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The H*(aq) ion in ionized strong aqueous acids is an unexpectedly unique H,304" entity, unlike those in
gas phase H*(H,0), clusters or typical crystalline acid hydrates. IR spectroscopy indicates that the core
structure has neither C;, H;O" Eigen-like nor typical HsO," Zundel-like character. Rather, extensive
delocalization of the positive charge leads to a H;304" ion having an unexpectedly long central O---O
separation of ~2.57 A and four conjugated O---O separations of ~2.7 A. These dimensions are in

conflict with the shorter O---O separations found in structures calculated by theory. Ultrafast dynamic
properties of the five H atoms involved in these H-bonds lead to a substantial collapse of normal IR
vibrations and the appearance of a continuous broad absorption (cha) across the entire IR spectrum.
This cba is distinguishable from the broad IR bands associated with typical low-barrier H-bonds. The
solvation shell outside of the H;30¢" ion defines the boundary of positive charge delocalization. At low
acid concentrations, the H;304" ion is a constituent part of an ion pair that has contact with the first
hydration shell of the conjugate base anion. At higher concentrations, or with weaker acids, one or two
H,0 molecules of H;304" cation are shared with the hydration shell of the anion. Even the strongest

Published on 16 December 2010. Downloaded on 03/07/2016 00:23:07.

acids show evidence of ion pairing.

Introduction

The state of H* in water (frequently referred to as the “proton”
or “excess proton” but more properly called the hydrogen ion) is
one of the oldest unsolved problems in chemistry.! The earliest
studies centered on the unusually fast mobility of H* in galvanic
cells. In a remarkable tribute to the importance of ideas, the
name of Grotthuss is associated with the proton hopping
mechanism that grew out of his description of charge diffusion
over 200 years ago,? at about the same time that Gay-Lussac
confirmed that water was H>O not HO!®* Mobility studies were
used by Eigen* in the mid 20th century to formulate H*(aq) as
a (3, trihydrated H3O0" ion and this formulation persists in
textbooks today despite the rather restrictive conditions now
known for its existence.”” With the availability of IR spec-
trometers in the 1950s, attempts were made to measure and
interpret the IR spectrum of H*(aq).®® These met with mixed
success because it was not possible to cleanly isolate the spectrum
of the H*(aq) cation from that of water solvent and the evident
broad absorptions in these qualitative spectra defied easy inter-
pretation. Zundel put forward compelling arguments for the
existence of an alternate structure for H*(aq) based on the short,
strong, symmetrical H-bonding in the HsO," ion which now
bears his name.® Despite extensive experimental effort in
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condensed phases into the 1970s, the true nature of H*(aq) in
water remained inconclusive. A rapid equilibrium between
Eigen- and Zundel-type ions became a popular hypothesis:'***

HZO,. HZO. . ,OHZ
'1—|\+ +2H,0 0 o# M
i OH, — (} H- -~0\
‘H E “ «short ‘ H,
sz H,0 OH,

Calculated ratios of Eigen versus Zundel ions of ca. 65 : 35'>16
or 75:25" have been suggested. The isolation of crystalline
forms of each of these ions in symmetrical anion environments
lent credence to their proposed existence in the liquid phase and
X-ray structure determinations defined their O---O separatlons
~2.55 A in Eigen-type ions'”*® and ~2.39 A and ~2.52 A in
Zundel-type HsO,*-4H,0 ion for the central and peripheral O--
O separations, respectively.®

Meanwhile, theoretical and gas phase experimental methods
for studying mass-isolated H*(H,0), clusters were advancing
rapidly and these approaches have dominated research on the
hydrated proton for the past couple of decades.'®**® Elegant
experimental studies have been combined with theory to estab-
lish the gas phase structures and IR spectra of H*(H»0),, clusters
up to n = 100 values'®?*-262% with the expectation that these
results provide information relevant to H* in liquid water. The
most recent theory?-* for large clusters supports the predomi-
nant existence of a hybrid structure that can be described as an
Eigen ion distorted towards a Zundel-type ion by having one
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short O---O separation (the “special pair”). The short O---O
bond fluctuates over all three Eigen-type O---O bonds on the
picosecond timescale so IR spectroscopy, which has >100 ps
timescale, is not expected to detect this asymmetry in normal
mode vibrations.

We now bring these studies full circle by applying quantitative
IR techniques to H*(H,0), in liquid water. We come to the
surprising conclusion that the accumulated decades of circum-
stantial evidence for the structure of H*(H,0),, in liquid water are
inconsistent with our new IR and X-ray data. These data indicate
that delocalization of positive charge in liquid water is more
extensive than could have anticipated from gas or solid phase
studies or by theory. This is evidenced by O---O bond elongation
such that neither traditional Eigen nor Zundel structures are
consistent with the data. Ion pairing is also more prevalent than
previously believed.

The present work addresses the following questions.

(1) What is the value of n in H*(H,0), that adequately
describes H*(aq)? Surprisingly, this question has not been
addressed. It is synonymous with an enquiry into the extent of
positive charge distribution over the hydrations shells of the
H*(aq) ion. We use the criterion that if the IR spectrum of
a water molecule is different from that of bulk water, it is part of
the solvation shell of an ion.

(2) What is the true IR spectrum of H*(aq)? What are the
correct vibrational assignments of the bands and what is the
origin of the mysterious continuous broad absorption (cba)?
Theories developed during the 1970-80s to explain the cha are
many. They include Zundel’s theory of strong OH*O bond
polarisability whereby the proton interacts with the fluctuating
electric field of the surroundings,®*!' stochastic theory,3*3
combined transitions of the proton in HsO," accompanied by
multiple excitation of low frequency oscillators of the hydration
shell, 335 strong interaction between the »(O-H) and »(O---H)
vibrations,*® anomalous amplification of a large number of
overtones and combinations,?”*® and a rapid interconversion
between H;O* and HsO," within a special OH*O bond.*® In the
present paper, we redefine the cha and its origin based on new
experimental data.

(3) What is the molecular structure of H*(aq) giving rise to its
IR spectrum? At a minimum, the locations of the oxygen atoms
need to be determined and compared to Eigen- and Zundel-type
ions.

(4) What is the role of ion pairing on the structure of ionized
strong acids? We note that gas phase studies and, with few
exceptions,*** theoretical calculations are carried out in the
absence of anions. We have recently shown that in chlorocarbon
solvents, where tight ion pairing is important, neither Eigen nor
Zundel-type core ions exist for H(H,0),* (n = 3-8) clusters.
Rather, the core ion is the H,O3" cation.*?

These questions are addressed by IR spectroscopy using
quantitative methods where only qualitative had been applied
previously.**** A method for determining the value of n in
H*(H,0),, was developed some time ago to determine the stoi-
chiometry of H"(aq) incorporated into the water core of reverse
micelles.*>*¢ More recently, we communicated the results of
applying this method to dilute aqueous solutions of carborane
superacids and HCIO, and found n = 6.*” In the present work we
extend these studies to common mineral acids such as HCI,

HNO; and to higher concentrations of HClO4. Also in the recent
communication, we published the first quantitatively reliable IR
spectrum of H*(aq) cation and offered a preliminary interpre-
tation in terms of a unique H;304" structural entity having O---O
separations that are longer than those in either Eigen or Zundel
ions, and longer than those predicted by theory. In the present
paper, we offer a more complete analysis of the IR spectrum
including a new explanation for the continuous broad absorption
(cba). Finally, we relate these IR studies to the unique X-ray
structure of the carborane acid H(CHBi,I;;)-8H,0* whose
nanotubular structure appears to offer the first good structural
model for H*(aq). Unlike all other X-ray structures of
H*(H,0),* salts, it has O---O separations that reflect the delo-
calized, mobile nature of H* in liquid water. They are signifi-
cantly longer than those found the more localized, static
structures having traditional Eigen or Zundel character.

We use attenuated total reflectance (ATR) infrared spectros-
copy because in transmission mode the spectrum of water has
a very high molar absorptivity in the OH stretching vibration
region, resulting in saturation. ATR is regarded as the best
method for high-precision measurements in liquid water.**° The
depth of IR penetration is a few microns. Effects of the diamond
surface on dissolved electrolytes are confined to a few nanome-
ters so they are not registered by ATR IR.

Experimental

HClO,4, HNO3 and HCI acid were used without additional
purification. Acid concentrations were determined by titration
with standardized NaOH solutions.

IR spectra were recorded in ATR mode by placing a drop of
solution onto a diamond crystal using a Perkin Elmer Spectrum-
100 spectrometer in the 4000400 cm~' frequency range. Raw
spectra were corrected using the ATR algorithm®! and manipu-
lated using GRAMMS software.

Results
Isolating the IR spectrum of H*(H,0),

The IR spectrum of a strong aqueous acid consists of the spec-
trum of the anion and overlapping spectra from three types of
water molecules: bulk water, water associated with H,g",
and water perturbed by the anion. The spectrum of the anion
and water perturbed by the anion can be readily subtracted using
the spectrum of the corresponding alkali metal salt. Because the
spectrum of the hydration shell of an alkali metal cation happens
to coincide with that of bulk water* it is successfully subtracted
along with the solvent. In this manner, the spectra of the
hydration shells of anions CHB;;Cl,;~, ClO,~, NO;~ and CI~
(Fig. 1) have been isolated for aqueous solutions of their sodium
and caesium salts. When normalized to unit concentration these
spectra coincide, indicating that they are independent of the
nature of cation (Na* or Cs*) in the concentration range studied.
This is illustrated for CI™ in Fig. 2.

Since aquated anions, A,q~, have essentially no influence on
the H-bonded network of liquid water beyond the primary
hydration shell®®>* the spectra in Fig. 1 belong to their first
hydration shell and are easily interpreted. The highest frequency

This journal is © The Royal Society of Chemistry 2011
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Fig. 1 IR spectra of the first hydration shells of anions CI~ (blue), C104~
(green) and CHB;Cl;;~ (red) normalized to unit concentration. These
were obtained by subtracting the spectrum of bulk water from the spectra
of water solutions of their sodium salts (1.5 M for Cl-, ClO4~ and 0.446
M for CHB;;Cly; ).

Absorbance

4000 3000 2000 1000

cm”

Fig.2 IR spectra of the hydration shell of Cl~ obtained after subtracting
the spectrum of bulk water from those of aqueous solutions of NaCl (1.0
and 2.0 M) and CsCl1 (0.5, 1.0 and 2.0 M). Spectra are normalized to unit
concentration.

vOH band belongs to the O-H, group of water molecules directly
H-bonded to anion:

A~---H,~O-Hy---(OH,)

The O-H,, group is H-bonded with outer sphere water mole-
cules and its frequency is practically indistinguishable from that
of bulk water.**

The vOH, frequency reflects the proton acceptor properties of
an anion and, as shown in Fig. 3, correlates very well with the
AvNH basicity scale for anions based on trioctylammonium salt
ion pairs.® For Cl,q~, the »OH, frequency is the lowest
compared to all other anions studied and strongly overlaps with
vOHy, giving rise to a single band at 3384 cm~!. This confirms
that Cl~ is the most basic anion of those studied and its conjugate
acid in water is correspondingly the weakest.

These considerations allow the isolation of well-grounded
spectra of H*(H,0),, cations. There are two steps. First, from the
spectrum of the acid HA solution (as illustrated for HNO; in
Fig. 4, black), the spectrum of equimolar NaA is subtracted with

3640

3620 4

vOH

3600

Clo,
3580

T T T T T 1
60 80 100 120 140 160 180 200 220
AvN-H

Fig. 3 The vOH" frequency dependence of water bounded to anion on
the AvNH scale basicity of anions*®

a scaling factor f = 1. This removes the spectra of bulk water, the
anion and water associated with the anion. The resulting spec-
trum belongs to H*(H,0),, but is distorted (Fig. 4, blue) because
the spectrum of bulk water is over-subtracted by an amount
equal to the number of water molecules involved in the H(H,0),,*
cation. Thus, in the second step, the spectrum of the bulk water is
added with increasing scaling factor up to full removal of the
spectral distortion. The criterion for full removal of the spectral
distortion is strict compensation of the dy 0 band at 1632 cm™
using the method***¢ of equality of areas —S and +S (Fig. 4 inset,
barred regions in red spectrum). The resulting spectrum (Fig. 4,
red) is the true spectrum of the H*(H,0),, cation, blemished only
by residual inflection point distortions from the —S and +S

1632

A4 5HZO

VvsNO;
2000 41{]0

3000 2000 1000
cm’

Fig. 4 The procedure for quantitative isolation of the IR spectrum of
H*(H,0), cations illustrated for HNO;. From the spectrum of 0.75 M
HNO; (black) was subtracted the spectrum of 0.75 M NaNOj resulting in
spectrum (blue). Addition of the spectrum of water to (blue) up to
equality of the intensities of —S and +S for the dy,0 band at 1632 cm™"
(inset) leads to spectrum (red), the true spectrum of the H*(H,0),, cation.
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subtraction process which reflect otherwise imperceptible
changes in the IR spectrum of water molecules not included in
the H*(H,0),, formulation. Deconvolution of the IR spectrum
(Fig. 5 red) gives the continuous broad absorption (cbha, blue)
overlaid with Gaussian bands (green) with frequency variances
for all acids studied in dilute solution (=0.5 M) of 3120 + 20,
2816 + 40, 1747 + 5, 1202 + 5 and 654 + 12 cm ™.

Determination of » in H*(H,0),,

The isolation of the spectra of H*(H,0), cations allows simul-
taneous determination of the stoichiometry n. As previously
described in Supp. Info.,*’T the concentration of water molecules

Absorbance

tlV’

3000 2000 1000
Frequency, cm™

Fig. 5 IR spectrum of H*(H,O)4 cation in water (red) compared with
those of: a) H30*-3H,O in crystal H*(H,O)4{Cl11} (blue) and
(H30"-3TBP)FeCly~ in CCly solution (black); ) HsO,"-4TBP in TBP
solutions of HsO,"ClO,~ salt, initial (black dashed) and after subtraction
of C4H;,0 groups absorption of TBP.

incorporated into the H*(H,0), cation can be determined from
equation:

Ch,0™"™ = Cp,0™ — Cuo™* + 55455 x f oy

where Cp,0"* is the molar concentration of water in the acid
solution, Cy,o™** is the molar concentration of water in the salt
solution, 55.455 is molar concentration of pure water and f is
a scaling factor. The stoichiometry of H*(H,O), cations was
determined as n = Cy,0™""/Cya, Where Cpn is the molar
concentration of acid. The values Cy,0"* and Cyy,o™** for A~ =
Cl~, NO;~, ClO4~ were taken from literature data.>® Eqn (1) can
be used with suitable accuracy up to 0.5-0.75 M HA concen-
tration for low molecular weight acids such as HCI, HCIO4 and
HNOs. In the case of high molecular weight carborane acids, it
can be used up to 0.018 M.*’

As communicated earlier,*” the value of n in the H*(H,0),
cation was found to be equal to 6 for the strongest acids. This
includes all carborane acids as well as HCIO, at concentrations
below 0.7 M. The n values are given in Table 1 for HCIO, at
higher concentrations and for HNO; and HCl acids. They show
decreasing n values with increasing concentration. As discussed
later, these are ascribed to ion paring effects in these weaker
acids.

Discussion
The structure of H*(H,0),, and its IR spectrum

The determined stoichiometry of the H"(H,O)¢ cation in strong
acids along with a preliminary interpretation of its IR spectrum
led us to formulate H,q" as a unique H;30¢" ion having the
structure shown schematically in 2D in Scheme 1 (blue).*’

Let us now discuss this in more detail with additional evidence.
Obviously, the n = 6 result rules out formation of a Cs, Eigen-
type H30"-3H,O ion because it has a stoichiometry of n = 4.
Moreover, the IR spectrum of the H*(H,O)¢ cation is quite
different from that of Eigen-type ions. These include H;O0"
bound to three water molecules in crystallographically charac-
terized [H;0*-3H,O][CHB;;Cl;; ]** and H30" bound to three
tributylphosphate molecules (TBP) in [H;0*-3TBP][FeCl;].%”

The basicity of TBP is known to be very close to that of bulk
water®” so the IR spectra of these ions are expected to be very
similar. As seen in Fig. 5a (blue, black), the central H;O* group
of these Eigen-type ions has a characteristic broad absorption in

Table 1 Stoichiometry n of H*(H,0), clusters formed in water solutions
of HC1O,, HNOj3 and HCI

Acid
Concentration, mol L™} HCIO,4 HNO; HCl
0.5 5.98 6.33 5.1
0.7 — — 5.1
0.75 5.88 5.73 —
1.0 5.84 6.03 5.02
1.5 5.78 5.31 5.1
2.0 5.67 4.89 5.22
3.0 5.45 4.54 5.18
4.0 5.43 4.35 5.5

This journal is © The Royal Society of Chemistry 2011
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Scheme 1 Schematic 2D structure of the H;30¢" ion.

the 1700-3000 cm ™' frequency range** which is absent in the
spectrum of the H*(H,O)¢ cation (Fig. 5, red). Clearly, Cj,
Eigen-type H30" ions do not exist in aqueous acid solutions.

Since the n = 6 stoichiometry of the H*(H,O)s ion is
compatible with a tetrahydrated Zundel-type HsO," - 4H,O ion,
the appropriateness of a Zundel-type formulation for H,,* must
be made on the basis of spectral similarity. This is somewhat
problematic because, while structurally characterized by X-ray
crystallography,'® the IR spectrum of the Zundel-type HsO," -
4H,0 ion has not been reported in condensed phases. Never-
theless, the IR spectrum of the HsO," ion surrounded by four
TBP molecules is known’” and the close similarity of the basicity
of TBP with that of bulk water leads to the expectation that the
spectrum of HsO,"-4TBP will be a good model for that of
Hs0,"-4H,0. The comparison is shown in Fig. 5 (red vs. brown).
There is a similarity, but also an important distinction. The
similarity is the development of the two Zundel ion marker
bands, in the ranges 1140-1200 and 1727-1747 cm~!, which are
associated with the vibrations of the central symmetric O-H*-O
group with strong H-bonds.*® However, these frequencies for the
H*(H,0)¢ cation are significantly higher than those of the
Hs0O,"-4TBP cation.

1200

11507

LOHO

\Y

11004

1050+ V4 tz’

1 T T T L] T
3600 3400 3200 3000 2800

-— vOH, cm'1 Hs02 'f4L not
exist

Fig. 6 The »,,OHO dependence on basicity of L in HsO," - 4L cations.
1, 2—bare in gas phase; 3—{Cl;;} ion in solid state; 4—CgHg in benzene
solution; 5—diethyl ether in benzene solution; 6—tributyl phosphate in
CCly solution; 7—phosphinoxide in dichloroethane solution.

It is known that the frequencies of both Zundel ion marker
bands increase linearly with increasing the basicity of L-ligands
of HsO,"-4L because of decreasing positive charge and
decreasing H-bond strength at the central OHO group.®® As
shown in Fig. 6, the lower frequency band, »,;OHO, increases
from ~1060 cm™' in the bare (gas phase) HsO," ion®>® to 1140
cm™! for L = tributylphosphate, whose basicity coincides with
that of liquid water.5” It increases further to 1160 cm™! for L =
phosphine oxides, whose basicities exceed that of water.®’ This
represents the limit of existence of HsO,"-4L because with this L
basicity there is an equilibrium with proton disolvate-type L-H*—
L ion.®! If the basicity of L exceeds that of phosphine oxides, then
only L-H*-L ions exist. The »,;OHO value for H*(H,O); in
water lies conspicuously off the basicity correlation in Fig. 6 (red
asterisk). Its high frequency of 1198-1200 cm™' corresponds to
a region where typical Zundel-type HsO," ions do not exist. The
frequency indicates that the central O-H-O group has both
anomalously low positive charge and an anomalously long O---O
distance compared to typical Zundel-type ions.

The possibility of such structural peculiarity in the (H;30¢")aq
cation was recently discovered in the X-ray structure of
H(CHBy1;)-8H,0, where three unusual types of protonated
water clusters are formed in water filled nanotubes (Fig. 6b).*
These are the (H;306")aq ion (I), the H;05*-H,O ion (II) similar
to that formed by ion-paired hydrated carborane acids in organic
solvents*? and the previously unknown square-planar (H;705")aq
cluster (III). All clusters have unprecedented, long O---O
distances. The IR spectrum of this crystal, which represents the
overlapping spectra of these three cluster types, shows the same
band at ca. 1200 cm™' seen in the spectrum of H;306" in an
aqueous solution of H({CHBy;1;;) (Fig. 7). Does this band belong
to only cluster I or do clusters II and III also contribute to this
absorption? In Fig. 8 the spectrum of crystalline
H(CHBy;11;)-8H,0 is compared to that of the H,0s*-5H,O
cation formed in water-saturated dichloroethane solution of
H(CHB1;).** One can see that the H,03"-5H,O cation, which
is topologically analogous to cluster I and has an O---O distance
of ~2.5 A,** has no absorbance in the ~1200 cm™' region. Since
both clusters IT and IIT have longer O---O distances of ~2.62 and

3124

1768
120

Absorbance

4000 3000 2000 1000
v, cm’
Fig. 7 IR spectrum of H 304" in water solution of H(CHB;1;;) acid
(the absorption of anion is subtracted) (blue) in comparison with spec-
trum of crystal H(CHB1;;)-8H,0 (red).
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Absorbance

3000 2000 1000
Frequency, cm’’

Fig. 8 IR spectrum of crystal H({CHB,1;;)-8H,O (red) in comparison
with spectrum of [H;03* - 5H,O](CHBy;1;;) acid in dichloromethane
solution (blue).

~2.64 A, respectively, they too will not have absorptions in this
region. Thus, we conclude that the ~1200 cm~!' band in the
spectrum of crystalline H(CHB1;;)-8H,O arises from the
v,sOHO frequency of the central OHO group of cluster I. Since
H 506" ions in both this crystal and in liquid water are sur-
rounded by water molecules and their »,;OHO absorption have
coincident frequency and similar width/shape, they must have
a similar degree of positive charge delocalization and a similar
central O---O and four conjugated O---O distances. This allows
us to define the structure of the H;30¢"(aq) 10n in Scheme 1 more
exactly. Its key features are an unprecedented long central O---O
distance of ~2.57 A and O---O distances of four conjugated H-
bonds with ~2.7 A.

The other characteristic IR bands of the (H;306")aq cation are
readily interpreted by analogy to HsO," - 4L cations: the 1768
cm~! band, like that at ~1200 cm™!, is associated with the central
OHO group, the 2855 cm™' band to the OH stretch of the two
H,0 molecules forming the central HsO, group and the 3146
cm™' band is assigned to the OH stretch of the four peripheral
H>O molecules.

H/D comparison

A comparison of the band frequencies of protio and deutero
forms of the H;304"(aq) cation (Table 2) shows that the H/D
isotopic ratios for both OH stretching and torsional vibrations
are close to 1.35, ie. consistent with harmonic vibrations.
However, the two bands arising from the central OHO group
vibrations have lower H/D ratios indicating that they are

Table 2 IR frequencies of protio H;306" and deutero D 304" cations
and isotopic H/D ratios

Vibrations X=H X=D H/D
vOX peripheral 3146 2340 1.35
vOX of Hs0, group 2855 2111 1.35
60XO0 1747 1406 1.24
7,;0X0 1198 922 1.30
Torsion 672 491 1.36

anharmonic. This provides an additional criterion on which to
judge the appropriateness of theoretical determinations of
structure. We note that isotopic H/D ratios bands of the trihy-
drated Eigen ion (see Supp. Info.T) are all in the range common
for harmonic vibrations (1.34-1.35).

Ion pairing effects

Infrared spectra of aqueous solutions of the studied acids as
a function of concentration in the 0.2-4 M range show good
isosbestic points. These occur at 3146 cm~! for HCI, 3542 cm™!
for HNO; and at 3518 and 3072 cm™' for HCIO,4 (see Supp.
Info.t). This might be taken as evidence that only one type of
H*(H,0), cluster is present in these acids. However, isosbestic
points are relatively insensitive to small changes in the intensities
of bands. By careful attention to the quantitative subtraction of
the spectrum of bulk water we find that »n values decrease with
increasing concentration for two acids, HNO3; and HCIOy. This
is ascribed to ion pairing effects.

Increasing the HCIO4 and HNOj acid concentrations up to 4
M leads to gradual decreases in # from 6 to 5.4 and 4.3, respec-
tively (Table 1). This indication of stronger ion pairing effects in
HNO:; relative to HCIOy is consistent with the higher basicity of
NO;~ on the AvNH scale®® and with the lower acid strength of
HNO; (pK, -1.5) relative to HCIOy (pK, -8). In their IR spectra,
normalized to unit concentration, the change in n value is
reflected mainly in a proportionate decrease in the intensity of the
vOH absorption at 3120-3180 cm ™!, the band associated with the
four peripheral H,O molecules of the H;30¢" ion. The remaining
part of the H,q" spectrum is insignificantly changed. This is
illustrated for HNOs in Fig. 9. For HCI, the constant value of n =
5 and the invariability of the normalized IR spectra over the 1-4
M concentration range indicates constant ion pairing (Supp.
Infot).

Taken all together, these data suggest that ion pairing perturbs
up to two of the four peripheral water molecules of the H;304"

Absorbance

3000 2000 1000
Frequency, cm’

Fig. 9 IR spectra of H(H,0),* clusters normalized to unit concentration
for HNOj; water solutions with concentrations varied from 0.25 (red) to
4.0 M (blue). The inaccurate subtraction of »3;NO3 band (over subtraction
at 1363 cm™') arises because of different concentration dependence of the
spectrum of NO;~ anion for studied HNO; solutions and used for
subtraction NaNOj solutions.
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ion, removing their IR spectral peculiarity ie., restoring the
distinctively absent 6H,O band. As discussed in more detail later,
absent IR bands are associated with ultrafast proton motion.
Shared water molecules in an ion pair (Scheme 2) between
H(H,0)," and the first hydration shell of the anion, where water
mobility is slow,>**62 will immobilize these water molecules and
restore their 6H,O band. Thus, the spectrum of the shared water
molecules is subtracted as the hydration shell of anion and the
determined stoichiometry of H*(H,0),, has n < 6.

The basicity of the O-atoms of the shared water molecules
should increase slightly compared to that of the remaining
unshared peripheral water molecules of the H*(H,O), cation
because, as indicated by Fig. 1, H-bonding with Cl-, NO3;~ or
ClO4 anion is weaker than with outer sphere water molecules.
However, this change in O-basicity is apparently too weak to
notably influence the spectrum of H*(H,0), cation when passing
from n = 6 to 5 or 4, other than decreasing the intensity of the
vOH band at ~3100-3200 cm~' (Fig. 9). This indicates that the n
= 4 cation retains high spectral and structural similarity with n =
5 and 6.

While the 6H,O bands of the shared and peripheral water
molecules are insensitive to their nonequivalence, the OH
stretches are much more sensitive. The yOH bands of the shared
water molecules should lie between that of the unshared
peripheral H,O molecules (3100-3200 cm™') and »OH of
unshared water molecules bound to the anion. Thus, these bands
will not be perfectly subtracted. This is detected as a weak
distortion on the high frequency side of the vOH absorption at
~3100-3200 cm ! (Fig. 9). As expected, the distortion increases
with decreasing n in H*(H»0),,.

Corroborating evidence for ion pair formation is found in the
IR spectrum of anion, most sensitively with the NO;~ anion.
The decrease in its symmetry under the influence of a unidirec-
tional electrostatic interaction splits the doubly degenerate
v3NOj stretching band. The stronger this interaction, the larger
is the Aws splitting. As shown in Fig. 10, Az increases with
increasing HNO; concentration starting at ca. 0.6 M. This is
consistent with decreasing average stoichiometry in H*(H,O)q
below 6. At HNOj; concentrations below 0.6 M, where only the
n = 6 cation is formed, Av; appears to be concentration inde-
pendent. Nevertheless, the residual Az splitting (~54 cm™')
indicates that ion pairing must still be present. A model that
accommodates these data is shown in Scheme 3. The H;304*
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Scheme 2 Ion pairing with shared water molecule.
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Fig. 10 Dependences of Av3;NOj; splitting on HNOj; concentration.

cation and inner solvation shells of the anion remain intact but
electrostatic contact is sufficient to perturb the D3, symmetry of
NO;™ anion.

The triple degenerate vz stretch of the ClO4~ anion changes
with increasing perchloric acid concentration in a similar manner
to the »3NO; band although the splitting is less pronounced. This
indicates the same type of ion pairing is occurring.

Carborane superacids are the strongest known acids®® so ion
pairing is expected to be the weakest or non-existent. Indeed, the
IR spectrum of the carborane anion is not detectably dependent
on acid concentration and only H,;30¢" cations are formed.
Nevertheless, the vOH frequency of the four peripheral H,O
molecules of the H;304" cation shows a small dependence on the
nature of carborane anion*’ that exceeds the error of vOH
determination. Thus, even ionized carborane acids,
(H;304")Carb,q, appear to be ion paired in the manner of
Scheme 3. It is likely that all acids, no matter how strong, have
ion pairing of this type.

For dilute solutions of mineral acids (< 0.7 M), the intensity of
vOH bands (loy) can be measured more precisely than the
determination of n in H*(H,0),. That is why the dependence of
Ioy on Cya can give more precise information about composi-
tion of H,q" at low concentrations, where stoichiometry cannot
be accurately determined, and where n starts to change from 6 to
5. The Iop dependences on acid concentration (Cya) for HCI,
HNOj; and HCIO, are given in Fig. 11. They show more sharply
that ion pairing of the type in Scheme 2 with n = 5 begins at ~0.5
for HNOj; and ~0.9 M (HC1Oy,). Below these concentrations, ion

HO'- - -

Hy0. - . .

Scheme 3 Ion pairing in dilute solution.
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Fig. 11 Dependences of OH stretch intensities (/oy) on acids concen-
tration. Green—HCIQy4; red—HNO5; black—HCI.

pairing only occurs with the n = 6 cation according to Scheme 3.
In the case of HCI, from as low as 0.3 M and up to 4 M
concentration, only ion pairing with n = 5 is observed (Scheme
2). Thus, in spite of the leveling of acid strength in dilute solu-
tions of these strong acids, measurable differences in ion paring
formation with n = 5 or 6 nevertheless reflects their relative acid
strengths: H(carborane) > HCIO4 > HNO; > HCIL.

The uniqueness of H*(H,0)4 cation

This is best revealed by comparison to the protonated methanol
cluster, H*(CH30OH)g, formed when a strong acid ionizes in neat
methanol.®* The 3D-structured H*(H,0); cation has important
similarities, as well as important distinctions, from 1D-structured
H*(CH5;OH)g cation shown in Scheme 4.

The similarities in their IR spectra (Fig. 12) are: (i) both
cations have characteristic bands at 1567-1747 and 958-1197
cm™! arising from the central OHO group vibrations and vOH
stretch frequencies of all other OH groups in the 2500-3200 cm ™!
region, and (ii) bands from 6COH bending and vCO stretching
vibrations of H*(CH3OH)g are absent in its IR spectrum just as
the 6H,O bands are absent in the spectrum of H(H,O)s". These
similarities are common to all proton disolvates L-H*-L,
including HsO,"-4L (L = nonprotic base) and have been dis-
cussed earlier.®¢4%¢ This peculiar absence of bands defines the
sharp boundary between the eight CH;OH molecules in
H*(CH;0OH)g or the six H,O molecules in H;304" and the
surrounding molecules of bulk methanol or water, respectively.
Absent CO stretch and COH bend vibrations bands in

CHs ‘CHE CHg--~ "cr]-is'li; E "c':ng - ~.\1c|-|3 CHy  CHs

| 8 |
(0)--*H—0Q:++H—0++-H=0---H—0—H—0—H---O—H:+-O—H---0—H--+(0)

Scheme 4 Representation of H(CH3;0H)g* cation structure in neat
methanol.

1197958

1747 1567

Absorbance

Fig.12 IR spectra of 0.4 M H(CHB,Cl,,) solutions in water (red, anion
absorption is subtracted) and methanol (blue).

H*(CH5OH),, cations are characteristic of chain-linked methanol
molecules conjugated with the central O-H*-O group.® Even the
CH stretching vibrations of the methyl groups are affected.
Compared to the intensity of common CH;OH molecules, their
intensity decreases by 94% for those associated with the central
O-H*-O group and 60% for those associated with the conjugated
O-H---O groups. To date, this has not been addressed by theory
but must be connected with special dynamic properties of the
central OHO group.

Regarding the important distinctions between 3D H(H,O0)4*
and 1D H*(CH;0H)g clusters, these are mainly concerned with
the central O-H-O group and its response to conjugated
peripheral molecules. In the case of H*(CH3;0H),, clusters when
passing from n = 2 to 4, »,,OHO increases from 950 to 1010 cm™!
without changing in intensity (Table 3). This occurs because of
partial delocalization of the positive charge onto the two new O—
H---O groups, accompanied by decreasing charge on the central
OHO group and increasing O---O distance. For the next
increases of n up to 8, there is practically no more influence on the
central O-H*-O group (v,s and Ioyo are constant). However,
replacement of benzene solvent with methanol for the cluster
with n = 8 returns v, to the initial value of 950 cm~! as seen in the
n = 2 cluster, ie., the positive charge and O---O distance are
restored. In the case of H(H,0),* clusters the situation is the
opposite. Increasing n from 2 in benzene to 6 in water results in
a high frequency shift of Av,;OHO by 170 cm ' whereas there is
no shift for the corresponding H*(CH3OH),, clusters with n =2 in
benzene and n = 8 in methanol (Table 4). It is clear that the 3D
water cluster structure favors positive charge delocalization from
the central OHO group much more than the 1D methanol
structure. The difference lies in their outer sphere solvation and
ion pairing. The 3D water cluster has eight H-bonded outer
sphere water molecules onto whose O-atoms the positive charge

Table 3 The »,;OHO frequency and intensity (Iogo) dependence on the
n number of methanol molecules in H*(CH3;OH),, clusters

n Solvent v,;OHO Iono
2 Benzene ~ 950 3.1
4 Benzene ~1010 2.9
8 Benzene ~1010 33
8 Methanol 950 4.2
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Table4 The »,,OHO frequency and intensity (/ono) dependence on the
n number of water molecules in H*(H,0),, clusters

n Solvent 7,sOHO Iono
2 Benzene 1028 3.25
6 Water 1198 0.90
6 Crystal 1198 4.2

can be delocalized whereas methanol clusters are restricted to
charge delocalization in 1D and rely on greater accessibility of
the central O-H*-O group to ion pairing and electrostatic
solvation with outer sphere methanol.** This makes the H130¢" g
ion unique and causes an unprecedented increase in the O---O
distance of the central OHO group.

Another important distinction follows from the intensities of
the v,,OHO band (Iogo). In the case of H*(CH3OH), clusters,
increasing n from 2 to 8 does not change Ioyo significantly
(Table 3). The same is true when passing from HsO,"-4CsHg in
benzene solution to H(H,0)" in solid state (Table 4). However,
for H(H,O)s" in aqueous solution, Iopo is more than a factor of
three lower (Table 4) and it is accompanied by the appearance of
the continuous broad absorption (cba). In other words, only
about 30% of absorption of H(H,0)g",q is observed as absorption
bands due to normal vibrations, the other 70% appears to be
developed as a continuum. In contrast, the H"(CH;0H)g cation in
neat methanol develops normal Ioyo intensity for O-H*—O group
vibrations and does not develop a cha, only a broad absorption
from multiple OH vibrations that is often mistakenly named a cba.

The continuous broad absorption (cba)

These observations allow us to give definition to the cha and
ascertain its nature. The cha is an unstructured continuous
absorption that develops in IR spectra of acidic water solutions
across the entire 3000-50 cm™! frequency range (Fig. 5, blue).
Attempts to divide it into separate broad bands®” are uncon-
vincing. Such cba is not observed in the IR spectra of H;0*-3L,
HsO,"-3L and H,03"-5L cations with L = organic basics or
H,0, in the solid state or in solutions of organic solvents.5443:58
When the basicity of L in these species is high (H,O, tribu-
tylphosphate, phosphine oxides), their stretching OH vibrations
develop as very broad overlapping bands in the 3000-1200 cm ™'
frequency range having the so-called ABC structure®® which has
often been mistaken for cha. This is common to all species with
asymmetric O-H---O groups having O---O distance ca. 2.5-2.6
A.*2 These broad absorptions are quite distinct from the cbha of
acidic water solutions by not being continuous and featureless.
They can be deconvoluted into separate bands. To the best of our
knowledge, cba is a specific spectroscopic feature found only in
aqueous H(H,0)," clusters in liquid water. The spectrum of the
H(H,O)s" cluster in the solid state has no cbha and the intensity of
the absorption bands from normal vibrations is undiminished
(Table 4). Similarly, such intensity conversion from cha to
normal mode vibrations has been detected by Raman spectros-
copy when 4M aqueous HCl or HBr form glasses at liquid
nitrogen temperature. The cha intensity significantly decreases
with temperature and is accompanied by a simultaneous increase
in the intensity of the band at ~1200 cm~'.*° These observations
indicate that the cba is associated with the dynamic properties of

excess proton. At low temperature in a glacial state (—180 °C), or
in the crystalline state at room temperature, the translational
movements of the protons in the H(H,O)¢" cation are suppressed
and the cluster develops normal vibrations. On the other hand, at
room temperature in liquid water, proton dynamics are compa-
rable to the timescale of vibrational transitions.'* As a conse-
quence, the rates of vibrational transitions involving the five
internal H-atoms of H(H,0)¢" exceed the lifetimes of their fixed
positions. On the IR timescale, the location of these five H-atoms
becomes uncertain and a continuous absorption develops instead
of line spectra from normal vibrations. Since the intensity of the
absorption bands of H,q" in water corresponds to ~30% of that
for normal vibrations (Table 4), on average only in ~30% of
H504" clusters do the 5 H-atoms have lifetimes of their fixed
positions sufficient to produce normal vibrations. The other ~70%
of H;30¢" clusters develop a cha. Shifting the equilibrium
percentages between the line spectrum and the cha requires
a significant temperature change that exceeds the liquid range of
water. Thatis why small increases in temperature of water solutions
from 293 to 313 K% or 363 K" do not reveal changes in the cha.

Dynamic properties of the excess proton may also be respon-
sible for the disappearance of the 6H,O band at ~1630 cm™' for
all 6 H,O molecules in the H{30¢* cation, as well as the vCO and
0COH bands of H*(CH3;0H), clusters and related bands in
proton disolvates H*L,.5861:646¢ This effect is observed only in
species having a symmetrical O-H"-O group with a flat-
bottomed proton potential function. It was initially discovered in
crystalline di(methylphenyl)phosphoric or di(chlorophenyl)-
phosphoric acid dimers, where the both »,,POO and »;POO
bands disappear in the IR spectra and the equivalency of the O-
atoms in the O-H*-O group was established by X-ray crystal-
lography.”””* The phenomenon is not dependent on O---O
distance since they differ significantly in these two acid dimers,
2.512 A7 and 2.398 A respectively.” In contrast, strong bands
from yPOO are observed in the IR spectra of dimeric dia-
lkylphosphorous or dialkylphosphinic acids where the OHO
groups are unsymmetrical.”>”* Similarly, the SHOH frequencies
disappear in symmetric HsO,*® but not in H3;0" or H,O5*
cations with asymmetric O-H---O groups.>** It follows from
these data that the disappearance of the 6H,O bands of all six
H,O molecules in the H;30¢" cation is indicative of high
symmetry of the central OHO group with a flat-bottomed H*
potential function and distribution of its dynamic properties over
the 4 neighboring H-bonds. Breaking the symmetry should result
in the reappearance of these bands.

Consistent with this, the 6H,O band reappears for peripheral
water molecules of the Hj304* cation when they are shared with
the solvation shell of the anion. As discussed above with respect
to ion pairing, shared water molecules have decreased proton
mobility and the local symmetry of the cation is lowered.

Conclusions

The ionized proton of a strong acid in liquid water, H*(aq), is an
entirely unique species. On the IR timescale, a single species exists
having constant composition, H*(H,O)s, and a well-defined
boundary of positive charge delocalization. Suggestions of an
equilibrium between two types of cations such as Eigen-type
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H;0-3H,0" or Zundel-type HsO," ions!®'%7>7 are not sup-
ported by experiment.

The distinctive IR spectrum of H*(aq), which is a combination
of a continuous broad absorption (cha) and a relatively simple
line spectrum, is not found in any gas phase H"(H,0), cluster,
even up to n > 100.2% This may be because in gas phase H*(H,0),
clusters, the 3D network structure promoted by a single H*
extends over the whole cluster network up to n = 100 (a
“nucleation” effect)®® whereas in bulk water the excess proton
changes the H-bonding network only up to n = 6. In addition, the
excess proton locates itself near the surface of the gas-phase
cluster*?5-2677-81 where the environment has lower symmetry and
where proton mobility is lower than in bulk water. For want of
a better term, these gas phase clusters experience a microscopic
“surface tension” that makes their environment different from
bulk water. For the same reasons, i.e. lower symmetry and lower
proton mobility, the structures of H*(H,0),, clusters in organic
solvents and in crystals are distinctly different from those in
liquid water. The only exception is found in crystals of
H(CHB;1;;)-8H,0* where columns of centrosymmetrically
located H*(H,O)¢ cations find themselves in a nanotubular
environment akin to liquid water.

The uniqueness of Hi304"(aq) lies in the unusual degree of
delocalization of positive charge away from the central O-H-O
group. Unlike typical Zundel-type HsO," cations, there is an
unusually effective redistribution of charge onto peripheral parts
of the Hy304* cation and even out onto the O-atoms of eight
outer-sphere water molecules not included in the n = 6 formu-
lation. This results in a marked elongation of the central OHO
group from ~2.40 A in Zundel-type ions to ~2.57 A in the
H506*(aq) ion. There is concomitant lengthening in the four
contiguous OHO groups from ~2.52 A in the Zundel-type
H;0,-4H,O structure'® to ~2.7 A in H306"(aq). The
H304*(aq) cation is not representative of an aquated Zundel-
like HsO," cation. Rather, it is a unique H;304"(aq) entity
existing only in liquid water or in an environment similar to
liquid water.

The unprecedented long O---O distance of ~2.57 A for the
central O-H-O group in H;30¢"(aq) cation raises a number of
interesting questions. Where is the central H-atom located? On
the IR timescale, the data indicate a symmetric distribution but
cannot distinguish between a predominant mid-point location
and a time-averaged distribution of asymmetric H-bonds with
a nearly flat-bottomed, double-well H* potential. Calculations at
shorter timescales favor the predominance of an asymmetric
structure®-*® but these calculations are done with short O---O
distances typical of less delocalized cations, quite unlike the
~2.57 A indicated by the present experiments.

Another issue is the origin of the cha. Is there a connection
between the unusual elongation of the central O-H-O group and
the appearance of the cba, a feature found only in IR spectrum of
H"(aq) clusters? This phenomenon is clearly associated with the
fast dynamics of protons in these clusters and a challenge for
theory to reproduce. The finding that at room temperature ~30%
of the IR spectrum of H*(aq) appears as a line spectrum whereas
the remaining ~70% appears as cha provides a critical test of the
veracity of, or calibration for, such calculations.

A related problem is to understand the disappearance of the
0H,O band in the line spectrum of H*(aq) clusters, as well as the

vCO and 6COH bands of H*(CH;0H),, clusters® and related
bands in proton disolvates H*L,.3361656¢ This phenomenon is
clearly related to the proximity of atoms to low-barrier H-bonds
whose rapid fluctuations apparently lead to dramatically
diminished intensities of associated vibrations.

Finally, we comment on the prevalence of ion pairing, even in
the strongest acids. This may come as a surprise to many readers
since strong acids are typically viewed in terms complete ioni-
zation, without ion pairing, and are treated as ideal electrolytes.
Ionized strong acids can be considered as contact ion pairs. The
H 304" cation has contact with the first hydration shell of the
anion and they are not separated by bulk water molecules.
Carborane acids show a slight dependence of their IR spectra on
the nature of the carborane anion*’ which is assigned to ion
pairing effects (Scheme 3). With weaker acids such as HCl, or
increasingly concentrated solutions of strong acids such as
HNOj; and HCIOy, one or two peripheral water molecules of the
n = 6 cation can be shared with the first solvation of the anion in
contact ion pairs with reduced overall water content (Scheme 2).
The influence on the IR spectrum is mainly in changes in band
intensities. Our results obtained for dilute HCI solutions do not
contradict those of Agmon® in highly concentrated HCI solu-
tions (=8 M) where a Zundel-type HsO,*-4H,0 ion surrounded
by Cl-anions and a short central 2.40 A O---O distance was
established. This proposed structure is very similar to that found
by Marsh ez al. in the crystal state'® and can be viewed as a HsO,*
cation in contact with the first hydration shells of neighboring
Cl,q anions. This removes the unique properties of the aqueous
H 506" cation and the core reverts to the common Zundel-type
HsO," cation.

Ion pairing is the underlying reason why the structure of the
H*(H,0)¢ cation in aqueous solution changes to H,O5*-nH,0 in
weakly basic organic solvents such as benzene and chlorinated
hydrocarbons.*? In organic solvents of low permittivity, dimin-
ished hydration of the anion leads to the formation of more
intimate ion pairs with the hydrated proton. The stronger
polarizing influence of the anion on the hydrated proton distorts
its core to a H;O5" cation. Tighter ion pairing suppresses positive
charge delocalization so unlike the H304" cation in aqueous
solution, the O---O distances are typical of a static hydrated
H,05" cation.

This phenomenon plays out in a parallel manner in the
nanotubular structure of H(CHB;I;;)-8H,0O, but with an
important difference. H(H,O)s" clusters located in the center of
the tube adopt the long O----O bonded, centrosymmetric H;30¢"
structure found in aqueous solution whereas those near the
anionic walls of the tube have a distorted core that approaches
the H;,O;* motif. Notably, the core of this ion has O---O
distances that are unusually long (~2.62 A)““ compared to those
of typical H;,0O5"-nH,O cations in crystals or organic solutions
(~2.50 A).* Just as the longer O---O bonded central HsO, group
of the centrosymmetric H;304" ion retains topographical simi-
larity to HsO,*, so this H;0O5; group with longer bond lengths
retains a topographical similarity to the H;O3" ion. The differ-
ence lies in the surrounding environment. H(H,O)s" clusters in
the nanotubular structure are more hydrated and less tightly ion
paired than the shorter O----O bonded H;03"-nH>O clusters in
crystals or organic solvents because the positive charge is more
delocalized. The tube environment is more akin to liquid water.
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This is the sine qua non of our findings. Liquid water provides
a special environment for H* that leads to greater delocalization
of positive charge than previously suspected.
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