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A part of microscopic structure in aqueous Hjl@nd HSO, solutions was directly observed as ionic clusters
isolated from these aqueous solutions by means of a specially designed electrospray mass spectrometer. The
difference in the hydration structure for these acids was partially visualized on the basis of the molecular
composition in the observed ionic clusters. For aqueous HétQitions, the protonated water clusters-H
(H:0): n=1, 2, 3 ..., which have similar mass distribution to the inherent water clusters, were observed
predominantly. This is in good agreement with microscopic picture that the protons released frosratéNO
hopping and delocalized among water clusters. Such a cluster structure was independent of the HNO
concentrations of [HNg) < 1 mol/dn?®. On the other hand, for aqueous3®, solution, cluster structure was
drastically changed with varying430, concentration. For diluted 430, solution, clusters that consisted of

only water molecules were mainly observed. This means that the protons released,8@make moving
among the water clusters the same as aqueousstNIDtions. At higher HSO, concentrations of [E50y]

> 0.1 mol/dn®, however, the self-association,$0, clusters accompanying less than six water molecules,
H*(H,SOW)p(H20)g: p=1, 2,3 ..., &k q = 6, were formed favorably. The protons released fros8®j are

not hopping among water clusters, and they would be localized in the self-associg8on ¢iusters under

high concentration of b§80,. The observed concentration effect of the cluster structure was strongly related
to the equivalent conductivity of these aqueous acid solutions, that is, the ionization efficiency of the acids
in the aqueous solution was explained on the basis of the cluster structure.

Introduction 450 ]
It is general that the physicochemical properties of a solution e HCI ]

observed through various kinds of experimental approaches 00 - HNO,

change nonlinearly against concentration of solute, mixing ratio — . A H}SO,

of binary mixtures, and so forth. This indicates that the g 3so T e— .

microscopic structure in a solution will not change proportionally Ng I

to the concentration or mixing ratio. We have already reported "5 300

that partial molar volume, partial vapor pressure, excess enthalpy =

of mixing, and IR absorption of water-organic solvent mixtures,

which are not linearly dependent on the mixing ratios, were 250 | ]

closely related with the molecular clustering in the solutions ———a

observed through the specially designed mass spectrofétry. 200 - w w ‘ !

The solution looks homogeneous macroscopically but not on 0.4 0.6 0.8 1

the microscopic viewpoint. To understand the physicochemical C(mol/dm?)

properties c_>f the_so!utlon, the information on the microscopic Figure 1. Equivalent conductivity (L ‘cr?mol-1) of aqueous HCI,

structure will be indispensable. HNO;3, and HSQ, solution (25°C) as functions of acid concentrations
The degree of electrolytic dissociation is also a kind of C (mol/dn¥®).

physicochemical property, which is dependent on the concentra-

tion nonlinearly. Here, we would like to focus on the difference Figure 1 shows the equivalent conductivitp)( of HCI,

in the equivalent conductivities between aqueous kit H- HNO3, and BSO, as functions of these acids concentrati6fs.

SO, solutions and would like to discuss this on the basis of the The concentration dependence &f for HCl and HNQ is

observed cluster structures. One might believe that both HNO obviously different from that for b5O,. The values ofA for

and HSO, have a high degree of electrolytic dissociation, but the aqueous HCI and HNGolutions are gradually decreasing

they have quite different values as follows: (i) for HN®3% with increasing the acid concentrations; on the other hand, the
at 0.1 mol/dm, 82% at 1 mol/drd), (ii) for H,SO, (59% at value of A for H,SQOy is rapidly decreasing with increasing the
0.05 mol/dnd, 51% at 0.5 mol/dr). H,SO, concentration at [FBOy] < 0.1 mol/dn?. It is known

that the A for weak electrolyte solution is rapidly decreased
*To whom correspondence should be addressed. E-mail: akihiro- With increasing the concentration only at very low concentra-
wakisaka@aist.go.jp. tions, as predicted by the equilibrium equation for the electrolytic
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Figure 2. Schematic illustration of an electrospray mass spectrometer specially designed for ionic clusters in an electrolyte solution.

dissociation. The difference between HN@nd HSO, is in Figure 2. This system is made up of a five-stage differentially
explained by such equilibrium, but its microscopic origin has pumped vacuum system, a triple-stage quadrupole mass filter
not been studied until now. Here, we would like to report the (Extrel C50), and an electrospray nozzle. High electric voltage
first experimental approach to understand the on the was supplied to the nozzle (highly positive potential E+:438
microscopic viewpoint. kV) and three skimmers (E2, E3, and E4: 1550 V). The

As an experimental approach to see the microscopic structurenozzle was heated to assist the formation of spray against the
in a solution, Nishi and our group have been trying to measure surface tension and to compensate the heat of vaporization. The
mass spectra of clusters isolated from liquid droplets through pressures of the first, second, third, fourth, and fifth chambers
vacuum adiabatic expansion. The microscopic structure of are about 708730 Torr (P1), 6 Torr (P2), 0.003 Torr (P3), 1
water-alcohol mixtures$; 11 preferential solvation for a hydro- ~ x 1075 Torr (P4), and 2x 10°7 Torr (P5), respectively. When
phobic solute in water-organic solvent mixtufes?> molecular the sample solution is fed into the high electric field between
self-assembling of acidbase comple*?and so forth have been  the nozzle and the first skimmer through a fused silica capillary
studied on the basis of the observed molecular clusteringtube (i.d. 0.1 mm) at flow rate of 0.06%.025 cn¥/min, the
structure. This method has the advantage of providing molecular-positively multicharged liquid droplets with including excess
level information on the solution structure but was limited to amount of cations in the solution are generated by the electro
the measurement for the neutral (nonelectrolyte) species withspray principle:® Because of the adiabatic expansion and the
electron impact ionization. To measure the mass spectra ofelectrostatic repulsion, the multicharged liquid droplets are
clusters in electrolyte solution without using external ionization, fragmented into singly charged clusters during the flight.
we have designed an electrospray-type mass spectrometer The resulting clusters with single positive charge can be
described here. This new method made it possible to measureanalyzed by the quadrupole mass filter without using any
the mass spectra of clusters isolated from aqueous 30 external ionization. Electrically neutral clusters are not observed
H,SO, solutions. Direct information on the iermolecule in this electrospray mass spectrometry. The resulting clusters
interaction in these electrolyte solutions could be obtained generated through the adiabatic expansion of the liquid droplets
experimentally. This is the first experimental result to show that reflect the strong intermolecular interaction in the solutidif 11
the physicochemical properties of electrolyte solution are This has already been confirmed by the correlation of the
connected with the clustering structure. clusters observed by the mass spectrometry with other analytical

As for the hydration clusters of acidic molecules, Gilligan experiments, IR absorption and X-ray diffraction measurertent,
and Castleman have reported on the reaction of water clusterand by the agreement of the solvent effects on the chemical
with HBr and DNG; in the gas phas®.As they suggested, the  reactivity with the observed cluster structdre?
study on the hydration of acid is important not only for a part
of solution chemistry but also for a part of atmospheric Results and Discussion
chemistry.

Mass Spectrometric Analysis for Aqueous HNQ and
H>SO, Solutions.Mass spectra of clusters isolated from aqueous
HNO; and HSOy solutions with varying concentration were

The electrospray mass spectrometer specially designed formeasured by the above-mentioned mass spectrometry (Figure
the cluster in an electrolyte solution is schematically illustrated 2). The concentration effect on the cluster structure observed

Experiment
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Figure 3. Mass spectra of clusters generated from aqueous H(@p Mz

Concentration: [HNG = 0.07 mol/dn3 (b) 1 mol/dn?. A series of Figure 4. Mass spectra of clusters generated from aqueoBOH
protonated water clusters,*fH,O),: n =1, 2, 3, ... and a series of  solutions. (a) Concentration: 8Q,] = 0.012 mol/dr (b) 0.1 mol/
hydrated HNQ clusters, H(H0)n(H:O™NOs™): m= 2, 3, 4, ... are dm?. The numbers on the peaks represent the number of water molecules
clearly observed here. in the clusters.

through the mass spectrometry had good correlation with that = 21 also shows a magic number property, and this mass

on the equivalent conductivity shown in Figure 1. distribution as a function ahlooks also similar to that observed
(i) Aqueous HN@ To see the concentration effect on the for pure water. This means that the hydratlc_)n for the ion pair

clustering in aqueous HN{3olution, the measurements of mass (HsO"NOs7) is not strong enough to reorganize the hydrogen-

spectra were carried out for the solutions at [H{N& 0.07, bonding network of water.

0.22, 0.48, and 1.0 molidnThe mass spectra observed at It has also confirmed that the aqueous HCI solution showed
[HN63] = 0.07 and 1.0 mol/dare shown in Figure 3a and b the same kind of cluster structure as observed for the aqueous

respectively. For these concentrations, the concentration de-HNOs solution.

pendence on the clustering is not obvious. In Figure 3, two series (ii(i Aqu_eoufs HSQ. As showr|1 i_n Figufgl L rt]he equivalent
of clusters with different numbers of water molecules are clearly conductivity of aqueous 330, solution rapidly changes at jH

e SQy] =< 0.1 mol/dn? but is almost constant at a half of the values
observed. One series is the protonated water clustes , N o
P ($120), ?or the infinite dilution at [HSQy] = 0.1 mol/dn3. Generally,

and the other series corresponds to the clusters composed o hi lained by the f hat th d libri
the protonated water clusters and an ion paigGFENOs3™), this was explained by the fact that the secondary equilibrium
constant K) in the binary proton-dissociation equilibrium of

H*(H2.0)m(HsOT™NO3 ™). The mass distribution of HH,0), _ ) o
clusters in Figure 3 looks very similar to that observed for pure '(':gs)?j is much smaller than the primary equilibrium constant
1).

water without including any acilA magic number cluster with
n = 21, H"(H20),1, which was observed for the pure watés,

gt -
also observed as a prominent species in Figure 3. It is well H2S0 = H" +HSO,

known that H(H,0),; is a magic-numbered species with K,: large enough to dissociate completely
dodecahedral structure. Twenty water molecules make the cage
structure and D" is included inside the cage. HSO,” =H" + S0 K,=1x 10 ?(25°C)

Even at higher concentrations, as shown in Figure 3b, the
mass distribution of the protonated water clusters is similar to The mass spectrometric analysis of clusters generated from
that observed for pure water. This indicates that the protons aqueous KSO, solution can provide a new explanation. To see
released from HN@molecules efficiently disperse via proton the concentration effect on the cluster structure, the measure-
hopping among the intrinsic hydrogen-bonding network of ments were carried out for aqueous solutions ofJ&;] =
water. This will be a reason for the high degree of electrolytic 0.012, 0.1, 0.34, and 0.48 mol/dm
dissociation of HN@ in water. The H(H,O)n(H3O"NO;3"7) Figure 4a shows the mass spectrum obtained from the agueous
increases at higher concentrations. In this series of clusters, H,SQ; solution of 0.012 mol/dfh The protonated water clusters,
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H*(H,0),, are observed more than the sizenof= 20, which
represents that the hydrogen-bonding network of water is
preserved stably. The protons released frai8® are dispersed
among the hydrogen-bonding network of water efficiently in
such a low concentration.

On the other hand, the cluster structure was drastically
changed at higher #$04 concentrations. Figure 4b shows the
mass spectrum obtained from the aqueoyS® solution of
0.1 mol/dn?. The protonated water clusters,"@H,0),, are
observed only in the small sizen < 8. Moreover, the clusters
consisting of HSO, molecules and some ;8 molecules,
HT(H2S0y)p(H20)q, are remarkably formed. In these higher
concentrations, [kBQy] = 0.1 mol/dn?, nondissociated $80,
molecules are stabilized to form their self-association clusters
through the hydrogen-bonding interaction rather than ionic
dissociation of HSQy. The numbers of water molecules infH
(H20)n and Hf (H2SOy)p(H20)q clusters are smaller than®,

Kobara et al.
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Figure 5. The ratio of free protonRy, in agueous k50, and HSOy
solutions, evaluated through eq 2 and 5, as functions of the acid

which indicates that the protons cannot disperse among theconcentration.

hydrogen-bonding network of water. In other words, the protons
hydrated by the few water molecules might be coordinated with
self-associated $$0y clusters.

Owing to the formation of the self-associategS;, clusters
and the localization of proton, the equivalent conductivity will
be reduced rapidly by the increase of the concentrationsit 0
[H2SOy] < 0.1 mol/dnd.

Correlation of Cluster Structure with Equivalent Con-
ductivity. As described above, equivalent conductivitgeemed

the self-associated 480,, and the hydrogen of this self-
associated bSO, corresponds to Fhoung Accordingly, the

SH poungcan be expressed by eq 4. Thus, Riefor aqueous

H,SOy is evaluated by eq 5.

TH e H;SO,) = ZIH"(H,0), + ZZIH"(H,S0),(H,0),
3)

to be correlated with the cluster structures observed through
the mass spectrometry. To evaluate the correlation between the
cluster structure and the equivalent conductivity, ratios between
the number of free protons released from acid and the number

TH poundHS0) = 202 TIH(H,SO),(HO),  (4)

of protons at 100% electrolytic dissociation of ackly) were
calculated by the peak intensities, as follows:

SH*

free

+ ZH+bour1d

R,

=H @)

+
free

whereZH fee and=H youngrepresent the number of free protons
released from the acid and the number of protons bound with
the acid, respectively. If this free proton contributes to the
conductivity, the ratio calculated by eq 1 will have correlation
with the equivalent conductivity of Figure 1.

In the analysis for aqueous HN(EH e can be calculated
by the sum of the peak intensities for f{tH,0), and H"(H20)n-
(HsO™NO3™) observed in Figure 3. Th&Ht,oung is also
calculated by the sum of HH,0)nm(HsO*NO3 ™) because the
H3O™ in the ion pair (HOTNO;3™) is thought to be bound with
the counteranion. Thdy for the aqueous HN®can be
evaluated as follows:

R, (HNO,) =
SIH"(H,0), + ZIH"(H,0),(H;0"NO;")
n m

(& H"(H ,0), + b H™(H,0),(H;0"NO,")) +%|H+(H20)m(H30*N03‘)
2)

where3 JIHT(H20), and Y mlHT(H20)m(H3zOTNO3™) represent
the sum of the peak intensities for'tH,0), and H"(H,0)n-
(HsO™NO3™) observed in Figure 3, respectively.

As for aqueous EBQ; solution, assuming that Hof H*-
(H20), and H(H2SOy)p(H20)q clusters observed in Figure 4
work as a free proton, thEH e can be calculated by the sum
of these peaks (eq 3). ThetH,SO)p(H20), clusters include

Ry (H;S0) =
SIH"(H,0), + = SIH"(H,S0,),(H;0),
n P q

SIH(H,0), + = =IH*(H,S0,).(H,0), +2p= =IH*(H,S0,).(H,O
o (Z)n P q (2 4)p(2)q pzp:q (2 4)p(2)q

(6)

whereZ,IH(H20), and=,Zq H* (H2S04)(H20), represent the
sum of the peak intensities for'ftH,0), and H (H2SOx)p(H20)q
observed in Figure 4, respectively.

The Ry values for agueous HNand HSO, solutions at
various acid concentrations were calculated through eqgs 2 and
5 and were plotted as functions of the acid concentration in
Figure 5. TheRy value for agueous HN£solution decreases
slightly with increase of the HN@at concentrations up to 1
mol/dme. On the other hand, thig value for aqueous $¥$0y
solution decreases rapidly with increasingS&, concentration
at lower SOy concentrations. It is obvious that the concentra-
tion dependence d®y shown in Figure 5 is very similar to that
of equivalent conductivityA shown in Figure 1. This indicates
that the conductivity of aqgueous HN@nd HSO, solutions
are strongly correlated with the cluster structure observed herein
this experiment.

Conclusion

For agqueous HN@solutions, even at a high concentration
like 1 mol/dn?, the protonated water clusters were mainly
observed. This means that the hydrogen-bonding network of
water is not influenced by the presence of 1 moFd#NO;
and that the H released from HN@is delocalized in the
hydrogen-bonding network of water. Therefore, the equivalent
conductivity shows high values even at high concentrations.

On the other hand, for agueous30, solutions, the self-
association of KSO; was markedly promoted at fSQOy] >
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