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Raman Study of Sulfuric Acid at Low Temperatures
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A Raman spectroscopic study has been carried out for aqueous sulfuric acid of various concentrations at
room temperature and in the glassy state. Temperature dependence of the Raman spectra was also investigated
from 44 to—40°C. AnomalousTy (glass transition temperature) behavior of the aqueous sulfuric acid solution
at~86 wt % HSOy is interpreted in terms of ionic species involved in Raman spectral changes. It is shown
that ionization of sulfuric acid increases exponentially with decreasing temperature. Complete ionization
was attained up te-50 wt % H,SO, concentration in glassy aqueous3®;, solution.

mum exists at around 85 wt %,80,. In view of these
interesting and peculiar phenomena, the present Raman study

Sul_furlc_ acid IS one Of. the most Important mineral acids in a5 ndertaken to understand further the ionization of sulfuric
chemical industries and is a typl_cal strong a’c?d.'l'he_re haV(_e acid at low temperatures and the anomalous behavior,of
been a number of thermodynamic and spectroscopic studies o, .0\nq4 86 wt % HSO,

sulfuric acid~" because of its importance. In fact, the ionization
constant and related thermodynamic parameters have bee
measured from ordinary temperature to high temperafiftes.
Structural studies have also been extensive although there is Sample solutions of various s90; concentrations were
still much to be clarified and most of these studies give prepared by dissolving 98.5 wt % guaranteed grade sulfuric acid
concordant values for sulfuric acid at ordinary and high purchased from Wako Chemical Co. in distilled water. Raman
temperature$? spectra were obtained using a Jasco NR-1800 Raman spec-
Despite the large numbers of investigatién% there have trometer equipped with a microscope and a CCD detector. The
been only a few studies of this important acid at low temper- spectra were excited with about 100 mW of the 514.5 nm line
atures, in particular, below 0C1%12 To understand the  of a Lexcel argon-ion laser. When Raman spectra of the glassy
formation mechanism of acid rain in stratosphere, it is very solutions and the solutions at low temperatures were measured,
important to investigate thermodynamic and structural propertieswe used a Japan High-Tech LK-600PH temperature controller
of aqueous KSO, solution under the conditions similar to  with which temperature of a sample solution was kept at a
stratosphere where nucleated aerosols leading to acid rain arepecified value withint2 °C. Vitrification of aqueous KO,
formed. In recent years the importance of the knowledge of solution was made by immersing a drop of the sample solution
thermodynamic properties of sulfuric acid at low temperatures on a glass plate directly into liquid nitrogen.
has been acknowledged in relation to acid rain which causes The cooling rate of the sample solution from room temper-
very serious damage to forest, marble statues, buildings, andature toT, (glass transition temperature) was estimated to be

Introduction

rExperimental Section

crops?

In a previous DTA study? the glass-forming composition
region of sulfuric acid was determined and it was shown that
the glass-forming begins at30 wt % HSO, and extends to
higher HSO, concentrations. A curious point of thk data
of sulfuric acid is thafy rises rather monotonically with 330y

over 1¢ K/min. This cooling rate was much higher than that
employed in the work for the determination of the glass-forming
composition region of aqueous,&Q, solution!® Although a
glassy state is not an equilibrium one, it is ususally considered
that a glass represents its liquid statefof Tg (T is expected

to be very near tdy).

concentration (wt %) up to 86% and then decreases at higher

H,SO, concentrations. Subsequent Raman stitigs shown
that the degree of ionization of sulfuric acid progressively
increases with lowering temperature.

Recently Das et df have conducted extensive measurements
on electrical conductance and viscosity of concentratg®iyl
solutions at low temperatures (down-t@5°C). An interesting

Results and Discussion

As reported previousli sulfuric acid is glass-forming at acid
concentrations higher thar30 wt % HSO,. An interesting
but unresolved problem is thag slowly rises with increase in
H,SO, concentration up te-86 wt % and then decreases rapidly

aspect of their viscosity data is the existence of the viscosity With further increase of k80, concentration (Figure 1).

maximum at around 85 wt % 430y in the viscosity isotherm
vs concentration curve at15 °C. Similar concentration

Angell and Ra&' reported that the glass transition temper-
ature, Ty, of a HS0Oy+3H,0 solution is 160+ 2 K, which is

dependences are also observed for conductance, expansivity vglmost identical to the value (161 K) reported by Kanno and

concentration isotherm curves, in which a minimum or maxi-
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Itoi.’3 Angell and Sar¥ reported glass-forming composition
regions for a number of aqueous electrolyte solutions and
showed thatTy always goes up with an increase in salt
concentration. It is generally accepted that the viscosity of an
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T T T assignments of Irish and Chéhl’the Raman bands at890,
~982, and ~1040 cm! are assigned to the asymmetric
stretching vibration ®soy) of HSO,~, the total symmetric
stretching vibrationi;) of SO,2~, and the symmetric stretching
vibration (vs) of HSO,~ ions. The weak shoulder at1100
cm~1 must be due to thes band of HSQ™ ions. The weak
Raman band at~1200 cnt?, which becomes stronger with

@] 1
% -50f 1 increase in HSO, concentration, is assigned to thgband of
E . (/ 22 g 2 H30+_ ions which should be strongly coupled with H5Cand
5 | -, SQs2” ions.
£ § Z z = 1 The most notable feature about the spectral changes with
&= ook o%: H,SQO, concentration is that the peak @880 cnT! decreases
OoO in its intensity with increasing 80, concentration, indicative
{ oooO of the disappearance of O ions at about 80 wt % FSO;.
L 000 This is reasonable since insufficient water content prevents
L

H,SQ, from ionization into HO™ and HSQ™ or 2H;O" and
SO~ In fact, above 80 wt % the; band almost vanishes,
F,S0, wi% suggesting the disappearance of;8Qons in aqueous sulfuric
acid solution. These results are consistent with the report of
Wyatt1® He explained that in the 8690 wt % H,SO, region,
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Figure 1. Phase diagram and tfig data for the HSO,—H,O system.
The data for the phase diagram are from ref 3, andThdata Q)

from ref 13. the solvation of the kD' ion by H,SOy is important, i.e.,
—— H,O" + H,S0, = H,0"(H,S0)) 1)
HaS Ot in addition to the usual ionization reaction

% <ot (K. =
%; - H,O + H,SO, =< H;0" + HSO, (K, =2550) (2)
=3
e 86 Brand® reported that the equilibrium reaction 2 lies very
& 84 heavily on the right-hand side in the 900 wt % region. Deno
f; 82 and Taft?? on the other hand, accepted Brand’s interpretation
> 80 and extended its range down to 83 wt % by assigning a value
§z 70 of 50 toKj.
2 60 On the other hand, Wya# put forward an alternative

50 explanation that in the 8090 wt % region the hydration of

strongly hydrated ion (D*) might be expected to be significant
and showed that an alternative explanation for the existence of
the SO, species near 85 wt % could be found in the following
equilibrium reaction:

Vson

L | L 1 L 1 " L n
1300 1200 1100 1000 900 800
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Figure 2. Raman spectra of aqueous, 30, solutions at room
temperature in the frequency region of 8aBOO cnt! with acid
concentration.

2H,0" + HSO,” = H,0"(H,0)+ H,SO,  (3)

In conjunction with Wyatt's interpretation, Young and
Walraferf! suggested from their Raman spectra that the fol-
lowing chemical equilibrium reaction is important in the high
aqueous electrolyte solution increases with rise in salt concen-acid concentration regior=@0 wt %),
tration and thal is usually higher for a solution with a higher
viscosity becausdy is considered to take place at about30 H,O + 2H,S0, = H,;SO," + HSO,~ (4)
poise. Therefore, th&; behavior of sulfuric acid above 86 wt
% is very anomalous and gives rise to an unresolved question:and that the concentration 0§80;™ species is highest at around
Why doesTy go down above 86 wt %? THE decrease above 90 wt % HSOs.

86 wt % should be due to some structural changes in agueous With present available experimental data, it is rather difficult

sulfuric acid solution. The maximum dfy at ~86 wt % is a to determine which explanation is most plausible. However, it
clear matching of solution property and the phase diagram of is evident that at higher acid concentrations tha80 wt %

the HO—H,SOy system because it corresponds to the maximum ionization is greatly suppressed due to insufficient water content.
point of the freezing curve and to the solution composition of Therefore, it is highly probable that the increase of molecular
H,SOsH,O. As pointed out by Das et &R, this strong H.SO, species is the main cause of thigdecrease above 86

correlation is ascribed to the formation 0b$0Dy-H,O, which wt % H,SOs,. The intermolecular interaction of molecular
may be more adequately described as §QFIHSO,~ ion pair. H,SOy species should be weaker than the interionic interaction
Raman Spectra for Sulfuric Acid at Room Temperature. of HzO™ ions and HS®@" ions because it must be a van der

Before we examine the Raman spectra of sulfuric acid in the Waals-type interaction.

glassy state, we start examining the Raman spectra of sulfuric Figure 3 shows the frequency variations of the three main
acid at room temperature. Figure 2 shows the Raman spectrgpeaks tson, ¥1, andvs) with H,SO, concentration. Bothrson

of sulfuric acid in the frequency region of 86a300 cnt! as andvs bands decrease in their frequencies with increasing acid
a function of BSO, concentration (wt %). According to the  concentration up to about 70 wt %80, but above 80 wt %
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Figure 3. Frequency variations of theson, v1, andvs peaks with
H.SO, concentration: liquid state®, glassy statea.

they begin to shift upward in sulfuric acid at room temperature.
These downward frequency shifts with$0, concentration are

in accord with the previous report. According to the band
analysis by Dawson et dlthe Ramans band at~1050 cnr!
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Figure 4. Raman OH stretching spectra of aqueouS®k solutions
at room temperature with 430, concentration.

continuous energy distributions of the protons caused by various
interactions resulting from high polarizabilities of®L™ species

and from extremely rapid proton transfers between various
proton combinations are the cause for the intense continuum

is asymmetrical and can be resolved into two components extending from 3000 cmt down to low-frequency regions

(~1040 and~1050 cntl). The asymmetrical shape of the

(down to~2500 cnTl). In fact, this continuum is common to

band is interpreted in terms of the proton transfer taking place all acid solutions and increases in its intensity with increase in

rapidly between HS® and SQ?  ions. The downward
frequency shift of the’s band is ascribed to the weakening of
the SOH--OH, hydrogen bond. The same interpretation is
given for the downward'son shift. On the other hand, the
upward frequency shifts of theson andvs bands above 80 wt
% may be due to the stronger interaction between HShd
H3O" ions. In fact, the peak frequency of the OH stretching
spectrum of aqueous;80, solution moves to lower frequency
region (maximum at-3000 cnT! above 80 wt % HSOy) with
increasing HSO, concentration. This point will be discussed
more in a later section. The strong interaction between HSO
and HO™ ions in highly concentrated 430, solution has been
pointed out by many investigato%,2°> and we agree.

acid concentration. It is interesting to note that a different
interpretation is given by Gigue?®> He preferred that §O,*

is an activated complex in the proton-transfer reaction between
HsO" and HO. The two interpretations, however, are not really
very different except that Raman bands sugge€'Hand the
author assigns Raman bands to this species.

Several characteristic features are pointed out about the
spectral changes with acid concentration. Th&200 cnr?!
region which is ascribed to the intrinsic tetrahedral structure of
pure water decreases in its intensity with increase in acid
concentration and is associated with the increase of the low-
frequency region€3000 cnt?). Above 60 wt %, it is rather
difficult to discern the~3200 cnT! component due to the

Thev, band increases by a few wavenumbers with increasing intrinsic water structure probably because the intrinsic water
H,SO, concentration. The same trend was already pointed out structure was completely destroyed. Above 75 wt %, a broad

by Dawson et at. However, above 80 wt % it seems to decrease
but the heavy overlap withvs band precludes the precise

envelope centered at around 3000¢éns developed and is
ascribed to the increase of thhg band of HO™ ions. Similar

frequency determination and the frequency decrease, if it occurs,OH stretching spectral changes have been observed for aqueous

seems to be very small. The frequency increase of{teand
with H,SO, concentration can be ascribed to the proximity of
H3O" ions to HSQ™ ions at high acid concentrations. An

HCIO, solutions?® According to the band assignments by Falk
and Giguee ?’ three Raman bands at1200,~1750, anc~2900
cm! are assigned to thex(A;) symmetric bendingp4(E)

interesting point is that the frequency increasing trend is the antisymmetric bending, aneds;(E) OH stretching modes, re-

same in the glassy solution.

Raman OH Stretching Spectra. Raman OH stretching
spectrum of sulfuric acid is very helpful for characterizing
chemical species in aqueous3®D, solution. As pointed out
by many investigator&-25 the low-frequency region<3000
cm~1) increases in its intensity with increase in$0, concen-

spectively, of pyramidal oxonium iond@*. Of course, there

are another interpretations about the peaks based on another
proton related ionic species. Zundel and co-worKef4 argued

that protons are present ag®4t groupings in aqueous solutions

of strong acids and that the2900 cnt?! band arises from the

y1 band of HO," ions.

tration. Figure 4 demonstrates the Raman OH stretching spectra Temperature Dependence of lonization K, Value) of

of aqueous KHSO, solutions of various acid concentrations at

HSO,~ lons. As sulfuric acid is a very strong acid and the

room temperature. A remarkable point is that the low-frequency first ionization constantK3) is very large, it is impossible to
region grows up to become a broad envelope with a peak atmeasure thé; value even at high acid concentrations with

~3000 cntt at high SO, concentrationsX75 wt %). This
growth is due to the increase o8 ions which are strongly
coupled with their surrounding water molecules (formation of
HsO," species). Zundel and co-workéts?* argued that the

Raman spectroscopy because there is no measurable Raman
band specific to neutral 430, species without overlap with
the Raman bands arising from H$Cand SQ?~ ions. There-
fore, only the second dissociation constags)(is considered
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in this StUdy. — T T T T T L
Vs

HSO47 SH+ 80427 ) Temperature/°C
The degree of ionizationo is

o =m(SO,*){mHSO,") + m(SO,*")} (6)

wherem is the weight molal concentration (mol/kg of water).
Then the ionization constark, is given by

_ a?/m
1-ao

Intensity (arbitrary units)

K2 Qr (7)
whereQ; is the activity coefficient quotient. The molalities of
free sulfate ions (S£~) were obtained from the integrated
intensity, I(v1), of the 980 cm® band through the relation

-

1

1
900 800
1

I(v) = (SO )M(SO,) 8) 1300 1200 1100 1000
Wavenumber/cm

Figure 5. Raman spectra of aqueous 30 wt %S@; solution as a
function of temperature.

m(HSO, ) = m(H,S0,) — M(SO,>) 9) s e ——

where J(SO;27) is the molal scattering coefficient. The
concentration of HS@ was obtained from the relation

or through the relation 3L @ 4
I(vg) = JHSO, )IM(HSO, ) (20)

wherel(vs) is the integrated intensity addHSO, ") is the molal
scattering coefficient of the-1050 cnt! band. Above CO°C,

K, values have been measured and reported by several meth-
0ds?82° From the reported, data, it is deduced that IK;
increases almost linearly with decreasing temperature. Although
Raman band intensity({)) is proportional to the concentration 1L |
of speciesifi(i)) in a solution, the molal scattering coefficient L

(J(i)) is usually different for each species in the solution and is °
reported to be dependent on the concentration and tempetature. | ]
Therefore, without quantitative values fd(i), it is impossible

to evaluate the temperature dependence ofKinat low TNV v
temperatures. However, from the Raman stuysulfuric acid
in the temperature region from 25 to 30Q, the average
values for the 980 cmt band of SG~ = (0.637=+ 0.015) and Figure 6. Variation of thel (v1)/1(vg) ratio with temperature for aqueous

the 1046-1050 cn! band of HSQ™ (0.655: 0.013) are shown 30 Wt % HSQ; solution.

to be equal to each other within the standard deviation and are o ) ]
temperature independent. Irish and co-workeleluced tem-  the ionization of HS@™ ions below 0°C may be associated
perature dependence of kg from their Raman measurements with the development of strongly hydrogen-bonded structure
from 25 to 300°C and gave concordant results with those Of water.

obtained by other methods. Therefore, the degree of ionization ~Figure 7 shows the frequency variations of thgw, v1 and

(o) for HSQs~ ions can be approximately obtained from the vs bands with temperature for the 30 wt %3$0, solution.

area ratio of the Raman intensities of the 980 and +04I50 Both v; and vs bands show little variation with temperature
cm ! bands. Figure 5 shows the Raman spectra of aqueous 30vhile the vson band increases linearly in its frequency with
wt % H,SQ; solution as a function of temperature from 44 to decreasing temperature. lIts frequency increase with temperature
—40°C. Asis evident from spectral changes with temperature, decrease from 44 te-40 °C is about 18 cm'. It appears that
Raman bands arising from H3Oions rapidly decreases in their ~ this frequency increase with lowering temperature is mainly
intensities, while the-980 cnT! band progressively grows with  ascribed to the augment of the hydrogen bonds betweenyHSO
falling temperature. As a more quantitative approach, Figure ions and water molecules. Dawson et e¢ported that theson

6 gives the variation of th&(v1)/l(vs) ratio for aqueous 30 wt  band shifts~68 cnt lower in frequency as the temperature is

% H,SO, solution as a function of temperature down-td0 raised from 25 to 300C. They reasoned that H3Oions bind

°C. An important point is that the ratio increases rather strongly to water through the SOHOH, hydrogen bonds and
exponentially with decreasing temperature, indicating that that the hydrogen bonds both between water molecules and
ionization proceeds rapidly with falling temperature. Itis well- between HS@ and water are weakened as the temperature is
known that anomalous properties of water are enhanced at lowraised, giving rise to the decrease of thgy band frequency.
temperatures, in particular, below’@.2%31 Rapid increase of = Combination of the two results demonstrates that the increase

S(vi)/S(vs)
>

Temprature / °C
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Figure 7. Frequency variations of theson, v1, and vs peaks with
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Figure 9. Raman OH stretching spectra of glassy aqueosSQd
solutions at liquid nitrogen temperature.

than room temperature) and then decreases with further tem-
perature rise due to the decrease of dielectric constant of water.
With our preliminary results3 it seems that complete ionization
is common to a strong acid (e.g., HCIl, HhNGnd HCIQ) at
low temperatures<—2100°C) up to a medium acid concentra-
tion. Accordingly the ionization behavior of a strong acid is
totally different from that of a weak acid.

A qualitative interpretation was given by one of the autffors
in terms of HSAB (hard and soft acids and bases) principle
proposed and developed by Pear$orAs an extension of the
semiquantitative treatment of the HSAB principfehe orders
of basicity and acidity of several anions and cations (including
water) were determined as follow5:

basicity: F > OH™ > H,0 > NO,” > SQ* > CI” >
Br >1"

n T 1 1 T !
1200 1100 1000 900 800
Wavenumber / cm !

acidity: H" > Li" > Na" > TI"

Figure 8. Raman spectra in the frequency region of 84800 cnt?
for glassy aqueous 430, solutions as a function of $$0, concentra-
tion.

From these orderings, complete ionization of HS@ns at
low temperatures is nicely deduced as a natural consequence
of the HSAB principle. In addition, the fact that HF is a weak
of the vson band frequency is almost linear with temperature acid while other hydrohalic acids are strong acids is also
decrease from 300 te-40 °C. interpreted nicely in the same framework:" lprefers an F

Raman Spectra for Sulfuric Acid in the Glassy State. ion to an BO for binding while in the cases of HX solutions
Figure 8 shows the Raman spectra of glassy solutions in theH™ binds preferably to an ¥D rather than to an Xion, giving
frequency region of 8081200 cnt? as a function of HSOy rise to a high ionization constant.
concentration. Comparison of the spectra with those at room Raman OH Stretching Spectra. It must be pointed out that
temperature immediately indicates that in the-30 wt % the glassy HSOy solution of a high acid concentration (60 wt
H,SO, region complete ionization of 430, is attained in the % H,SOy) induces a strong fluorecence spectrum which severely
glassy HSO, solution. As noted in the Experimental Section, overlaps with the OH stretching spectrum. Thus it is almost
the high cooling rate, which was attained in the Raman impossible to get a reliable OH stretching spectrum of a glassy
measurements, enabled us to get complete vitrification of aqueous HSO, solution of the acid concentration higher than
sulfuric acid down to 30 wt % bSO, solution. Above 70 wt 60 wt % H,SOs. As seen from Figure 9, the continuum below
%, Raman peaks due to HgOons appear and gradually grow 3000 cnT?! remains to some extent even in the glassy 30 wt %
to be dominant above 80 wt %,HO,. It is important to point H>SOy solution in which most translational motions ob®!
out that above-86 wt % HSQO, the Raman band at980 cnt?! molecules and ionic species are quenched. The intensity
disappears to indicate the disappearance affS@ns in the decrease of the continuum, which is fairly intense for the acid
glassy HSQO, solution. Complete ionization of sulfuric acid at  solution at ordinary temperature (Figure 4), is due to the stopping
low temperatures is interesting in view of the fact that ionization of the translational movements of protons among water mol-
of a weak acid is suppressed at low temperatéfek.is well- ecules in the glassy430; solution. Itis reported that the proton
known that ionization of a weak acid increases with temperature movements among water molecules are very rapid at room
to reach a maximum at a certain temperature (usually highertemperature: the lifetime of anz@* ion in an aqueous acid
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solution at ordinary temperature is scarcely long enough to be — T T
observed as a distinct species by Raman spectroscopy. X-ray
diffraction studies of aqueous HCI solutions showed that the
average HO™—OH; inter-oxygen distance between anQ+
ion and a nearby ¥ is 252 pm, much shorter than that between
two nearest water molecules in liquid watéf® The existence
of the continuum in the glassy 80, solution indicates that
the liquidlike structure of the glassy,BO, solution provides
some continuous distribution of strong hydrogen bonds between
H3O" ions and HO molecules. The similar continuum is
observed in glassy HCI and HBr solutions.

A broad shallow peak at2900 cnt? in the glassy 50 wt %
H,SQO, solution is surely assigned to the band of HO™ ion.
In the case of the Raman spectrum for the 50 wt %5®,
solution at room temperature thg band is not detectable
because of its weakness and because the continuum is rather
strong and obstructive for its detection. Complete ionization
of HSO,~ ions in the glassy EBCy solution also contributes to
some extent for the observability of the band.

As is always the case in a Raman OH stretching spectrum o
for a glassy aqueous solution, enhancement oftB200 cnt? 500 400 300 200 100 20
region is observed and this is related to the recovery of the Wavenumber / e’

intrinsic tetrahedral water structuf&:° Figure 10. Low-frequency (26-500 cnT?!) Raman spectra of glassy
The frequency variations of thesop, v1, andvs bands with aqueous 30 and 50 wt %,80, solutions. A weak Raman peak at

acid concentration should be mentioned here for the glassy~140 cnt'is assigned to the stretching modg)of the HOH-OH3*

H,SO, solution. As seen in Figure 3, their patterns are similar bond. A strong Raman band a#50 cm™ is due to thev, band of

to those for the solutions at room temperature. However, there HSQ:~ and/or S@~ ions.

are a few differences worth mentioning. The downward

50 wt%

Intensity (arbitrary units)

30 wt%

frequency shift of thevs band for the glassy #0 solution concentrationé? the previous assignment seems to be substanti-
continues up to~85 wt % HSO: and then the upward shift ~ ated in this study.
seems to begin. An another notable feature is thatvtiag As compared with theon-o and don-o values for glassy

frequency for the glassy480; solution is systematically higher ~ LiX and CaX solutions;? the frequencies of theon-o and
than that for the solution at room temperature. It seems that 9or-o Peaks for the glassy 30, solution are much higher,
the frequency difference of theson band between room indicating that the average strength of hydrogen bonds in the

temperature and liquid nitrogen temperature decreases withd!assy RSQ: solution is greater than tﬂose_in the glassy LiX
increase in acid concentration. and CaX solutions (X= CI, Br, and )* It is reported that

the frequency of theon—o band forly ice is at~214 cn! so

that the average strength of hydrogen bonds in glassy sulfuric
acid solution is almost the same as that in ice crystal. Therefore,
SO ion may be classified as a structure maker in the
framework of the structure makestructure breaker classifica-
tion of metal ions in aqueous solution. This conclusion is in
accord with the recent Raman study for aqueous—Igjt
solutions*

Raman Spectrum in the Restricted Translational Region
(300 cnTl). Figure 10 shows the Raman spectra of glassy
aqueous kLSO, solutions in the restricted translational region
(<300 cn1?) together with the part of librational region (360
500 cnY). As the Rayleigh scattering wing is very strong
below 300 cm? in the Raman spectrum for the solution at room
temperature, presentation of the spectrum is omitted in this

study. . _ An interesting point is that thea band is a little higher in
Two large peaks at-210 and~70 cni* are assigned to the  frequency than that in glassy aqueous HX solutions=(Cl

stretching and bending modes{-o andvon-o) of hydrogen a4 By) although the heavy overlap with they-o anddor-o

bonds (OH--0) in the solution and are common to all aqueous pangs gives some uncertainty in frequency determination. It

solutions although their intensities and frequencies are greatly seems that the interaction between agOH ion and its

dependent on solute and its concentrafion. coordinated water molecule in sulfuric acid is stronger than that
In addition to these two Raman peaks, a weak Raman bandbetween the corresponding pair in aqueous HX solutféns.

(va) appears at-140 cntt in the Raman spectrum for the glassy
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