Hydration and Raman scattering studies of levitated microparticles:
Ba(NOj),, Sr(NOj3),, and Ca(NO3),

I. N. Tang and K. H. Fung
Environmental Chemistry Division, Department of Applied Science, Brookhaven National Laboratory,
Upton, New York 11973

(Received 13 August 1996; accepted 25 October 1996

The phase transformation and hydration of inorganic salt particles composed of alkaline earth metal
nitrates, B&NO,),, SINO3),, and C&NO;),, are investigated in a quadrupole cell, in which a
levitated single micropatrticle is in dynamic equilibrium with water vapor under controlled humidity
conditions. Laser Raman and Mie scattering techniques are used to probe the chemical and physical
states of the microparticle before and after phase transformation. Because of the high degree of
supersaturation that only a suspended solution droplet can attain before solidifying, metastable states
not predicted from bulk solution thermodynamics often result. Thus it is found that, except for
Ba(NO,), particles which form the stable anhydrous crystalline state upon effloresce(l@,5r

and C&NO;), droplets solidify to a metastable amorphous state that contains residual water
persisting even in high vacuum. Raman spectra of the amorphous particles reveal that the nitrate
ions form contact-ion pairs with the bivalent cations and that the residual water molecules possess
very little, if any, hydrogen bond characteristics. The deliquescence properties of the amorphous
particles, which are found to be different from those expected of the bulk crystalline states, are also
reported. ©1997 American Institute of Physids$S0021-960607)51605-9

INTRODUCTION in the earlier models for explaining thermodynamic and elec-
trochemical measurements. In particular, because of the great
In recent years, experimental methods developed fopotential of the nitrate ion pairing with the doubly charged
trapping a single micron-sized particle in a stable optical orcations in solutions, aqueous alkaline earth metal nitrate so-
electrical potential cavity have made it possible to studylutions have received special attention. Consequently, much
many physical and chemical properties of microparticlesprogress has been made to date.
These properties are either unique to small particles or oth- In the present work, hydration experiments, in conjunc-
erwise inaccessible to measurement with bulk samples. Ation with Raman and Mie resonance spectroscopy, were con-
earlier review by Davis documented the progress up to ducted specifically to study the phase transformation and so-
1982. Since then, many interesting investigations have agution properties of aqueous droplets containing alkaline
peared in the literature. In particular, thermodyngmi@nd  earth metal nitrates. Because of the high degree of supersatu-
optical propertiedof electrolyte solutions at concentrations ration that only solution droplets can attain before solidify-
far beyond saturation that could not have been achieved ifhg, metastable states not predicted from bulk solution ther-
the bulk, can now be measured with a suspended dropletodynamics often resulf. An understanding of the
This is accomplished by continuously monitoring the structures and properties of these metastable amorphous
changes in weight and in Mie scattering patterns of a singlgtates should provide further insights into the ion—ion and
suspended solution droplet undergoing growth or evaporaen—solvent interactions that occur in solution droplets at
tion in a humidity-controlled atmosphere, thus providing ex-high concentrations otherwise inaccessible with bulk solu-
tensive information over the entire concentration regiontions.
Other interesting studies on the physics and chemistry of
microparticles are also discussed in another recent review byXPERIMENT
Davis? In addition, experimental techniques have been de-  Single particle levitation is achieved in a quadrupole cell
veloped to characterize the physical and chemical state dbr electrodynamic balantethat has been described
suspended single microparticles by Raman spectrosisewherd:® Briefly, an electrostatically charged particle,
copyl0-14 14—16um in diameter, is trapped at the null point of the cell
Since the early 1960’s when lasers became easily acceby an ac field imposed on a ring electrode surrounding the
sible as the source of excitation, a large amount of work haparticle. The particle is balanced against gravity by a dc po-
been done to elucidate the structure of electrolyte solutiontential established between two endcap electrodes positioned
by vibrational spectroscopy. Comprehensive reviews of insymmetrically above and below the particle. All electrode
frared and Raman studies of electrolytes were presented surfaces are hyperboloidal in shape and separated by Teflon
1976 by Irish and Brookel® and again in 1986 by insulators. The quadrupole cell is housed in a high vacuum
Brooker® Much of the impetus for Raman spectral studiessystem that can be evacuated to a pressure below Térr.
of aqueous solutions has been the search for ion-hydrate8, schematic diagram of the experimental set-up is shown in
ion-pairs, and other discrete species that have been invokdeg. 1.
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FIG. 1. A schematic diagram of the apparatus for hydration and Raman 0 20 40 60 80 100
scattering studies of a levitated microparticle. %RH

FIG. 2. Growth and evaporation of a Nah@article.

In particle hydration studies, a vertically polarized
He—Ne laser is used to illuminate the particle. The particle
position is continuously monitored by a CCD video cameralet passes the deliquescence point without phase change and
and displayed on a monitor for precise null point balancebecomes highly supersaturated as a metastable droplet. Fi-
The change in the dc voltage used to balance the particle inally, crystallization occurs at about 35 %RH. Note that, in a
the null point during droplet growth or evaporation is a directbulk solution, crystallization always takes place not far be-
measure of the particle mass change. The 90° scattered ligiiond the saturation point. This happens because the presence
is also continuously monitored with a photomultiplier tube. of dust particles and the container walls invariably induces
The laser beam, which is modulated by a chopper, is focuselketerogeneous nucleation long before homogeneous nucle-
on the particle so that a lock-in amplifier can be used taation finally sets in as in a solution droplet. The hysteresis
achieve the high signal-to-noise ratio required in the Mieloop shown in Fig. 2 illustrates a typical behavior exhibited
scattering measurement. Initially, a filtered solution ofby deliquescent aerosol particks°
known composition is loaded in a particle gun; a charged In Raman scattering studies, the same particle that is
particle is injected into the cell and captured in dry nitrogenbeing levitated in the quadrupole cell for the hydration ex-
at the center of the cell by properly manipulating the ac angperiment is now excited by the 5145 A line of an argon-ion
dc voltages applied to the electrodes. The system is closddser(Coherent Innova-4Q0Referring back to the schematic
and evacuated to a pressure below®Torr. The vacuum is  diagram shown in Fig. 1, the polarization of the laser beam is
then valved off and the dc voltage required to position theset to be perpendicular to the scattering plane. A 10 cm focal
particle at the null point is noted. The system is then slowlylength lens focuses the laser beam from the bottom of the
back filled with water vapor during particle deliquescencecell onto the particle with a nominal power of 500 mW. The
and growth. Conversely, the system is gradually evacuateskcattered light is collected with a condenser lens and is im-
during droplet evaporation and efflorescence. The water vaaged onto the entrance slit of the monochromator. The light
por pressures and the balancing dc voltages at prescribexllecting optics are optimized &t1 and set to match thie
time intervals are simultaneously recorded in pairs during th@umber of the monochromator. The setting of the monochro-
entire experiment, thus enabling the water activity and solutenator slit width is determined by the projected image size
mass fraction at any given point to be determined. The meaand the optimal resolution. The photon detection system is a
surements can be repeated several times with the same paryogenically cooled CCD detect¢SPEX Industries, NJ
ticle by simply repeating the growth and evaporation cycleFor a typical spectrum, the total exposure time of the detec-
The reproducibility is better thar:2%. tor is about 20 s. Optical scattering spectra are transferred by

A typical hydration experiment performed with a deli- a DMA interface board to a 486-based computer where the
guescent NaN@particle is illustrated in Fig. 2. Here, the data are displayed, stored, and later analyzed. The mono-
particle mass change resulting from either water vapor conehromator is routinely calibrated against the neon spectrum.
densation(shown as open circle®r evaporationshown as  Owing to the five- to sevenfold magnification in the imaging
filled circleg is expressed as moles of water per mole ofoptics for optimal photon collection and spectral resolution,
solute (#H,0/solute and plotted as a function of relative the entrance slit of the monochromator must be increased in
humidity (%RH). Thus as %RH increases, a solid NalNO order to accommodate the projected particle image size. As a
particle remains unchanged until at 74.5 %RH when it deli-result, the practical resolution is reduced. Two monochroma-
guesces spontaneously to form a saturated solution droplédrs are used in the experiments. For high resolution, a 0.75
containing about 5¢H,O/solute. The droplet continues to m double monochromatofSPEX 1403 with an ultimate
grow as %RH further increases. The solid line in the figureresolution of 0.1 cm?® is chosen, which actually delivers a
represents the solution data taken from the tabulation bpractical resolution of 1 ci' and a coverage of 200 crh
Robinson and Stoké€.Upon evaporation, the solution drop- per CCD exposure. For a wider spectral coverage, a combi-
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300 : . . . : i , ! : TABLE I. Standard free energy of formation values.
Compound AG? (kJ/mo)
o Particle growth
250 - . Droplet evaporation . H.0(9) —228.593
Solution data (Ref. 18) SHNOs)y(c) —780.15
SHNO5),-4H,0(c) -1730.71
CaNO5),(c) —743.20
200 - . CaNOy),-4H,0(c) ~1713.47
2
2 1501 4
@ inset of Fig. 3 as the narrow band at 1048 ¢nRaman
e frequency shift, is identical to that of the anhydrous
L' 100} - Ba(NO,), powders’? The hydration behavior of BAIO,),
h particles is qualitatively similar to that of NaN@articles. It
is, however, remarkable that B¢0O,), droplets sustain such
50 - 1100 107510507025 000 7 a high degree of supersaturation before crystallization finally
Frequency shift (cm™) takes place.
0 L. T T T T T T T T T T T T T —
. . . . ' Sr(NO,), particles
60 70 80 %0 100 Preliminary results on the hydration behavior of
%RH SKNO,), particles have been report&dSolubility daté&® in-

dicate that below 29.3 °C the solid phase in equilibrium with

FIG. 3. Growth and evaporation of a 803), particle. The inset is the . . .
nitrate », mode in the Raman spectra taken of the crystalline anhydrousthe saturated solution is the crystalline tetrahydrate,

particle both before deliquescence and after crystallization. SHNO3),-4H,0. In fact, dry tetrahydrate crystals readily de-
compose at room temperatures to form the anhydrous state.

The relative stability of the two solid states may be estimated
nation of a 0.64 m single monochromatt®A HR-640 and  from a consideration of the standard Gibb’'s free energy
a high rejection holographic bandpass filtBhysical Optics change AG°, of the system
Corp., CA is used. The coverage is about 650—750 tm _ .
depending on the excitation laser. The practical resolution of SHNG);(C) +4H,0(g) = SHNO),- 4H,0(c)
this single monochromator is about 4 ¢h although the so that,

ultimate resolution is in the order of 1 ¢rh 0_ A O 0
Either reagent grade or puratonic grade chemicals were AG'=AGHSINO), 4H0(c)] - AG{[STNOg) ()]
used without further purification. Water was obtained from a —4AGY[H,O(g)]
Millipore super Q ultra pure water system and had a specific 0 .
resistance of>18 M cm. AG"=—RTIn(1/p"). @
Here,c andg in the parentheses refer to the crystalline state
RESULTS AND DISCUSSION and gas phase, respectiveR,is the gas constant, is the

absolute temperature, aqdis the equilibrium water vapor
pressureAG® may be evaluated from the tabulatédalues
Ba(NO,), is not very soluble in water, with a solubilty  of standard free energy of formatiaAG?, as given in Table
of 8.27 g/100 g solution at 20 °C, corresponding to 161l. A value of —36.19 kJ/mol is obtained fakG°. Using Eq.
#H,0O/solute. Thus when an anhydrous particle deliquescegl), p is then calculated to be 19.75 Torr, or 83.1 %RH at
it will grow about 12 times its dry mass by water vapor 25 °C. Thus the tetrahydrate is only stable above 83 %RH.
condensation. The hydration behavior of aIB@,), particle The hydration behavior of a certain(810,), particle, as
at 17.8 °C is shown in Fig. 3. During growth, the particle shown in Fig. 4a), is rather interesting. Starting out as an
deliguesced at 98.8 %RH to form a saturated solution droplesanhydrous particle, upon growfshown as open circlgsit
at about 175H,0O/solute. Upon evaporation, the droplet was deliquesced right at 83 %RH, instead of following the pre-
observed to crystallize at 91 %RH, when the concentrationlicted pathwaygshown as dashed lingéirst to transform
reached about 13.6H,0/solute, which is about 13 times the into the tetrahydrate state and then to deliquesce at 85 %RH.
saturation concentration of its bulk solution. Despite the exdn fact, all anhydrous $NO3), particles were observed not
tremely high supersaturation at which the droplet crystalto follow the pathways predicted by equilibrium thermody-
lized, the resulting solid particle was in the anhydrous crysamics. During evaporatioishown as filled circles the par-
talline state as the original particle. This was confirmed byticle remained a supersaturated solution droplet until at 60
both the mass measurement and the Raman spectrum tak&RH when it abruptly solidified. However, in most cases as
of the particle after its crystallization. The symmetric stretchthis one, the particle did not return to the anhydrous state, but
v1(A;) mode of the nitrate ion in the particle, shown in the rather became an amorphous solid that consistently and te-

Ba(NO,), particles
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FIG. 4. Growth and evaporation 6&) an anhydrous particle, ari) an FIG. 5. Comparison of the nitrate, mode in the Raman spectra between

amorphous particle of 8X0;),.

naciously held about #H,O/solute even in vacuum. When
%RH was raised again, an amorphous particle would slightly
pick up some water and then deliquesce at 69 %RH as shown
in Fig. 4(b). Occasionally, there are exceptions to this rule,
such as the particle shown in Figiad It revealed its meta-
stable characteristics by completely shedding its water con-
tent to transform into an anhydrous particle, even during
growth (shown as crossgs this case at about 47 %RH, and
then proceeded to deliquesce at 83 %RH.

As shown in Fig. 8a), thev,(A]) band of the nitrate ion
in the amorphous 8XO;), particle appears rather broad at
1052 cm'%, in contrast to the narrow bands at 1057 and 1055
cm ! in an anhydrous particlewhich, within experimental
errors, agree with the 1055.6 and 1054.4 ¢inands in pow-
dered SINO,), samplé?]. A comprehensive Raman spectral
study of the agueous @¥O;), solutions at various concen-
trations was made in 1950 by Mathieu and LounsBdmnd
again in 1975 by Bulmeet al?® In general, a hydrated or
free nitrate ion, having a plane structure in the form of a
centered equilateral triangle and belonging to the point group
Dy, is knowr?® to have fundamental vibrational frequencies
at 1049v4(A;), 830v,(A3), ~1354 and~1410w,(E’), 718
v,(E"), and 1660 cm® 2v,. The out-of-plane bending mode
1, is Raman forbidden and is not observed in dilute solu-
tions. Figure 6a) shows the Raman spectrum of(IS©,),
solution at 15¢H,0/solute, revealing most features just de-
scribed. However, a new peak at 732 ¢nis observed to
emerge, which is attributédito the formation of ion pairs in

anhydrous and amorphous statega®fSNO;), and(b) Ca(NO,), particles.
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FIG. 6. Comparison of Raman spectra of the nitrate ion betwaein the
bulk solution andb) in amorphous patrticle for 840;), over all vibration
modes.
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FIG. 7. Comparison of the,, mode in the Raman spectra of the nitrate
group present in various environmenta) solution at 15¢H,0/solute,(b) Ca(NOy), particles

droplet at 104#H,0/solute,(c) amorphous particle at ca. #IH,O/solute,(d) . . L
anhydrous particle. Stokes and Robinséhhave made isopiestic measure-

ments on highly concentrated @©#0;), solutions. While the

solution is saturated at 6.6H,0/solute at 25 °C, it readily
concentrated solutions. In comparison, the Raman spectrusupersaturates even in the bulk phase up tatH80/solute.
of the amorphous state is shown in Figb)6 The two spectra Upon concentration by isothermal evaporation, the super-
are qualitatively similar, but the corresponding peak posisaturated solutions pass from freely flowing liquids into clear
tions are slightly shifted from each other. The most strikingsemisolid gels. The transition is marked by no visible discon-
feature is the predominant appearance of the 734'qreak tinuity and the vapor pressure-concentration curve is also
at the expense of the 717 cthpeak, indicating that in the continuous. Solution thermodynamitindicates that the tet-
amorphous state the nitrate ion is in constant association wittahydrate C&NO5),-4H,0 is the solid phase in equilibrium
the cation. Thev, mode appearing at 816 crhis now no  with the saturated solution. Unlike the strontium salt,
longer Raman forbidden, as the nitrate ion becomes bound 6aNO;),-4H,0 is stable in air up to its congruent melting
the cation and thus belongs to a lower symmetry gréyp point 42.7 °C. Using Eq(1) and the appropriatAG? values
Fleissneret al?® have recently used the, band in the FTIR  given in Table I, the relative stability of the tetrahydrate and
spectra of LINQ and C&NO,), solutions in QO as an indi- the anhydrous salts can be estimated. An equilibrium water
cator for contact-ion pairing in aqueous nitrate solutions. vapor pressure 2.71 Torr at 25 °C is obtained, indicating that

The various states of the nitrate ion in different environ-an anhydrous particle would transform into the tetrahydrate

ments are lucidly illustrated in Fig. 7 again by the deforma-state at 11.4 %RH, which would then deliquesce to form a
tion modew,. Spectrum(a) is the solution at 1%H,0/solute  saturated solution droplet at 50 %RH.
showing the emergence of the bound nitrate ion at 732'cm The hydration behavior of the @d0O;), particles is
from the free nitrate ion at 717 cm. More bound species at shown in Fig. 8. Instead of transforming into the tetrahydrate
733 cm ! is present in the supersaturated solution droplet aat 11.4 %RH, the anhydrous particle deliquesces at the
10 #H,0/solute as shown ith). In the amorphous state con- higher humidity 18 %RH to become a supersaturated solu-
taining about 1#H,O/solute, as shown irfic), the bound tion droplet. In fact, the stable tetrahydrate state has never
species at 734 cnt is predominant but the residual water been observed to exist in a microparticle. Once in solution,
stands in the way of allowing crystal lattices to form. Sincethe droplet grows and evaporates following the curve derived
the amorphous state deliquesces at a specific relative humifom isopiestic measurements with bulk solutions, as shown
ity (69 %RH), it is not a continuation of the aqueous solu- by the solid line in Fig. 8. Upon further evaporation, the
tion. When the residual water is finally removed, an anhy-saturated solution droplet continues to lose water until in
drous crystalline state is formed whose Raman spectrum igacuum it turns into an amorphous particle containing 1
shown in(d) with narrow peaks at 736, 738, and 741 ¢m #H,O/solute. Mie scattering data indicate that the amorphous
The correlation field splitting of the,, band due to vibra- CaNO;), particle maintains its spherical shape. Neverthe-
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FIG. 9. Comparison of Raman spectra of the nitrate ion betw@agmn Ca™"+NO; =CaNG;
supersaturated solution droplet aftl in amorphous particle for GHO;), is given by
over all vibration modes.

Kasso& [CaNO;]/[NO:;][C{er]- 2

less, it deliquesces at13 %RH, indicating that it is not a Here, according to Hester and Plaiehe concentration ra-

continuation of the supersaturated solution droplet, but rathdo. X=[CaNQiJ[NO3], is related to the Raman intensity
a new phase formed by “freezing over” from the highly atio, 17471714 through the expression
supersaturated solution droplet.

As shown in Fig. t), thev,(A;) band of the nitrate ion
in the amorphous QAO;), particle again appears rather
broad at 1056 cm', in contrast to the narrow band at 1067 and the unassociated cation concentration is given by
and a shoulder at 1065 crh in an anhydrous particle mg (1—X)
[which, within experimental errors, agree with the 1069.3 [Ca**]z—o—,
and 1066.2 cm' bands in powdered @&O;), samplé?. 2 (1+X)
On the other hand, the similarities are remarkable betweewherek, andk; are the intrinsic molal scattering factors for
the Raman spectrum of a supersaturated solution dropléhe single lines 742 and 718 crhcharacterizing bound and
containing 5#H,0O/solute, as shown in Fig(&, and that of  free nitrate ions, respectively, ang is the total nitrate con-
the amorphous particle containing#H,O/solute, as shown centration in molality. A value ok:/k,=0.365 was reported
in Fig. Ab). In particular, the prominent band at 745 chof by Hester and Plan@.
the amorphous particle may be compared to the 742'cm The Raman intensity ratio data, obtained with supersatu-
band of the solution droplet to infer the predominantrated solution droplets at different concentrations, are plotted
presenc® of the contact-ion pair, CaN{Q The v, band at in Fig. 10, together with the solution data reported by Hester
818 cm ! has also appeared to indicate extensive contact-ioand Plané® Balshaw and Smedlé§have reported the pres-
pairing in the amorphous particle. sure dependence and their value at 1 bar is also shown in Fig.

Because of the extremely high supersaturation thafO. All data points are seen to be in agreement within the
CaNOy), solutions can achieve in the bulk phase, they offerexperimental errors. A value of 0.16D.020 is obtained as
a good opportunity to investigate ion association in concenthe average of th& .. values computed from the data
trated solutions using vibrational spectroscopy. Many studiepoints, using Egs(2)—(4) andk;/k,=0.365. It is interesting
have been done; more quantitative works are due to Hestéo note that thisK ;... value is consistent with the equilib-
and Plan& and Irish and Walrafef® The monograph by rium constants derived for other bivalent catidgasy., 0.178
Marcus? on ion solvation contains a comprehensive review=0.012 for MgCI") from indirect measurement techniques
chapter on solvation of ion pairs. The equilibrium constantsuch as solution conductance measurements, as reported in
for the association reaction the literature®®

ki |
_ 742 (3)

kb I 718

4
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FIG. 11. Comparison of the OH stretch region in the Raman spectra of thgIG. 12. Comparison of the OH stretch region in the Raman spectra of
residual water between amorphous(l@,), and StNO), particles. water present in various environments. 1- pure water; ZNOg), solution
at 9 #H,0O/solute; 3- CANO,), solution at 5#H,0/solute; 4- amorphous
Sr(NO;), particle at ca. 1#H,O/solute.

The residual water
The Raman spectra of the OH stretching region of theb.?n@ Ihn'lthtehoT stret;:hmg reglolr; 'nci;eécljse in rekljatl\)/jedmten-
residual water in the amorphous particles are shown in FigfI y while Ihe Jower Trequency bandsydrogen bontide-

_“Crease in relative intensity with temperature increase or/and
ilni pfg; : (;) tg nStfrll\l eoggr?]g?] Cpﬂi%’)é% ;I'hh: (2?3;2) gzg:(; eS:F::r electrolyte addition. The solute effects are adequately illus-

Mie structure resonanc¥sarising from the intensity en- trated in Fig. 12. The profiles also bear good resemblance to

hancement when the wavelength of the scattered Ramatrqe temperature effects on pure liquid water, as studied by

H ; ,39
light corresponds to the resonance conditions of the dielednany other investigatorS:™ Regardless of the model, the

tric spherical particle. The occurrence of the Mie structureChangeS in the spectra reflect the view that, in general, hy-

. o e rogen bonding becomes less extensive as temperature or
resonances is a positive indication that the amorphoug 9 9 P

CaNO,), particle is a homogeneous sphere. In contrast th§olute cor?centratio'n increases. In the case of amorphous par-
SHNOy), particle is not. Despite the difference in the physi- |(l:JIe§(,: Whrllci;‘?sc;nn(ﬁlr? (:n:)a/ltic\)/neinir ;E?ZO/ZOILJ:?’ ;[jhii fé,e 12
cal shape, the structure of the residual water in both particle ency s € refative Intensity, as depicte 9.

appears to be identical, as revealed by the remarkable simio" the amorphous particle, should represent the asymptotic

larity in the Raman profiles shown in Fig. 11 for the two \S/Z:ggi]fi%r Cvl\gastgr rr?)ilierfrfiltjlec?f Z::er r:tf]i?t as the solvent but
amorphous particles. P Y '

A comparison of the OH stretching Raman profiles is

also shown in Fig. 12 for the amorphous particle, soIutions,co'\ICLUSIO'\l
and pure liquid water at 22 °C. Despite numerous spectro- Bivalent alkaline-earth metal nitrates, (80), and
scopic and other studies reported in the literature, there iI€aNO,),, are found to form amorphous metastable states in
still no clear consensus as to the structure of liquid witét.  hygroscopic microparticles. The presence of residual water is
Controversy has raged over what type of molecular model is prerequisite in the formation of the amorphous state. As
to be adopted for liquid water. The two extremes may besoon as water is completely removed, an anhydrous crystal-
classified broadly as the “mixture” models, describing waterline particle always results. The metastable states exhibit hy-
as an equilibrium mixture of clustered water molecules withdration properties not predicted from bulk-phase thermody-
varying numbers of hydrogen bonds, and the “continuum” namics. Raman spectral studies reveal that, while the free
models, describing water as an essentially completaitrate ion in the amorphous particles appears to resemble its
hydrogen-bonded network with a distribution of hydrogenpresence in the supersaturated solution, being mostly associ-
bond energies and geometries. It is generally obsef/&, ated with the cation as contact-ion pair, the residual water
however, that the higher frequency ban@i®onhydrogen molecules are not in close proximity of each other, showing
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