantitative reliability
of the VPT2 results for these types of systems. Finite temper-
ature effects may also lead to differences between the VPT2
and PICPMD methods.

The directional change in the impact of nuclear quantum
effects on the hydrogen bonding in the HF clusters is due to a
competition between two effects. In the smaller clusters, zero

condensed phase, a directional change in the impact of thepoint energy contributions stemming from vibrational modes
nuclear quantum effects on the hydrogen-bonding strength are the dominant factor, leading to an increase in the distances
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Figure 4. Structure of the F(H,0) system calculated at the B3LYP/
aug-cc-pVTZ level.
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TABLE 2: Equilibrium and Vibrationally Averaged
Structural Parameters for F~(H,0O) and F~(D,0)?

Reo Rett, Rot, Ror
equilibriun® 24496 13874  1.0629  0.9600
vib.av. F(H,0) 24320 13300 11024  0.9646
vib.av. F(D;0)  2.4422 13523  1.0904  0.9636

a Hy, denotes the shared hydrogen, andiehotes the free hydrogen.
All values are in AP Structural parameters for the equilibrium geometry
optimized at the B3LYP/aug-cc-pVTZ levélVibrationally averaged
structural parameters calculated with the VPT2 method at the B3LYP/
aug-cc-pVTZ level.

TABLE 1: Calculated and Experimental Vibrational
Frequencies in cn! for F~(H,0) and F~(D,0)?2

F7(H:0) F(H0) F(D:0) F(D0) - -

mode harmonic VPT2  harmonic VPT2  experimerit TABLE 3: Equilibrium and Vibrationally Averaged
Isotropic Nuclear Magnetic Shielding Constants for F (H,0)

Viw 390 408 375 384 - and F-(D,0)
Vip 574 568 416 411 - — —
Voop 1146 1010 823 713 1083-1250 F o Hp H
Vb 1689 1607 1228 1188 1650 equilibriun 396.20 307.37 17.15 33.73
ViHB 2138 1088 1569 982 1523 vib. av. F(H20¥ 387.43 299.15 16.52 33.71
v 3849 3664 2800 2701 3687 vib. av. F(D20¥ 389.62 299.38 16.85 33.65

aCalculated values obtained at the B3LYP/aug-cc-pVTZ level.
bModes have been assigned according to refi4,7ion-water stretch;
Vip, IN-plane wag;veop, out-of-plane wagy,, HOH bend;vyg, ionic
hydrogen bondy, free OH stretch¢ Ref 47 for F(H0).

a Hy, denotes the shared hydrogen, andiehotes the free hydrogen.
All values are in ppmP Shielding constants for the equilibrium
geometry optimized at the B3LYP/aug-cc-pVTZ leveVibrationally
averaged shielding constants calculated with the VPT2 method at the
B3LYP/aug-cc-pVTZ level.

between HF monomers. For the larger HF clusters, enhanced The equilibrium and vibrationally averaged structural param-
electrostatic interactions between the HF monomers become theeters for the F(H,O) and F(D,0) systems are given in Table
dominant factor, leading to a decrease in the distances betweer2. The G-H, distance, where kidenotes the shared hydrogen,
HF monomers. As shown from previous conventional electronic increases by~0.04 A upon inclusion of the nuclear quantum
structure calculatioA3and CPMD calculation$the electrostatic effects. The corresponding-€Dy, distance increases by0.03
interactions between the HF monomers become more dominantA. These trends are qualitatively consistent with the anharmonic
in the larger HF clusters because of an increase in the netcorrections to the vibrational frequencies given in Table 1. The
molecular dipole moment. In particular, electronic density shifts F—Hy, hydrogen bond distances decrease by 0.057 and 0.035
from the hydrogen atoms to the fluorine atoms and theHF A, respectively, for the FH.0) and F(D,0) systems. The
bond length increases as the HF clusters increase in size fromF—0O distances exhibit similar trends.

n = 2 ton = 6. Similarly, the increase of the PICPMBRey These trends in the frequencies and structures indicate that
values with cluster size indicates that the anharmonicities of the nuclear quantum effects enhance the interaction between
the F—H stretching modes increase with cluster size in this the fluoride anion and the water molecule. For these systems,
regime. When the electrostatic interactions dominate, the the electrostatic interactions are the dominant factor in determin-
enhanced electrostatic interactions between the HF monomersng the impact of the nuclear quantum effects. Specifically,
arising from the anharmonicities of the-H modes and the inclusion of the nuclear quantum effects of the shared hydrogen
corresponding quantum delocalization of the hydrogen nuclei increases the vibrationally averagee-By, bond length relative

lead to a decrease in the-F distance.
B. Partially Solvated Fluoride Anion, F~(H20). In this

to its equilibrium value and leads to greater charge separation
in this bond, thereby increasing the electrostatic interaction

section we present an analysis of the impact of nuclear quantumbetween the fluoride anion and the water molecule. This

effects on hydrogen bonding for the (H,O) system depicted
in Figure 4. In contrast to the HF clusters, the vibrationally
averaged covalent ©H distances calculated with the VPT2
method for F(H20) are not contracted relative to the equilib-

enhanced electrostatic interaction decreases@ &d FH,
distances in the hydrogen bond. These effects are greater for
hydrogen than for deuterium due to the smaller mass and
correspondingly greater delocalization of hydrogen.

rium values. Thus, the VPT2 method can be used to examine These physical phenomena can be further analyzed by
the impact of nuclear quantum effects for this system. In calculating the vibrationally averaged isotropic nuclear magnetic
addition, a more detailed analysis can be performed for this shielding constants, which are sensitive to the electronic
system by calculating vibrationally averaged isotropic nuclear environments around the nuclei. In general, the nuclear magnetic
magnetic shielding constants with the VPT2 approach. shielding constant is greater for higher electronic density about
The harmonic and anharmonic vibrational frequencies for the the nucleus. The equilibrium and vibrationally averaged isotropic
F~(H20) system and its deuterated analog([®,;0), are given nuclear magnetic shielding constants fo(lH.O) and F (D20)
in Table 1. For the F(H,0) system, the anharmonic correction are given in Table 3. The difference between e shielding
is greater than 1000 cm for the hydrogen stretching mode constants for F(H,O) and F(D20) is 2.2 ppm. This value
involving the ionic hydrogen bond. The anharmonic correction differs by less than 1 ppm from the experimentally measured
for the corresponding mode in the ,0) system is also H/D isotope effect of 3.0+ 0.1 ppm on the'%F shielding
substantial. For both systems, this correction is significantly constant for the fluoride anion in solutihin order to explore
greater than the anharmonic corrections for the other vibrational the effect of solvation for the H/D isotope effect on tHE
frequencies. The large anharmonic correction indicates that theshielding constant, we performed a VPT2 analysis oftH;O),.
shared hydrogen (or deuterium) is significantly delocalized Unfortunately, the VPT2 method leads to nonphysical contrac-
between the oxygen and the fluorine atoms due to the anhar-tions of the G-H distances in the §H,0), system for reasons
monicity in the potential for this mode. discussed in the Appendix. Thus, the VPT2 method is not
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reliable for the analysis of the vibrationally averaged magnetic increase in the vibrationally averageeH bond length relative
properties of the §H,0), system. Nevertheless, the agreement to the equilibrium bond length and a greater charge separation
between the experimental isotope effect and the calculated valuewithin the HF monomers, thereby enhancing the electrostatic
for the system in which the fluoride anion is solvated by only interactions between the HF monomers. The electrostatic effects
a single water molecule indicates that the VPT2 analysis is become more dominant as the size of the HF clusters increases
physically reasonable for this system. because of the shift in electronic density from the hydrogen
The trends in the calculated isotropic nuclear magnetic atoms to the fluorine atoms and the increase-#HFbond length
shielding constants provide additional insight into the impact with cluster size. These calculations provide a physical explana-
of the nuclear quantum effects on the(R,0) system. The  tion for the previous observations that nuclear quantum effects
vibrationally averaged®F shielding constant is’9 ppm lower weaken the hydrogen bonding interactions in small gas-phase
than the!®F shielding constant evaluated for the equilibrium clusters but strengthen the hydrogen bonding interactions in
geometry. This decrease in the shielding constant indicates ahydrogen-bonded liquids.
decrease in the electronic density on the fluorine upon inclusion  For the F(H,O) system, the inclusion of nuclear quantum
of nuclear quantum effects. This lower electronic density on effects strengthen the hydrogen bonding interaction between the
the fluorine is consistent with the structural analysis above. In fluoride anion and the water molecule because of enhanced
particular, the enhanced electrostatic interaction between theelectrostatic interactions. A large anharmonic red shift 8000
fluoride anion and the water molecule upon inclusion of nuclear cm™! was calculated for the vibrational stretching frequency
guantum effects leads to a decrease in the electronic density orcorresponding to the shared hydrogen. In addition, the denor
the fluorine. The!F shielding constant is lower forJ@ than acceptor F-O distance decreased by0.02 A and the covalent
for D,O because the proton is more delocalized than the O—H distance for the shared hydrogen increasedoy04 A
deuteron in the hydrogen bond, resulting in greater electrostaticupon inclusion of nuclear quantum effects. These effects were
interactions in the §H,0) system. All of these analyses indicate also observed for the ®D,O) system, but the degree of
that including the nuclear quantum effects enhances the electrostatic enhancement and corresponding strengthening of
hydrogen bonding interaction between the fluoride anion and the hydrogen bond was less pronounced. The resulting H/D

the water molecule. isotope effect for the structural and vibrational properties is
consistent with the Ubbelohde effétbbserved for crystals.
IV. Conclusions An analysis of the vibrationally averaged isotropic nuclear

. . magnetic shielding constants provided insight into the impact

In this paper, the impact of nuclear quantum effects on o pyclear quantum effects on the electronic structure of this
hydrogen bonding was investigated for two types of hydrogen- gystem. The vibrationally averagé®F shielding constant for
bonded systems, (Hf)-¢ and F(H;0). The PICPMD and  £~4,0) was significantly lower than the value for the equi-
VPT2 methods were used to study the HF clusters, and thejpriym geometry, indicating that the electronic density on the
VPT2 method was used to study (F,0). Both methods  fyorine decreases as a result of the quantum delocalization of
provided qualitatively similar results for the changes in hydrogen- he shared hydrogen. This effect was observed for tHB50)
bonding strength with HF cluster size. The VPT2 method, system to a lesser extent. The H/D isotope effect onlfhe
however, resulted in a nonphysical contraction of the vibra- shielding constant was within 1 ppm of the experimeftalue
tionally averaged FH distances relative to the equilibrium 4t 3 o hom for the fluoride anion in solution. These trends for
values in the HF clusters. An analysis of the HF dimer with the h¢ yibrationally averaget#F shielding constants confirm that
VSCF method indicated that the practical application of the {he inclusion of nuclear quantum effects enhances the electro-
VSCF and VPT2 methods to HF clusters is problematic becausegaic interactions between the fluoride anion and the water
of the truncation of a poorly converging expansion series. In jecule.
contrast, the VPT2 method was found to be physically reason-
able for the F(H20) system, which is more tightly bound than
the HF clusters. Additional insights into the (H,O) system

This analysis of nuclear quantum effects in hydrogen-bonded
systems provides insight into the fundamental physical principles
- ’ S dictating the quantum mechanical behavior of hydrogen bonds.
were pfo"'ded bya VPT2_ana|_yS|s_ of the vibrationally averaged The qualitative impact of nuclear quantum effects on hydrogen
isotropic nuclear magnetic shielding constants. o bonding depends on the underlying electronic structure of the

For the HF clusters, the calculations identified a directional system. The quantum delocalization of the protons tends to
change in the impact of nuclear quantum effects on the girengthen the hydrogen bonds for relatively strongly bound
hydrogen-bonding strength as f[he HF clusters eyolved towardsystems with polarizable hydrogen bond acceptors and to
the condensed phase. In partlcu_lar, the inclusion of nuclear yaaken the hydrogen bonds for relatively weakly bound systems
quantum effects increases the IF distances for the (HR)2-4 with less polarizable hydrogen bond acceptors. These effects

clusters and decreases the-f- distances for the (Hk)s could be significant for simulations of hydrogen-bonded systems
clusters. The largest distance change observed for these clusterg, i the gas phase and condensed phases.

is ~0.04 A. The directional change that occurs between {HF)
and (HF} arises from a competition between zero point energy
effects of librational modes and enhanced electrostatic interac-
tions between the HF monomers arising from delocalization of ~ This appendix presents an analysis of the cause of the
the quantum protons. The zero point energy effects of librational nonphysical contraction of the VPT2 vibrationally averaged
modes tend to increase the-F distances because the zero point F—H distances in the HF clusters. We used the related
energy of this mode decreases as the separation between theibrational self-consistent field (VSCF) approdti* to ex-

two HF monomers is increased slightly from equilibrium. In amine this issue. In the VSCF approach, tki&imensional
contrast, the enhancement of the electrostatic interactionsvibrational wavefunction for aiN-mode system is represented
between the HF monomers due to nuclear quantum effects tendsis a product oN single-mode vibrational wavefunctions, and
to decrease the H distances. The physical basis for this theN-dimensional vibrational Schdinger equation reduces to
enhancement is that the nuclear quantum effects lead to anthe self-consistent solution &f single-mode vibrational equa-

Appendix
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TABLE Al: Calculated Vibrational Frequencies in cm~! for TABLE A3: Calculated Vibrational Frequencies in cm~! for
the HF Dimer? the F~(H,0O) Systent
mode VSCF(1) VSCF(2) VSCF(3) harmonic mode VSCF(1) VSCF(2) VSCF(3) harmonic
stretch 3847 3790 3777 4016 1 3680 3620 3625 3845
stretch 3683 3627 3607 3882 2 1649 1618 1629 2216
bend 782 745 715 578 3 1657 1617 1619 1676
o/pbend 789 686 567 465 4 1166 1126 1130 1122
bend 584 547 500 233 5 729 612 624 461
F—F stretch 220 246 257 167 6 376 421 420 387
aThe calculations were performed at the B3LYP/aug-cc-pVDZ level. 2 The calculations were performed at the B3LYP/aug-cc-pVDZ level.
The VSCF() method includes up to-order terms in the many-mode  The VSCF() method includes up to-order terms in the many-mode
expansion of the VSCF potential. expansion of the VSCF potential.
TABLE A2: Calculated Structural Parameters for the HF TABLE A4: Calculated Structural Parameters for the
Dimer2 F~(H,O) Systent
method Rer Ren, Ren® method Reo Ren. Rom, Ron®
equilibrium 2.7320 0.9337 0.9289 equilibrium 2.4645 1.4059 1.0600 0.9632
VSCF(1) 2.7397 0.9492 0.9469 VSCF(1) 2.4818 1.3760 1.1080 0.98
VSCF(2) 2.7532 0.9324 0.9322 VSCF(2) 2.4576 1.3569 1.1012 0.9707
VSCF(3) 2.7506 0.9304 0.9263 VSCF(3) 2.4563 1.3545 1.1025 0.9710
aThe calculations were performed at the B3LYP/aug-cc-pVDZ level. aThe calculations were performed at the B3LYP/aug-cc-pVDZ level.

The VSCF() method includes up to-order terms in the many-mode  The VSCF() method includes up to-order terms in the many-mode
expansion of the VSCF potential. All values are in®Ad, denotes the expansion of the VSCF potential. All values are in®Ad, denotes the
shared hydrogen, and; ldenotes the free hydrogen. shared hydrogen, and;ldenotes the free hydrogen.

tions. For six-mode systems such as (H&hd F(H,0), the VSCF(3) levels are contracted relative to the corresponding
full many-mode potential is equilibrium (i.e., harmonic) values. Thus, the VSCF approach
exhibits the same non-physical behavior as the VPT2 approach

_ 1) 2) for the HF dimer.
V(Q1.Q,.--Qe) = ZVf (Q) + IZ\/I(] Q.Q+ The frequencies and vibrationally averaged structural param-
: eters for the F(H,O) system are given in Tables A3 and A4,
Vi(ji)(Qi,Qj,Qk) + Z{ \/i(j4k),(Qi,Qj,Qk,Q|) + respectively. Since this system is more tightly bound than the
i<T=k i<j<k<l HF dimer, only two of the six modes have frequencies that are

less than 1000 cri. As observed for the HF dimer, the VSCF
Z Vi(ji?m(inijQkthQm) + calculations produce frequencies that are higher than the
i<j<%=l<m corresponding harmonic values for these two low-frequency
6) modes. The vibrationally averaged covalentl® distances
- <kz<m<n\/ﬁk'm“(Qi’QJ’QK’Q"Qm'Qn) computed at the VSCR)-1.3 levels are greater than the
corresponding equilibrium (i.e., harmonic) values. Thus, the
=U® 4+ U@+ u® + u® + u® 4 y® (A.1) VSCF and VPT2 approaches do not exhibit the non-physical
contraction of the ©H distances for this system.
where U™ corresponds to the sum over aHorder terms. In To obtain further insight into the behavior of the higher-order
practical implementations based on direct computation of the terms in the VSCF many-mode potentials for the (H&hd
VSCF quadrature points with electronic structure theory meth- F~(H,0) systems, we evaluated the VS@JrL;—¢ potential for
ods#345the VSCF many-mode potential in eq A.1 is typically a single point in displaced normal mode coordinates for both
truncated to include up to the first three terms (i.e., up to third- systems. For convenience, we used the vibrationally averaged
order terms). An analogous truncation occurs in the VPT2 geometry calculated at the VSCF(2)/B3LYP/aug-cc-pVDZ level
method. for each system. The values of each of the six terms comprising
We performed a series of VSCF calculations including one-, the full many-mode potential in Equation A.1 evaluated at this
two-, and three-order terms in the many-mode potential in eq single point are depicted in Figure ALl. The higher-order terms
A.1 for the HF dimer and the partially solvated fluoride anion, in the many-mode expansion are up to 3 orders of magnitude
F~(H20). These calculations were performed using the VSCF larger for the HF dimer than for the fH,0) system. Moreover,
method®45implemented in the GAMESSelectronic structure  the second and fourth terms in the many-mode potential for
program. For all calculations, 16 directly computed quadrature the HF dimer are negative, indicating an attractive contribution
points along each mode were used to construct the MSEE(s to the overall potential. The oscillatory behavior of the terms
many-mode potentials at the B3LYP/aug-cc-pVDZ level. in the many-mode potential, as well as the larger magnitudes
The frequencies and vibrationally averaged structural param- of the higher-order termai(= 2—4) than the first-order term,
eters for the HF dimer are given in Tables Al and A2, were also observed at the MP2/aug-cc-pVTZ level of theory.
respectively. In this weakly bound system, four of the six modes These MP2 data are provided in Supporting Information. Thus,
have frequencies that are less than 1000 %rRor these four the many-mode potential converges non-monotonically for the
low-frequency modes, all of the VSCF calculations produce HF dimer at both the DFT and MP2 levels of electronic structure
frequencies that are significantly greater than the correspondingtheory.
harmonic values. This trend indicates that the truncated VSCF  This analysis indicates that the non-physical contraction of
potentials used in these calculations contain attractive contribu-the vibrationally averaged-FH distances in the HF clusters
tions involving the low-frequency modes. The vibrationally arises from the truncation of the full many-mode potential in
averaged covalentH distances computed at the VSCF(2) and the VSCF approach. The analogous truncation in the VPT2
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Figure Al. Individual n-order terms comprising the full many-mode (23) Tuckerman, M. E.; Martyna, G. J. The PINY_MD Simulation
potential at a single point in displaced normal mode coordinates for Package.
(HF), (closed circles) and H,0) (open circles) at the B3LYP/aug- (24) Tuckerman, M. E.; Yarne, D. A;; Samuelson, S. O.; Hughes, A.
cc-pVDZ level. For each system, the single point was chosen to be theL.; Martyna, G. JComput. Phys. Commug00Q 128 333.

vibrationally averaged geometry calculated at the VSCF(2)-B3LYP/  (25) Streng, A. GJ. Chem. Eng. Datd 971, 16, 357.
aug-cc-pVDZ level. (26) Troullier, N.; Martins, J. LPhys. Re. B 1991, 43, 1993.

(27) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.
. . N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;
approach also leads to these non-physical contractions. Thévennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.;
convergence problems are expected to be more significant forNakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;

i i Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
W?akly bound SYStemS Wlth low-frequency modes. Since the X.; Knox, J. E; =-|ratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo, J.;
F~(H»0) system is more tightly bound and contains fewer low- Gomperts, R.: Stratmann, R. E.. Yazyev, O.; Austin, A. J.: Cammi, R..
frequency modes than the HF dimer, the many-mode potential Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A;
converges better, and the truncation of the potential is a Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels,

reasonable approximation for this system. Vibrationally averaged 4. D= Strain, M. C., Farkas, O.; Malick, D. K., Rabuck, A. D,

structural effects such as the contraction efHFdistances can

Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.;
Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,

be used as a diagnostic for identifying non-convergent behavior P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;

of the VSCF and VPT2 methods for hydrogen-bonded systems.
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