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Abstract We have performed theoretical studies on six-

teen molecular cubes for both (NH3�HCl)(H2O)6 and

(NH3�HF)(H2O)6. We use an empirical gauge, based upon

the N–H and H–X bond lengths, to categorize the degree to

which the cubes are neutral adduct or ion pair in character.

On this basis, we describe all sixteen cubes of the former

as highly ionized, but only five of the latter as greater

than 85% ionic in character. Addition of one or two

bridging water molecules to form (NH3�HF)(H2O)7 or

(NH3�HF)(H2O)8 raises the percent ionic character to

greater than 85% for these systems. The relative energy of

the cubes can be categorized based on simple chemical

principles. The computed vibrational frequency corre-

sponding to the proton stretch in the N–H–F framework

shows the highest degree of redshifting for systems near

50% ion-pair character. Molecular cubes close to neutral

adduct or to ion-pair character show less redshifting of this

vibrational motion.

Keywords Hydrogen bonding � Density functional theory

� Clusters � Ion pairs

1 Introduction

The importance of hydrogen bonding in chemistry cannot

be overstated. One way to gauge its importance is to

examine the number of monographs devoted to the topic.

We list just five of them here [1–5]; two of these are

devoted to computational/theoretical aspects of hydrogen

bonding [1, 4]. In other literature, a recent ‘‘Frontiers

Article’’ summarizes our knowledge of the hydrogen bond

from a theoretical and experimental perspective [6]. A

recent paper has examined both the infrared spectra and

theoretical structures of HCl(H2O)n, where n = 1–3 [7].

Experimentalists and theoreticians probe the smallest

number of water molecules needed to assist in ion-pair

formation, as in HCl(H2O)4 [8, 9]. However, even for this

relatively simple system, questions have arisen about the

interpretation of the experimental infrared spectrum [10]. A

theoretical study [11] of HNO3�HCl�H2O has recently been

reported, and connections drawn to atmospheric chemistry.

Further related to atmospheric chemistry is the molecular

dynamics work done by Anderson et al. [12] on clusters of

(H2SO4)m�Base�(H2O)6. Osuna, et al., have completed a

density functional study of microsolvation of the alkali

metal halides [13]. Molecular aspects of halide ion

hydration have also been reviewed [14]. One of the inter-

esting aspects of hydrogen bonding in aqueous systems is

that ‘‘shuffling’’ of hydrogen atoms is at the heart of

cooperativity among molecules and is responsible for

proton solvation and proton mobility in aqueous systems

[15].

The impetus for our work was provided by Belair and

Francisco [16], who examined the electronic structure of

the fourteen unique ‘‘ice cubes’’ of molecular formula

(H2O)8 [17]. Additional motivation was provided by Kuo

and Klein [18], who performed related studies on
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molecular cubes of formula HF(H2O)7, which are isoelec-

tronic to the ice cubes. Kuo and Klein used oriented graph

theory to show that there were thirty-nine unique cubes for

HF(H2O)7, with the HF hydrogen atom directed along one

of the cube edges so that it could function as a proton donor

to an adjacent water molecule. One such cube is shown in

Fig. 1. These thirty-nine cubes result from differing

topology of the hydrogen bond network. They found that

seven of the cubes optimized to a more stable structure in

which the HF molecule had ionized to form H3O?F-. How-

ever, we note in passing that Kuo and Klein did not scan the

F–H������O coordinate to determine whether additional cubes

would form ion pairs after passing over a low barrier.

For the NH3�HX systems, we examine cubes of

(NH3�HCl)(H2O)6 and (NH3�HF)(H2O)6 which have the H

atom of HX internal to the cube, and one of the H atoms of

NH3 external to the cube. We also maintain the HX and the

NH3 adjacent to each other in the cube, with the hydrogen

atom on HF directed toward the lone pair on NH3, analo-

gous to the work of Kuo and Klein. An example is shown

in Fig. 2. Oriented graph theory shows that sixteen unique

structures with configuration shown in Fig. 2 are possible

[19]. The sixteen cubes are depicted in the supporting

information. We have not done a global search of different

conformations of the formula (NH3�HX)(H2O)6. Therefore,

we cannot be sure that structures such as depicted in Fig. 2

represent the lowest energy conformation. However, we

believe that these molecular cubes are the lowest energy

conformation, based upon the fact that the most stable

molecular structure of (H2O)8 is indeed the cube [17].

Chemical intuition would also favor this viewpoint.

Pertinent to our work is the earlier theoretical work on

NH3�HX [20] and on smaller clusters of (NH3�HX)(H2O)n

by Tao et al. [21–23]. The former work emphasized that

coupling of harmonic vibrational frequencies necessitated

solving the Schrödinger equation in two dimensions. That

is, anharmonic effects were important to understand the

experimental redshifting of the H–X stretching frequency

brought about by hydrogen bonding in these dimers. In the

latter work, Tao et al. observed a greater tendency for HCl

to form ion pairs compared with HF, and the tendency for

each to ionize increased as more water molecules were

added.

To help us easily discern the tendency to ionize, we have

developed [24] an empirical formula (see ‘‘Appendix’’)

based upon the F–H bond length, r1, and the H–N bond

length, r2, in the F–H–N framework, see Fig. 2. From a

qualitative viewpoint, if r1 is short and r2 is long, the

molecule will be mainly neutral molecule adduct; if the

reverse is true, the molecule will be better described as an

ion pair. Application of this empirical formula to the

molecules studied by Tao is presented in Table 1. These

results illustrate that, as stated above, HCl behaves quite

differently from HF in regard to ion-pair formation and that

more water molecules are capable of producing greater ion-

pair character. Our results, see below, for the cubic mole-

cules (NH3�HX)(H2O)6 show that this trend is borne out for

these larger systems as well.

Our work has several objectives. (1) What will be the

ion pair versus neutral adduct behavior of (NH3�HF)(H2O)6

and (NH3�HCl)(H2O)6? (2) Will there be two potential

energy minima, one for ion pair and one for neutral, or will

there be a single minimum? (3) Will there be a significant

difference in the behavior of HF compared with HCl? (4)

Can we understand the energy ranking of the sixteen cubes

of (NH3�HX)(H2O)6 in simple chemical terms? (5) How is

the percent ion-pair character altered by adding one or two

additional water molecules to bridge the NH3�HF frame-

work of (NH3�HF)(H2O)6? (6) What trends do we observe

in the computed vibrational frequency for the proton

stretch in the N–H–F framework? Note that infrared

spectroscopy is the main experimental technique used to

Fig. 1 Example of a cube structure with HF acting as a hydrogen

bond donor

Fig. 2 Example of an (NH3�HF)(H2O)6 cube as studied here

Table 1 Percent ion-pair contribution for various molecules of

(NH3�HX)(H2O)n, B3LYP/aug-cc-pVTZ

% Ion-pair HCl % Ion-pair HF

NH3�HX 6 5

NH3�HX�H2O 73 11

NH3�HX�2H2O 92 18
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analyze molecular systems such as the title molecules.

Hence, it will be useful to understand computed trends in

the N–H–F proton stretching frequency.

2 Methodology

Initial geometry optimizations were performed at the

B3LYP/cc-pVDZ level and B3LYP/aug-cc-pVDZ level.

The B3LYP functional [25, 26] has been extensively

applied to describe hydrogen bonding [27, 28] and has

produced results comparable with MP2 [29–33]. The cor-

relation consistent basis sets [34], especially those with

augmented functions, have also been widely used to

describe hydrogen bonding [18, 30, 35–38]. We also have

employed MP2/aug-cc-pVDZ and the following density

functionals/basis set: BP86/aug-cc-pVTZ and mPW1PW91/

aug-cc-pVTZ [26, 39, 40].

The supporting information contains additional data

regarding the relative energies and selected geometric

parameters for the sixteen NH3�HF(H2O)6 cubes. As we

will see in the results section, there is a strong correlation

among relative energies and geometric parameters for the

different methods and basis sets. In order to keep the paper

appropriately concise for NH3�HF(H2O)6, we focus on one

set of these results obtained at the B3LYP/aug-cc-pVTZ

level.

We employ B3LYP/aug-cc-pVDZ for NH3�HCl(H2O)6.

These molecules were already highly ionic at B3LYP/cc-

pVDZ, and little change was observed upon going to

B3LYP/aug-cc-pVDZ. Therefore, we did not pursue this to

an even larger basis set. Later, we performed BP86/aug-cc-

pVTZ on all sixteen cubes of NH3�HCl(H2O)6 (supporting

information). This confirmed the high degree of ionization

for these cubes.

Vibrational frequencies (harmonic) were computed for

each geometry optimization. All vibrational frequencies

were positive, indicating that (at least) a local minimum

was obtained in each case. In all systems described,

potential energy scans (e.g., increasing r1, shortening r2,

Fig. 2) were performed to determine whether two local

minima exist. None were found for these molecular sys-

tems. (see Figs. 8, 9 below, for examples.) The GAUSS-

IAN 03 and 09 program packages were employed for all

our studies [41, 42]. We did not employ basis set super-

position error corrections, since we are only interested in

relative energies of similarly hydrogen-bonded networks,

and not in the absolute value of the hydrogen bond energy.

Two papers have also appeared in the Imamura Fest-

schrift issue that report on new and improved methodolo-

gies. One reports on a DFT method that includes long-

range corrections (LC-DFT) [43], and another reports on

multireference methods [44]. We believe that our meth-

odology is adequate for the questions that we address with

regard to ion-pair formation, but it may be of interest to

apply methods such as these to our systems.

3 Results and discussion

3.1 Methodology and basis set effects

for (NH3�HF)(H2O)6

As stated in the Methodology section, we employed a

variety of different methodologies and basis sets to better

ensure that our conclusions were not dependent upon these

Table 2 Relative energies

(kcal/mol) for the sixteen

(NH3�HF)(H2O)6 molecules,

optimized with the given

methodology/basis set

Relative energies are with

respect to cube 7, the most

stable structure

B3LYP/aug-cc-pVTZ BP86/aug-cc-pVTZ mPW1PW91/aug-cc-pVTZ MP2/aug-cc-pVDZ

Cube 1 6.39 6.17 6.11 7.00

Cube 2 3.92 4.03 3.89 4.28

Cube 3 5.35 5.40 5.30 5.70

Cube 4 6.77 6.74 6.64 7.33

Cube 5 2.56 2.43 2.50 2.72

Cube 6 3.78 3.42 3.59 4.10

Cube 7 0 0 0 0

Cube 8 3.21 3.44 3.23 3.39

Cube 9 2.88 2.69 2.51 3.71

Cube 10 5.45 5.29 5.26 5.98

Cube 11 6.93 7.28 6.57 8.40

Cube 12 6.43 6.25 6.16 7.15

Cube 13 2.82 2.58 2.43 3.61

Cube 14 6.99 7.61 6.65 8.52

Cube 15 3.75 3.41 3.58 4.28

Cube 16 5.48 5.31 5.22 6.12
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computational details. Table 2 shows the relative energies

for all sixteen cubes of (NH3�HF)(H2O)6 obtained with four

different methodologies/basis sets. These results are sum-

marized graphically in Fig. 3. It is clear that there is a

strong degree of correlation among these results.

We also examined the effect of methodology/basis set

upon the geometric effects, presented as percent ion pair,

within the N–H–F framework, Fig. 2. Full results of the

raw geometric data are presented in the supplementary

material. A graphical presentation is given in Fig. 4, which

shows comparative results for MP2/aug-cc-pVDZ and

B3LYP/aug-cc-pVTZ. This shows a very strong correlation

for fourteen of the sixteen cubes. The remaining two cubes

are neither strongly ionic nor strongly neutral in percent

character, and hence the potential energy coordinate is

broad for the N–H–F coordinate. Therefore, the lack of

strong correlation here is not unexpected. This point is

further discussed below in connection with Figs. 8 and 9.

3.2 Structures, relative energies, and dipole moments

of (NH3�HCl)(H2O)6

3.2.1 Structures

Table 3 shows the relative energies and pertinent bond

lengths within the acid–base pair, percent contributions,

and dipole moments for each of the sixteen structures for

(NH3�HCl)(H2O)6. As seen in Table 3, the % ion-pair

values range from 86 to 95%. The average N–H bond

length is 1.07 Å (short), and the average H–Cl bond

length is 1.96 Å (long). This high degree of percent ion-

pair contribution was expected since we know from the

theoretical literature [21–23] that one or two water mol-

ecules of hydration are capable of ionization of the

NH3�HCl adduct (Table 1). So it is not surprising that six

water molecules, even though constrained by their cubic

arrangement, are capable of inducing the NH3�HCl adduct

to form ion pairs.

3.2.2 Relative energies

Figure 5 illustrates the trend in relative energy among the

sixteen molecular cubes. We observe four broad categories

in this energy diagram. Figure 6 presents one molecular

cube structure for each of these categories, ranked from

low energy to high energy: cube 7, cube 6, cube 16, and

cube 14. Referring to Fig. 6, a simple way to characterize

the hydrogen bond topology is to look at the positions of

the dangling hydrogen atoms. For the most stable structure,

we see that the external hydrogen atoms are distributed in

the most symmetric fashion possible. By contrast, for the

least stable structure, they are distributed in the least

symmetric way possible. The unstable nature of cubes with

an asymmetric distribution of external hydrogen atoms is in

good agreement with previous work that observes struc-

tures with nearest-neighbor external hydrogen atoms are

more unstable than those without nearest-neighbor external

hydrogen atoms [45, 46]. This arrangement of the dangling

hydrogen atoms makes it easy to categorize the relative

dipole moments shown in Table 3. For example, cube 7 is

the most stable and has the lowest dipole moment. Cube 14

is least stable and has the highest dipole moment. But

counting the arrangement of the dangling hydrogen atoms

does not focus on the hydrogen bonds, which after all are

the cause of the relative stability of the cubes. We take that

up in the following two paragraphs.

To describe the pertinent geometric features that cause

the energetic display shown in Fig. 5, we use the language

of donor (D) and acceptor (A) for the hydrogen bond as

employed by the Cambridge Structural Database. Namely,

D–H������A defines the meaning of the donor–acceptor

relationship.

Fig. 3 Relative energy trends for the sixteen (NH3�HF)(H2O)6

molecules, optimized with the given methodology/basis set. Energies

are relative to cube 7, the most stable structure

Fig. 4 Comparison of % ion-pair character at MP2/auc-cc-pVDZ and

B3LYP/aug-cc-pVTZ
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Belair and Francisco [16] explained the energy trend in

the fourteen cubes of (H2O)8 in terms of the number of

particular dimers within the cube that have the arrangement

shown in Fig. 7. In these dimers, the donor water molecule

has one dangling hydrogen atom, and the acceptor has no

dangling hydrogen atoms (its two hydrogen atoms are

internal to the cube). We will refer to these as B–F dimers,

for Belair–Francisco. Our method of explaining the energy

trend, Fig. 5, uses this particular arrangement as one of

three aspects. The other two aspects deal with the ability to

form strong hydrogen bonds to the ions Cl- and NH4
?. To

form a strong hydrogen bond to the acceptor Cl- requires

that the donor water molecule exhibits one dangling

hydrogen atom. Similarly, to form a strong hydrogen bond

to the donor NH4
? requires that the acceptor water mole-

cule has no dangling hydrogen atoms. These are in strict

accord with the B–F water dimers. In fact, these ‘‘addi-

tions’’ to the B–F dimer rule are required because, unlike in

their work with the water octamer, we observe the for-

mation of ion pairs. We summarize these in Table 4 for

each of the four cubes represented. Notice that the total

number of these stabilizing features correlates well with the

relative energy of these molecular cubes. That is, more

stabilizing features result in a lower relative energy.

3.3 Structures, relative energies, and dipole moments

of (NH3�HF)(H2O)6

Table 5 exhibits data for the sixteen cubes of

(NH3�HF)(H2O)6 optimized with both the B3LYP/aug-cc-

pVDZ and the B3LYP/aug-cc-pVTZ basis sets. The rela-

tive energies and dipole moments of the sixteen cubes can

be categorized similarly to that for the corresponding HCl

cubes, so we do not pursue that idea further. Rather, we

focus on the bond lengths and the % ion-pair character. We

then examine the most stable cube, cube 7, and compare it

to the least stable cube, cube 14.

The N–H and H–F bond lengths are presented in

Table 5, and each shows a wide range of variability

between cubes. The N–H bond lengths range from a low of

1.08 Å to a high of 1.42 Å with the aug-cc-pVDZ basis set

and from 1.08 to 1.45 Å with the aug-cc-pVTZ basis set.

Likewise, the H–F bond lengths range from a low of

1.05 Å to a high of 1.49 Å with the aug-cc-pVDZ basis set,

and from 1.04 to 1.48 Å with the aug-cc-pVTZ basis set.

Table 5 also shows that the change in bond length due to

the change in basis set is minor except for cubes 9 and 13,

which we now discuss.

Table 3 (NH3�HCl)(H2O)6: N–H bond length (Å), Cl–H bond length

(Å), % ion pair, relative energy (kcal/mol), and dipole moment for the

sixteen unique structures at B3LYP/aug-cc-pVDZ

Structure Cl–H

length

N–H

length

% Ion

pair

Relative

energy

l
(debye)

Cube 1 1.95 1.07 90.7 6.5 9.1

Cube 2 2.04 1.06 94.3 3.9 6.0

Cube 3 2.02 1.06 93.7 5.8 6.7

Cube 4 1.97 1.07 92.0 7.3 9.6

Cube 5 2.01 1.06 93.4 2.6 2.2

Cube 6 1.97 1.07 91.6 4.0 7.0

Cube 7 2.06 1.05 95.0 0.0 2.5

Cube 8 2.04 1.06 94.3 3.8 4.6

Cube 9 1.92 1.08 89.1 4.0 6.6

Cube 10 1.94 1.08 90.3 6.5 7.5

Cube 11 1.87 1.09 86.3 9.8 11.3

Cube 12 1.94 1.08 90.5 6.6 9.0

Cube 13 1.91 1.08 88.9 3.9 6.8

Cube 14 1.87 1.09 86.1 10.1 11.5

Cube 15 1.96 1.07 91.6 4.1 6.9

Cube 16 1.93 1.08 90.2 6.7 8.0

Fig. 5 Relative energies for the sixteen cubes formed by

NH3�HCl(H2O)6

Fig. 6 Depictions of molecular

cubes from each of the four

categories of energy in Fig. 5,

ranked in order. Cube 7 is

lowest in energy, and cube 14 is

highest
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Of all sixteen cubes, cubes 9 and 13 have the least dif-

ference (*0.1 Å) between the H–F and N–H bond lengths

at the B3LYP/aug-cc-pVDZ level. That is, the H atom for

these two cubes is nearly equidistant from both the N and F

atoms. The cube has been ‘‘caught’’ in neither a neutral

adduct structure nor an ion-pair structure. Generally, this

means that it is in a portion of the potential energy curve

along this internal coordinate that is relatively flat. For such

situations, we can expect significant changes in geometry

upon changing basis set, but little change in the relative

energies. This situation is analogous to the much studied

NH3�HCl�H2O [21–23, 47–50]. In that case, the exact

placement of the H atom between the N and the Cl atoms is

very much dependent upon basis set and methodology.

Again, there is a broad and flat potential energy surface

along this internal coordinate.

We provide a specific example of this ‘‘flat’’ potential

energy surface conundrum in Figs. 8 and 9. In this figure,

we scan the N–H bond distance from 1.05 to 1.6 Å for

cubes 9 and 10. (Cube 9 represents a flat potential energy

surface for this coordinate, whereas cube 10 represents a

stiffer potential.) The results are presented at the B3LYP/

aug-cc-pVDZ level and MP2/aug-cc-pVDZ level. We

observe little difference between the B3LYP and MP2

results. Further, we see that cube 9 has a very flat surface

between 1.1 and 1.4 Å. As seen in Table 5, changing the

basis set from aug-cc-pVDZ to aug-cc-pVTZ for cube 9

decreases the F–H bond distance from 1.24 to 1.08 Å, and

correspondingly, the N–H distance increases from 1.20 to

1.36 Å. This change in geometry has a dramatic effect on

the % ion-pair contribution as shown in Table 5. As we

predicted, cube 9 with the flat potential energy surface is

very sensitive to a change in basis set.

3.4 Comparison of (NH3�HCl)(H2O)6

with (NH3�HF)(H2O)6

The theoretical literature [21–23] on the NH3�HF adduct

indicates that a minimum of three water molecules of

hydration are needed for ionization, indicating that one or

two additional molecules of water are needed to induce

Fig. 7 Example of a B–F dimer structure as found within the larger

cubic structure

Table 4 Important donor–acceptor relationship that categorize the

relative energy of the cubes

Structure B–F

dimers

Cl-�H2O

dimersa
NH4

?�H2O

dimersa
Total Energyb

Cube 7 1 2 2 5 0.0

Cube 6 1 1 1 3 4.0

Cube 16 1 1 0 2 8.0

Cube 14 1 0 0 1 11.5

a These dimers refer to those as described in the text
b In units of kcal/mol

Table 5 (NH3�HF)(H2O)6: N–

H bond length (Å), F–H bond

length (Å), % ion pair, relative

energy (kcal/mol), and dipole

moment for the sixteen unique

structures for B3LYP studies

The first value is for the aug-cc-

pVDZ, and the second for the

aug-cc-pVTZ basis

Structure F–H length N–H length % Ion pair Relative energy l (debye)

Cube 1 1.31/1.25 1.15/1.19 77/68 6.7/6.4 6.8/6.6

Cube 2 1.47/1.45 1.09/1.09 90/89 4.1/3.9 4.0/4.0

Cube 3 1.45/1.43 1.09/1.09 89/89 5.5/5.4 6.3/6.3

Cube 4 1.38/1.37 1.11/1.12 85/83 7.0/6.8 8.4/8.3

Cube 5 1.43/1.42 1.10/1.10 88/87 2.7/2.6 1.0/1.1

Cube 6 1.37/1.34 1.12/1.13 83/81 3.9/3.8 5.2/5.1

Cube 7 1.49/1.48 1.08/1.08 92/91 0.0/0.0 1.3/1.3

Cube 8 1.47/1.46 1.08/1.09 91/90 3.3/3.2 5.6/5.7

Cube 9 1.24/1.08 1.20/1.36 66/33 3.5/2.9 4.3/3.4

Cube 10 1.33/1.29 1.14/1.16 79/74 5.7/5.5 6.9/6.8

Cube 11 1.06/1.04 1.41/1.44 28/23 7.9/6.9 7.8/7.7

Cube 12 1.32/1.28 1.14/1.17 78/73 6.7/6.4 6.9/6.7

Cube 13 1.24/1.09 1.19/1.35 67/36 3.4/2.8 4.4/3.3

Cube 14 1.05/1.04 1.42/1.45 26/23 8.0/7.0 8.1/7.9

Cube 15 1.37/1.34 1.12/1.13 83/81 4.0/3.8 5.1/5.0

Cube 16 1.33/1.31 1.14/1.15 79/77 5.8/5.5 7.4/7.3
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ionization compared with NH3�HCl. These subtle differ-

ences between NH3�HF and NH3�HCl are also evident in

comparison of our results in Tables 3 and 5. The simplest

rubric to see this comparison is to examine the % ion-pair

character in each of the tables. All sixteen of the

(NH3�HCl)(H2O)6 cubes are [85% ion-pair character.

However, only five of the (NH3�HF)(H2O)6 reach this level

of ionization. We note by way of passing that there is a

strong negative linear correlation between the percent ion-

pair character and the N–H bond length. This is shown in

the supporting information. It is an expected correlation if

the N–F distance remains constant.

We can interpret the relative ability of ion-pair forma-

tion for (NH3�HF)(H2O)6 versus (NH3�HCl)(H2O)6 by

employing the thermodynamic arguments of Cheung,

Dixon, and Hershbach [51]. The essence of this argument

is laid out in Table 6. We examine the energetics of for-

mation of the ion-pair NH4
?X- starting from the neutral

species NH3 and HX. This reaction is broken into several

thermodynamic steps as shown in Table 6. The deproto-

nation reaction of HX is much more endothermic for HF

than for HCl (370.5 vs. 332.5 kcal/mol). The proton

affinity of NH3 is a constant for both reactions (-204 kcal/

mol). The last step in the thermodynamic cycle is the use of

classical electrostatics to estimate the energy released upon

bringing together the ions NH4
? and X- to form an ion

pair. We employ the average bond distance found between

the N and Cl atoms in the sixteen cubes of

(NH3�HCl)(H2O)6, and also between the N and F atoms in

the sixteen cubes of (NH3�HF)(H2O)6. This allows us to

obtain an estimate of the electrostatic attraction between

the ions. Considering all of this, we find, as expected, that

the formation of the ion pair is more endothermic in the

case of NH4
?F- than it is for NH4

?Cl-. Of course, neither

of the models presented in Table 6 purports to incorporate

the contribution from the water molecules that are assisting

the formation of ion pairs through the cooperative nature of

the hydrogen bonds. Furthermore, the classical treatment of

the electrostatic attraction is a huge approximation com-

pared with the quantum mechanical reality of the ions

coming together. Nonetheless, this model gives us a crude

understanding of the ability to form ion pairs in the two

cases that we consider.

3.5 Correlation of vibrational frequency with geometry

To further understand the cooperative nature of hydrogen

bonds, we examine the correlation of the computed har-

monic vibrational frequency with geometry. We are inter-

ested in the computed vibrational frequency whose

corresponding normal coordinate exhibits stretching

motion of the H atom between the X and N atoms, and

which has a large computed intensity. In Table 7, we

present these frequencies, along with corresponding H–F

and N–H bond lengths, and the % ion-pair character for the

series of molecules HF, HF�NH3�(H2O)n, for n = 0, 1, 2

and four representative cubes of the sixteen molecules for

n = 6. The geometry data around the hydrogen bond are

best depicted by use of the % ion-pair character rubric. WeFig. 8 Energy as a function of N–H bond length for cubes 9 and 10 at

MP2/aug-cc-pVDZ

Fig. 9 Energy as a function of N–H bond length for cubes 9 and 10 at

B3LYP/aug-cc-pVDZ

Table 6 The thermodynamic steps (kcal/mol) used to compare rel-

ative ionization ability of NH3�HF and NH3�HCl

Process (gas phase) X = F Ref. X = Cl Ref.

H ? H? ? e- 313.6 313.6

X ? e- ? X- -78.4 [52] -83.3 [53]

HX ? H ? X 135.3 [54] 102.2 [55]

HX ? H? ? X- 370.5 332.5

NH3 ? H? ? NH4
? -204 [56] -204 [56]

NH4
? ? X- ? NH4

?X- -133.5a -109.7b

NH3 ? HX ? NH4
?X- 33.0 18.8

a Based upon an electrostatic distance obtained from the average N–F

distance in the sixteen cubes, 2.48 Å
b Based upon an electrostatic distance obtained from the average N–

Cl distance in the sixteen cubes, 3.02 Å
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make use of this in Fig. 10 by graphing these stretching

frequencies versus the % ion-pair character; this figure

depicts all sixteen cubes for n = 6.

We note that the strong redshifting of the vibrational

(hydrogen bond) frequency (853 cm-1) has been docu-

mented in comparing HF and HF�NH3 [1]. As seen in

Table 7, addition of water molecules n = 1 and n = 2

further redshifts the vibrational frequency. We next look at

the most stable structure of the sixteen cubes, namely the

one that has the highest % ion-pair character, and its

associated vibrational frequency, cube 7. We see that the

frequency has increased above that for both of the mole-

cules with n = 2. Of course, now the vibrational motion is

better described as an ammonium ion in proximity to the

fluoride ion rather than a neutral adduct HF�NH3. We see

that the frequency is still redshifted compared with free H–

F, but not by as much as the molecules with n = 2. Table 7

also indicates data for three other representative molecular

cubes, with % ion-pair character of 23, 36, and 68%.

Figure 10 depicts the corresponding vibrational frequency

for all of the molecules above, as well as the remainder of

the sixteen molecular cubes. The vibrational frequency is

redshifted the most when the H atom is ‘‘caught’’ most

nearly in between the F and the N atoms. That is, the

systems that are 35–70% ion pair in character are red-

shifted the most. We note in passing that there are instances

wherein hydrogen bonding causes blueshifting of the

vibrational frequency [57]. Figure 10 is reminiscent of

Figure 6.19 in the monograph by Scheiner [1].

The data in Table 7 and Fig. 10 refer to harmonic vibra-

tional frequencies. We know from earlier work on related

systems [58, 59] that anharmonic effects are important to

consider, if one wishes to relate directly to experiment. How-

ever, in our case, we are only comparing relative frequencies

for related systems. We do not expect anharmonic corrections

to change any of the discussion in the previous paragraph,

although the absolute value of the frequencies will be lowered.

In fact, we expect that anharmonic effects will be greatest for

the systems near 50% ionic character, and therefore, the trend

predicted in Fig. 10 will only be further enhanced.

3.6 Addition of one and two water molecules to form

(NH3�HF)(H2O)7 and (NH3�HF)(H2O)8

We added one and two additional water molecules to the

NH3�HF unit. An example is shown in Fig. 11 for cube 14

(least stable and least % ion-pair contribution). This work

was done with B3LYP/aug-cc-pVDZ. All thirty-two cubes

result in greater than 85% ion-pair character with these

added waters of hydration. The resultant bond lengths and

% ion-pair contributions are shown in the supporting

information. For cube 14, the addition of two water mol-

ecules changes the % ion-pair character from *23 to

*91%. The ‘‘active’’ hydrogen atom between F and N was

caught in an unfavorable position due to the asymmetry in

the hydrogen bond topology. Addition of two more water

molecules evidently releases it from this unfavorable

position and allows for migration to the N atom, forming

an ion pair. By contrast, cube 7 was already ionized at 91%

in its original cube form (Table 5). Addition of two water

molecules increases this to 98%.

Table 7 Vibrational frequency

and associated information

See supplementary information

for depictions of adducts with

one and two water molecules of

solvation

Structure N–H–F vibrational

frequency/cm-1
N–H bond

length/Å

H–F bond

length/Å

% Ion

pair

HF 4,070 NA 0.92 0

NH3�HF 3,217 1.67 0.96 5

NH3�HF�H2O 2,774 1.58 0.99 11

NH3�HF�(H2O)2 (H2O adj.) 2,311 1.49 1.02 28

NH3�HF�(H2O)2 (H2O not adj.) 2,065 1.45 1.035 22

NH3�HF�(H2O)6 (Cube 14) 2,015 1.45 1.04 23

NH3�HF�(H2O)6 (Cube 13) 1,377 1.35 1.09 36

NH3�HF�(H2O)6 (Cube 1) 1,125 1.19 1.25 68

NH3�HF�(H2O)6 (Cube 7) 2,487 1.08 1.48 91

Fig. 10 Vibrational frequency versus ion-pair character
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4 Summary

Our work shows that (NH3�HCl)(H2O)6 exhibits a high

degree of ion-pair character for all sixteen available cubes.

The molecule (NH3�HF)(H2O)6 is less easily ionized and

exhibits greater than 85% ion-pair character for only five of

the sixteen possible cubes. One or two added waters of

hydration result in all sixteen cubes having greater than

85% ion-pair character. The degree of ionization that we

observe for (NH3�HX)(H2O)6 is in line with the earlier

work of Tao et al., who already noted substantial ionization

with fewer water molecules than six [21–23]. Our work is

static, at 0 K, and could form the basis for molecular

dynamics studies, such as in the case of (H2SO4)m�
Base�(H2O)6 [12]. The relative energy of the cubes can be

categorized based on simple chemical principles. The

computed frequency corresponding to the N–H–F vibra-

tional motion shows the highest degree of redshifting for

systems near 50% ion-pair character. Molecular cubes

close to neutral adduct or to ion-pair character show less

redshifting of this vibrational motion.
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Appendix

Empirical gauge of hydrogen bond versus ion-pair

structure

We define a ‘‘reference’’ bond length and examine the

relative difference between the reference bond length and

that found in the molecule at hand. We use NH3�HF and

NH3�HCl as our example molecules and employ our

theoretical results to illustrate the method. Our empirical

gauge relates the bond lengths X$r1
H$r2

N to reference

bond lengths. It is the distortion between the actual bond

length and a reference bond length for each bond that

measures the extent to which the structure is classified as a

hydrogen bond adduct versus an ion-pair structure. In the

following paragraph, we employ the aug-cc-pVDZ set for

our theoretical results. Where experimental work is known,

we place that in parentheses directly after the theoretical

value.

The free molecule HF has a bond length of 0.926 Å

(0.917 Å), and the corresponding value for HCl is 1.295 Å

(1.274 Å). These computed values are labeled r1ref for HF

and HCl, respectively. The second reference, r2ref, is the

N–H bond length in NH4
?; we chose its value to be

1.0217 Å, [60].

We then define the following quantities that refer to ion-

pair character and hydrogen bond character.

i-p character ¼ r1 � r1ref

r1ref

h-b character ¼ r2 � r2ref

r2ref

The experimental structure of NH3�HF has not been

reported, but the theoretical results are r1 = 0.966 Å and

r2 = 1.662 Å. The corresponding theoretical values for

NH3�HCl are r1 = 1.370 Å and r2 = 1.668 Å. From these

results, we obtain i-p character = 0.043 and h-b character =

0.583 for NH3�HF and obtain i-p character = 0.058 and h-b

character = 0.589 for NH3�HCl. In order to convert these into

a percent contribution of each structure, we divide by a

normalization factor, N, defined as the sum of these quantities.

N ¼ r1 � r1ref

r1ref

þ r2 � r2ref

r2ref

The percent ion-pair character and percent hydrogen bond

character for a given molecular structure are defined as

follows:

%i-p ¼ r1 � r1ref

Nr1ref

� 100

%h-b ¼ r2 � r2ref

Nr2ref

� 100:

We obtain 93% h-b, 7% i-p for NH3�HF and 91% h-b, 9%

i-p for NH3�HCl. These results provide a quantitative way

to report the amount of distortion that the acid undergoes

upon bonding to the base. They confirm that the hydrogen

bond is overwhelmingly an adduct pair, and not an ion pair.

They show that NH3�HCl is more ‘‘ionic’’ than NH3�HF,

which makes qualitative sense, since chemists have many

reasons to refer to HF as a weaker acid than HCl.

The empirical formula that we utilize here provides

results that allow a quick empirical look at the nature of the

Fig. 11 Cube 14 with two bridging water molecules

Theor Chem Acc (2011) 130:871–881 879

123



molecular adduct. Scheiner [1] provided an alternative

view based upon a parameter he called q defined as

q = Dr(XH) - Dr(NH).
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