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Enhanced Stability of Non-Proton-Transferred Clusters of Hydrated Hydrogen Fluoride
HF(H20), (n = 1-7): A Molecular Orbital Study
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3—34—1 Nishi-ikebukuro, Toshima-ku, Tokyo 171-8501, Japan
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The results of a molecular orbital study on structures and stabilities are presented for the hydrated clusters of

the hydrogen fluoride (HF) molecule, HF{B), (n = 1—-7). For each cluster system, the most stable structure

is found to be the non-proton-transferred type, but not the ion-pair form. The computational results are quite

consistent with the weak acidity of the HF in water. The differences between J(tdnd HCI(HO),

cluster systems are further discussed for the structure and stability depending on the cluster size. The calculated

IR spectra of the stable HF{BR), clusters predict large red-shifts ofHF and hydrogen-bonded-cH stretching
frequencies.

I. Introduction However, the microscopic mechanisms behind the dissociation
process and the origin of the weakness of HF as an acid do not
yet appear to be fully unveiled.

There have been a number of studies into solute-water cluster
systems. Not only experimental studfed? but a large number
of ab initio molecular orbital studiéhave been devoted to
understanding the interaction between HF and one or two water
molecules. However, there is only limited information on the

Hydrated clusters of an acid are of interest in conjunction
with chemistry in aqueous solution. This cluster system is the
simplest model of acidwater interaction via hydrogen bonds
in agueous solution. The proton transfer in the cluster system
is especially important to explore, at molecular level, the
mechanism of the acid dissociation in water. Our previous

computational study on the hydrated clusters of the strong acid, . . -
HCI, showed the occurrence of complete proton transfer at 4 Structure and stability of larger clusters. If the contact ion-pair
; does exist in HF acid, it is necessary to have large numbers of

certain cluster siz&Analogous investigation into the HF{B), water molecules so that the ion-pair structure is sufficientl
clusters enables systematic comparison between two systems P y

and provides the microscopic insight into what governs the st?b'l'tzr?d‘ K h ¢ d lculati th
acidic behavior of the molecules in water. n this work, we have periormed caiculations on the

Hydrogen fluoride is well-known to behave as a weak acid HF(H20), clusters with systematic extension to larger cluster

: . ) sizes up to then = 7 by using the Density Functional Theory
in water in contrast to the three other hydrogen halfifes: (DFT) method. The aims in this study are (i) to explore whether

the proton transfer does occur, and (ii) to seek the origin of the
weakness of the HF acid. The structures and stabilities are
s elucidated for the hydrogen-bonded clusters as well as the proton
Ko =7.2x 10 transferred ion-pair clusters through the range of cluster sizes.
These are also discussed in connection with the résildtained
enhanced strength of the-H bond as well as to the ability to 5 |arge number of water molecules is required for the proton

form a strong hydrogen bond with a water molectfe.  transfer compared to that in the HCH®), cluster system. This
Spectroscopic studiesffer an alternative explanation that the s shown in the following sections.

weakness of HF acid is ascribed to the presence of a proton-
transferred contact =--H3O" ion pair and its unfavorable ||. Theoretical Calculations
separation. Recently, this fundamental issue is being reconsid-
ered from a theoretical point of viev® Ando and Hynes
examined the acid dissociation of HF in water by using the

electronic structure-Monte Carlo method and have shown the L > S
activation barrier and positive reaction free energy for the quantitative descriptions of structure and vibrational frequency

formation of the contact ion-pairHirata and Sato have reported for the hydrogen-bonded systéfiive applied the DFT methods

from their RISM-SCF/MCSCF study that the hydration structure for. the hydrgted C'“S:‘efs (?f the strong aci.ds, gnd ;uqcessfully
around the HF is qualitatively different from those of the other galn?(ljsa microscopic insight into the acid dissociation pro-
three hydrogen halides and that the stability of nondissociated ©®55* We adapted the B3LYP method which is the Becke's

HF is enhanced due to hydrogen bondirigheir results suggest ~ tree-parameter hybrid method using the t¥ang-Parr
that the contact ion-pair is unlikely to be formed in HF acid. (LYP)local and non-local-exchange functiof@he ab initio
correlated MP2 method is also applied for the small systems

*To whom correspondence should be addressed. E-mail: lee@ (N = 1—3) for comparison. To describe reasonably the
chem.rikkyo.ac.jp. hydrogen-bonded system, we employ the relatively large basis

HF + H,0—H,0" + F

In the present calculations, we have employed the DFT
method together with the Hartre&ock method as a reference.
Recent publications have shown that the DFT methods provide
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Figure 1. Optimized structures of the HF{B), clusters forn = 0 to 3, determined with the B3LYP/D95+(p,d), [MP2/D95++(p,d)], and
(HF/D95++(p,d)) methods. The bond lengths are shown in A. Relative stabilities of the isomers are shown with respect to the most stable structures
at each cluster size. Electronic charge of each monomeric moiety is indicated as the value in bold italics.

set, the HuzinageDunning doublez plus polarization with Ill. Results and Discussion

additional diffuse functions (D95+(p,d)).l” Although the -

employed basis set involves enough flexibility, the effect of tne A Structure and Stability of HF(H ;0), Clusters. HF-
basis set superposition error (BSSH3 also examined for the ~ (H20)n (n = 1-3) Clusters. Figure 1 shows optimized
small size clustersn(= 1—3). The evaluated values of BSSE  Structures of the HF molecule itself and the HE(hh (n =

are less than 3 kcal/mol for the system, and do not significantly 1—3) clus_ters b_y_ using the B3LYP method with DB%(p,d)
affect the overall trend in the structures and stabilities of the Pasis setin addition to the HartreBock method as a reference.
clusters. The discussion in the text is, thus, based on the energied hose at the MP2 level are also shown in the same figure for
without the BSSE correction. The geometries of the HIEQH comparison. Although the hydrogen bond distances are slightly
(n = 1-7) clusters have been optimized using the above shorter (ca. 0.05 A) at the B3LYP level than those at MP2, the
methods. To avoid missing the isomers, the starting geometriesB3LYP procedure gives geometries and relative stabilities in
are systematically constructed in a way that a water molecule 9ood agreement with those obtained from the MP2 calculation.
is added to the previously sized clusters. To search the ion-pairNote that we could not obtain the structure (Ib) with the MP2
structures, the starting geometries are also constructed by forcingnethod possibly because of the exaggerated correction for the
the several optimized neutral clusters to have ion-pair form. The €lectron correlation effect in the MP2 level of theory.
vibrational analyses have also been carried out using the The H-F bond length in HF is calculated, at the B3LYP
analytical second derivative method for the most stable species level, to be approximately 0.012 A longer than the corresponding
The relative energies and the stabilization energies are all statecexperimental valué® Two energy minima, (la) and (Ib), are
with correction for zero-point vibrational energies. All calcula- obtained for then = 1 system. Structure (la), in which HF acts
tions have been carried out with the GAUSSIAN 94 program as a proton donor, is 6.0 kcal/mol more stable than structure
packagée? (Ib), in which HF acts as a proton acceptor. The potential surface
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Figure 2. Structures of the four possible isomers of HE(H. For detail, see Figure 1.

around structure (Ib) is so flat that the transition state is hard to  There is only one stable structure for the= 2 cluster size,
obtain at this level of theory. In contrast to the other hydrogen where the HF and two water molecules form a hydrogen bond
halides, the stability of structure (Ib) is intrinsic to HF, although ring without proton transfer from the HF to a water molecule.
it is energetically less favorable than structure (la). This intrinsic The H-F bond length (0.970 A) turns out to be 0.02 A longer
feature of the HF could be responsible for the qualitatively than the corresponding value in structure (la). In contrast, the
different hydration structure of the HF compared to those of hydrogen-bond length between HF molecule and one of the
the other three hydrogen halides as reported by Hirata andwater molecules (1.586 A) becomes 0.08 A shorter than that in
Sato® structure (la).

In the most stable structure, (1a), the hydrogen bonding with  The right side of Figure 1 illustrates the optimized structures
a water molecule induces the elongation of thefFbond length for two possible isomers at the= 3 cluster size. Both of the
(by 0.02 A) compared to the isolated HF. The stabilization isomers obtained are non-proton-transferred types. Structure
energy of the system resulting from the hydrogen bonding is (llla) is the most stable, where HF and three water molecules
7.6 kcal/mol, which is in reasonable agreement with an are connected through a single ring of hydrogen bonds. On the
experimentally estimated value of 8.2 kcal/m®Note that the other hand, structure (llIb) is highly distorted resulting from
stabilization energy is approximately 3 kcal/mol larger for the the bicyclic hydrogen bonding, which makes structure (llib)
HF---H,O complex than the HEI-H,O complext The O--F 6.4 kcal/mol less stable than structure (Illa). Note that this
distance is calculated to be 2.614 A at the B3LYP/BY5 energy difference, 6.4 kcal/mol, at the B3LYP level is in
(p,d) level. This value is also in reasonable agreement with the reasonable correspondence with that derived from the MP2
corresponding experimental one, 2.66%The F-H---O part calculation, 5.2 kcal/mol. For these clusters, the optimizations
in structure (la) is almost linearlF—H---O = 177.2), the same converge to non-proton-transferred forms even when the initial
as in the case of the HCtH,O. The hydrogen-bond length of geometries are chosen to be proton-transferred ones. The
structure (la), 1.664 A, is shown to be 0.156 A shorter than calculated charge densities of each moiety in clusters are shown
that of the HCi--H,O and 0.244 A shorter than that of the® with bold italic numbers in Figure 1, indicating that all these
dimer. The hydrogen bond length of the meta-stable structure clusters are hydrogen-bonded systems among electronically
(Ib) is much longer (2.036 A), and the-HF bond length (0.931 neutral species. The HF molecule forms a strong hydrogen bond
A) is almost unchanged by complexation. with a water molecule, FH-OH,, similar to the case of the
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Figure 3. Structures of several isomers of HR®)s. For detail, see Figure 1.
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TABLE 1: Stabilization Energies with (AEc;,) and without (AE) Zero-Point Vibrational Correction for HF(H ,0), (n = 1-7)
Clusters?

HF D95++(p,d) (kcal/mol) MP2 D95-+(p,d) (kcal/mol) B3LYP D95++(p ,d) (kcal /mol)

AE AEczp AE AEczpu AE AEczpy

HF+H.0 —HFH,0  (Ia) 8.6 6.0 10.3 7.4 10.5 7.6
—HFeH,0  (Ib) 2.6 1.4 - - 3.0 1.6

HFeH,0+H,0  —HF(H0). (Il) 7.6 4.9 10.6 7.8 10.4 7.4
HF(H,0),+H,0 —HF(H,0)s (llla) 10.6 7.8 14.4 11.3 14.6 11.7
—HF(H0); (llb) 5.3 3.6 7.9 6.1 7.1 5.3
HF(H,0)s+H,0 —HF(H,0): (IVa) 8.9 6.6 - - 11.7 9.5
—HF(H0):  (IVb) 4.9 3.2 - - 6.9 5.1

—HF(H,0): (IVc) 5.0 3.0 - - 6.9 4.9

—HF(H0): (Ivd) -14.2 -18.8 - - 2.7 0.1
HF(H,0)+H.0 —HF(H,0)s (Va) 5.9 3.8 - - 9.7 7.6
—HF(H:0)s  (Vb) 7.2 5.4 - - 9.0 7.0

—HF(H0)s  (Vc) 6.1 4.0 - - 8.3 5.7

—HF(H,0)s (Vd) 5.5 3.5 - - 7.8 5.6

—HF(H,0)s  (Ve) 4.9 2.9 - - 7.3 5.2

—HF(H:0)s  (Vf) -11.0 -15.3 - - 6.2 3.3

HF(H,0)s+H,0 —HF(H,0)s (Vla) 9.1 6.6 - - 12.3 9.8
—HF(H,0)%  (VIb) 8.8 6.3 - - 10.1 7.3

—HF(H0)s  (VIc) -6.3 -10.8 - - 10.2 7.3

—HF(H,0)%  (VId) 8.5 5.7 - - 9.9 7.1

—HF(H0)s  (Vle) 7.9 5.6 - - 9.5 7.1

—HF(H,0)s  (VIf) 8.3 5.8 - - 9.5 6.6

—HF(H0)s  (VIg) 6.5 5.3 - - 6.4 4.6

HF(H,0)s+H,0 —HF(H,0); (Vlia) - - - - 11.9 9.4
—HF(H0);  (VlIb) - - - - 9.0 6.1

aEnergies were calculated by the HF, MP2, and B3LYP methods with the-B95,d) basis set. The relative energiesrof 4, n = 5, andn
= 6 clusters were evaluated using the energy of (llla), (IVa), and (Va) clusters, respectively.

HCI(H,0), system. However, in the HF@®); system, a strong  attracted to the fluorine. The multi-cyclic structures of (IVb)
hydrogen bond (1.774 A) is also formed between the F atom and (IVc) are similar in stability and are approximately 4 kcal/
of HF and one of the water molecules as shown in structure mol less stable than the monocyclic structure (IVa). TheFH
(Illa). This is approximately 0.6 A shorter than the correspond- bond lengths are relatively longer for both structures (IVb) and
ing distance in the HCI(kD); cluster. (IVc) than structure (IVa). This is consistent with the fact that
HF(H20), Cluster. The optimized structures for the four the HF molecule in the multi-cyclic structures (IVb) and (IVc)
stable isomers of the HF@), cluster are depicted in Figure acts as a double-proton acceptor, compared to the monocyclic
2. Structures (IVa), (IVb), and (IVc) are non-proton-transferred structure (IVa) in which the HF acts as a single-proton acceptor.
forms, while structure (1Vd) is a proton-transferred form. The  Differing from the smallern = 3 cluster size, a proton-
single-ringed structure (IVa) is the most stable in the= 4 transferred ion-pair structure (IVd) was found for the= 4
cluster size. Compared with the geometry of (llla)nat 3, species. The structure (IVd) has an ion-pair structure in which
the H-F bond length is approximately 0.01 A longer and the the negative charge-0.78) is located on the Fon and positive
hydrogen bond distance, FHOH,, is approximately 0.04 A charge ¢-0.67) is located on the ™ moiety. In this separated
shorter. The proton of the HF molecule is, however, still strongly ion-pair structure, Fand HO™ ions interact indirectly through
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Figure 6. Predicted IR spectra of the HF{8), clusters (fom = 1—4) determined with the B3LYP/D95+(p,d) method. In all spectra, bold lines
correspond to the HF stretching and dotted lines correspond to hydrogen-bondeld &tretching of the water molecules. The-8 stretching
frequencies of the free ©H bonds of the water molecules appear in the region of 3800 to 3906. cm

the water molecules. Structure (IVd) is 9.6 kcal/mol less stable contrast to the smaller cluster sizes€ 2—4) in which the
than the non-proton-transferred structure (IVa). The potential most stable structure was of monocyclic rather than multi-cyclic
energy surface around structure (IVd) appears to be very flat. structure. In structure (Va), the+H bond length is 0.12 A
The energy barrier was calculated to be only 0.7 kcal/mol for |onger than the corresponding value in structure (IVa). Because
isomerization from (Ivd) to (IVc). In addition, this energy  the hydrogen bond length of 1.238 A is shorter (0.21 A), the
barrier disappears through the correction of zero-point vibra- jnteraction in structure (Va) is stronger than in structure (IVa).
tional energies by the B3LYP/D95+(p,d) method. It should  The proton of HF is still attached to the F atom and is not
be mentioned from these results that the complexes of HF with {5nferred to the water site. The other nonionic isomers, (Vc)

four waterTLnoIelcu_Ies tend tof Eave non-prot?n-trgnsferred to (Ve), are approximately~2 kcal/mol less stable than the
structures. The relative energy of the proton-transferred structure ot stanie structure, (Va).

(Ivd) with respect to structure (IVa) obtained at the HF/B95- . . .
(p,d) level is much higher than those predicted at the B3LYp/ _ Similar to the case af = 4, one separated ion-pair structure
D95++(p,d) level because of the lack of electron correlation (V). HsO"(H20)F~, is obtained for then = 5 cluster size.
effect. Structure (Vf) was calculated to be 4.3 kcal/mol less stable than
HF(H.O)s Cluster. We also optimized several possible the non-proton-transferred structure (Va). Note that the energy
isomers of then = 5 clusters, HF(HO)s, which are illustrated ~ difference between the non-proton-transferred (Va) and the
in Figure 3. Five structures, (Va) to (Ve), had non-proton- proton transferred (Vf) is 5.3 kcal/mol smaller than that of the
transferred forms, but only one structure, (Vf), had a proton- n = 4 cluster size (9.6 kcal/mol), although (Vf) is still
transferred form. The bicyclic structure (Va) and the monocyclic energetically less favorable than (Va). At the noncorrelated HF
one (Vb) have almost similar stability at tle= 5 clusters, in level of theory, the stability of the proton-transferred structure
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Figure 7. Predicted IR spectra of the bicyclic HF{B), clusters (forn = 5—7) together with the ED*(H,0); complex determined with the
B3LYP/D95++(p,d) method. In all spectra, dotted bold lines correspond to the-EHH; interaction and dotted lines correspond to the hydrogen-
bonded G-H stretching of the water molecules.

(~20 kcal/mol) decreases compared to the values obtained with5, although (VIc) is still less stable than (VIa). There are several
the density functional B3LYP method. non-proton-transferred isomers, which have similar stabilities.
HF(H,0)s Cluster. The optimized structures for several Consequently, the HF molecule favors forming a hydrogen bond
possible isomers at= 6 are illustrated in Figure 4. The lowest complex, HF--(H,O),, rather than a separated ion-pair,
energy configuration has a bicyclic form as shown in structure F—(H20),H30", even in interactions with six water molecules.
(VIa). The energy of the monocyclic form (VIg) was found to HF(H20)7 Cluster. Because of the computational expense,
be 5.2 kcal/mol higher than that of structure (VIa). The only two isomers were examined for tlre= 7 cluster size
monocyclic form consisting of the HF and six water molecules (Figure 5). The structures, (Vlla) and (VIIb), are obtained when
is not located at the energy minimum at the B3LYP/B95 we add a water molecule to the structures, (Vla) and (Vic), at
(p,d) level of calculation. In the most stable structure (Vla), then = 6 cluster size. In structure (Vlla), the proton is more
the H-F bond length (1.178 A) and the FHOH, distance attracted toward the water site, but it does not completely
(1.171 A) are almost the same. The separated ion-pair structureransfer to a fully ionic structure. Structure (Vlla) is 3.3 kcal/
(Vlc) is 2.5 kcal/mol less stable than the most stable non-proton- mol more stable than the separated ion-pair, (VIIb). Note that
transferred form (Vla). The energy difference between the (VIa) structure (VlIla) could be responsible for the presence of contact
and the (VIc) structures is half of the value observed antke ion-pairs, F-+-+H3O", in aqueous systems, which has been
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Figure 8. Predicted IR spectra of the ionic HF{B), clusters (forn = 4—7) determined with the B3LYP/D95+(p,d) method. In all spectra,
partially dotted bold lines correspond to the-8 stretching of the KD moiety and dotted lines correspond to the hydrogen-bondeld €iretching
of the water molecules.

suggested by experimehit is interesting to see that all the for (Va) and (Vb) isomers in the = 5 cluster size, although
ionic structures found in this work commonly contain the three- the energy difference between them is very small. The electron
hydrated structure of the " (H,0)s form. This is consistent  correlation effect is important to properly describe the structures
with its importance emphasized in the previous stuéfies. and stabilities of the hydrated clusters of an acid.

B. Stabilization Energy. The stabilization energies for the C. Vibrational Analyses. The predicted IR spectra for the
HF(H0), (n = 1-7) clusters relative to the smaller clusters, most stable species of HF{8), (h = 1—4) clusters at the
HF(H20)n-1 + H20 — HF(H20), are summarized in Table 1. B3LYP/D95++(p,d) level are summarized in Figure 6. The
One can find close agreement of the values between the B3LYPcalculated stretching frequency of the free HF molecule (4090
and the MP2 results for the small clusters=€ 1—3). In all cm™Y) is in good agreement with the experimentally observed
complexes, the stabilization energies are reduced by 1 to 4 kcal/harmonic vibrational frequency of 4138 c#x?°
mol after the zero-point vibrational correction; however, the  The H-F stretching frequency for the = 1 cluster (Ia)
relative energies of the isomers in each cluster size do not changeappears at 3618 cm as depicted in the IR spectrum of the
at the B3LYP/D95+(p,d) level of calculations. In comparison  complex (la). This H-F stretching frequency of the (la) cluster
with the density functional B3LYP results, the noncorrelated reasonably reproduces the experimental frequency (3554 éin
HF methods predict a somewhat different energetic relationship When the HF molecule forms a hydrogen-bonded complex with
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Figure 9. Stabilization energiesAE;pv. kcal/mol) for HF(HO), and
HCI(H20), systems depending on the cluster size. Obtained with the
B3LYP/D95++(p,d) method.

water molecules, the HF stretching frequency exhibits a
remarkable red shift (Figure 6). The red shift is shown to be
472 cnr! from that of the isolated HF molecule (4090 cthy
which is larger than that in the case of HCI (313 @n The
larger red shift in the present system results from the formation
of a much stronger hydrogen bond between the HF and a wate

molecule, when compared to that between HCI and a water
molecule. In the reverse complex (Ib), where the HF acts as a

r

Re

andn = 7 cluster sizes. It is noteworthy that the-@& stretching
of water molecules appears at two distinct regions: TheHO
stretching frequency for the hydrogen-bondee KD bond in
H,0O falls to the region of between 3100 and 3500 ¢mvhile
that for the dangling ©H remains in the region of between
3800 and 3900 cri.

The predicted IR spectra of the proton-transferred isomers
are shown in Figure 8, although these isomers are found to be
less stable species. The peak corresponding to thd- H
stretching frequency disappears in all spectra. At the same time,
the band corresponding to the®l" ion appears in the 2200 to
2900 cn1? region.

D. Weak Acidic Nature of HF(H20),. The hydration
energies AE;p. of two systems, HF(ED), and HCI(HO)n,
are illustrated in Figure 9. As the cluster size increases, each
system stabilizes by 5 to 10 kcal/mol. The stabilization energy
for the HF(HO), system is 2 to 6 kcal/mol larger than that for
the HCI(HO), system. This is consistent with the fact that the
dipole moment of the HF molecule is much larger (1.99 D at
the B3LYP/D95++(p,d) level; experimental value, 1.8329
than that of the HCI molecule (1.43 D at the B3LYP/D95-
(p,d) level; experimental value, 1.09%B).

proton acceptor, the theoretical stretching frequency of HF (4067 _ The H=X (X =F, Cl) bond lengths and the XHOH; bond

cm™1) is approximately 151 cn¥ higher than the corresponding
experimental value (3916 cr).!t

The theoretically predicted HF stretching is 3249 cni for
then = 2 cluster (ll) and 2878 cmi for then = 3 cluster (ll1a).
The amount of shift decreases by approximately 100cas
cluster size increases. In the case ofrike 4 system, the HF
stretching is 2735 cmt with a red shift of 143 cm! from that
of complex (Illa). This trend is in contrast to that in the HCI-
(H2O)n clusterd, where the red shift of the HCI stretching
increases as the cluster size increases.

Figure 7 shows the predicted IR spectra for the bicyclic
structures, (Va), (Vla), and (Vlla), together with the®t-
(H20)s complex for comparison. The specific feature of the
bicyclic structures-the strongly elongated HF bond—can be
seen in the IR spectra. In the spectrum for thes 5 cluster
(Va), the band corresponding to the #HDH, interaction
appears at 1294 cmh, instead of the peak corresponding to the
H—F stretching frequency. The strong peak at 1375 ¢m
similar to thev, band of the HO™ ion, which appears at 1172
cm1in the IR spectrum of the ¥*(H,0); complex. The
relatively strong peaks around the 1700 ¢megion correspond
to thev4 band of the HO™ ion. Similar IR spectra were obtained
for the most stable structures, (Vla) and (Vlla), at the 6

(a) H-X bond length (A)

distances of HX(KHO), clusters obtained at the B3LYP/D95--

(p,d) level were plotted against the cluster size (Figure 10).
Although the H-X bond of both systems (¢ F, CI) gradually
lengthens as the cluster size increases (Figure 10a), the tendency
is small when X= F. A similar propensity can be found for
the hydrogen bond distances (Figure 10b). Increasing the cluster
size fromn = 1 ton = 3, shortens the hydrogen bond distances
in the HCI(HO), system. The tendency of the distance to
decrease is less marked for the HECH, system. It should be
noted that a significant difference between the two hydrated
species is clearly found for the= 4 cluster size: the proton-
transferred form is the most stable in the HCIQY, cluster,
while the non-proton-transferred cluster of the HF, (IVa), is still
9.6 kcal/mol more stable than the separated ion-pair structure
(IVd). These facts result in the disappearance of thedHbond

for the HCI(H:O), system in Figure 10. In contrast, the gradual
elongation of the HF bond length and the shortening of the
hydrogen bond length are still observed for cluster sizes»of

4 in the HF(BHO), system. The binding energy was calculated
to be 131.7 kcal/mol for HF and 98.5 kcal/mol for HCI
molecules, respectively. This difference in binding energy
between HF and HCI is reflected by the difference mentioned
above. The present work provides insight at the molecular level
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Figure 10. Size dependency of (a)-HX bond and (b) (HO).:--HX hydrogen bond distances for the=XF, Cl systems obtained with the B3LYP/

D95++(p,d) method. The distances are plotted as black circles for the most stable species, and as white circles for the meta-stable monocyclic

structures.
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