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Studies on the proton-transfer potential energy curves for the potassium hydrogen diacetate system with a
short asymmetric hydrogen bond+@D, 2.476 A) were carried out by means of ab initio molecular orbital
theory and density functional theory. The ab initio theory at the MP2/6-31G* level predicts an asymmetric
single-well potential energy function with an-@ distance of 0.998 A. The asymmetric property of the
hydrogen bond is ascribed to the asymmetric distribution of a crystal field constructed by neighboring potassium
ions. It is found that the static electric field generated by modeling point charges cannot substitute the role
of metal ions in the crystal environment. The computation results show that the hydrogen-bond proton in the
free dimer [H(CHCOOQOY)]~ would oscillate between the carboxyl and carboxylate groups, since a relatively
flat potential well is found for the H bond. In addition, the performance of both the local approximation
DFT SVWN method and the DFT B3P86 method with nonlocal correction is tested in this study, and the
latter is found to be comparable with the ab initio calculation at the MP2/6-31G* level.

1. Introduction the present work, the crystal environment is modeled by five
. . potassium ions in the vicinity of the H-bonding dimer (at
Proton transfer along hydrogen bonds in biological and yistances less tha3 A to oxygen atoms), by which the effect

chemical Sy_Stemf has received mucqzattentmn In past yearsyt ihe crystal field on the proton-transfer energetics could be
both theoretically” and experimentall§—*? The real biological o\ auated. For comparison with the effect of metal ions, a static

molecules, however, are too large to investigate, and1§?4someelectric field built by five+1 modeling point charges is also
small hydrogen-bond molecules and ions, such g3,H3 considered in this work.

H H 11,12,15 H ,16 . - e .
acid dimers; and acid salts-**were often used as model Since the validity of ab initio molecular orbital (MO) theory

systgms. . , ) , has been established in studying H-bonding systér#in this
Acid salts, in particular the acid formates and acid acetates, york we investigated the H-bonding energetics in KHEEH
were commonly used to model the residues of proteins and coQy, by use of the ab initio calculation at the self-consistent-
enzymes. Potassium hydrogen diformate [KH(HC&®ps field (SCF) level. Over the past years, the application of density
been known as a pseudosymmetric type acid salt, which has &ynctional theory (DFT) has been increasiig?4owning to its
short near-symmetric hygrogen bond and two chemically- encouraging prospect in treating macromolecular systems.
equivalent COO group$:'” However, potassium hydrogen  Therefore, the performance of DFT, in which both local and

diacetate [KH(CHCOO)] possesses a short asymmetric hy- noniocal exchange correlation correction functionals were
drogen bond and two structure-distinct COO groups and S0 iS cgnsidered. was also tested in this work.

referred to as an asymmetric type of acid salt, although the
O-++H-+0 distance(2.476 A) in KH(CKCOO)'8 is similar to

the 2.437 A in KH(HCOO). The factor leading to the
difference in H-bonding properties between them is complex, ~ Although the bulk crystal of KH(CECOOY), is electrically

but it can be expected that the molecular environment plays anneutral, the distribution of charges is asymmetric in a unit cell.
important role in monitoring H-bonding nature. Therefore, a It is a fact that there are five potassium ions attached to a
study on the hydrogen bond of KH(GEOOY, is helpful for H-bonded dimer directly. Therefore, the hydrogen bond in this
understanding the relationship between H bonding and its acid salt is located in a highly polarized surrounding. In the
environment. To our knowledge, no theoretical study on the present work, the model is chosen to reflect the specific situation
hydrogen bond in KH(CECOOY) has been reported yet. in KH(CH3COO).

The influence of metal ions on the proton transfer in a  Experiment shows that the crystal of potassium hydrogen
hydrogen bond has been the subject of several papé&tsThe diacetate KH(CHCOOY, is constructed by two building blocks,
effects of external ions on proton transfer in tth"{'H"'OHz)+ i.e., K+ and [H(CH;COO)Z]’ ions. In our CalCUIation, the free
system were described as a Coulombic interaction between alH(CHsCOO)]~ dimer and five nearest neighboring potassium
point charge modeling the external ions and the proton by ions are modeled according to the X-ray crystal structtiees
Scheiner et a22 A crystal field constructed by a self- shownin Figure 1. Six hydrogen atoms attached to carbon are
consistent set of point charges was developed by Gejii ¥t al. added with the normal bond length (0.950 A) and the standard
However, the point charge model of metal ions is based upon carbon sp hybridization. Such a simplification is reasonable,
studies of aqueous solution; its validity for other cases, such assince our interest focuses on the hydrogen bond but not the
the H bonding in crystals, demands further identification. In Side groups. The interatomic distances and angles used are listed

2. Computational Method

in Table 1.
*To whom correspondence should be addressed. For the purpose of comparing .th.e. validities of differer)t levels
® Abstract published irAdvance ACS Abstractdpril 1, 1997. of theoretical methods, both ab initio and DFT calculations are
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K1 a shallow well therefore favors the proton oscillating between
the carboxyl and the carboxylate groups.

The Hartree-Fock(HF) energy using the 6-31G* basis set is
depicted by a dashed line in Figure 2, where a double well with
the left minimum (at—0.20 A) 3.72 kcal/mol higher than the
right minimum (at 0.22 A) can be observed. A barrier with a
maximum at—0.03 A and 4.40 kcal/mol higher than the right
well separates the two wells. It is a foregone result since the
HF theory has been found to overestimate the proton transfer
barrier by some autho#f$. In general, an inclusion of electron
correlation correction through, for example, MP2 could improve
the potential energy profile. As shown in Figure 2, the MP2
curve using the same basis removes the barrier separating the

He K5 two minima in the HF curve, and produces a shift of the

Figure 1. Atomic arrangement of the free H({GBIOO)~ dimer and minimum toward the midpoint of O(2rO(4).
five neighboring potassium ions (from ref 18). Among the atoms, C1,  3.2. Ab Initio PE Curves for the Free Dimer in a Point-
H1, H2, H3, C2, 01, and O2 correspond to the carboxyl group, while charge-Generated Static Electric Field. The role of alkali
ﬁé':frh':ti’r;%{g;’a?: ’IizPedd(i)r? }:ggke;sf-ond to the carboxylate group. r_netal ion in H-bond systems is oft(_an i_dealized as an electric

field generated by point charges with like si#f#? Here we
performed by employing the Gaussiar2®grogram package  US€ five+1 point charggs to substitute for the potassium ions
on a HP9000 workstation. in the model system (Figure 1), and calculate the H-bond PE

For ab initio MO methods, the second-ordepldr—Plesset ~ Curves using ab initio methods in order to understand the role

perturbation (MP2) theof§for an electron correlation correction  ©f metal ions in H-bond solids.

with a 6-31G* basis set and the Hartreleock (HF) theor§” These PE profiles in an electric field (in Figure 3) look like

with a 6-31G* basis set are used here. those for the free dimer, though some changes are also observed.
For the local spin density approximation DFT calculation, The minima obtained appear to be insensitive to the addition

the Slater exchange and Voskw/ilk —Nusair(VWNY2 local of point charges. The MP2 PE curve (solid line in Figure 3)

correlation functional are used with a 6-31G* basis set, denotedhas a minimum at 0.16 A, corresponding to a O((7)

as SVWN, and for the nonlocal gradient correction DFT, the distance of 1.078 A, slightly shorter than the value (1.088 A)

combination of the Becke three-parameter @3jradient- for the free dimer. The PE curve at the HF/6-31G* level also

corrected exchange with the Perdew (P86jadient-corrected ~ has two minima at-0.20 and 0.22 A, respectively, which agree

correlation is used also with a 6-31G* basis set, denoted asWith their counterparts for the free dimer.

B3P86. However, the PE curves are distorted by the addition of point
For all computational works, the Los Alamos effective core charges. For example, the MP2 energy-at15 A is 3.47 kcal/
potential (ECP) operatotsplus double set are used for the  mol higher than the value at the minimum, significantly greater
potassium ions. than the energy difference of 2.17 kcal/mol for the free dimer.

In this work, besides the model system in Figure 1, the free Greater perturbation of the PE curve at the HF/6-31G* level is
dimer [H({CHCOO)]~ and the free dimer in a static electric observed in the electric field, in which the right minimum differs
field with five +1 modeling point charges located in place of from the left in energy by up to 4.69 kcal/mol, significantly
the potassium ions are also discussed, by which the role of metalhigher than the corresponding value (3.72 kcal/mol) for the free
ions in H-bonding systems is evaluated, as shown in the dimer.

following section. The distortion of the PE curve in the electric field can be
. . attributed to the induced effect of the electric field. Because
3. Results and Discussion the point of gravity of the electric field is close to the carboxylate

The present work is divided into four parts, and the first three 97OUP. More negative charges are drawn from the carboxyl group
sections are results from ab initio methods, i.e., the H-bond toward the carboxylate group by the positive point charges. And
potential energy (PE) profiles of the free dimer alone (section therefore, the proton H(7) is drawn toward the carboxylate
3.1), the free dimer in a modeling static electric field (Section 90UP- As shown in Table 3, the carboxylate group in the
3.2), and the free dimer in a crystal field (Section 3.3). In e!ectrlc field has a higher negative gharge thar_l thgt of the free
section 3.4, the performance of density functional theory is dimer. Thus, the role of the idealized electric field can be
discussed. The PE functions are obtained by calculating the described as an indirect induced effect on the proton H(7).
single-point energy of the system for different positions of the It should be noted here that the Coulombic repulsion of the
H-bond proton H(7), shown in Figures-2, where the proton ~ Point charges to H(7) seems being “shielded" off, so that the
positions are designated by the sigrs'ér “—", in which the proton is drawn closer to the electric field.
sign “+” represents a proton position on the side of carboxylate ~ 3.3. Ab Initio PE Curves for the Free Dimer in a Crystal
group (Q@—C4—0Qq), while the sign “" indicates a proton Field. A simplified crystal field is built using five neighboring

position on the side of carboxyl group {©C,—0,). The potassium ions (cf. the model in Figure 1). The PE profiles of
parameters of PE curves are listed in Table 2. the hydrogen bond in the crystal field, computed by ab initio
3.1. Ab Initio PE Curves for the Free Dimer. The MP2 methods at different levels, are shown in Figure 4.

PE curve, using 6-31G* basis, is shown in Figure 2 by a solid  Similarly, narrow single-well PE curves are observed with
line. An asymmetric broad single well can be seen with a the minima in the left of midpoint of O(2)-O(4), showing that
minimum at 0.15 A, corresponding to an O (7) distance H(7) is close to the carboxyl group. The MP2 theory yields a
of 1.088 A and having the total energy456.194 au (1 as single well with a minimum at-0.24 A, corresponding to a
627.51 kcal/mol). It is worth noting that the energy-&@.15 O(2)—H(7) bond length of 0.998 A, and having a total energy
A'is only 2.17 kcal/mol higher than that at the minimum. Such —594.460 au. However, the HF/6-31G* method yields a PE
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TABLE 1: Interatomic Distances (in angstroms) and Angles (in degrees) Used in the Present Computations (from Ref 38)

distance angle torsion angle

r(C1-C2) 1.510 a(01-C2-C1) 122.2

r(C3—C4) 1.491 a(02—C2—C1) 114.3 t(02—C2-C1-01) —179.7
r(C2—01) 1.211 a(H7—-02-C2) 115.6 t(04—-02—-C2-C1) 175.8
r(C2—02) 1.290 a(C4—04—H7) 115.0 t(C4—04—02—C2) —175.3
r(C4-03) 1.247 a(03—-C4-04) 121.2 t(03—C4—-04-02) 173.0
r(C4—04) 1.268 a(C3—C4-04) 119.5 t(C3—C4—-04-02) —8.6
r(02---04) 2.476 a(04-02-C2) 115.6 t(H7—02—-C2-C1) 175.8
r(K1—-01) 2.756 a(K1-03—-C2) 140.0 t(K1-01-C2-C1) —84.7
r(K2—04) 2.855 a(K2—04-02) 87.4 t(K2—04—02-C2) 39.2
r(K2—03) 2.812 a(K3—03-C4) 96.8 t(K3—03—C4-04) —28.3
r(K4—03) 2.714 a(K4—03-C4) 120.2 t(K4—03—-C4-04) 71.9
r(K5—03) 2.771 a(K5—03—C4) 127.1 t(K5—03—C4—04) —153.4
r(C1—H1) 0.950 a(H1-C1-C2) 109.47 t(H1—-C1-C2-01) 30.1
r(C1—H2) 0.950 a(H2—C1-C2) 109.47 t(H2—C1-C2-01) —89.9
r(C1—-H3) 0.950 a(H3—-C1-C2) 109.47 t(H3—C1-C2-01) 150.1
r(C3—H4) 0.950 a(H4—C3-C4) 109.47 t(H4—C3—-C4-04) 36.7
r(C3—H5) 0.950 a(H5—C3-C4) 109.47 t(H5—C3—-C4-04) —83.3
r(C3—H6) 0.950 a(H6—C3-C4) 109.47 t(H6—C3—C4—04) 156.7

aC—H distances are set to 0.950 A, the-B—H angles are set according to the standarfdhsbridization, and the torsion angles oH&—

C—0 are arranged to fit the energy minima.
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Figure 2. Potential energy profiles for the free H(@EOO)~ dimer
as a function of H(7) displacement from the midpoint of {Z)(4).
The signs of 4" and “—" represent the position of proton H(7) in the
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Figure 3. Potential energy profiles for the free H(@EOO),~ dimer
in a modeling static electric field generated by point charges as a

side of carboxylate and carboxyl group, respectively. The PE curves function of H(7) displacement from the midpoint of O(2D(4). The
are drawn by setting the energies at the minima to zero. The PE minimasigns of “+” and “—" represent the position of proton H(7) in the side

for MP2/6-31G*, HF/6-31G*, SVWN/6-31G*, and B3P86/6-31G* are

situated at 0.15, 0.22, 0.08, and 0.14 A, respectively.

curve with a minimum at-0.28 A, corresponding to a shorter

of carboxylate and carboxyl group, respectively. The PE curves are

drawn by setting the energies at the minima to zero. The PE minima
for MP2/6-31G* and HF/6-31G* are situated at 0.16 and 0.22 A,

respectively.

0O(2)—H(7) bond length (0.958 A) compared with that from the
MP2 method. This result shows that HF theory without electron As known, the metal ions are distinctive from the point charges

correlation for this case cannot describe the H-bond energeticsby having themselves electrons and valence orbitals. Thus, the
metal ions can cause charge transfers from methyl groups to
Under the crystal field, the PE well becomes narrow, which COO groups, but the point charges cannot do so. We can find

correctly.

can be due to the neighboring heavy metal ions and, in addition, the evidence for such a charge transfer in Table 3. The net
the increased net charges on the carboxyl and carboxylate groupsharges of both carboxylic and carboxylate groups do increase,
attached to the hydrogen bond (cf. Table 2). In the pre- and both methyl groups become more positive. In addition to
vious sections, we have observed that both PE curves ofthese, the net charges of both the acetic group and acetate group
[H(CH3COOQY)] ™ in the free state and in the electric field are decrease after the intervention of potassium ions, since these
characteristic of a very broad and flat well, and so it favors metal ions take negative charges from the groups. This result
proton oscillation between the donor and the acceptor. Then, shows that the metal ions affect the H-bonding system through
on the contrary, the narrow H-bond well for KH(GEOOQO), direct Coulombic interaction.
crystal is unfavorable to a proton transfer in the hydrogen bond. The Coulombic repulsion of the crystal field on H(7) is

It is interesting to note that, by adding the potassium ions significant, since H(7) is pushed toward the carboxyl group.
into the model system, the PE minimum shifts from the side of Here it is interesting to note that the shielding effect observed
carboxylate group to the side of carboxyl group (Figure 4). This in the electric field ceases to be effective in the crystal field.
result shows that the metal ions are one of the key factors to The charge transfers between the metal ions and the oxygen
maintaining the proton position, and it is of particular interest atoms might be responsible for this result.
to investigate the operation mechanics by which the metal ions  3.4. DFT PE Curves. In previous parts, we have discussed
control the PE profile and even the nature of a hydrogen bond. the calculated results of the H-bond PE curves using ab initio
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Figure 4. Potential energy profiles for the free H(@EOO)~ dimer

in a crystal field constructed by five neighboring potassium ions, as a
function of H(7) displacement from the midpoint of O(2D(4). The
signs of “+” and “—" represent the position of proton H(7) in the side
of carboxylate and carboxyl group, respectively. The PE curves are
drawn by setting the energies at the minima to zero. The PE minima
for MP2/6-31G*, HF/6-31G*, SVWN/6-31G*, and B3P86/6-31G* are
situated at 0.24, 0.28, 0.22, and 0.24 A, respectively.

TABLE 2: Parameters of Potential Curves for the
Hydrogen Bond in [H(CH3;COO),]~

basis O(4)--H(7) Emin

model method set minima A (au)
free dimer MP2  6-31G* single 1.088 —456.194
HF 6-31G* double 1.018 —454.972
SVWN 6-31G* single 1.158 —455.194
B3P86 6-31G* single 1.098 —458.665
free dimerin EE MP2  6-31G* single 1.078 —455.502
HF 6-31G* double 1.018 —454.279
in CP MP2  6-31G* single 0.998 —594.460
HF 6-31G* single 0.958 —593.262
SVWN 6-31G* single 1.018 —599.156
B3P86 6-31G* single 0.998 —594.893

20(2)+-H(7) bond lengths? EF denotes the electric field, and CF
denotes the crystal field.

TABLE 3: Atomic and Group Net Charges of
[H(CH 3COO0);]~ at the Minima by MP2/6-31G*

acetic group

acetate group

H(7) CHs CG, CHs; CGO,
free dimer 059 -0.05 -0.79 -0.00 -0.73
free dimerin EF 0.59 0.04 -0.76 —-0.03 -0.82
free dimerin CE  0.59 0.15 -0.82 0.26 —0.95

aEF denotes the electric field, and CF denotes the crystal field.

methods. It is found that the MP2 theory can describe the

J. Phys. Chem. A, Vol. 101, No. 19, 1993529

similar to corresponding MP2 results. These results show that
the DFT/B3P86 method is a potential useful tool in studying
H-bonding systems.

For the free dimer (Figure 2), we found both local and
nonlocal DFT methods underestimate the potential energy near
the midpoint £0.1~0.1 A) of O(2)--O(4) by less than 1 kcal/
mol, and the local DFT/SVWN method overestimates the
O(4)++H(7) distance by 0.07 A. This is consistent with the
previous finding by other authoé. For the free dimer under
the crystal field, local and nonlocal DFT functionals yields
similar proton sites to the MP2 level.

4. Conclusion

We have carried out ab initio and density functional theory
studies on the hydrogen bond in KH(@EOO). By using the
MP2/6-31G* method, we found an asymmetric single-well
potential energy function, with a O(2H(7) distance of 0.998
A, for the hydrogen bond in a crystal field constructed by five
neighboring potassium ions. It is found that the metal ion is
one of the key factors in determining the proton position in a
hydrogen bond.

Itis also shown in the present work that the modelized electric
field generated by point charges with like sign could not
substitute for the roles of metal ions, since there are charge
transfers between metal ions and oxygen atoms, by which the
Coulombic repulsion of the metal ions could penetrate the shield
formed by oxygen atoms and push the H-bond proton away.

In the case without the crystal field, a very broad and flat
single well is yielded for the free dimer, with a O{#4)7)
distance of 1.088 A, by a MP2/6-31G* calculation. This result
shows that the H-bond proton transfers to the carboxylate group
in vacuum, where the proton needs only 2.17 kcal/mol to return
to the side of carboxyl group~0.15 A). Therefore, in fact,
the proton in the hydrogen bond could oscillate between both
groups to some extent.

For the free dimer, it is found that HF theory at the 6-31G*
level cannot yield accurate results compared to with the MP2
method, because the former generally overestimates the proton-
transfer barrier. The local DFT/SVWN methods gives a PE
profile without the potential barrier as the MP2 method, but it
predicts a too long O(4)-O(7) distance compared to the MP2
value. However, it is found that the nonlocal DFT/B3P86
method gives compatible results with the MP2 value.

For the case of the crystal field, almost all methods give
similar O(2)-H(7) bond lengths. It is noted that the nonlocal
DFT/B3P86 method yields the same value as MP2, showing a
bright perspective for the nonlocal DFT method in studying
H-bond systems of larger molecules.

H-bond energetics in a reasonable way. Here, we examine the Acknowledgment. This research is supported by Natural

performance of both local and nonlocal DFT methods
in describing the PE profiles of the hydrogen bond in
KH(CH3sCOO).

As shown in Figure 4, depicted by a dotted line, the PE curve
in the crystal field obtained by local DFT/SVWN method is
found with a minimum at-0.22 A, close to the MP2 result
(—0.24 A). But apparently, the local DFT method cannot give
a correct PE profile of the free dimer [H(GEIOO)]~. As
shown in Figure 2, local DFT/SVWN method predicts a
minimum at 0.08 A, distinct from the MP2 value (0.15 A).

The nonlocal DFT/B3P86 method using the 6-31G* basis set
improves the PE function significantly, compared with that from
the local DFT method. The B3P86 minima are observed at
0.14 A for the free dimer (Figure 2) and a0.24 A for the
dimer in the crystal field (Figure 4), both of which are very
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