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A pentagonal ring is suggested as the basic structural unit of HO)gtand (HCIp(H.O)s in solution. Modeled
after the X-ray structure of a caged4ds" compound, it contains bridgeds&,* and CI ions, each with a
coordination number around four. In the most concentrated HCI solutions, one of the ligands solvating (
is HCI, giving rise to a bichloride moiety. The proposed structure explains qualitatively the stoichiometr
ion mobility, (IR, Raman) spectroscopy and (X-ray, neutron) diffraction data of concentrated HCI solutior
and provides a semiquantitative fit to the X-ray radial distribution function. The ring structure is a likel
candidate for the structure of protonated HCI clusters in the gas phase and for the contact ion-pair forr
following HCI dissociation in solution.

. Introduction lonic mobility measuremernt$24 show that the abnormal

Hydrochloric acid dissolves in liquid water up to a 1:3 mole Proton mobility (by the Grotthuss mechan%f completely )
ratio} Similar stoichiometric restrictions do not hold in HCl ~@bolished in concentrated HCI, where the "hydrodynamic
crystals? The crystal structure of the monohydrawihydrate? proton mobility becomes equal to that of the chloride ion. F.IrS'[,
trihydrate$ and hexahydrafehave all been characterized by if abnormal mobility in water is related to rapid isomerization

! 25-27; i i i i

X-ray diffraction. In contrast, protonated water clusters seem Petween BO™ and HO,",2>"?7its cessation might indicate that
to require a minimum of about 12 water molecules to solvate °N€ of the two structures has become considerably more stable
one HCI moleculé. than the other. Second, the fact that both proton and ion now

If HCI is fully dissociated in liquid water, both proton and share the same hydrodynamic diffusion coefficient indicates a

chloride must be solvated with as little as three water molecules, "ather tight ion-pair structure.

How do such few water molecules solvate both ions? Itis  Given the confusion concerning the possible structure of
logical to assume that this requires special hydrogen-bondedconcentrated HCI solutions, perhaps one could turn for help to
structures, with water molecules being shared in the coordinationthe crystal structures. Interestingly, in crystals of hydrated HCI,
shells of both ions. However, in spite of the information gleaned both HO* and HO," were identifiec® The monohydrate is
from X-ray and neutron diffraction measurements of aqueous HzO" CI~,2 the dihydrate is 5O," CI~,* the trihydrate is HO,*

HCI solutions over a wide composition ranjé? these  Cl*H20and the hexahydrate is assigned gyt Cl~-2H,0.
structures evaded determination. Most notable is the work of It thus appears that the crystal environment determines which
Triolo and Narter?,who have interpreted the radial distribution form of the solvated proton is favored.

function (RDF) in terms of isolated 40 and CI" ions, with a The crystal structures can be very helpful in assigning peaks
hydration shell of four water molecules each. Such structures, in the RDF, because typical interatomic distances do not change
requiring more than eight water molecules per HCI, are not drastically in going from crystals to solutions. As an example,

satisfying models for concentrated HCI solutions. typical O---Cl distances are 2.95 A in4@*---Cl-,33.01-3.10
In an effort to explain these stoichiometric restrictions, a A for Hs0,"++-Cl~,45 and 3.073.13 A for H,0---CI~ (Figure
structure involving direct contact between®t and CI was 4 in ref 5). From these numbers it seems that the 3.13 A peak

postulated*15 While the through-space interaction is electro- observed in the RDF of liquid HE€Icannot be assigned to a
statically favorable, the suggested structure requires an extremelydirect HO*---CI~ contact!*'> The chloride is more likely
bent hydrogen bond. As we shall see, this structure is solvated by an unprotonated water molecule.

inconsistent with the X-ray and neutron diffraction data. In contrast to the interatomic distances, the crystal structures
Current assignments also ignore spectroscopic evidence forthemselves are not likely to be observed in the liquid phase,
possible involvement of a protonated water dimer, the# since they reflect the cooperative crystal environment effect in

ion, which follows from the great enhancement in polarizability m|n|m|z|ng the free energy. An exception m|ght involve the
of concentrated HCI solutiorf8:**"18 The question of whether  serendipitous discovery of a,4Ds" cation encapsulated within
HsO" or HsO," is the correct structure for the aquated proton 3 cage compour®. This X-ray structure, Figure 1a, is stabilized
was the subject of heated discussiéhs? Giguge argued by hydrogen bonds to several cage chloride anions (not shown).
that the observed @O distance of 2.52 Ris too long for It is an appealing model for a 1:6 HCl/water mixture. The

HsO,", whereas itis about right for4®*. Unfortunately, RDF  present work aims to show that it indeed provides a consistent
peaks can arise as averages of several atomic interactions (agterpretation of liquid HCI data.

we shall see below). The basic structure is a pentagonal ring composed of four

T FAX: 972-2-6513742. E-mail: agmon@fh.huji.ac.il. water molecules, one proton and one chloride anion. Two of
@ Abstract published ildvance ACS Abstract®ecember 1, 1997. the water molecules bind the proton to form@®4*, whereas
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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 CI hydration shell. The “dimer” shown (which, of course, is non-
planar) includes two units from Figured la without one .Gt is a

suggestive structure for the product of solvating HCI in protonated gas-
phase water clusters.

the CI” resides between the other two. This structure is stabi-
lized by a “through space” ionic interaction. Botk®+ 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 Chas
been deleted) might explain the required minimum of 12 water
molecules for solvating HCI in protonated water clusfers.
Figure 1b explains the maximal 1:3 molar ratio obtained by
forming a bichloride moiety, (CIHCY). Indeed, bihalides present

some of the strongest known hydrogen bonds in various crystalX —X distances, X= O or Cl.

structureg® The bichloride has been identified in gas phase
spectroscopy? A tetrahedrally solvated (CIHCi)ion has been
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rather than the protonated monomefH. Quantum chemistry
calculationg34 show that “the” proton in (isolated) 4@,"
resides is a wide well in between the two oxygens, which are
about 2.4 A 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.
This leads to high proton polarizability, as suggested by
Zundell6

There are three spectroscopic indications for such high protic
polarizability: (a) In the IR-spectrum a broad continuum appears
between 1000 and 3000 cf increasing in intensity at high
acid concentration¥:1® The continuum of vibrational states
results from the fluctuating double-well potential of the proton
along the G-H—O coordinate. (b) Depolarized Rayleigh
scattering shows increasing scattering intensity with increasing
HCI concentration assigned, again, to the easily polarizable
HsO,™ grouping!” (c) The low-frequency Raman spectrum of
water shows a peak near 180 thassigned to bD---HOH
hydrogen-bond stretch. It is completely depolarized at room
temperature. With increasing [HCI], the scattering intensity
increases and becomes polarized, peaking in the isotropic
spectrum at 206 crt.2415 Although Cl is a more polarizable
atom than oxygen, Raman scattering from aqueous NacCl
solutions shows a polarized peak at about 165%mot near
206 cnT115 The latter could therefore be assigned teObi"
and its polarization attributed to protic (rather than electronic)
polarizability.

In addition to the broad continuum, there are several discrete
bands attributed to D, vibrations!822 The 1710 and 1170
cm~! bands were assigned to a water molecule bend and to the
O—H—0 asymmetric stretch within thes®,* cation, respec-
tively.’® These assignments have been critici®d. Basically,
the problem is that ED* may have intense IR bands at similar
frequencies® see Table 1. However, two arguments favor the
HsO," assignment: (a) The 1170 ciband is IR active, but
not Raman activé? This could be understood if it is assigned
to an antisymmetric mode. (b) A comparison wéb initio
calculations’®37 Table 1, shows that, by scaling thes®b"
frequencies to match experiment in the high frequency regime,
one obtains remarkable agreement with the liquid-phase data.
In addition, the theory predicts that the asymmetric bending
mode of HO™ should appear at a slightlgwer frequency than
the water-bending mode ins@,". This refutes a claim by
Gigugae that 1710 cm! is too high for the bending mode of an
“external” water molecule in the hypotheticak®,™ group2!

Ill. X-Ray Diffraction

X-ray is sensitive to electron density and will provide the
In the X-ray RDF, one can
typically identify nearest-neighbor and next nearest-neighbor
X—X distances. In contrast,XH and H-H distances are not

suggested as one of the (many) products of the reaction ofobserved by this technique, because of the low electron density

gaseous HCI with anionic water clustéts.Recentab initio
simulations have demonstrated its existence in liquid ¥CI.

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

Il. Spectroscopy

of the hydrogen atoms. In addition to providing interatomic
distances, there is valuable information in the width and

namplitudes of the RDF peaks.

The classical X-ray data for liquid HCI are those of Triolo

&and Narterf. Figure 3a shows the total intermolecular X-ray

RDF for HCIF4H,0 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 A. In
comparison, X-ray scattering from liquid water shows a
pronounced peak at 2.85 A and a broad maximum around 4.6
A, attributed to first and second nearest-neighbor wateter

Spectroscopic studies of concentrated agueous HCI solutionsinteractions in tetrahedral symmetry. However, direct assign-

point to the involvement of the protonated water dimgOkt

ment of peak positions to interatomic distances,may be
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TABLE 1: Some Characteristic Vibrational Frequencies (in cnm?) of Protonated Hydrates below 2000 cm?a
HsO* HsO"
assignmerit experimerit theory C, theory Cs assignmerit experimertt theory
OHO stretch (A) 1170 (IR) 1170 bend (S) 1100 (IR, R)
water bend 1710 (IR, R) 1706 1750 bend (A) 1600 (IR, R) 2650

2|R: Infra-Red active. R: Raman active. S: symmetric; A: asymmetiReferences 18 and 22Reference 37, scaled in comparison with
experiment by original authord References 35 and 22MP2/6-31H +G(2d,2p) calculation®® scaled as (1710/1777)1715.
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Figure 3. The radial distribution function obtained by X-ray scattering
from (HCl)o A(H20)s (a) shows the experimental data (bold clyve
with the fit to eq 5. The thin dotted line is the background scattering,
eq 9, withre = 2.7 A andr. = 1.4 A. (b) shows the resolution into
eight atom-atom interactionsgi(r), eq 8. Fitting parameters are
collected in Table 2.
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misleading because occasionally two pair interactions at similar

by the indexu, whereu = 1,...,N. The (individual) atoms of
the solvent will be denoted by the indexwherev =1, ...,N,
.0, Instead of counting atoms, one can count the different
kinds of interactions. Each interaction generates an “equivalence
class”. Thdth class contains all interatomic distances (“bonds”)
of average length;, between an atom of type; A the SU and
another atom of type Bin the liquid. For example, in the
present work class = 3 includes all ©--Cl hydrogen-bonds
peaking at 3.13 A. 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 atprandv exactly
Iw, one introduces a probability density,,(r), for observing
a separatiom between these atoms. If atomsandv are of
types A and B (e.g., O and Cl) and their separatiorrige.g.,
3.13 A) theng,,(r) = gi(r) [e.9.,93(r)]. The pair distribution
gi(r) is normalized so that

4rpo fG(r) r’ dr =1 @

namely, the probability of finding atom somewhere around
atomy is unity. Hereoo = 0.0323 molecule/A, the bulk density
of a concentrated HCI solution [Table 1 in ref 9].

In the simplest case of an isotropic monoatomic liquid one
may writet42

N
g(r) — g.(n=N" )
2

zg,m)(r) = Zni gi(r)

vEU [

The first form involves summation over atoms and the second,
over all classes of pair interactions. The two representations
must be equivalent.

distances may overlap to give a single peak. To separate these papote byS(x) the set of (indices of) equivalent atoms in

out, some RDF analysis is required.
In addition, important information may be conveyed by the
number my of identical interatomic distances within the

the liquid whose distance from atomis ri. For example, if
atom 2 is Cl and atom 6 is an oxygen atom whose distance
from atom 2 is 3.13 A, then&33(2). If an atomu does not

postulated structural unit. Such “occupation numbers” may be ~ntribute to theith class S(x) will be empty. With this
useful in validating a suggested structure, but their determination ,qtation '

requires a more quantitative RDF analysis. This analysis is

never unambiguou®, 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 densjtyr), arising
from numerous short-lived conformations for which no informa-

®)

N
ni=Nle % 1= %1
u=1ve§(u) veS(u)

is the coordination number for thilh coordination shell. Indeed,
if the SU is taken as a single atoN,= 1, the sum oveu
reduces to a single term amgis the number of atoms in the

tion is available. The structured part is further decomposed into setS(u). If one selects a set ™ atoms as the SU, thesum

a weighted sum of atom-pair distribution functioggr). This
allows one to estimate the number of equivalent interatomic
distances of length;. The following derivation is based on
standard materi@E=42 It is produced in detail only because it
is difficult to find in the present form.

Consider a “stoichiometric unit” (SU) dfl atoms, with the

producesN identical terms anay does not change.

Instead of counting the number of atoms in a specified shell
around a given atom, one can count all equivalent distances
in which atoms from the SU participate. This arithmetics is
more convenient for large heterogeneous SUs. Let us define
the number of “bondsiny within an equivalence class such that

same composition as the bulk solution. Its density is thus the when both relevant atoms are within the SU their interatomic

bulk density,0o. Denote the (individual) atoms within the unit

distance counts once, whereas wheis inside andv outside
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the SU, they contributé/, to m. With this convention

N
1

m = Zﬂ /,
/AZ‘VES )

Since atom-pairs within the SU are counted twice by the double
summation, each such pair indeed incrementsy 1. Hence,
with the above definitionm, = N n/2.

When different kinds of atoms are involved, one should take
into account the different atomic scattering factbrs Since

4

X-rays are scattered predominantly from electrons these factors,

in the limit of forward scattering@ = 0 ), are the total number

of electrons associated with the relevant particle. Thus for
water, including the two electrons from the hydrogefas—=

10. For chloride ion, including the negative charfyg = 18.

Consequently, in the heteroatomic case, the intermolecular RDF

is decomposed &40

N
> 58,0 1)* = ag(n)

VZU u= [

N
g(r) —g.( =N
2,

(5)

Again the sum oveu is restricted to the SU, whereas thaum
extends over the whole solvent. In general, The rfafié(3 . f.)?
depends more weakly on the scattering param@ténan the
individual f,’s. Hence taking theQ = 0 limit becomes a
reasonable approximation. In the limit of identidgls, the
scattering factors cancel and eq 5 reduces to 2.

We are interested in determinimg from the weightsg; in
the linear combination of interatomic RDFs. By restricting the
v-summation to the sef(u), g..(r) reduces tagi(r), whereas
the factorf, f, becomes independent gf andv. It depends
only on the index of the equivalence class. Suppose that this
class involves an interaction between atomarnd B, thenf,f,
= fa,fg. The sums are reordered as

N N
ag(r) =Ny fo fy % gy 1) (6
|z Z A BuZ\ veS(u) u= “
Consequently, with the definition in eq 4
N
m = (Zf,,)za /(2N fy f3) @
=

This allows one to obtairm by fitting g(r) to a linear
combination of pair interactions.

A useable model requires some functional formdgr) and
0-(r). For the pair contribution, one usually assumes that either
ai(r), rgi(r), or rgi(r) is a symmetric function of. Following
ref 43, we adopt the second assumption. Furthermorg;(if)
is a Gaussian, one has

exp[—(r — r))%/207]
270;

1
4trr i pg

a(r) = 8)

Hereg; is a width resulting from thermal fluctuations.
The background RDF describes an ensemble of short-lived
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TABLE 2: Interatomic Parameters Obtained by Fitting the
X-ray RDF of Concentrated HCI,® Figure 3, to Equations 5
and &

number ri (A) ai (A) a m

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)

aValues in parentheses were obtained by neglecting the background
density. The number of equivalent bonds within the stoichiometric unit
m was calculated frona using eq 7 withN = 10, fo = 10, andfc =
18.
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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.

length for electronic correlations (on the order of 1 A). The
choice ofg.(r) affectsm the mostg; less, and; hardly at all.

In discussing the X-ray data from the most concentrated 1:4
solution studied,two water molecules should be added to the
structure in Figure 1b. The SU then Hds= 10 heavy atoms:
eight HO and two HCI molecules. Usinfp = 10 andfg =
18 givesy ,f, = 116. The dashed curve in Figure 3a shows a
fit to the experimentagy(r), which is the full curve there. The
background RDFg.(r), is depicted by the thin dotted line
(assumingre = 2.7 A andre = 1.4 A). Eight inter-atomic
interactionsg; were included. Their parameters are collected
in Table 2. Given in parentheses are the values for these
parameters from a fit (not shown) that assurgeg) = 0.

B. Structural Diffusion Model. Before discussing in detall
the relation between the parametgrandm and the proposed
structure, let us check that the widthsof the various peaks
vary in a physically reasonable manner. Figure 4 shows a nice
linear correlation between? and r;. 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”,

of =c(r; — 1o) (10)

This model was originally applied to the different solvation

and long-distance interactions. It is assumed to increaseShells in non hydrogen-bonded liquitis’>** In the present case,

monotonically from zero at a cutoff distance, to unity at
r — o. This is depicted by the empirical function

0.(r) = 1 — exp[—(r — r)ir], 9)

The parameterg could be interpreted as a characteristic decay

r=r.

ri are nearest neighbor-XX distances within X--HO hydrogen-
bonds. Thus, ify depicts the OH bond length thes-rg is the
corresponding hydrogen-bond length. We find that= 1.2

A, which is the maximal OH bond length observed within the
HsO,*" ion. The line through the origin in Figure 4 has=
0.0105 A.
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TABLE 3: Intermolecular Distances (and Angles) for Concentrated HCF

neutron

distance or angle this work X-réy Xxd XHd HHd totaF cage structure
r1(0-++0) 2.40 250 2.37 2.39
r2(0-++0) 2.60 : ? 2.52
r5(0-++Ci) 319 3.13 3.18 3.1 3.17
r4(Cl--Cl) 3.61 3.61 ?
rs(O+++0) 4.1% 4.15 ?
re(O-++Cl) 4.60 4.6 ?
dy(H-+-0) 1.59 1.69 1.6
da(H-+-Cl) 2.15 2.14 2.1
dg(H+++H) 1.98
d(H-H) 209 2.02 2.1
13(Cl-+-H) 1.6 (?) 1.69 1.6
1(Cl-++H) 2.0(?) 2.14 2.1
« 106° 132(?)
B 106.5 ?

aSee Figure 1 for their definitior?. See Table 2¢ Reference 9¢ Reference 13, fitted in Fourier spaceReference 28.Reference 10.

Figure 4 provides some justification for using a background identified in gas phase spectroscéys well as in solid
density since, withg.(r) = 0, the widths for the large peaks matrices; however, it has not been previously identified in the
(Table 2) fall above the line. The correlation also indicates liquid phase, except in receab initio simulations of aqueous
that the 2.52 A peak should be split between two interactions HCI.32 Interestingly, neutron diffraction from fluid HCI (under
(at2.4 and 2.6 A). While it could be fitted with a singjg the pressure) shows a sharp peakgitici(r) in the range 3.73.8
required width would be 0.15 A, significantly above the linear A;48 3.6 A is also twice the Cl crystal radiug?®
correlation of Figure 4. Quantum chemistry studi#sindicate that an isolated bichlo-

C. Peak Assignment. The peak distances, are the primary  ride can have either a short-©C| distance around 3.15 A, with
information used in structure determination, since uncertainties a nearly symmetrical proton, or a longer 323 A distance
in their values are much smaller than in the occupation numberswith an off-center hydrogen. The latter is better viewed as Cl
m. Problems arise when two peaks overlap, such ag;fand solvation by a HCI molecule. In solution, additional water
g2 In such cases one searches for additional evidence for theligands around the chloride should lead to lengthening of the
correctness of the assignment. The strategy of the following CI----HCI bond and a decrease in its hydrogen-bond energy
analysis is as follows. First the nearest-neighbor distanges ( below the 20 kcal/mol gas-phase value. For this reason, the
r4) are discussed and compared with those observed in the cagguggestio?? that the bichloride contributes to the 3.13 A peak
structuré® and in HCI-hydrate crystafs.Then second nearest-  seems less convincing than its present assignment+03.6
neighbors I(s andrg ) and occupation numbersy() provide a A.

check for the consistency of the assignments. _ Two alternative assignments foi have appeared in the
i.r1= 2.4 Alis in agreement with accurilt;quantum chemistry jiterature. Triolo and Narten ascribed the 3.61 A peak to a direct
calculations for the ©0 distance in HO,".3" In the original Cl~-+-CI- interaction® This unfavorable electrostatic arrange-

X-ray work the 2.52 A peak has been assigned to a hydrogen- ment has not been observed in recent simulations of concentratex
bond between water ands&*.%*2! The correlation shownin  Hc|32 walrafen and Ch proposed direct contact between

Figure 4 provides one indication that this peak is actually H,0* and CI at 3.13 A with two secondary ©Cl interactions

composed from two separate interactions,at 2.4 andr, = with the first-shell water ligands of 0" at 3.61 A. If this
2.6 A Additional evidence for this interpretation will be  strycture were correct, the latter peak should be stronger than
provided below. the 3.13 A peak, which in fact is the most intense feature in the

ii. r, = 2.6 A is assigned to the hydrogen-bond length to Rpg.

water ligands in the first hydration shell ofs&,™. Ab initio v. Is = 4.15 A is shorter than the 4.6 A second nearest-

calculations for small protonated hydrates showaIargerdistance,neighbOr distance observed in neat water. If this distance is
s .

around 2.73 A5 whereas for the cage structure a smaller value ascribed to the 6-O separation between the two water ligands

of 2.52 A has pegn repOfté’éI. Hydrogen-bond distances tend | hich bind to HO,*, Figure 1b, then

to decrease with increasing cluster st¢eThe value of 2.6 A

is in agreement with an analysis using the PauliBEBO _ .

correlation of intramolecular ©H bond lengths with intermo- s = 2r, Sin(/2) (112)
lecular hydrogen-bond lengths.

ii. r3 = 2.13 A was convincingly assigned to-@Cl where the angler is defined in Figure la.
interactions between water ligands and the i6h solvated by The question is which value af to adopt (Table 3). The
them? The same distance is found in studies of chloride salt cage structure has = 132°.2¢ This value seems questionable
solutions (see ref 9) and in the cage compothdn HCI~ because (a) the two complementary angles there arg $b1

hydrate crystals [Figure 4 in ref 5], distances around 3.1 A are that the three angles do not sum up to 366 they should for
observed for Cl solvated by HO, which drop to 3.06-3.05 A the planar geometry assum&d(b) the water HOH angle,
when the chloride is bound tos8,". A direct bond between normally 104.5, is not likely to exceed 120in the protonated
HsO* and CI is only 2.95 A long® which rules out this possible ~ dimer. Accurateab initio calculations for HO;" have o
interpretatiof* for rs. ~109.37 This value tends to decrease in larger protonated
iv. r4 = 3.6 A is assigned here to the €[l interaction in hydrates to around 108° the value adopted here.

the bichloride ion, (CIHCI). Bihalides form strong hydrogen Usingr, = 2.6 A anda. = 106° in eq 11a givess = 4.15 A,
bonds?® the strongest being the bifluoride. Bichloride has been in excellent agreement with the corresponding peak value from
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Figure 3b. Its observation provides a second evidence for theFrom them, plus the anglesandg, one can predict the XH

Hs0,*t model. and H-H distances. In this process, one makes use of three
vi. re = 4.6 A is assigned to the second nearest-neighbor intramolecular G-H distances: (a) in bulk waterpy = 0.98

O---Cl interaction seen in Figure 1b. H is the appropriate A (b) the four external OH bonds in4®,", rop = 1.01 A

Cl---O---0O angle, Figure 1a, then and (c) the three OH bonds ing8*, rigy = 1.04 A1245 Only
nearest-neighbor distances within the rindy—<{ds ) or the
r2=r2+r2— 2r,r,cosf) (11b) bichloride moiety [; andl, ) would be considered below.

A. gxx(r). (i) ri. ogxx reveals a peak at 2.37 A with a

The angles is adjusted to obtain the measured valuesafiving coordination number close to 1. This provides the most direct
B = 106.5, slightly lower than the tetrahedral angle 109.5 proof for the ultrashort @-O distance characterizingsB,*.

The reduction inj might be ascribed to ring strain. A (i) r2. Of concernis the lack of a clear peak at 2.6 A, unless
consistency check ofi would be provided by, below. it is buried in the background.
D. Occupation Numbers. The amplitudes; of the atom- (iii) ra. The peak at 3.18 A with a coordination number of

atom interactions, as obtained from eq 5, are summarized in3.5 (i.e.,mg = 7)) is in agreement with its present assignment
Table 2. The numbem, of equivalent; bonds within the SU to O---Cl interactions.

is then calculated using eq 7. This added information could  B. gxn(r). (i) di. The shortest observed—>H peak is at
help corroborate the proposed structure and indicate where thel.69 A. The G-+H hydrogen-bond length betweer®* and
two additional water molecules are attached in the 1:4 HCI/ its first-shell water ligands is given by

water stoichiometry. Unfortunately, th&’s depend on the

empirical background density.(r). One can therefore expect d,=r,—rpy, (12a)
only a semiquantitative determination of their values, particularly
for the longerr’s. Thusd, = 1.59 A. (The corresponding-HO distance to KOt

The srlortefst |ntermo[ecular_d|stances ar_e Wlthlln and around,, o /14 be 2.521.04= 1.48 A) The observed interaction at
the HO," moiety. W‘.“J findm, = 1'8. andmz - 3 Sincegy(r) 1.69 A could be a mixture af; with the hydrogen-bond length
andgy(r) overlap considerably, a shift of intensity between them between two water moleculek, = 1.85 A.
is consistent withm, = 1 andn, = 4, the values suggested by
the structure in Figure 1b. The value af,~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-€Cl| hydrogen bonds, d,=Trs—Ton
mg = 9.5, is in agreement with the earlier determinatioha
coordination number of 4.5 for each of the two chloride ions. givesd, = 2.15 A, in excellent agreement with observed value
If the structure polymerizes and the two additional water of 2.14 A. In comparison, the model of Walrafen and €hu
molecules are bound to the two chlorides, one obtaigis- 6. produces Gt-H interactions at 2.86 A, where no peak is
Since in recent neutron diffraction measuremEnts water observed in the neutron diffraction.
coordination number of 3.5 was found for each chloride (i) |1 and b. Assuming linearity, these distances obey
(corresponding tos = 7 ), the agreement might be considered
satisfactory. In contrastyy = 3 disagrees with the present L+1L,=r, (12¢)
suggestion of a single €}Cl bond. Either the background
subtracted is too small or else the observed peak at 3.6 A is t0OEqr 5 symmetric bichloride, with the H atom in its center, one
strong, as suggested from recent X-ray measureniénts. expectsl; = I, = 1.8 A In a nonsymmetric bichloride the

The number of second nearest-neighbors is even morehydrogen is displaced 0-.3 A from the centef® One might
ambiguous. The number of second nearest neighbetCO then expect; = 1.5-1.6 A andl, = 2.0-2.1 A. In this case,
distances in Figure 1b is 6, provided that all of them are roughly I, andd; would contribute to the 1.6 A peak, wherdasndd,

equivalent tas. The high value ofis = 11 suggests thatthere  ¢oripyte to the 2.2 A peak igux. The present accuracy does
should be quite a number of similar distances to oxygen atoms .+ aiiow one to locate the bichloride proton.

outside the SU. Finally, if the structure polymerizes, there S . . o .
should be four second nearest-neighbor-Ol interactions C. gun(r). ds~ dy=2.0 Alis assigned to H-H interactions
between neighboring water molecules in the ring. Using

within the SU, plus two half-interactions through the two reviously determined distances and angles (Table 3)
additional water molecules which complete the hydration shell P y 9

of the two chlorides. This explains the valuenaf= 5 obtained ) ) 2 ,
in the present analysis. d3 = (ry/2)” + 15, + riron cos@/2) (12d)

(ii) d2. dis assigned to the ++CI hydrogen bond between
the ring chloride and its water ligand. Indeed

(12b)

IV. Neutron Diffraction di = df + r3,, — 2d,r o, cOSPB) (12e)

Neutron diffraction is sensitive to light atoms and will thus _ _
provide information on H-H and H-X interactions, which are ~ givesds = 1.98 A andd, = 2.09 A , in agreement with the
unobservable using X-ray scattering. The measurements ofobserved peak at 2.02 A.

Triolo and Nartef provided only the total intermoleculagr). The 2.1 A peak in the total RDF was initially assigned to
As HCI becomes progressively more concentrated, a peak atCl--+-H interactions. Since its intensity does not increase with
2.2 A is replaced by two peaks, at 2.1 and 1.8 ARecently, HCI (actually, DCI) concentration, it was later reassigned to

Kameda has used isotopic substitution to obtain the partial RDFsH:--H interaction$. In the present model, it is due to both-HH

for X—X, H—X, and H-H interactionsl® The most prominent  and C}--H interactions at distances, ds, ds, andl,. It does
nearest-neighbor peaks are collected in Table 3. TheXX not increase in intensity above the 1:6 HCl/water ratio, because
distances could be directly compared with the X-ray results. additional HCI forms the bichloride bond. There is only one
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interaction of typd,, compared with a total of 10 interactions
of the other three types.

V. Perspective

Twenty-seven years after the first HCI diffraction déta,

consistent assignment has been achieved. Concentrated HCI Acknowledgment

has a well-defined hydrogen-bonded ring structure connecting
a HsO2" moiety with a CI ion. In the most concentrated HCI
solution considered, one of the water ligands in the chloride
solvation shell is replaced by a HCI 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 HCI solutfons.
It applies a formula, eq 7, for the numbey of equivalentr;
distances within a structural unit. The features in the RDF
become sharper with increasing HCI concentration, indicating

Agmon

explain the enhanced relative stability of:®f in dilute
solutions. Nevertheless, assuming that the abnormal proton
mobility in water results from rapid interconversion between
the two cation@?2” they should be nearly isoenergetic even in
dilute acidic aqueous solutioR&.
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