
Structure of Concentrated HCl Solutions

Noam Agmon†

Department of Physical Chemistry and the Fritz Haber Research Center, The Hebrew UniVersity,
Jerusalem 91904, Israel

ReceiVed: March 5, 1997; In Final Form: October 14, 1997X

A pentagonal ring is suggested as the basic structural unit of HCl(H2O)6 and (HCl)2(H2O)6 in solution. Modeled
after the X-ray structure of a caged H13O6

+ compound, it contains bridged H5O2
+ and Cl- ions, each with a

coordination number around four. In the most concentrated HCl solutions, one of the ligands solvating Cl-

is HCl, giving rise to a bichloride moiety. The proposed structure explains qualitatively the stoichiometry,
ion mobility, (IR, Raman) spectroscopy and (X-ray, neutron) diffraction data of concentrated HCl solutions
and provides a semiquantitative fit to the X-ray radial distribution function. The ring structure is a likely
candidate for the structure of protonated HCl clusters in the gas phase and for the contact ion-pair formed
following HCl dissociation in solution.

I. Introduction

Hydrochloric acid dissolves in liquid water up to a 1:3 mole
ratio.1 Similar stoichiometric restrictions do not hold in HCl
crystals.2 The crystal structure of the monohydrate,3 dihydrate,4

trihydrate,5 and hexahydrate6 have all been characterized by
X-ray diffraction. In contrast, protonated water clusters seem
to require a minimum of about 12 water molecules to solvate
one HCl molecule.7

If HCl is fully dissociated in liquid water, both proton and
chloride must be solvated with as little as three water molecules.
How do such few water molecules solvate both ions? It is
logical to assume that this requires special hydrogen-bonded
structures, with water molecules being shared in the coordination
shells of both ions. However, in spite of the information gleaned
from X-ray and neutron diffraction measurements of aqueous
HCl solutions over a wide composition range,8-13 these
structures evaded determination. Most notable is the work of
Triolo and Narten,9 who have interpreted the radial distribution
function (RDF) in terms of isolated H3O+ and Cl- ions, with a
hydration shell of four water molecules each. Such structures,
requiring more than eight water molecules per HCl, are not
satisfying models for concentrated HCl solutions.
In an effort to explain these stoichiometric restrictions, a

structure involving direct contact between H3O+ and Cl- was
postulated.14,15 While the through-space interaction is electro-
statically favorable, the suggested structure requires an extremely
bent hydrogen bond. As we shall see, this structure is
inconsistent with the X-ray and neutron diffraction data.
Current assignments also ignore spectroscopic evidence for

possible involvement of a protonated water dimer, the H5O2
+

ion, which follows from the great enhancement in polarizability
of concentrated HCl solutions.14,16-18 The question of whether
H3O+ or H5O2

+ is the correct structure for the aquated proton
was the subject of heated discussions.19-22 Giguère argued21

that the observed O‚‚‚O distance of 2.52 Å9 is too long for
H5O2

+, whereas it is about right for H3O+. Unfortunately, RDF
peaks can arise as averages of several atomic interactions (as
we shall see below).

Ionic mobility measurements23,24 show that the abnormal
proton mobility (by the Grotthuss mechanism25) is completely
abolished in concentrated HCl, where the “hydrodynamic”
proton mobility becomes equal to that of the chloride ion. First,
if abnormal mobility in water is related to rapid isomerization
between H3O+ and H5O2

+,25-27 its cessation might indicate that
one of the two structures has become considerably more stable
than the other. Second, the fact that both proton and ion now
share the same hydrodynamic diffusion coefficient indicates a
rather tight ion-pair structure.
Given the confusion concerning the possible structure of

concentrated HCl solutions, perhaps one could turn for help to
the crystal structures. Interestingly, in crystals of hydrated HCl,
both H3O+ and H5O2

+ were identified:2 The monohydrate is
H3O+ Cl-,3 the dihydrate is H5O2

+ Cl-,4 the trihydrate is H5O2
+

Cl-‚H2O,5 and the hexahydrate is assigned to H9O4
+Cl-‚2H2O.6

It thus appears that the crystal environment determines which
form of the solvated proton is favored.
The crystal structures can be very helpful in assigning peaks

in the RDF, because typical interatomic distances do not change
drastically in going from crystals to solutions. As an example,
typical O‚‚‚Cl distances are 2.95 Å in H3O+‚‚‚Cl-,3 3.01-3.10
Å for H5O2

+‚‚‚Cl-,4,5 and 3.07-3.13 Å for H2O‚‚‚Cl- (Figure
4 in ref 5). From these numbers it seems that the 3.13 Å peak
observed in the RDF of liquid HCl9 cannot be assigned to a
direct H3O+‚‚‚Cl- contact.14,15 The chloride is more likely
solvated by an unprotonated water molecule.
In contrast to the interatomic distances, the crystal structures

themselves are not likely to be observed in the liquid phase,
since they reflect the cooperative crystal environment effect in
minimizing the free energy. An exception might involve the
serendipitous discovery of a H13O6

+ cation encapsulated within
a cage compound.28 This X-ray structure, Figure 1a, is stabilized
by hydrogen bonds to several cage chloride anions (not shown).
It is an appealing model for a 1:6 HCl/water mixture. The
present work aims to show that it indeed provides a consistent
interpretation of liquid HCl data.
The basic structure is a pentagonal ring composed of four

water molecules, one proton and one chloride anion. Two of
the water molecules bind the proton to form H5O2

+, whereas
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the Cl- resides between the other two. This structure is stabi-
lized by a “through space” ionic interaction. Both H5O2

+ and
Cl- are solvated by four water molecules. The chloride solva-
tion shell can be completed by polymerization, such as in Figure
2. Incidentally, this “dimer” (from which the second Cl- has
been deleted) might explain the required minimum of 12 water
molecules for solvating HCl in protonated water clusters.7

Figure 1b explains the maximal 1:3 molar ratio obtained by
forming a bichloridemoiety, (ClHCl)-. Indeed, bihalides present
some of the strongest known hydrogen bonds in various crystal
structures.29 The bichloride has been identified in gas phase
spectroscopy.30 A tetrahedrally solvated (ClHCl)- ion has been
suggested as one of the (many) products of the reaction of
gaseous HCl with anionic water clusters.31 Recentab initio
simulations have demonstrated its existence in liquid HCl.32

It seems, therefore, that the proposed structures can explain
the stoichiometry of concentrated aqueous HCl. The following
sections demonstrate how these structures also explain the
spectroscopy and, particularly, the diffraction data from con-
centrated HCl solutions.

II. Spectroscopy

Spectroscopic studies of concentrated aqueous HCl solutions
point to the involvement of the protonated water dimer H5O2

+

rather than the protonated monomer H3O+. Quantum chemistry
calculations33,34 show that “the” proton in (isolated) H5O2

+

resides is a wide well in between the two oxygens, which are
about 2.4 Å apart. Perturbations from the surrounding solvent
can make one or the other oxygens momentarily more stable,
causing the central proton to oscillate strongly between them.27

This leads to high proton polarizability, as suggested by
Zundel.16

There are three spectroscopic indications for such high protic
polarizability: (a) In the IR-spectrum a broad continuum appears
between 1000 and 3000 cm-1, increasing in intensity at high
acid concentrations.16,18 The continuum of vibrational states
results from the fluctuating double-well potential of the proton
along the O-H-O coordinate. (b) Depolarized Rayleigh
scattering shows increasing scattering intensity with increasing
HCl concentration assigned, again, to the easily polarizable
H5O2

+ grouping.17 (c) The low-frequency Raman spectrum of
water shows a peak near 180 cm-1, assigned to H2O‚‚‚HOH
hydrogen-bond stretch. It is completely depolarized at room
temperature. With increasing [HCl], the scattering intensity
increases and becomes polarized, peaking in the isotropic
spectrum at 206 cm-1.14,15 Although Cl is a more polarizable
atom than oxygen, Raman scattering from aqueous NaCl
solutions shows a polarized peak at about 165 cm-1, not near
206 cm-1.15 The latter could therefore be assigned to H5O2

+

and its polarization attributed to protic (rather than electronic)
polarizability.
In addition to the broad continuum, there are several discrete

bands attributed to H5O2
+ vibrations.18,22 The 1710 and 1170

cm-1 bands were assigned to a water molecule bend and to the
O-H-O asymmetric stretch within the H5O2

+ cation, respec-
tively.18 These assignments have been criticized.19,21 Basically,
the problem is that H3O+ may have intense IR bands at similar
frequencies,35 see Table 1. However, two arguments favor the
H5O2

+ assignment: (a) The 1170 cm-1 band is IR active, but
not Raman active.22 This could be understood if it is assigned
to an antisymmetric mode. (b) A comparison withab initio
calculations,36,37 Table 1, shows that, by scaling the H5O2

+

frequencies to match experiment in the high frequency regime,37

one obtains remarkable agreement with the liquid-phase data.
In addition, the theory predicts that the asymmetric bending
mode of H3O+ should appear at a slightlylower frequency than
the water-bending mode in H5O2

+. This refutes a claim by
Giguère that 1710 cm-1 is too high for the bending mode of an
“external” water molecule in the hypothetical H5O2

+ group.21

III. X-Ray Diffraction

X-ray is sensitive to electron density and will provide the
X-X distances, X) O or Cl. In the X-ray RDF, one can
typically identify nearest-neighbor and next nearest-neighbor
X-X distances. In contrast, X-H and H-H distances are not
observed by this technique, because of the low electron density
of the hydrogen atoms. In addition to providing interatomic
distances, there is valuable information in the width and
amplitudes of the RDF peaks.
The classical X-ray data for liquid HCl are those of Triolo

and Narten.9 Figure 3a shows the total intermolecular X-ray
RDF for HCl‚4H2O as obtained by digitizing Figure 4 of ref 9.
It shows five peaks at 2.52, 3.13, 3.61, 4.15, and 4.60 Å. In
comparison, X-ray scattering from liquid water shows a
pronounced peak at 2.85 Å and a broad maximum around 4.6
Å, attributed to first and second nearest-neighbor water-water
interactions in tetrahedral symmetry. However, direct assign-
ment of peak positions to interatomic distances,ri, may be

Figure 1. The suggested structural unit in mixtures of (a) 1:6 and (b)
1:3 HCl/water. Big and small circles represent O and H atoms,
respectively, “the” H+ atom is black. The indicated distances are
estimated from X-ray and neutron diffraction data and are summarized
in Table 3.

Figure 2. The structural unit(s) of Figure 1 may polymerize to complete
the Cl- hydration shell. The “dimer” shown (which, of course, is non-
planar) includes two units from Figured 1a without one Cl-. It is a
suggestive structure for the product of solvating HCl in protonated gas-
phase water clusters.7
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misleading because occasionally two pair interactions at similar
distances may overlap to give a single peak. To separate these
out, some RDF analysis is required.
In addition, important information may be conveyed by the

numbermi of identical interatomic distancesri within the
postulated structural unit. Such “occupation numbers” may be
useful in validating a suggested structure, but their determination
requires a more quantitative RDF analysis. This analysis is
never unambiguous,38 but could nevertheless be informative,
as seen below.
A. RDF Analysis. Let us consider two contributions to the

total RDF,g(r). One contribution is from a dominant, long-
lived liquid structure unit such as that postulated in Figure 1.
The other is an unstructured background density,g∞(r), arising
from numerous short-lived conformations for which no informa-
tion is available. The structured part is further decomposed into
a weighted sum of atom-pair distribution functions,gi(r). This
allows one to estimate the number of equivalent interatomic
distances of lengthri. The following derivation is based on
standard material.38-42 It is produced in detail only because it
is difficult to find in the present form.
Consider a “stoichiometric unit” (SU) ofN atoms, with the

same composition as the bulk solution. Its density is thus the
bulk density,F0. Denote the (individual) atoms within the unit

by the indexµ, whereµ ) 1,...,N. The (individual) atoms of
the solvent will be denoted by the indexν, whereν ) 1, ...,N,
...∞. Instead of counting atoms, one can count the different
kinds of interactions. Each interaction generates an “equivalence
class”. Theith class contains all interatomic distances (“bonds”)
of average lengthri, between an atom of type Ai in the SU and
another atom of type Bi in the liquid. For example, in the
present work classi ) 3 includes all O‚‚‚Cl hydrogen-bonds
peaking at 3.13 Å. By definition, different classes are disjoint.
One goal of the present section is to determine, from X-ray
data, the number of elements in each class.
In a liquid, the interatomic distances are not fixed. Therefore,

instead of having the distance between atomsµ andν exactly
rµν, one introduces a probability density,gµν(r), for observing
a separationr between these atoms. If atomsµ andν are of
types Ai and Bi (e.g., O and Cl) and their separation isri (e.g.,
3.13 Å) thengµν(r) t gi(r) [e.g.,g3(r)]. The pair distribution
gi(r) is normalized so that

namely, the probability of finding atomν somewhere around
atomµ is unity. HereF0 ) 0.0323 molecule/Å3, the bulk density
of a concentrated HCl solution [Table 1 in ref 9].
In the simplest case of an isotropic monoatomic liquid one

may write41,42

The first form involves summation over atoms and the second,
over all classes of pair interactions. The two representations
must be equivalent.
Denote bySi(µ) the set of (indices of) equivalent atoms in

the liquid whose distance from atomµ is ri. For example, if
atom 2 is Cl and atom 6 is an oxygen atom whose distance
from atom 2 is 3.13 Å, then 6∈S3(2). If an atomµ does not
contribute to theith class,Si(µ) will be empty. With this
notation

is the coordination number for theith coordination shell. Indeed,
if the SU is taken as a single atom,N ) 1, the sum overµ
reduces to a single term andni is the number of atoms in the
setSi(µ). If one selects a set ofN atoms as the SU, theµ-sum
producesN identical terms andni does not change.
Instead of counting the number of atoms in a specified shell

around a given atom, one can count all equivalent distancesri
in which atoms from the SU participate. This arithmetics is
more convenient for large heterogeneous SUs. Let us define
the number of “bonds”mi within an equivalence class such that
when both relevant atoms are within the SU their interatomic
distance counts once, whereas whenµ is inside andν outside

TABLE 1: Some Characteristic Vibrational Frequencies (in cm-1) of Protonated Hydrates below 2000 cm-1 a

H5O2
+ H3O+

assignmentb experimentb theoryc C2 theoryc CS assignmentb experimentd theory

OHO stretch (A) 1170 (IR) 1170 bend (S) 1100 (IR, R)
water bend 1710 (IR, R) 1706 1750 bend (A) 1600 (IR, R) 1650e

a IR: Infra-Red active. R: Raman active. S: symmetric; A: asymmetric.bReferences 18 and 22.cReference 37, scaled in comparison with
experiment by original authors.dReferences 35 and 22.eMP2/6-311+ +G(2d,2p) calculation,36 scaled as (1710/1777)1715.

Figure 3. The radial distribution function obtained by X-ray scattering
from (HCl)0.2(H2O)0.8. (a) shows the experimental data (bold curve9)
with the fit to eq 5. The thin dotted line is the background scattering,
eq 9, with rc ) 2.7 Å andre ) 1.4 Å. (b) shows the resolution into
eight atom-atom interactions,gi(r), eq 8. Fitting parameters are
collected in Table 2.

4πF0∫gi(r) r2 dr ) 1 (1)

g(r) - g∞(r) ) N-1 ∑
µ)1

N

∑
ν*µ

gµν(r) ) ∑
i

ni gi(r) (2)

ni ) N-1 ∑
µ)1

N

∑
ν∈Si(µ)

1) ∑
ν∈Si(µ)

1 (3)
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the SU, they contribute1/2 to mi. With this convention

Since atom-pairs within the SU are counted twice by the double
summation, each such pair indeed incrementsmi by 1. Hence,
with the above definition,mi ) N ni/2.
When different kinds of atoms are involved, one should take

into account the different atomic scattering factorsfµ. Since
X-rays are scattered predominantly from electrons these factors,
in the limit of forward scattering (Q) 0 ), are the total number
of electrons associated with the relevant particle. Thus for
water, including the two electrons from the hydrogens,fO )
10. For chloride ion, including the negative charge,fCl ) 18.
Consequently, in the heteroatomic case, the intermolecular RDF
is decomposed as9,40

Again the sum overµ is restricted to the SU, whereas theν-sum
extends over the whole solvent. In general, The ratiofµ fν/(∑µ fµ)2

depends more weakly on the scattering parameterQ than the
individual fµ’s. Hence taking theQ ) 0 limit becomes a
reasonable approximation. In the limit of identicalfµ’s, the
scattering factors cancel and eq 5 reduces to 2.
We are interested in determiningmi from the weightsai in

the linear combination of interatomic RDFs. By restricting the
ν-summation to the setSi(µ), gµν(r) reduces togi(r), whereas
the factorfµ fν becomes independent ofµ and ν. It depends
only on the indexi of the equivalence class. Suppose that this
class involves an interaction between atoms Ai and Bi, thenfµfν
) fAi fBi. The sums are reordered as

Consequently, with the definition in eq 4

This allows one to obtainmi by fitting g(r) to a linear
combination of pair interactions.
A useable model requires some functional form forgi(r) and

g∞(r). For the pair contribution, one usually assumes that either
gi(r), rgi(r), or r2gi(r) is a symmetric function ofr. Following
ref 43, we adopt the second assumption. Furthermore, ifrgi(r)
is a Gaussian, one has

Hereσi is a width resulting from thermal fluctuations.
The background RDF describes an ensemble of short-lived

and long-distance interactions. It is assumed to increase
monotonically from zero at a cutoff distance,rc, to unity at
r f ∞. This is depicted by the empirical function

The parameterrel could be interpreted as a characteristic decay

length for electronic correlations (on the order of 1 Å). The
choice ofg∞(r) affectsmi the most,σi less, andri hardly at all.
In discussing the X-ray data from the most concentrated 1:4

solution studied,9 two water molecules should be added to the
structure in Figure 1b. The SU then hasN ) 10 heavy atoms:
eight H2O and two HCl molecules. UsingfO ) 10 andfCl )
18 gives∑µfµ ) 116. The dashed curve in Figure 3a shows a
fit to the experimentalg(r), which is the full curve there. The
background RDF,g∞(r), is depicted by the thin dotted line
(assumingrc ) 2.7 Å and rel ) 1.4 Å). Eight inter-atomic
interactionsgi were included. Their parameters are collected
in Table 2. Given in parentheses are the values for these
parameters from a fit (not shown) that assumesg∞(r) t 0.
B. Structural Diffusion Model. Before discussing in detail

the relation between the parametersri andmi and the proposed
structure, let us check that the widthsσi of the various peaks
vary in a physically reasonable manner. Figure 4 shows a nice
linear correlation betweenσi

2 and ri. It is interesting that,
within the accuracy of the present analysis, the width for all
X‚‚‚X peaks (X) O or Cl) fall on the same line.
A linear correlation is indeed expected from the model of

“structural diffusion”,

This model was originally applied to the different solvation
shells in non hydrogen-bonded liquids.41,42,44 In the present case,
ri are nearest neighbor X-X distances within X‚‚‚HO hydrogen-
bonds. Thus, ifr0 depicts the OH bond length thenri-r0 is the
corresponding hydrogen-bond length. We find thatr0 ) 1.2
Å, which is the maximal OH bond length observed within the
H5O2

+ ion. The line through the origin in Figure 4 hasc )
0.0105 Å.

TABLE 2: Interatomic Parameters Obtained by Fitting the
X-ray RDF of Concentrated HCl,9 Figure 3, to Equations 5
and 8a

number ri (Å) σi (Å) ai mi

1 2.40 0.115 0.27 1.8
2 2.60 0.12 0.45 3.0
w 2.90 0.135 0.50(0.75) 3.3
3 3.13 0.14 2.55(2.75) 9.5
4 3.61 0.16(0.19) 1.35(2.75) 3
5 4.15 0.18(0.20) 1.60(3.75) 11
6 4.60 0.185(0.21) 1.35(3.85) 5

5.0 0.20(0.23) 0.85(4.5)

a Values in parentheses were obtained by neglecting the background
density. The number of equivalent bonds within the stoichiometric unit
mi was calculated fromai using eq 7 withN ) 10, fO ) 10, andfCl )
18.

Figure 4. A correlation of rms deviations with interatomic distances
for the fitting parameters of Table 2 (circles). The line is a fit to eq 10.

mi ) ∑
µ)1

N

∑
ν∈Si(µ)

1/2 (4)

g(r) - g∞(r) ) N∑
µ)1

N

∑
ν*µ

fµ fνgµν(r)/(∑
µ)1

N

fµ)
2 ) ∑

i

aigi(r)

(5)

∑
i

aigi(r) ) N∑
i

fAi
fBi∑

µ)1

N

∑
ν∈Si(µ)

gi(r)/(∑
µ)1

N

fµ)
2 (6)

mi ) (∑
µ)1

N

fµ)
2ai /(2N fAi

fBi) (7)

gi(r) ) 1
4πrr iF0

exp[-(r - ri)
2/2σi

2]

x2πσi

(8)

g∞(r) ) 1- exp[-(r - rc)/rel], r > rc (9)

σi
2 ) c(ri - r0) (10)
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Figure 4 provides some justification for using a background
density since, withg∞(r) ) 0, the widths for the largeri peaks
(Table 2) fall above the line. The correlation also indicates
that the 2.52 Å peak should be split between two interactions
(at 2.4 and 2.6 Å). While it could be fitted with a singlegi, the
required width would be 0.15 Å, significantly above the linear
correlation of Figure 4.
C. Peak Assignment.The peak distances,ri, are the primary

information used in structure determination, since uncertainties
in their values are much smaller than in the occupation numbers
mi. Problems arise when two peaks overlap, such as forg1 and
g2. In such cases one searches for additional evidence for the
correctness of the assignment. The strategy of the following
analysis is as follows. First the nearest-neighbor distances (r1-
r4 ) are discussed and compared with those observed in the cage
structure28 and in HCl-hydrate crystals.2 Then second nearest-
neighbors (r5 andr6 ) and occupation numbers (mi ) provide a
check for the consistency of the assignments.
i. r1 ) 2.4 Å is in agreement with accurate quantum chemistry

calculations for the O-O distance in H5O2
+.37 In the original

X-ray work,9 the 2.52 Å peak has been assigned to a hydrogen-
bond between water and H3O+.9,14,21 The correlation shown in
Figure 4 provides one indication that this peak is actually
composed from two separate interactions atr1 ) 2.4 andr2 )
2.6 Å. Additional evidence for this interpretation will be
provided below.
ii . r2 ) 2.6 Å is assigned to the hydrogen-bond length to

water ligands in the first hydration shell of H5O2
+. Ab initio

calculations for small protonated hydrates show a larger distance,
around 2.73 Å,45 whereas for the cage structure a smaller value
of 2.52 Å has been reported.28 Hydrogen-bond distances tend
to decrease with increasing cluster size.46 The value of 2.6 Å
is in agreement with an analysis using the Pauling-BEBO
correlation of intramolecular O-H bond lengths with intermo-
lecular hydrogen-bond lengths.47

iii . r3 ) 2.13 Å was convincingly assigned to O‚‚‚Cl
interactions between water ligands and the Cl- ion solvated by
them.9 The same distance is found in studies of chloride salt
solutions (see ref 9) and in the cage compound.28 In HCl-

hydrate crystals [Figure 4 in ref 5], distances around 3.1 Å are
observed for Cl- solvated by H2O, which drop to 3.00-3.05 Å
when the chloride is bound to H5O2

+. A direct bond between
H3O+ and Cl- is only 2.95 Å long,3 which rules out this possible
interpretation14 for r3.
iV. r4 ) 3.6 Å is assigned here to the Cl‚‚‚Cl interaction in

the bichloride ion, (ClHCl)-. Bihalides form strong hydrogen
bonds,29 the strongest being the bifluoride. Bichloride has been

identified in gas phase spectroscopy30 as well as in solid
matrices; however, it has not been previously identified in the
liquid phase, except in recentab initio simulations of aqueous
HCl.32 Interestingly, neutron diffraction from fluid HCl (under
pressure) shows a sharp peak ingClCl(r) in the range 3.7-3.8
Å;48 3.6 Å is also twice the Cl- crystal radius.29

Quantum chemistry studies49 indicate that an isolated bichlo-
ride can have either a short Cl-Cl distance around 3.15 Å, with
a nearly symmetrical proton, or a longer 3.2-3.3 Å distance
with an off-center hydrogen. The latter is better viewed as Cl-

solvation by a HCl molecule. In solution, additional water
ligands around the chloride should lead to lengthening of the
Cl-‚‚‚HCl bond and a decrease in its hydrogen-bond energy
below the 20 kcal/mol gas-phase value. For this reason, the
suggestion32 that the bichloride contributes to the 3.13 Å peak
seems less convincing than its present assignment tor4 ) 3.6
Å.
Two alternative assignments forr4 have appeared in the

literature. Triolo and Narten ascribed the 3.61 Å peak to a direct
Cl-‚‚‚Cl- interaction.9 This unfavorable electrostatic arrange-
ment has not been observed in recent simulations of concentrated
HCl.32 Walrafen and Chu14 proposed direct contact between
H3O+ and Cl- at 3.13 Å with two secondary O‚‚‚Cl interactions
with the first-shell water ligands of H3O+ at 3.61 Å. If this
structure were correct, the latter peak should be stronger than
the 3.13 Å peak, which in fact is the most intense feature in the
RDF.

V. r5 ) 4.15 Å is shorter than the 4.6 Å second nearest-
neighbor distance observed in neat water. If this distance is
ascribed to the O‚‚‚O separation between the two water ligands
which bind to H5O2

+, Figure 1b, then

where the angleR is defined in Figure 1a.
The question is which value ofR to adopt (Table 3). The

cage structure hasR ) 132°.28 This value seems questionable
because (a) the two complementary angles there are 111°, so
that the three angles do not sum up to 360° as they should for
the planar geometry assumed;28 (b) the water HOH angle,
normally 104.5°, is not likely to exceed 120° in the protonated
dimer. Accurateab initio calculations for H5O2

+ have R
≈109°.37 This value tends to decrease in larger protonated
hydrates to around 106°,50 the value adopted here.
Usingr2 ) 2.6 Å andR ) 106° in eq 11a givesr5 ) 4.15 Å,

in excellent agreement with the corresponding peak value from

TABLE 3: Intermolecular Distances (and Angles) for Concentrated HCla

neutron

distance or angle this work X-rayb,c XX d XHd HHd totalc cage structuree

r1(O‚‚‚O) 2.40b 2.52 2.37 2.39
r2(O‚‚‚O) 2.60b ? 2.52
r3(O‚‚‚Cl) 3.13b 3.13 3.18 3.1f 3.17
r4(Cl‚‚‚Cl) 3.61b 3.61 ?
r5(O‚‚‚O) 4.15b 4.15 ?
r6(O‚‚‚Cl) 4.60b 4.6 ?
d1(H‚‚‚O) 1.59 1.69 1.6
d2(H‚‚‚Cl) 2.15 2.14 2.1
d3(H‚‚‚H) 1.98 2.02 2.1d4(H‚‚‚H) 2.09
l1(Cl‚‚‚H) 1.6 (?) 1.69 1.6
l2(Cl‚‚‚H) 2.0 (?) 2.14 2.1
R 106° 132°(?)
â 106.5° ?

aSee Figure 1 for their definition.b See Table 2.cReference 9.dReference 13, fitted in Fourier space.eReference 28.f Reference 10.

r5 ) 2r2 sin(R/2) (11a)
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Figure 3b. Its observation provides a second evidence for the
H5O2

+ model.
Vi. r6 ) 4.6 Å is assigned to the second nearest-neighbor

O‚‚‚Cl interaction seen in Figure 1b. Ifâ is the appropriate
Cl‚‚‚O‚‚‚O angle, Figure 1a, then

The angleâ is adjusted to obtain the measured value ofr6 giving
â ) 106.5°, slightly lower than the tetrahedral angle 109.5°.
The reduction inâ might be ascribed to ring strain. A
consistency check onâ would be provided byd4 below.
D. Occupation Numbers. The amplitudesai of the atom-

atom interactions, as obtained from eq 5, are summarized in
Table 2. The number,mi, of equivalentri bonds within the SU
is then calculated using eq 7. This added information could
help corroborate the proposed structure and indicate where the
two additional water molecules are attached in the 1:4 HCl/
water stoichiometry. Unfortunately, themi’s depend on the
empirical background densityg∞(r). One can therefore expect
only a semiquantitative determination of their values, particularly
for the longerri’s.
The shortest intermolecular distances are within and around

the H5O2
+ moiety. We findm1 ) 1.8 andm2 ) 3. Sinceg1(r)

andg2(r) overlap considerably, a shift of intensity between them
is consistent withm1 ) 1 andm2 ) 4, the values suggested by
the structure in Figure 1b. The value ofmw≈3 could be
understood if all the “dangling” hydrogens in the SU are
hydrogen bonded to water molecules outside the SU, contribut-
ing half a bond each. The number of O‚‚‚Cl hydrogen bonds,
m3 ) 9.5, is in agreement with the earlier determination9 of a
coordination number of 4.5 for each of the two chloride ions.
If the structure polymerizes and the two additional water
molecules are bound to the two chlorides, one obtainsm3 ) 6.
Since in recent neutron diffraction measurements13 a water
coordination number of 3.5 was found for each chloride
(corresponding tom3 ) 7 ), the agreement might be considered
satisfactory. In contrast,m4 ) 3 disagrees with the present
suggestion of a single Cl‚‚‚Cl bond. Either the background
subtracted is too small or else the observed peak at 3.6 Å is too
strong, as suggested from recent X-ray measurements.13

The number of second nearest-neighbors is even more
ambiguous. The number of second nearest neighbor O‚‚‚O
distances in Figure 1b is 6, provided that all of them are roughly
equivalent tor5. The high value ofm5 ) 11 suggests that there
should be quite a number of similar distances to oxygen atoms
outside the SU. Finally, if the structure polymerizes, there
should be four second nearest-neighbor O‚‚‚Cl interactions
within the SU, plus two half-interactions through the two
additional water molecules which complete the hydration shell
of the two chlorides. This explains the value ofm6 ) 5 obtained
in the present analysis.

IV. Neutron Diffraction

Neutron diffraction is sensitive to light atoms and will thus
provide information on H-H and H-X interactions, which are
unobservable using X-ray scattering. The measurements of
Triolo and Narten9 provided only the total intermolecularg(r).
As HCl becomes progressively more concentrated, a peak at
2.2 Å is replaced by two peaks, at 2.1 and 1.6 Å.9 Recently,
Kameda has used isotopic substitution to obtain the partial RDFs
for X-X, H-X, and H-H interactions.13 The most prominent
nearest-neighbor peaks are collected in Table 3. The X-X
distances could be directly compared with the X-ray results.

From them, plus the anglesR andâ, one can predict the X-H
and H-H distances. In this process, one makes use of three
intramolecular O-H distances: (a) in bulk water,rOH ) 0.98
Å; (b) the four external OH bonds in H5O2

+, r′OH ) 1.01 Å;
and (c) the three OH bonds in H3O+, r′′OH ) 1.04 Å.12,45 Only
nearest-neighbor distances within the ring (d1-d4 ) or the
bichloride moiety (l1 and l2 ) would be considered below.
A. gXX(r). (i) r1. gXX reveals a peak at 2.37 Å with a

coordination number close to 1. This provides the most direct
proof for the ultrashort O‚‚‚O distance characterizing H5O2

+.
(ii ) r2. Of concern is the lack of a clear peak at 2.6 Å, unless

it is buried in the background.
(iii ) r3. The peak at 3.18 Å with a coordination number of

3.5 (i.e.,m3 ) 7 ) is in agreement with its present assignment
to O‚‚‚Cl interactions.
B. gXH(r). (i) d1. The shortest observed X-H peak is at

1.69 Å. The O‚‚‚H hydrogen-bond length between H5O2
+ and

its first-shell water ligands is given by

Thusd1 ) 1.59 Å. (The corresponding H‚‚‚O distance to H3O+

would be 2.52-1.04) 1.48 Å.) The observed interaction at
1.69 Å could be a mixture ofd1 with the hydrogen-bond length
between two water moleculesdw ) 1.85 Å.
(ii ) d2. d2 is assigned to the H‚‚‚Cl hydrogen bond between

the ring chloride and its water ligand. Indeed

givesd2 ) 2.15 Å, in excellent agreement with observed value
of 2.14 Å. In comparison, the model of Walrafen and Chu14

produces Cl‚‚‚H interactions at 2.86 Å, where no peak is
observed in the neutron diffraction.
(iii) l 1 and l2. Assuming linearity, these distances obey

For a symmetric bichloride, with the H atom in its center, one
expectsl1 ) l2 ) 1.8 Å. In a nonsymmetric bichloride the
hydrogen is displaced 0.2-0.3 Å from the center.49 One might
then expectl1 ) 1.5-1.6 Å andl2 ) 2.0-2.1 Å. In this case,
l1 andd1 would contribute to the 1.6 Å peak, whereasl2 andd2
contribute to the 2.2 Å peak ingHX. The present accuracy does
not allow one to locate the bichloride proton.
C. gHH(r). d3≈ d4 ) 2.0 Å is assigned to H‚‚‚H interactions

between neighboring water molecules in the ring. Using
previously determined distances and angles (Table 3)

givesd3 ) 1.98 Å andd4 ) 2.09 Å , in agreement with the
observed peak at 2.02 Å.
The 2.1 Å peak in the total RDF was initially assigned to

Cl‚‚‚H interactions. Since its intensity does not increase with
HCl (actually, DCl) concentration, it was later reassigned to
H‚‚‚H interactions.9 In the present model, it is due to both H‚‚‚H
and Cl‚‚‚H interactions at distancesd2, d3, d4, and l2. It does
not increase in intensity above the 1:6 HCl/water ratio, because
additional HCl forms the bichloride bond. There is only one

r6
2 ) r2

2 + r3
2 - 2r2r3 cos(â) (11b)

d1 ) r2 - r′OH (12a)

d2 ) r3 - rOH (12b)

l1 + l2 ) r4 (12c)

d3
2 ) (r1/2)

2 + r′2OH + r1r′OH cos(R/2) (12d)

d4
2 ) d1

2 + rOH
2 - 2d1rOH cos(â) (12e)
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interaction of typel2, compared with a total of 10 interactions
of the other three types.

V. Perspective

Twenty-seven years after the first HCl diffraction data,8 a
consistent assignment has been achieved. Concentrated HCl
has a well-defined hydrogen-bonded ring structure connecting
a H5O2

+ moiety with a Cl- ion. In the most concentrated HCl
solution considered, one of the water ligands in the chloride
solvation shell is replaced by a HCl molecule, forming a
(possibly non-symmetric) bichloride anion. The ring structure
could further polymerize, giving rise to the high coordination
numbers for the chloride ions.
The quantitative part of the analysis involves an empirical

fit to the X-ray scattering data from concentrated HCl solutions.9

It applies a formula, eq 7, for the numbermi of equivalentri
distances within a structural unit. The features in the RDF
become sharper with increasing HCl concentration, indicating
transition to a more ordered phase. The structure emerging gives
rise to seven identifiable peaks into which the total RDF is
resolved. With the aid of this structure, the peaks in the neutron
diffraction partial RDFs13 could also be assigned.
The structure ing(r) emerges on the background of the

structurelessg∞(r). One might picture this background as arising
from a multitude of transient solvent conformations which are
either very short lived or of low probability. The structure
(Figure 1) emerging from this seemingly chaotic ensemble,
should not be confused with a static crystal structure, since the
solvent is a dynamic entity. It rather represents a small set of
conformations which are either sufficiently long lived or occur
frequently enough to leave their mark on the scattering intensity.
The postulated ring-structure endows extra stability to the

ion pair through a direct Coulomb interaction. The stability
may be even larger for HF. Indeed, F is the most electronegative
halogen and bifluoride forms the strongest known hydrogen
bond.29 If in HF such structures persist also at submaximal
concentrations, they may be the key for solving the “HF
riddle”.20 Why is HF such a weak acid in spite of indications
that it is almost completely ionized? Strong ion pairing through
structures such as in Figure 1b might be the answer.
The “ring ion pair” supposedly explains the loss of abnormal

prototropic mobility in concentrated HCl, in which proton and
Cl- diffusion occurs at similar rates to that of water molecules.
However, the mechanism of proton mobility under these
conditions cannot involve simple ring translation, since the ring
has zero net charge. Hence the mechanism of ionic mobility
in concentrated acids is an interesting problem which is worth
further investigation.
For less concentrated HCl (and possibly other acids), the

structures of Figure 1 might represent a short-lived intermediate
along the dissociation path. The contact ion pair sometimes
postulated for acid dissociation in water could involve ring
structures rather than linear structures, such as studied in ref
51. It would be interesting if such transient intermediates could
be detected by time-resolved spectroscopy.52

With regard to the debate concerning the “correct” form of
protonated water,21,22 the present assignment identifies H5O2

+

as “the” form of protonated water at high HCl concentrations.
However, in more dilute HCl solutions H3O+ could become
the more stable cation.20 While H5O2

+ requires only four water
ligands for full solvation, localization of a proton on a single
water molecule occurs only when all three water ligands in the
first solvation shell are tetrahedrally coordinated.25 This requires
a complete second shell or 12 water molecules total, which could

explain the enhanced relative stability of H3O+ in dilute
solutions. Nevertheless, assuming that the abnormal proton
mobility in water results from rapid interconversion between
the two cations,25,27 they should be nearly isoenergetic even in
dilute acidic aqueous solutions.26
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