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In an attempt to understand the phase behavior of agueous hydrogen fluoride, the clustering in the mixture
is investigated at the molecular level. The study is performed at the mPW1B9%/6{81p) level of theory.
Several previous studies attempted to describe the dissociation of HF in water, but in this investigation, the
focus is only on the association patterns that are present in this binary mixture. A total of 214 optimized
geometries of (HR{H.O)n clusters, withm + n as high as 8, were investigated. For each cluster combination,
several different conformations are investigated, and the preferred conformations are presented. Using multiple

linear regressions, the average strengths of the four possible H-bonding interactions are obtained. The strongest

H-bond interaction is reported to be the--H—F interaction. The most probable distributions of mixed
clusters as a function of composition are also deduced. It is found that the large(H¥®), clusters are
favored both energetically and entropically compared to the ones that are ahsizen < 3. Also, the
clusters with equimolar contributions of HF and@are found to have the strongest interactions.

1. Introduction mixture, one has to properly account for associative interactions

The phase behavior of aqueous hydrogen fluoride has been" both the pure compone_nts as We". as in the r_nl_xture._ Both
studied since the late 1940s. Munter and co-workesported water and hydrogen fluoride show distinct multidimensional
an azeotrope for this system with a composition of 38.26 wt % Nydrogen bond (H-bond) networks.So when these pure
HF and a maximum boiling temperature of 385 K at 1 atm. cqmponents are m|xeq, the potential association patterns in the
The presence of such an extreme negative azeotrope indicate§'ixture could be quite complex. To our knowledge, the
the existence of strong attractive forces between the componentgiSsociation patterns in the HiH,O system are yet to be
in the mixture? The strong interactions between the HF and determined experimentally. There are just a few theoretical
water, called the cross-association, and the strength of HF’'s ownstudies that have attempted to answer the structural properties
self-association interactions are also responsible for the relativeof this mixture}?~1> and none address both the self-and the
weak acidity of hydrofluoric acid compared to the other cross-association patterns. Also, most of these studies are mainly
hydrohalic acid$> Due to the extreme corrosive nature of HF  devoted to understanding the interaction within the smaller
in both anhydrous and aqueous forms, an experimental deterclusters, (HR}H2O),, with m + n < 3. Studies on the larger
mination of phase equilibrium properties of this mixture is clusters are mostly focused on the dissociation chemistry of one

inconvenient and difficult. HF molecule in the mixturé16-20
Modeling the HF-water mixture has been proven to be  \any thermodynamic modeling approaches for strongly
difficult as well. When an advanced thermodynamic mbdels associating systems focus on the proper capturing of the

used for this particular mi>_<ture, a very large binary interat_:tion association interactions within the syst&rs Accordingly, the
gfgzgﬁfg ;f‘lluztma? L?sql;slr?nda}glgtgéigiéhgf ?ﬁ:ﬁiﬁgiﬁ'g;egfcgeIection of the association scheme to be used is quite important.
the model in incorborating the strong Hivater interactions In HF, several association schemes for just the pure component
) . ) ) N utilize large oligomer sizes, even up to the 12-#fg€dbviously,
Such complex interactions in this system are also reinforced when de%,i nir? an association spcheme for the a ueoyus HE
by the evaluatiohof the thermodynamic consistency of three gning . _ad -
experimental data sets available for this mixture at 11dtin system, this creates many opiions as to what to include in the
scheme. For example, there are 28 unique cross associates up

and also from molecular simulation studigsn this mixture. ioh lecules th be f df HE and Thi
Both approaches indicate that the dilute HF and dilute water to eight molecules that can be formed from HF and water. This,

regions of this mixture may result in unusual infinite dilution " turn, Ie_ads t.o 268 million unique association schemes Fhat
fugacity coefficients and a fluorophobic-like effect, which only ©N€ can imagine. Therefore, it is prudent from a modeling
goes toward providing more evidence as to the complexity of ;tandpomt to try to focus o.nly on those ollgom.ers that are most
this mixture and the modeling challenges this system possessedikely to occur. Hence, in this work, we investigate the
In order to develop a robust, accurate, and predictive bulk- 8ssociation patterns using cluster models in order to identify

phase thermodynamic model describing the properties of thethe cross-association patterns that are Ilkely to be found in
solution and that should be included in bulk-phase thermody-
*To whom correspondence should be addressed. D.P.V.: e-mail, namic modeling of the aqueous HF system. We studied these
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solution as a function of the concentration of hydrogen fluoride ép 0
in the mixture. % C\ ® “
This paper is ordered as follows. First, we provide some o ¢ é? % B
-]

computational details of the methodology used. We report the
results for pure hydrogen fluoride and water, then the results

) = 2-0-A 3-0-A 4-0-A 5-0-A
for the cross-associate clusters. These are reported with increas-

ing cluster size defined by the number of molecules in the e \a » ’ b
cluster. We then discuss the strength of various types of f @, \ ’ 3
hydrogen bonds present in the mixture and the stabilities of f_,? % e (a8
possible types of cross associates depending on the mixture Qb 8 ‘a o
composition. We finalize the paper with the conclusions of the -e o= PO
study. 6-0-A 7-0-A 8-0-A

. Figure 1. Representative geometries of clusters.
2. Computational Methodology g P g (HF)

: : : TABLE 1: Binding Energies of Selected Conformations of
The electronic structure calculations were carried out at the (HF),_s Clusters with and without Zero-Point Energy

mPW1B95/6-3%#G(d,p) level of theory’~*° The mPW1B95  Contributions as Well as the Gibbs Free Energy afl =
is a newly developed, one-parameter hybrid meta density 298.15 K andP = 1 atm?

functional theory method that utilizes Adamo and Barone’s conformation AE AHo AG
mPW exchange functional and Becke’s B95 correlation func-
tional, with a contribution of 31% Hartred~ock exchange 3-0-A 1615 1129 517
functional. We choose the mPW1B95 functional for this study 4—0—A —29.60 —22.95 —0.73
because it is computationally affordable for the size and the 5—0—A —40.96 —31.59 -2.76
number of systems investigated here, and also because it was 6—0—-A —50.63 —39.40 -3.20
shown by Zhao and Truhi&rto be accurate in predicting the 7—0—A —59.80 —46.64 —351
energetics of nonbonding interactions. The geometry optimiza- 8-0-A —68.78 —53.72 —3.20
tions were carried out using a tight convergence criterion and 2 All values are in kcal/mol.

the default integration grid for numerical integrations. The
electronic spin multiplicity is 1 for all investigated systems, and
the calculations were done using restricted wave functions. All
optimized minima were characterized by all positive normal-
mode frequencies. In the thermochemistry analysis, we used
rigid rotor—harmonic oscillator approximation. All the electronic
structure theory calculations were carried out usingGlaess-
ian03 software’!

2—0—-A —5.00 —-3.21 2.12

cluster, respectively, and is a letter, starting from A, ranking
the stability of these clusters based on the calculAtedalues.
For example, the lowest energy (i.e., the most negat#e
value) pure HF hexamer is labelee-6—A. In most cases, we
only present representative structures in the discussion, in figures
and in tables, but all un-ionized structures (and only the un-
ionized structures) were considered in analyzing the data. Note
3. Results also that only the un-ionized structures were labeled according
' to the rule above. (An ionized structure is one in which one
Throughout this work, each cluster, both the pure componentsmolecule of HF ionized to form k0" and F ions.) The
and the mixture, is named based on the number of HF moleculesgeometries of all optimized structures are given as Supporting
and number KO molecules present in the cluster. The relative |nformation.
stabilities of various optimized structures were determined based  3.1. (HF), Clusters. Ever since the gas-phase thermodynamic
on the energetics of the cluster formation from separated properties and structures of HF were studied by Redingfton,

constituting molecules: numerous experimentdi*3 and theoreticdh++ 6! studies on
HF clusters have been reported. Extensive data on the enthalpy
MHF + nH,0 — (HF),(H,0), 1) and entropy of HF clusters derived from various studies have

been complied in the JANAF tablés These studies indicate
This process is a measure of the binding intermolecular (i.e., the existence of a significant concentration of dimers and
H-bond) interactions in the cluster and is characterized, in this hexamers and relatively low concentrations of trimers, tetramers
study, by the zero-point-exclusive (i.e., electronic) energy of and pentamers as wéll.Even though the existence of higher
reaction, denotedE, the zero-point-inclusive energy of reaction order oligomers of sizes more than hexamer are rep8fttef?
(equal to the enthalpy of reaction at 0 K), denoted,, and the structural data is present only for bent chain diffeaad
the Gibbs free energy of reaction at 298.15 K and 1 atm, denotedcyclic hexamerg? Previous theoretical studies on the HF dimer
AGygs Or just AG. We choose to consider all three values in indicate that the bent chain structure, having only one strong
interpreting the results because the valueA@ is strongly hydrogen bond, is more stable than a cyclic structure, having
dependent on the calculated vibrational frequency values, two formal hydrogen bonds. For the larger (RE)Justers, with
especially the low-frequency values. This can introduce a certainm = 3—6, planar cyclic nonpolar structures were reported to
degree of uncertainty in our results; uncertainty that is not be the most stable oné%>'while form= 7, 8 nonplanar cyclic

present in theAE value or is not very significant in th&Hg structures were reported to be the most stable #hes.

value. The optimized structures of (HFwith m = 2—8 obtained
The clusters are described as dimers, trimers, etc., based orin this study are shown in Figure 1, and the binding energies of

the number of molecules that form them (i.e., the- n value). these clusters are given in Table 1. The mPW1B95/46341

For almost all (HR)(H20), clusters, we determined more than (d,p) structures for pure HF clusters are in good agreement with
a single optimized structure. These different (electronic) energy the optimized structures reported previousiyt>2 Also, the
minima are called conformations and are labeledrasi—X F---F distance for the dimer, 2.74 A, and the averageH
wherem andn are the number of HF and,® molecules in the distance in the 60—A hexamer, 2.46 A, are in good agreement
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4 which is in good agreement with the earlier studies on this
A‘ cluster?7,51.52
"\ 3.2. (H0), Clusters. A large number of studies have been
2 L N carried out on the structural properties of water clusters using
- various theoretical as well as experimental methods. For detailed
E 8 — = reviews on these developments, we refer the reader else-
g (S R e whereb6.65-72 The focus of the current study, with respect to
= the water clusters, is merely to determine the binding energies
S 104 for the known water clusters at the same level of theory as the
%E e mPWIBSEES 1+6(d) Cross cluste.rs. The optimized structures of @b w!th n= 2—.8 '
—2x - B3LYP/aug-cc-pVDZ are shown in Figure 3, and the binding energies are given in
127 Halfatetivirors Table 2. For cluster sizes up to 5, the same conformation has
- @ - RHF/6-31++G(d,p) both the lowest electronic energy and the lowest Gibbs free
--@-- RHF+BSSE/6-31++G(d,p) . . .
4 o g”;’f;;%ig:?fg'{:}p, energy. However, when t_h_e cluster size is increased, the (_antroplc
W i term plays a more significant role, and the conformation of
; : . i . ; . minimum electronic energy is not necessarily the same as the
Value of m one of minimum Gibbs free energy. As a result, in Figure 3,
Figure 2. Stepwise binding energy in kcal/mol vs the cluster size for W€ have reported the structures of minimu& and AG for
(HF),—s clusters. each cluster.

Owing to its accessibility and size, the water dimer is perhaps
with the gas-phase experimental distances of 2.78d 2.53 the most thoroughly studied H-bonded system known and boasts
A,%4 respectively. ThAE andAHo values given in Table 1 for ~ many experimentat"® and theoretical investigatiof8.® The
(HF), are in good agreement with the experimental values of O-:-O distance in the water dimer calculated at mPW1B95/6-

—4.63 and—3.03 kcal/mol, respectivel§? 31+G(d,p) level of theory is 2.89 A, in fair agreement with the
It is known that H-bond aggregates show non-additive measured value of 2.976 A75The binding energy for the dimer
cooperative effects due to many body interactibif8.In other calculated in this study, 6.07 kcal/mol, is also in good agreement

words, the formation of a hydrogen bond results in a change of with the experimental value of 5% 0.7 kcal/mol.

charge distribution in such a way that the hydrogen acceptor  Even though earlier vibrational spectrosc¥pgs well as ab
becomes potentially a better H-bond donor than the non-H- injtio% studies suggested a nearly linear open-chain structure
bonded HF and vice ver8aAccordingly, the formation of the  for (H,0)s, the most stable arrangement for the trimer was found
first H-bond enhances the formation of the second H-bond and g pe a cyclic structure with €, symmetry®8 and the (HO)s

so on. Figure 2 shows the non-additive cooperative effect in strycture in this work is in agreement with this previous finding.
HF clusters that is found in this work (solid line) in comparison - gor (H,0),, three different optimized structures were considered,
with earlier studie¥51-5%that are reported at various other levels \ith the most stable structure having an almost square planar

of theory_. The_stgpwise bin_ding energy is sh(_)wn as a function arrangement (determined by the position of the oxygen
cluster size. Similar to previous studfés;*2’it can be seen  4oms), similar to reported structures from earlier stud-

that a strong non-additive cooperative effect is observed when;g469,81.84,85,88,92,93.989 Fqr (H,0)s, four different stable struc-
moving from dimer to trimer and tetramer. This effect decreases tures were determined. Similar to the trimer and tetramer, the

until the hexamer, and eventually, it reaches a constant value o<t stable structure has a cyclic pattern, with the shape of an

near .the octamers. Due to this cooperative effect, it is not almost planar pentagon. The other three structures determined
surprising that the geometrical parameters vary from one-clusterfOr water pentamer are nonplanar, with cage, spiral and book
to other, and this is present for both the pure components andconformation§9 ' '

the binary mixture. For instance, the-fF distance, a measure . .
of the distance between the molecules in the cluster, changes 1N (HO)s cluster is generally considered to represent an
from 2.74 A in the 2-0—A dimer to an average of 2.45 A in |mp_ortant_ class of water clusters as it mar_ks the f[ransmon to
the 8-0—A octamer, which is almost a 10% reduction. As 3-dimensional arrangement¥. Earlier studies indicate the
another indication of the strength of the interaction between €Xistence of both cyclfé:6587.831001%% as well as alternative
the HF molecules, the HF bond length increase (being _3-d|men5|onal structures such as chz_alr, boat, a_nq cage conformat-
elongated due to H-bond interactions) from an average of 0.92410ns**°* 12 In our study, eight different minimum-energy
A in the 2-0—A dimer to an average of 0.961 A in the-8—A structures were determined for {Bl)s. Even though the prism
octamer. structure, 8-6—A, is energetically preferred, the cyclic (chair)
At the mPW1B95/6-33G(d,p) level of theory, for pure HE, ~ structure, 6-6—C is entropically favored (leading to a smaller
the Gibbs free energies at 298 K and 1 atm given in Table 1 AG value). While considering the electronic energy only, the
indicate that the most stable cluster, compared to HF monomers prism structure is favored by 0.19 kcal/mol. On the other hand,
is the heptamer. This result is different than the one obtained the relative Gibbs free energy difference at 298 K is about 4.29
at the MP2/6-3++G(d,p) level of theory, for which the  kcal/molin favor of the cyclic structure. For the {8l); system,
hexamer was found to be the most stable cluster. In comparisorifive different optimized structures were considered, with the
with earlier work on HF cluster&, it can be seen that the level ~ preferred structure based okE values having a cage-like
of theory in this study predicts stronger binding energies than structure (6-7—A structure in Figure 3), similar to earlier
restricted Hartree Fock and MP2 methods and weaker binding studies?®113-117 However, the cyclic chair conformation {0
energies than the one obtained using B3LYP method, all these7—E structure in Figure 3) is entropically favored. Here, the
methods being used with the 6-83G(d,p) basis set. cage structure is favored by around 4.83 kcal/mol considering
Nevertheless, in all cases, the one-ring, cyclic structure is found only the AE values, and the cyclic chair conformation is favored
to be the most stable conformation for H#fer § = 3—38), by 2.96 kcal/mol when comparing th&G values.
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Figure 3. Representative geometries of,(B).—s clusters.
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TABLE 2: Binding Energies of Selected Conformations of comparing the\G values. Some additional interesting structures,
(H20),-g Clusters with and without Zero-Point Energy 0—8—1 and 0-8—R, are also shown in Figure 3.
Contributions as Well as the Gibbs Free Energy afl = . . . .
298.15 K andP = 1 atm@ 3.3. Cross Clusters.Previous sections describe various
- " AE AH G structures obtained for both pure HF and purgOHIn this
conformation 0 section, we present the optimized structures that were obtained
0—-2-A —6.07 —3.70 211 for (HF)m(H2O)nclusters. The structures are discussed as the
0—3—A —18.24 —12.37 2.53 PR ; ;
cluster size increases from dimer to octamer. For eadler,
0—4-A -31.83 —-22.76 0.88 , . o ,
0—5-A —41.88 ~30.90 0.38 wherei = m+ n, every possible combination of cross-associate
0—6—A -52.12 -37.31 471 clusters are presented. The binding energies for representative
0-6—C —51.93 —38.76 0.42 (HF)m(H20), cluster structures are given in Table 3.
0-7-A —64.77 —46.89 4.25 3.3.1. Dimer.(HF)1(H20);. The most stable structure for the
0—-7-E —59.93 —44.90 1.32 : . . -
0—8-A —81.15 5962 268 HF—H.0 cluster, +1—A, is shown in Figure 4. The binding
0—8—1 —76.55 _55.65 5.22 energies obtained for this HHH,O cluster are in good agree-
0—-8—R —71.02 —52.37 3.52 ment with the experimental values aHy = — 8.2 kcal/mol
0—8-U —68.80 —51.75 215 and AE= — 10.25 kcal/mol?? The calculated ©-F distance,
a Al values are in keal/mol. 2.64 A, is also in good agreement with the experimental value

of 2.66 A12 The F—H---O angle is almost linear at 177.8
degrees, in agreement with the previous theoretical result
Earlier studie®:88.98108.118121 g (H,0)g indicate that the obtained at the B3LYP/D956+(p,d) level of theory. The

cube-like structures are the lowest-energy ones for this cluster.H-bond distance (i.e., the distance between the H atom in HF
Belair and Francisd8! reported 14 topologically different stable and O atom in BHO) is 1.71 A, which is 0.08 A less than the
cubic (HO)s structures. While the stability of the cubic H-bond distance in (kD). and 0.133 A less than that of (HF)
structures is well established, it changes at higher temperatures. 3.3.2. Trimers(HF)1(H.0), and (HF}(H.O);. In Figure 4,
Kim et al*8reported the cyclic structures to be the most stable 1—2—A and 2-1—A are the most stable structures for these
(H20)g cluster at room temperature, whereas” dda et al®® two cross clusters. Both these structures are cyclic with
reported recently that the cubic structure to be the most stablecomparable bond distances. The H-bond distance between the
at the same temperature. In this work, we considered 20 differenthydrogen of HF and the oxygen of the closest water,
optimized geometries for the ¢B)s cluster. Similar to Kim et R(H20:---HF), is 1.66 A in the (HFYH20), cluster and 1.57 A
al. 8 we found the cyclic structure to be entropically favored in the (HF)(H20); cluster. Both these values are shorter than
when compared to the cubic structures, which are energeticallythe distance in the (HRFH2O); cluster, which is 1.71 A. The
favored. For the water octamer, the cubic structur@9A is H—F bond length in the HF molecule closest to thgOH
favored by around 12.30 kcal/mol comparing thE& values, molecule is elongated in both clusters, 0.957 A for ({iF)O),
and the cyclic structure,-88—U, is favored by 0.50 kcal/mol  and 0.961 A for (HFYH20),, in comparison with the 0.926 A
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TABLE 3: Binding Energies of Selected Conformations of (HF}(H20), Clusters (m + n = 2—8) with and without Zero-Point

Energy Contributions as Well as the Gibbs Free Energy Changes af = 298.15 K andP = 1 atm?

conformation AE AHp AG conformation AE AHo AG conformation AE AHp AG
1-1-A —-10.21 —-7.40 -—-1.36 3-3—-C —58.60 —45.62 —6.80 -7-L —66.13 —47.62 8.59
1-2—-A —-20.74 -15.07 -—-0.63 4-2—-A —58.84 —46.98 —-10.57 2-6—A —85.22 —-64.89 —4.70
2—-1-A —-20.21 -1481 -0.81 4-2—-C —56.47 —43.98 —5.86 2-6—B —-79.72 —-60.50 —3.01
1-3—-A —34.07 —-25.67 —2.90 4-2—-D —52.05 —-39.58 —1.72 2-6—E —-78.84 —60.72 —-5.35
1-3-B —28.34 —20.89 0.40 51-A —55.30 -—-43.84 —-7.37 2-6—F —-77.35 -59.60 —4.59
2—2—-A —36.06 —27.78 —5.12 5-1-C —50.23 —39.63 —4.22 2-6—I —76.24 —-59.29 —-7.29
2—2-B —35.07 —26.93 —4.28 5-1-D —46.50 —34.92 3.49 35-A —85.83 —66.53 —7.10
3—1-A —33.93 —26.16 —4.04 1-6—A —67.03 —-50.09 —-0.34 3-5-B —82.46 —64.63 —9.26
1-4—-A —45.85 —34.98 —3.88 1-6—-B —64.60 —48.94 —0.99 3-5-C —-80.91 -62.21 —5.32
1-4-B —43.27 —-32.10 —0.48 1-6—E —63.20 —48.69 —1.70 3-5-D —80.30 —62.33 —6.98
1-4-G —-40.97 -30.75 -1.00 2-5—-A —-69.19 -53.73 —6.12 3-5-G —78.93 —-62.16 —9.60
2—3—-A —48.29 —-37.72 —-7.12 2-5-D —67.43 —-52.70 —7.51 4-4—A —85.89 —67.12 —8.16
2-3-B —43.65 —33.43 -2.76 2-5—-E —-66.60 —-50.71 —-3.16 4-4—B —81.48 —62.98 —6.29
2—3-C —4250 —-32.64 —3.34 3-4—-A —70.13 —-54.09 —5.09 4-4—C —81.46 —63.77 —8.98
3—2—-A —48.42 —38.24 —8.10 3-4-B —69.68 —55.10 —9.78 4-4—-D —81.28 —-64.76 —13.32
3—-2-B —46.88 —36.89 —6.81 3-4—-C —68.53 —52.73 —5.36 4-4—E —80.25 —62.06 —5.83
4—-1-A —4554 -3587 —6.44 4-3—-A —-70.29 -56.15 -11.60 5-3—-A —81.29 —-63.84 —9.42
4—1-B —40.02 —-30.83 —1.19 4-3-D —67.24 —-52.25 —6.08 5-3-B —81.16 —64.09 —10.30
1-5—-A —55.32 —42.39 -—-3.76 5-2—A —68.22 —54.51 -10.21 5-3-D —-79.71 -63.71 -12.19
1-5-B —55.29 —41.59 —-1.37 5-2—-C —63.14 —50.29 —-7.91 5-3-G —78.74 —60.97 —-5.30
1-5-D —-53.56 —40.89 —-1.61 6-1—-A -64.41 -51.12 -7.41 6-2—A —-78.64 —62.02 —8.52
2—4—A —58.35 —45.68 —7.67 6-1-B —62.82 —48.07 —2.08 6-2—B —-77.82 —-6091 —7.12
2—4-B —57.84 —4437 —4.80 -7-A —83.54 —-6251 —1.62 6-2—C —7756 —61.99 -10.33
2—-4—-C —57.78 —44.13 —4.20 1-7-B —77.03 —57.46 0.33 +1-A —73.88 —-57.33 —4.05
3—-3-A —60.41 —48.01 -—11.04 +7-D —-75.89 —-57.26 —1.12 7-1-B —73.68 —58.43 —5.89
3-3-B —59.04 —46.82 —-9.57 1=7-J —72.32 —55.62 —2.94 7-1-C —73.51 -58.54 —4.94

a All values are in kcal/mol.
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Figure 4. Representative geometries of (HfH.0), clusters fn + n = 2-5).

bond length reported for (H{H20);. These numbers suggest molecule, and is less stable than the3t-A conformation by
stronger H-bond interactions in trimers, but considering the non- 5.70 kcal/mol inAE values and 3.30 kcal/mol iAG values. In
additive, H-bond cooperative effects that are present in both 1-3—A, the H-bond distance between the fluorine and the
HF and HO,any comment on the strength of the interactions hydrogen of the closest water moleculg(HF---HOH), is
based on the bond lengths in clusters of this size would be shortened by 0.18 A and(H,O---HF) is shortened by 0.02 A,
premature at this point. in comparison to the same values ir3—B.

3.3.3. TetramergHF),(H20)s. Four different geometries were (HF)2(H20),. The lowest-energy geometry reported for this
optimized for this cluster. The lowest-energy structure3t cluster, 2-2—A, is cyclic and is shown in Figure 4. This
A, is cyclic as shown in Figure 4. The stability of a cyclic structure is in good agreement with the one reported by Chaban
structure has been previously reported for this syst&h°The and co-workers? The binding energy in this cluster is almost
second lowest-energy structure<{3—B in Figure 4) has a 3.5 times more than that in the (HE20); cluster, which is
trimer cyclic consisting in two water molecules and one HF not surprising considering that (HfH,0), cluster has four
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formal H-bond interactions while (HI{H20): cluster has just hydrogen atom of the water molecute structure not shown)
one formal H-bond interaction. For this type of cluster, a cyclic is favored based oAG values by around 0.77 kcal/cal over
structure (2-2—B) with some H-bond interaction involving the  the 4-1—B bicyclic conformation.
two HF molecules is possible, as shown in Figure 4. However,  3.3.5. Hexamers(HF);(H-O)s. Out of the seven optimized
the 2-2—A structure is favored by 1.01 kcal/mol IRE values  structures for this cluster, the cyclic structure;3t-A in Figure
and 0.84 kcal/mol iMG values. The 22—A structure has two 5 js found to be the lowest in energy. Similar to the previously
shorter (and, as we will see later, stronger) hydrogen bonds of reported work on this clustéri® the cyclic conformation and
type HO---HF at 1.56 A, and two relatively longer (and, we the bicyclic conformation (+5—B) are of similar energies.
will see later, weaker) hydrogen bonds of type-HROH at Indeed, the energy difference between5t-A and 1-5-B
1.71 A. The H-F bond length in this cluster is 0.956 A, which is only 0.03 kcal/mol at the mPW1B95/6-3G(d,p) level of
is 0.031 A longer than in the (HFH2O): cluster, and is 0.047  theory. The one-ring, cyclic conformation also has the lowest
A shorter than in the (HR{H20); cluster. On the other hand,  free energy value, which is 2.15 kcal/mol lower than the next
in 2—2-B, theR(H20---HF) distance is shorter by about 0.11 |owest, +-5—-D conformation. In the £5—A structure, the
comparison with 22—A. The bond length of HF that is  tothe 1-4—A structure, and the HF bond length is shortened
participating in the shortest H-bond interaction (thgoH-HF by 0.0013 A. On the other hand, tR¢HF---HOH) distance is
type) is 0.034 A longer than the other one. smaller by 0.03 A, and the HF bond length is smaller by 0.01
(HF)3(H20);. Three different conformations were optimized A, in the 1-5—B structure compared to the-5—A structure,
for this cluster type. Similar to the other tetramers, the most an indication of slightly stronger cross interactions in this
stable structure (31—A) for this cluster type is also cyclic.  structure.
The hydrogen bond of type ---HFremains the shortest, with (HF)2(H20)s. There were six different structures optimized
almost the same H-bond length as in2-B. The HF molecule  for this cluster, and the most stable one is a cyclic structure
participating in this HO---HFinteraction has the longest bond  similar to previous clusters 4—A in Figure 5). The second
length of the three HF molecules in this cluster owing to the |owest-energy structure for this cluster is multicyclic conforma-

strength of the H-bond interaction. tion similar to the +5—B structure. As given in Table 3, the
3.3.4. PentamergHF),(H-0),. Seven different conformations  2—4—A structure is 0.51 kcal/mol lower in energy (which is
were optimized for this cluster type. The cyclic structure 4t more than in the case of the (Hf),0)s cluster) and 2.87 kcal/

A, is found to be the most stable. This structure is in good mol lower in free energy than the-2—B structure. The third
agreement with earlier reported geomett®@sand is favored best structure based okE values is shown in 24—C. This
by 2.58 kcal/mol inAE values when compared to the second conformation is similar to the-24—B except for the changes

lowest-energy structure,~4—B. The 1-4—B structure is in in the orientation of HF molecules. This occurs at the expense
an entropically restricted bicyclic conformation, so it has a of 0.06 kcal/mol in energy and 0.60 kcal/mol in free energy
higher (i.e., less negativé)G value than the £4—G conformer. when compared to-24—B.

(HF)2(H20)s. Of the five different conformations optimized (HF)3(H20)s. Nine different geometries were optimized for

for this cluster type, the one-ring cyclic conformation with this particular cluster, and the cyclic structure;3-A, is found
minimal H-bond interactions between the two HF molecules, to be the lowest in energy. The second lowest-energy structure
2—3—Ain Figure 4, is found to be the lowest in energy. This for this cluster is also a one-ring, cyclic structure;3-B, with
structure is 4.64 kcal/mol lower in energy than2-B. The some H-bond interactions between the molecules of the same
2—3—B structure is a bicyclic conformation, and it has a higher type. While the two structures have similar structural features,
free energy than-23—C. This relative stability trend is similar ~ the H-bond interactions are different. The3—A structure is

to the (HF)(H»0),4 cluster where the bicyclic conformation is  1.37 kcal/mol lower in energy and 1.47 kcal/mol lower in free
found to be lower in energy than the conformation with a energy than the-33—B structure. A bicyclic conformation was
tetramer ring and another molecule H-bonded outside the ring also found for this cluster,-33—C, but this conformation is
(like in 1—4—G or 2-3—C). less stable even compared to the33-B structure.

(HF)3(H20).. The lowest-energy structure found for this (HF)4(H20),. The cyclic structure (42—A) is found to be
cluster is a cyclic type, 32—A in Figure 4. Unlike the two the lowest in energy among the four different structures
previous pentamer cross clusters, for this cluster type, the optimized for this cluster. The stability of this structure is
bicyclic or tetramer-ring conformations were not found. At the reflected in itSAE and AG values, 2.37 and 4.71 kcal/mol,
level of theory used in this study, attempts on including these respectively, lower than the values for the second best confor-
kinds of structures for this cluster type resulted in cyclic mation, the bicyclic structure-42—C. A bicyclic, spiro-like
structures of type-32—A or 3—2—B. For this cluster type, the  conformation, 4-2—D, was also optimized for this cluster type.
3—2—A conformation (pentamer ring with no H-bond interac- However, this conformation is less stable even compared to the

tions between the water molecules) is preferred over #2-8 4—2—C conformation. The spiro-like conformation is 4.42 kcal/
conformation by 1.54 kcal/mol iAE values and 1.29 kcal/mol ~ mol higher in energy and 4.14 kcal/mol higher in free energy
in AG values, respectively. than the bicyclic structure-42—C.

(HF)4(H20):. Three different structures were optimized for (HF)s(H20):: With just one HO molecule replacing a HF
this cluster type. The bicyclic and tetramer-ring conformations in a HF hexamer, it is not surprising that the cyclic hexamer
obtained for (HF)H20)s and (HF}H:O)s clusters were structure 5-1—A is found to be the most stable among the four
observed in this cluster type as well. The most stable conforma- structures optimized for this cluster type. A pentamer ring
tion is the cyclic structure41—A, which is around 5.52 kcal/  formed by four HF molecules and one water molecule with one
mol lower in energy than the next stable bicyclic conformation, other HF molecule H-bonded to the open hydrogen atom of
4—1—B. On the other hand, the third lowest-energy structure the water molecule (51—C) is also shown. Also, similar to
(with a tetramer ring formed by three HF molecules and one an earlier work on the (HI{JH,O)s clusterst?4a conformation,
water molecule and the last HF molecule H-bonded to a 5—1—D, with very minimal H-bond interactions between the
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Figure 5. Representative geometries of (H).0), clusters fn + n = 6).

two unlike molecules was found for this cluster type but it has
a much higher energy.

3.3.6. HeptamergHF);(H20)s. Six different conformations
were optimized for this cluster type, and the lowest-energy
structure is the cage-like conformation@—A, shown in Figure
6. The second lowest-energy structureis the bicyclic conforma-
tion 1-6—B. The 1-6—A structure is energetically preferred
by 2.43 kcal/mol over the 16—B structure. The increase
strength of the interaction between HF angOHmolecules in
1-6—A compared to +6—B is reflected in the shorter
R(H.O---HF) distance (by 0.047 A) and the longeriH bond
length (by 0.016 A). On the other hand, the one-ring, cyclic
structure +6—E has the lowest free energy, 1.36 and 0.71 kcal/
mol lower than +6—A and 1-6—B, respectively.

(HF)2(H20)s. For this cluster type, the bicyclic conformation,
2—5—A, is found to be the lowest-energy one among six
optimized structures, and the one-ring, cyclic structure52
D, is found to be the lowest free energy structure. Whit&2 A
has 1.77 kcal/mol lower energy~5%—D has 1.38 kcal/mol
lower free energy at 298 K. This cluster type also shows a spiro-
like structure, 2-5—E, with two rings connected by one water
molecule. The 25—E structure is 2.59 kcal/mol higher in
energy than the 25—A structure and 4.35 kcal/mol higher in
free energy than the-25—D structure.

(HF)3(H20)4. A multicyclic, cage-like conformation (34—

A) is found to be the lowest energy structure out of the five
different geometries optimized for this structure, but, similar
to the previous heptamers, a cyclic conformation43-B) is
the lowest in free energy. The-38—A structure is 0.45 kcal/
mol lower in energy but 4.69 kcal/mol higher in free energy

than the 3-4—B structure. The spiro-like, bicyclic structure
for this cluster type, 34—C, has 1.60 kcal/mol higher energy
and 0.26 kcal/mol lower free energy than the43-A struc-
ture.

(HF)4(H20)3. Out of four optimized geometries for this
cluster, the lowest-energy structure{3—A) has more H-bond
interactions between the unlike molecules and no waketer
H-bond interaction. For this cluster type, an optimized cyclic
conformation with one H-bond interaction between the water
molecules (42—C) was also found (picture not shown). This
structure is 1.26 kcal/mol higher in energy and 3.08 kcal/mol
higher in free energy than-4B—A. For this cluster type, the
spiro-like bicyclic structure, 43—D, is found to be 3.05 kcal/
mol higher in energy and 5.51 higher in free energy tha8+4
A.

(HF)s5(H20),. Five optimized geometries were considered for
this cluster type. At the level of theory used in this study, this
cluster combination is the smallest cluster type for which an
ionized structure was identified. The lowest-energy structure is
one having a bicyclic conformation and a proton transferred
from fluorine to water. As mentioned earlier, we did not include
the ionized structures in the analysis of our results (due to their
unique character and limited number). As a result, the actual
second lowest-energy structure, which is of cyclic type as well,
is labeled 5-2—A. Even though the 52—A structure is 1.51
kcal/mol less stable than the ionized structure, it is entropically
favored so its free energy is 3.02 kcal/mol lower than that of
the ionized structure. The next lowest free energy structure (5
2—C) is similar to a hexamer (in terms of a ring of four HF
molecules and two water molecules) but with one additional
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HF molecule H-bonded to one water molecule that is in the
hexamer ring. The 52—C structure is found to be 5.08 kcal/
mol higher in energy and 2.29 kcal/mol higher in free energy
than 5-2—A.

(HF)s(H20);. The cyclic conformation, 61—A, is found to
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tion among twelve optimized structures, 5.50 kcal/mol lower
than the next lowest in energy, the multicyclic structures2-

B. The monocyclic structure-26—I is however the structure with
the lowest free energy, 2.60 kcal/mol lower than@-A, even
though is 8.97 kcal/mol higher in energy. The structure with

be the most stable structure for this cluster type, based on boththe second lowest free energy is the bicyclic conformatiof-2

the AE and AG values. The second lowest-energy structure,
6—1-B, for this cluster mixture is the spiro-like bicyclic
structure. The 6 1—A structure is 1.59 kcal/mol lower in energy
and 5.32 kcal/mol lower in free energy than the-16-B
structure. Another interesting structure{(6—E, picture not
shown), with a hexamer ring of HF molecules and one water
molecule H-bonded to one HF in the ring, was also optimized.
This structure is however 12.14 kcal/mol higher in energy and
8.94 kcal/mol higher in free energy thas-6—A.

3.3.7. OctamergHF);(H20);. Thirteen distinct conformations
were optimized for this particular cluster type. Out of these
conformations, the cubic structure;-I—A in Figure 7, was
found to be the lowest-energy one, witti\& value 6.50 kcal/
mol lower than the next lowest-energy, multicyclic conforma-
tion, 1-7—B. On the other hand, the cyclic structure 2-J is

E, 0.65 kcal/mol lower in free energy than-8—A. Another
bicyclic structure 2-6—F, with hexamer and tetramer rings, is
also optimized for this cluster type but is higher both in energy
and in free energy than the bicyclic conformation with two
pentamer rings (26—E) by 1.49 and 0.76 kcal/mol, respec-
tively.

(HF)3(H20)s. Ten optimized conformations were considered
for this cluster type. The lowest-energy structure is found to be
the cubic structure with no H-bond interactions between HF
molecules, 3-5—Ain Figure 7. However, the lowest free energy
structure is the cyclic structure-%—G, which has a\G value
2.49 kcal/mol lower than 35—A. The second lowest-energy
structure is the bicyclic structure-%—B, which is 3.53 kcal/
mol lower in energy but 0.34 higher in free energy than the
cyclic structure 3-5—G. The multicyclic conformation,-35—

entropically favored, with a free energy 1.32 kcal/mol less than C, which was the second lowest in energy in the previous two

the cubic structure. This class of clusters shows also few othercluster types, is found to be the third lowest in energy for this

interesting structures that are shown in Figure 7. In the cubic type, 1.55 and 3.93 kcal/mol higher in energy and free energy,

structure +7—A, the H-F bond length is elongated by 0.016 respectively, than 35—B. Another interesting conformation,

A compared to the £6—A structure. At this level of theory, = 3—5—D, with a spiro-like structure, is found to be 1.36 kcal/

theR(H20:-:-HF) distance is the smallest among the (#)O), mol lower in energy than to the-3%—G structure.

clusters, with the bond distance being reduced from 1.68 to 1.43  (HF)4(H2O)4. Similar to the earlier worK on this cluster, the

A asn increases from 1 to 7. cubic structure, 44—A in Figure 8, is found to be the lowest
(HF)2(H20)s. Similar to the previous cluster type, the cubic energy conformation among seven optimized structures. An

structure, 26—A, is found to be the lowest-energy conforma- ionized cubic structufé is also identified and is found to be
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Figure 7. Representative geometries of (HE).0), clusters fn + n = 8).

6.05 and 9.78 kcal/mol higher in energy and free energy, in energy than 53—A and 6.89 kcal/mol higher in free energy
respectively, than 44—A. The second lowest-energy confor- than 5-3—D.

mation is the multicyclic structure-44—B, which is however (HF)s(H20).. For this cluster type, eight un-ionized and two
7.02 kcal/mol higher in free energy than the lowest free energy ionized structures were optimized. The bicyclic conformation
structure 4-4—D. The spiro-like, bicyclic conformation-44—C 6—2—A is found to be the lowest in energy, 0.82 kcal/mol lower

and the multicyclic structure-44—E are also among the un- in energy than the spiro-like conformatior-8—B. However,
ionized structures found for this cluster type. Comparing with the monocyclic conformation-62—C is entropically favored
other (HF)y(H20), clusters withm = n, the average HF bond and of lowest free energy, 1.81 kcal/mol lower than th& 6 A
length increases with the cluster size from 0.927 to 0.956 to Structure and 3.21 kcal/mol lower than the B-B structure.
0.984 to 1.002 A asn increases from 1 to 4, indicating an (HF);(H20)1: Five distinct optimized conformations, includ-
increase in the cross interaction in each cluster. This is alsoing an ionized structure, were considered for this cluster type.
reflected in the decrease B{H,O-+--HF)H-bond distance, from  The lowest-energy structure is the spiro-like clusterl#A.
1.69 A in 1-1 cluster type, to an average of 1.56 A ir2, of The bicyclic conformation #1—B is just 0.20 kcal/mol higher
1.46 A in 3-3, and of 1.42 A in the 44 cluster type. This  in energy than #1—A, while the monocyclic conformation

result show the same trend as reported previously by Chaban7—1—C is 0.37 kcal/mol higher in energy than-I—A. On
et all” for 1—1, 2—2 and 4-4 clusters. the other hand,#1—-B is the lowest in free energy, 0.95 kcal/

(HF)s(H-0)s. Out of the ten un-ionized and one ionized mol lower than 7#1—C and 1.84 kcal/mol lower than-7L—A.

conformations optimized for this cluster, the spiro-like, cyclic
structure 5-3—A is found to be the lowest-energy one. The
mono-cyclic structure, 53—D, is the conformation with the As mentioned earlier, the principal aim of this work is to
lowest free energy. While-33—D structure is 2.78 kcal/mol jgentify the possible cross-association patterns that are to be
lower in free energy than-53—A, it is 1.58 kcal/mol higherin included in a bulk-phase thermodynamic model for the aqueous
energy. Apparently, in order to form a cubic structure in an HE system. Recall that our goal is not to determine all possible
octamer cluster, it is necessary to have a minimum of four water conformations for a particular cluster type, but rather to identify
molecules that occupies the corners of the cube. Hence, the cubighe structures of greatest stability. We must note at this point
structure that was reported to be the most stable in all previousthat the selection of the octamer as a maximum cluster size is
octamer clusters does not exist as the number of water moleculessomewnhat arbitrary, though previous work on this system (either
is less than 4. The bicyclic conformation-8—B is the second in a mixture or as pure components) would support this choice
lowest in energy and only 1.90 kcal/mol higher in free energy as rationalé?18.26.48,51,53,66,100.11&ccordingly, we assume that
than the 5-3—D structure. Another interesting structure is the the presence of larger clusters will not change significantly the
multicyclic conformation 53—G, which is 2.55 kcal/mol higher  results in the present analysis. More importantly, we assume

4, Discussion
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that the most stable conformations for each cluster type areto investigate the average strength for the different types of
identified, and that any cluster size and conformations that were hydrogen bonds in this mixture. In an un-ionized cross-
not considered would not modify our findings considerably. The association cluster, there are four potential types of H-bond
results in this study are dependent on other factors andinteractions: the bD---H—F type denoted ©-HF, the
approximations (i.e., the choice of level of theory used, the H,O--*H—OH type denoted ©-HO, the HF--H—F type
accuracy of the calculated frequencies used in determining denoted F-HF, and the HF-H—OH type denoted +HO. For
AGygg the non-inclusion of the basis set superposition error, each un-ionized conformation considered, we determined the
the absence of solvent effects, etc), and the inclusion of any of number of H-bond interactions and classified them based on
these will likely increase the accuracy of our results. We these four types. Since the internuclear distances can vary
assumed, however, that none of these factors would substantiallysignificantly with the cluster size and for various conformations,
change the main findings (i.e., the relative stabilities of various identifying the number of hydrogen bonds cannot be done easily
clusters and the properties derived from these) of the study. by visually inspecting the structure. Accordingly, we count the

Also, anharmonicity effects on the calculated vibrational number of interatomic distances involving a hydrogen atom and
frequencies have been studied on clusters similar to the oneeither a fluorine or an oxygen atom that are between 1.1 and
investigated in the present study by several grdiips>126The 2.2 A. We chose this range after examining histograms of all
goal of these studies was mainly on including the anharmonic atomic distances to separate out the chemical bonds (at distances
effects with the purpose of assigning experimentally determined lower than 1.1 A) as well as the non-H-bonded, dispersive
frequencies. These studies showed that including anharmonicityinteractions (at distances greater than 2.2 A). In doing this, we
can both increase and decrease the calculated values of lowfound that, for example, in the-#4—A structure, there are four
energy vibrational frequencies (Gibbs energy values are mostO---HF hydrogen bonds, eight #HO hydrogen bonds, and no
sensitive to these vibrational frequencies). Predicting the change€0---HO or F--HF hydrogen bonds. A similar analysis was
in Gibbs energy values on the inclusion of anharmonicity effects performed for all un-ionized structures (including pure clusters)
is therefore unreliable and will not be done here. One would optimized in this work. The ionized structures were not included
expect though that anharmonicity effects will reduce the during the regression. There are two reasons for this: (i) some
vibrational frequencies, increase the number of available statesof the H-bond interactions appearing in these ionized clusters
and therefore lower the Gibbs free energy. are different than those appearing in the un-ionized clusters,

4.1. Average Hydrogen-Bond Strengths. As an initial and (ii) the number of ionized clusters found is not large enough
analysis of our work, we used the structural and energetic to allow an analysis of these distinct types of H-bond interac-
information obtained for various optimized clusters in this study tions.
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TABLE 4: Average Energies, Enthalpies at 0 K, and Free Energies at 298 K (in kcal/mol) for Various Types of HBond
Interactions as Well asR? Values for the Multiple Linear Regressions

regression coefficients

all structures (224) most stable structures (42)
interaction type AE AHo AG AE AHo AG
H,0---H—F —15.01 -11.97 —2.74 -17.35 —13.74 —2.81
H,0-+--H—OH —6.74 -4.91 0.50 —6.85 —5.22 0.19
HF---H—-F —8.38 —6.59 —0.46 —8.26 —6.55 —0.49
HF---H—OH —-3.94 —3.01 0.21 —2.26 -1.72 -0.81
R? 0.9906 0.9887 0.7509 0.9945 0.9927 0.9521

Once the H-bond interactions were counted and classified and b of Figure 9 show the minimum values AE and AG,
for all un-ionized clusters, a multiple linear regression was respectively, for various compositions of the mixture. (The plot
performed according to based omM\Hq values is similar to the one based A&, so it is
not shown or discussed.) Since we obtained several conforma-
tions for each cluster type, the plots show only the structures

7F~HO, ,F~HO 2) of lowest energy or lowest free energy, respectively. Both these
plots indicate that for clusters containing the same number of
where Z is AE, AHop, or AG and n**HY are the number of  molecules (which are connected by lines for guidance), the most
hydrogen bonds of X-HY type in each cluster. By doing this  stable (HF}(H2O), clusters are the ones closest to equimolar.
analysis, it is assumed that the interaction energy in a cluster isFor clusters containing an even number of molecules, the highest
only due to the H-bond interactions. binding energies are obtained when= n.

The average H-bond strength and the corresponding regres- While an analysis based on the representations in Figure 9
sionR? values for the three energetic parameters associated withincludes the various compositions associated with the clusters,
eq 2 are listed in Table 4. As one can see, based orRthe it does not allow a direct comparison between clusters of
values, the fits are reasonable, and the results of all threedifferent sizes. Here again, the size of a cluster is defined as
regressions indicate that the strongest H-bond interaction is thethe total number of molecules in the cluster, thahis- n. It is
H,O---H—F type while the weakest is the HFH—OH type. therefore preferred to define a “normalized” formation process,
We carried out linear regressions based on eq 2 but includingwhich is the process of forming a part of a cluster that contains
only subsets of all optimized structures. We found (although only one mole/molecule (or forming a part of a cluster from
we did not include the results) that the relative strength of one mol/molecule of constituents):

H-bond interaction remains the same if the regression is done L
on subsets that include only clusters of the same size. m n _

Since including all structures in the regression analysis also m-+n HF -+ m-+n 20 m-+n (HP)n(H0) - (3)
includes the structures that are least favorable energetically, the ) ) )
average H-bond strength analysis was also performed by The zero-point exclusive energy and the Gibbs free energy
including only the most stable structures for each cluster type. at 298.15 K for this process are labela# and AGges (or AG
The average H-bond strength and the corresponding regressiorfor Simplicity), respectively. These values are related toke
R? values for the three energetic parameters, with only the 42 @ndAG through
(14 pure clusters and 28 cross clusters) structures (the ones of

7 = 7OHF.[OHF | 70-HO,(0~HO | F~HF F-HF |

n

lowest AE, AHo, or AG values, respectively, for each cluster AE = AB/(m+n) (4)
type) are also listed in Table 4. The results of all three g

regressions indicate that the strongest H-bond interaction is still

the HO-+-H—F type. Also, similar to the regression results with AG = AG/(m+ n) (5)

all the structures, based akE and AHy values, the weakest

H-bond interaction is the H<H—OH type, while based oAG Using these normalized values of the binding energy allows

values, the HO---H—OH type is the weakest. Based on the for a more direct comparison between the results obtained for
calculated H-bond strengths for smaller clusters, where experi-cluster of different sizes. ~
mental data is available, the level of theory used here, Figure 10a,b showAE andAG as a function of the cluster
mPW1B95/6-3%G(d,p), seems to overestimate slightly the composition. SinceAE and AG are obtained by dividing\E
strength of the H-bond interactions. Assuming that the same andAG by m+ n (i.e., the size of the cluster), the shape of the
trend is true for larger clusters as well, the average values lines connecting the clusters of the same size do not change,
reported in this section may be slightly overestimated. The and still show preference for equimolar structures. Comparing
relative strength among various types of H-bond interactions is clusters of different sizes, the graph for electronic energies shows
expected, however, to be correctly characterized. preference for larger clusters versus that of smaller-size clusters.
4.2. Distribution of Mixed Clusters. With both HF and HO Across the whole range of compositions, the octamers are the
showing several association patterns in pure and mixture preferred cluster type, with some heptamers, hexamers and
compositions, it is relevant to study the distribution of these pentamers of similar binding energies at higher HF concentra-
association schemes as a function of composition. Note that thetions. On the other hand, the free enery$ values (which is
composition of a cluster is defined here as the mole fraction of the determining factor in the cluster stability) show preference

HF in the (HF)(H20), cluster, which is<qg = m/(m + n). For for the hexamer, with some heptamers, pentamers and octamers
example, the composition of the (HE),0)s cluster isxyr = favored at lower HF concentrations, and relatively more
0.40. pentamers and heptamers than octamers at higher HF concentra-

A first step in analyzing the data is to represent the binding tions. In both cases, smaller size clusters do not seem to be
energies defined for eq 1 as a function of composition. Panels apreferred.
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Figure 9. AE andAG vs the cluster composition.

The graphs in Figure 10 include information about both the is 0.33 or 0.67, when class Ill contains two members: (HF)
size and the composition of a certain cluster and are more (H,0), and (HF}(H20)s or (HF)(H20); and (HF)(H20),
suitable to directly compare relative stabilities for various respectively. In all other cases, class Il will contain only one
clusters. Because the clusters are used to model a solution of ar no members. The number of clusters in classes | and Il is
certain concentration, the comparison is still, however, limited the difference between the total number of cluster types
to clusters or combinations of clusters that have the sameconsidered (42) and the number of clusters in class Ill.
composition. The first step in determining the preferred clusters  Modeling a mixture with theage:cOmposition can be done
in a HF—H,O mixture is to choose a mole fraction, which is by considering only the cluster (or clusters) from class I, or
named the “target” mole fraction and is labelegye: Once the by combinations of clusters from classes | and II, with the
target mole fraction is chosen, the clusters are divided in three condition that at least one cluster from each class | and class Il
classes. One class, called class I, contains clusters withare included. This latter case is similar to mixing two solutions
compositions smaller than the target{ < Xarge), ONE Other on different concentrations when only concentrations between
class, called class Il, contains clusters with compositions larger the two original ones can be obtained. We will discuss in more
than the targetir > Xarge), and the last class, called class Ill, detail only the case in which one cluster from each class | and
contains any cluster with the same composition as the targetclass Il are considered, but extensions for combinations of more
(XHF = Xearge)- Actually, class 1l contains none or a very small  than two clusters can be made based on this case (by combining
number of clusters. In our study, with the exception@fe:= two clusters first and further combining this combination of two
0.00 OrXarget= 1.00, the most number of members in class Il clusters to the third cluster). Let us denote the composition of
is obtained forxarget= 0.50, for which there are four members the class | cluster, (HR(H20),, by x and its normalized
in this class: (HRYH20):, (HF)(H20),, (HF)3(H20)s, and binding energy byAE,, and the composition of the class I
(HF)4(H20)4. Other distinctive cases are those in whigQiget cluster, (HR), (H20),,, by xy and its normalized binding energy
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by AE;,. The binding energy obtained for a combination of two
clusters at a certain compositiofgetis given by

- X _
_ Xarget IAEII +
X=X

X~ Xarge

AE,_, ZE
X=X

(6)

This is the energy associated with the process of making a (100
Xtarge) 70 Mixture containing only one mol/molecule (similar to
the process in eq 3), as a combination of (Hf.0), and
(HF)m,(H20)n, clusters:

1 X Xarget
XtargeHF + (1 - Xtarge)HZO—> m ¥ N X — X (HF)mI
1 Xiarget — X

(H,0)y +

e (HP) (0 ()

The AE value given in eq 6 can be obtained graphically at the
intersection of the line connecting the two clusters, #eXE))
point and theX;;, AE;)) point, respectively, in the representation
shown in Figure 10a with a vertical line at thggetcomposition.

0.6

A similar expression to the one in eq 6 can be written, and the
same graphical exercise can be doneA@.

To demonstrate this approach, we choose a target HF mole
fraction of 20%. Only one cluster, (HFH.O)4, from the ones
considered in this work has the same composition as the target
mole fraction, so class Il contains only one member. We can
create an HFH,O mixture considering only this cluster type
or by any composition of clusters with smaller and with larger
compositions. In this example, we choose the (HR)O);
cluster (as the member of class I) and the (}H)O)s cluster
(as the member of class Il). The composition of the #HHO);
cluster isx; = 0.125, and the composition of the (HEI,0)s
cluster isx; = 0.25. The normalized binding energy for making
clusters that contains only one molecule (eq 7), with a
composition 0farger= 0.20, from combinations of (HF{H-0)-
and (HF}(H2O)s clusters, is given by

= 0.200— 0.12
AE,, 5= g— 10.65)+

0.250— 0.12

0.250— 0.200 _
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TABLE 5: The Top Three Cross—Cluster Combinations That Are Likely to Be Present Acrossxye, Based onAE and AG
Values (in kcal/mol)

XuF lowestAE cross associates AE lowestAG cross associates AG
0.0 (HF)—(H:0) ~10.14 (HF)—(H,0), 0.00
(HF)o—(H20)s + (HF)o—(H20)7 —9.59 (HF)—(H20)s + (HF)o—(H20)s 0.04
(HF)o—(H20)s + (HF)o—(H20)s —9.42 (HF)—(H20)s + (HF)o—(H20)s 0.04
01 (HFy—(H,0)s + (HF)1—(H,0), ~10.38 (HF)—(H,0): + (HF)1—(H,0)a ~0.39
(HF)o—(H20)s + (HF),—(H,0) ~10.35 (HF)—(H;0); + (HF)—(H:0)s -0.38
(HF)o—(H20)s + (HF)s—(H20)s —10.30 (HF)—(H20)1 + (HF)1—(H20)s —0.38
0.2 (HF)Y—(H;0); + (HF),—(H:0) ~10.57 (HF)—(H;0) ~0.78
(HF)o—(H20)s + (HF).—(H20)s —10.55 (HFy—(H20)1 + (HF)2—(H20)4 -0.77
(HF)1—(H20)7 + (HF);—(H20)s —10.53 (HF)—(H20)s + (HF)2—(H20)4 —0.76
0.3 (HFL—(H20)s + (HF)3—(H20)s —10.68 (HR)—(H20)4 + (HF),—(H20)4 —-1.15
(HF)2—(H20)s + (HF)a—(H20)4 —10.67 (HF}—(H20)1 + (HF)2—(H20)4 -1.15
(HF)1—(H20)7 + (HF);—(H20)s —10.64 (HR)—(H20)s + (HF),—(H20)4 -1.15
0.4 (HF)Y—(H;0)s + (HF)s—(H:0)s ~10.73 (HF)—(H;0) + (HF)s—(H:0)s ~1.50
(HF)2—(H20)s + (HF)4—(H20)4 —10.70 (HR)—(H20)4 + (HF)3—(H20)3 —1.49
(HF)s—(H20)5 + (HF)s—(H20)2 —10.67 (HF)—(H20)s5 + (HF)s—(H20)s —1.48
0.5 (HF)—(H0)s ~10.74 (HF)—(H;0)5 ~1.84
(HF):—(H20)s5 +- (HF)s—(H20)2 —10.45 (HF}—(H20)3 + (HF)a—(H20)4 —-1.75
(HF)s—(H20)s + (HF)s—(H20)s ~10.44 (HF)—(H20) ~1.66
0.6 (HF)—(H20)s + (HF)s—(H.0), ~10.37 (HF)—(H20)s + (HF)—(H-0) ~1.79
(HF)s—(H20)4 + (HF)s—(H20)2 —10.37 (HF)—(H20)s + (HF)s—(H20)2 -1.72
(HF)a=(H20)s + (HF)7—(H0) —10.34 (HF)=(H20)s + (HF)a—(H20). —1.70
0.7 (HF)—(H20)s + (HF)s—(Hz0) ~10.01 (HF)—(H:0), + (HF)s—(H.0): ~1.66
(HF)4=(H20)s + (HF)s—(H20) —10.01 (HR)}=(H20) + (HF)a—(H20) —1.64
(HF)s—(H20)s + (HF)s—(H20)2 —9.99 (HF}—(H20)2 + (HF)s—(H20)o —1.64
08 (HF}—(H20), + (HF),—(H.0)1 ~9.59 (HF)—(H.0), + (HF)o—(H20); ~1.33
(HF)s—(H>0), + (HF)s—(H20) ~9.58 (HF}—(H20), + (HF)s—(H-0)1 ~1.29
(HF)s—(H20)2 + (HF);—(H20)1 —9.57 (HF}—(H20)1 + (HF)4—(H:0)1 -1.29
0.9 (HF)—(H;0); + (HF)s—(H:0) —9.11 (HF}—(H0)1 + (HF)s—(H-0)o ~0.96
(HF)Y;—(H20)1 + (HF);—(H20)o —9.10 (HF}—(H20)1 + (HF)s—(H20)o —0.95
(HF)s—(H20)2 + (HF)e—(H20)o —9.09 (HF}—(H20)1 + (HF)7—(H20)o —0.94
1.0 (HF)—(H20)o ~8.60 (HF)—(H20) ~0.55
(HF)7—(H20) + (HF)e—(H20) —857 (HF}—(H20)o + (HF)s—(H20)0 —0.53
(HF);—(H20) + (HF);—(H20)o —8.54 (HF}—(H20)0 + (HF);—(H20)o —0.53

which is lower than the\E value for (HF)(H2O), cluster (9.17 not give the most favorable combinations but might provide
kcal/mol). The result shows that a 20% HF mixture is energeti- combinations that are of similar energy or free energy to the
cally preferred to be formed from the combination of the (HF)  most favorable ones. Table 5 lists the top three options, based
(H20)7 and (HF}(H2O)s clusters rather than from exclusively on AE andAG values, as a function of the HF composition in
(HF)1(H20)4 clusters. Actually, the combination of the (HF)  the mixture. As one can see, there are very small energy
(H20); and (HF}(Hx0)s clusters is the energetically most differences between these options, so the likelihood for the
favorable combination for a 20% HF mixture, as listed in Table second and third options to be present at a respective composi-
5. This example is also shown graphically in Figure 10a in which tjon is almost the same as the best option.

the (HF)(Hz0)7 and (HF}(HzO)s clusters are boxed. The two graphs in Figures 11 and 12 illustrate the distribution

If one wants to model an HFwater mixiure with the ¢ yhe ey cross clusters and their most stable binary combina-
parchIar composmons.of 0.33, 0.50, or 0.66, the comp05|t]ons tions across the HF composition, basedAandAG values,
f_or which class |l contains two or more clusters, any _combma— respectively. These plots show also the most stable pure cross
tions of these_ clusters will have _the 'same compasition as the clusters (i.e., without combining with any other cluster type) at
m'Xtur?' In this fcalse, f:)”r ahcog?b(ljr.\atlon 0 —a CIt;JSt.erSdV}”th h the respective mole fractions. Here, the filled squares that are
Mui—b clusters of class lIl, the binding energy obtained for the 10 1o through dashed lines indicate the most stable clusters
cluster combination is . o

either by themselves or as combinations of them. The empty

B Ny, B Ny ~ squares indicate the clusters that are the most stable at their
AE, = + il —a ffAE,II b respective mole fraction but are not preferred over the combina-
My —a ™ Myy—p M —a ™ Myj—p ©) tions of clusters that are indicated by filled boxes. For example,

at xur = 0.40, the pure (HRJH20)3 (AE = —9.66 kcal/mol)

In summary, for modeling HFwater mixtures with any will have a lowerAE value than the combination of (HftH,0)4
concentration using cluster calculations, one needs to do so byand (HF}(H20), clusters AE,— = —9.42 kcal/mol), for which
using clusters (or combinations of clusters) with the same the AE value is given by eq 6 or by the valuexj= = 0.40 of
composition (i.e., class Il clusters) or combinations of clusters the line connecting the two clusters in Figure 10a or Figure 11.
with higher and lower compositions (one or more clusters from However, atwr = 0.40, the pure (HRfH20); will have a higher
class | and one or more clusters from class Il). The combinations AE value than many other cluster combinations, such asx¥HF)
of greater stability (i.e., of lower energy or of lower free energy) (H20)s with (HF)4(H20)s for which AE,—; = —9.81 kcal/mol
are obtained from clusters with the lowest (i.e., more negative) or (HF)(H20)s with (HF)s(H20)s for which AE,—; = —9.89
AE andAG values. These key clusters (of lowest energy or of kcal/mol. Note that the combination of lowest energy %a¢
lowest free energy) change with the composition, and are shown= 0.40, as seen in Figure 11 and determined based on the data
in Figures 11 and 12 by filled squares connected by dashedin Table 5, is the combination of (H&H20)s with (HF)4(H20)4
lines. All other clusters (by themselves or in combinations) will for which AE,_; = —10.73 kcal/mol.
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5. Conclusion ionization of HF and the proton-transfer process, even though,
To our knowledge, there is no comprehensive study in the at thi; Ievg] of theory, six different ionizeq conformations were

literature reporting the self-as well as cross-association patternsaISO identified. Hoyvever, with the exception of the (KR;0),

for HF—H,0 mixture using computations on clusters as high clus_ter,_ the un-ionized clusters are found to be more stable than
eight molecules in size. In the present study, the structures andtn® ionized ones.

energetics of all 214 different conformations of (IHH20)n The values of the energy and the free energy of formation

clusters withm + n = 2—8 were obtained at the mPW1B95/ for various cluster types indicate that the combinations with

6-314+G(d,p) level of theory. The primary objective of this work same or similar number of HF and.@ molecules are the most

is to extract the cross-cluster information that will be applied stable. While the energy values suggest the formation of

in the development of a bulk-phase thermodynamic model for complex networks such as cubic and cage-like structures for
this particular mixture. In that aspect, the results are focused larger clusters, the free energy values indicate the monocyclic
on the association patterns in this mixture rather than on the structures to be the most stable. Typically, a structure that forms
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a more complex H-bond network characterized by a lower (23) Anderko, A.Fluid Phase Equilib.1991, 65, 89.

energy does have low entropy, and this is reflected in higher ~ (24) Anderko, A.Fluid Phase Equilib1992 75, 89.
free ge)rqergy values by 9 (25) Visco, D. P.; Kofke, D. Alnd. Eng. Chem. Re4.999 38, 4125.

. . . (26) Redington, R. LJ. Phys. Chem1982 86, 552.
We analyzed the strength of the H-bond interactions using  (27) zhao, Y.; Truhlar, D. GJ. Phys. Chem. 2004 108, 6908.

multiple linear regressions. All three regressions, basefin (28) Becke, A. D.J. Chem. Phys1996 104, 1040.
AHo, and AGggs, indicate that HO-+-HF interaction is the (gg) ﬁdﬁmov\?-s‘?g‘g”&z\ﬁ-gh?- thﬂ:%hloa §ﬁ4§197 o
strongest of the four different H-bond interactions that could 22é7.) ehre, W. J.; Ditchfield, R.; Pople, J. 4. Chem. Phys1972 56,
occur in an un-ionized cluster. The®k--HF H-bond interaction (31) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
being the strongest is also consistent with the ionization of HF M. A.; Cheeseman, J. R.; Montgomery, J., J. A.; Vreven, T.; Kudin, K. N.;
and formation of HO* and F ions, which was obtained in ~ Burant, J. C.; Millam, J. M., lyengar, S. S.; Tomasi, J.; Barone, V.,
. . . . Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A,
some clusters. The strength of this particular H-bond interaction akatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
is also reflected in the geometrical parameters (i.e., longeFH  Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
bond length and shorter9-:-HF bond distance) especially X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo, J.;
for the laraer clusters Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R;
- g s . Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A.;
Finally, an analysis was performed to provide those cross salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels,
associates that were most likely to be present at variousg- l?]-; StLaIn_, Kl\/I-FC-; Farkasj g.;oMtalch;, VD. g gabélclé, '?\.AD.C;E
H H H H H H aghavachari, K.; Foresman, J. b.; Ortiz, J. V.; Cul, Q.; baboul, A. G.]
C.ompos.ltlons in this r.thure' Itis this knowledge tha_t can be Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
directly incorporated into a bulk-phase thermodynamic model. p.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.;
Future work will look to include this information in the Peng, C.Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson,

e ; B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. Baussian 03
development of a robust and predictive equation of state for Revision D.01: Gaussian, Inc.: Pittsburgh PA, 2003,

the aqueous hydrogen fluoride system. (32) Janzen, J.; Bartell, L. 9. Chem. Phys1969 50, 3611.
. . (33) Pine, A. S.; Howard, B. J. Chem. Phys1986 84, 590.
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