NJC

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Volume 1| Number 1 | Jan2013 | Pages 1-100

‘Ajournal for new directions in chemistry 'ﬁﬁ
o

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
Or any consequences arising from the use of any information it
contains.

ROYAL SOCETY
@HEMISTRV @

ROYAL SOCIETY .
OF CHEMISTRY WWW.rsc.org/njc


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 48 New Journal of Chemistry

Structure and ionization of sulfuric acid in water

Dan Fraenkél

Eltron Research & Development Inc., 4600 Nautilesi€ South, Boulder, CO 80301-3241, United
States

"Corresponding author, e-mail: dfraenkel@eltronreteaom



New Journal of Chemistry

Abstract

Newly recorded Raman spectra of agueous sulfuric@ovide scattering shifts of very high
sensitivity hence signal-to-noise ratios, at a dro@ancentration range, up to 17 M. | interpret
the spectra as (a) providing no evidence for indeteg+HSQ; ionization at low

concentration, (b) reflecting only one dissociatev@nt below ~5 M, (c) indicating a gradual
ion association at ~5 — 12.5 M, and (d) exhibifimgher structural changes of the sulfate
above 12.5 M. The analysis of the Raman shifts aupphe postulated presence in solution
of theparabisulfate anion HS€3~ as a sole sulfate ion up to ~5 M, as concludedrbeD.
FraenkelJ. PhysChem. B2012,116, 11662;bid., 2012,116, 11678;J. Chem.
Thermodyn.2014,78, 215), an ion association producipg asulfuric acid, HSG; between
5and 12.5 M, and a dehydration of3®s to HSQy above 12.5 M. These conclusions are
rationalized and corroborated by (1) a correlabbthe Raman spectra with well-known
physicochemical properties of aqueous sulfuric zamdi (2) structural analogies between the

proposedarasulfates and other related compounds and anions.

Keywords: acid, sulfuric, ionization, sulfur oxidgaman scattering, aerosol, freezing
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I ntroduction

Sulfuric acid — HSQu — is the world’s most important industrial chenfiit@ affects many
fields of science and technology, such as storagferies, fertilizer production, catalytic
processes, ore and mineral dissolution and protgs®sin manufacture, and more. The
agueous acid strongly impacts the environmegf, as acid rain, and influences global
climate in atmospheric aerosalt is therefore essential that we improve our kisolge and

understanding of the structure and physicochenbiehavior of the acid in water.

General background

In this article | continue an effort to shed neghli on the nature of aqueous sulfuric acid.
Previously, | revisited and analyzed (1) the icmitivity of aqueous sulfuric acid(2) the
acidity and base neutralization of the atahd (3) the theoretical treatment of the acid by
so-called thermodynamic models of electrolyte sohg® Based on the already reported
evidence’® aqueous sulfuric acid in the approximate concéntraange 0 — 5 M behaves as
a typical 1-3 strong electrolyte. A plausible extgon for this behavior is that the acid in
water is HSGOs (parasulfuric acid) fully dissociated, practically in ®@step, to three protons
[as hydronium (HO*) ions] and the trivalent anion HSO (parabisulfate ion). In the current
article, I inquire on whether spectroscopic andgitgchemical evidence supports the idea
that iSO can indeed exist at >5 M, and that its conjugasebHSGE? - is, as proposed, the
dominant sulfate species in solution between O-d&nill. A further aim of this work is to
explore the essence and behavior of aqueous su#cid at considerably higher

concentration than ~5 M. Therefore, | now invedeghe speciation of the aqueous acid, its
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variation with concentration, and its influencetba physicochemical properties of the acid
as relevant to bulk solutions and to aerosols.

The broad literature on aqueous sulfuric acid ctatinat the dissolved acid is a strong 1—
1 electrolyte and a “moderately we&l-2 electrolyte hence it is;BQu dissociating to a
mixture of H, HSQ~ and S@*~. This view is primarily based on the interpretataf Raman
spectra of the acid. Therefore, in the current pddést revisit the Raman scattering shifts
of aqueous sulfuric acid as reported in the litegtand reconsider their analysis. A major
problem with the traditional Raman analysis is thabntradicts with the thermodynamic
nature of aqueousA8Oy as reflected by the change of thean ionic activity coefficierfjs
as molal) of the acid solution with acid concentraf® this contradiction exists despite

major literature sources claiming otherwéde.

Old Raman studies
The structure of sulfuric acid and its ionizatiaattern in water has been deduced from
Raman scattering spectra. In a 1949 reVigteung and Blatz mentioned various Raman
studies of the acid, but centered their attentiothe spectral data of Rad.hey offered a
full analysis of the state of sulfuric acid in sidm based on two fundamental assumptions:
(1) Each spectral band in the S—O stretching vitmategion corresponds to one distinct
molecular or ionic species: the ~1055¢twand (1043 crt in the original work?)
to HSQr, the ~980 ¢t band to S@-, and the ~900 (9£0) cnT! band to
undissociated FSQy.

(2) Band intensity is proportional to the relato@ncentration of a species in solution.
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Young and Blatz concluded that the acid compriséd a&hemical combination of S@nd
H-0 since they noticed that in the $®.0 mixture, the 900 cm scattering band passes a
maximum in intensity at 50-50%mol. However, a clesamination of the experimental data
indicates that the 900 band maximum in Rao’s Wakin fact, at ~40%mol SQthus
apparently reflecting a different feature. [Youngl@latz did not consider, of course, the
possibility that even if at high concentrationtla maximum intensity of the 900 chiband,
the acid is HSQy, it may transform to another acid structure atdowoncentration before
dissociating to ions (see below).] Echoing citéeréiture, Young and Blatz further
concluded that the dissociation of43Qu in aqueous solution occurs in two steps, the first
giving H* (as BO*) and HS@, and the second — through further dissociatiod ®Q;~ — H*
and S@. The complete ionization process was thus condlitadorm two H ions and one
SQ?~ion per dissociated 430s molecule. The second dissociation step was coadltmibe
weak, implying that sulfuric acid is approximatelyl—1 electrolyte, except at very high
dilution (<0.1 M) where it gradually converts fralr1 to 1-2 electrolyte. This view was
later claimed to be supported by the behavior efasmotic and activity coefficients of
aqueous sulfuric acid solutions as functions ofl @cincentratiofi:” A further conclusion
based on Raman spectrosc8pyas thaH2SG; is always present in solutialong with its
ions, and it becomes the major species at higherertdration, >5 M. Therefore, ahy
concentration of the acid in water, the three selépecies, HSO, SQ?-, and HSQy, all
exist together, with the HHsO") cations neutralizing the negative charge of thierzs. In a
further study:® Younget al. derived relative HS®, SQ?~ and HSQ: concentrations based

on the intensities of the respective Raman shiftd)e range 0.05 to ~18 M. Below 15 M,
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they could not separate the 910-¢imand from the overlapping bands at 895'cfmlaimed
to be due to HS®) and 980 crt (claimed to be due to $8). Rad observed the 910 crh
band at lower concentration but only above ~9 Memghs earlier, researchérs®detected it

even at ~2 M.

Newer Raman studies

Lund Myhreet al!* have recently claimed that the HS@n exhibits the “980 band”, as a
major peak, in addition to the “1055 band”, and ikinot due to partial dissociation of
HSQOs~ to SO, as erroneously claimed in the pasthe 980 band therefore represents both
the HSQ- and S@*~ions!* Furthermore, the above authors also claimed beaHSQ- ion
has twelve normal modes of vibration that are adtivboth Raman and infrared
spectroscopies; there are nine normal vibratiormlen in SG-.2* Moreover, the
interpretation of the Raman spectra of aqueousiscilacid has recently become more
refined through the studies of various researchgg® -1’ The ~900, ~980 and ~1055 tm
bands are now assigned not to specific sulfatetstres in their entirety, as in the past, but,
respectively, to theson “asymmetric stretching vibration of HSO, the 11 “total symmetric
stretching vibration of S, and thews “symmetric stretching vibration of HSO.1® This,
however, has not changed researchers’ view oneghergl speciation of the acid in wafer
17 sincevson and vs are attributed to HSOandwi to SQ?~. Thus, researchers still today
associate the Raman scattering bands with spémific and molecular structures, and they
all believe that in the S—O vibration region, thygpossible sulfate species in aqueous

solution of sulfuric acid are #Qi, HSO;- and SG?-.
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Pur pose of thiswork

The literature’s Raman analysis contradicts with1k3 electrolyte behavior of aqueous
H2SQy; this contradiction needs to be addressed theivexsthrough an alternate analysis

of the Raman spectral data. The analysis of YouagBiatZ and the more recent data and
their interpretatiolf—1’thus deserve close reexamination. In additiongtfedity of the old
Raman data of sulfuric acid is questionable andhtveer data, based on much better spectral
quality, have not been generated in a manner allpwaidirect and straightforward
comparison with the old data. Therefore, in thespn¢ work, Raman scattering spectra of
aqueous sulfuric acid have been recorded agamwés done in a systematic and
comparative manner and at a sufficiently broad eatration range. In light of the newly
proposed structures of the acid and its ions irewainow reexamine some anomalous
properties of the aqueous aéid?and reveal parallels between the Raman scattpattgrn

and the peculiar change of the freezing point dectrec conductivity of the aqueous acid as
a function of concentration. Such parallels havkdrto never been noticed. | also point out a
parallel between the Raman scattering bands arapiberent molal volume of aqueous
sulfuric acid at varying acid concentration. Figallhighlight some structural analogies
between the proposed pentacoordinate sulfur oxddsknown structures of related

compounds and ions.

Experimental

Instrument
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Raman scattering data were collected on an InPlustdiber-optic portable InPhotot¥
spectrometer (Model Number: INP-3b-785SR). Thetaion source of the instrument is a
frequency-stabilized 785-nm Class lllb diode lagi#h maximum power output of 350 mW.
The laser provides a CW (not pulsed) output leas thcm! wide about the maximum point.
The entire spectral range is 328 — 1,976%and the spectral resolution is 4 — 6-&nThe

laser beam from the excitation fiber is collimasewl passed through band-pass and dichroic
filters prior to focusing it onto the solution saepwhich is placed in an ordinary

borosilicate vial. The back-scattered Raman signedllimated by the same lens, reflected
through a long-pass filter, and focused onto tHkection fiber. Detection is done with a
charge coupled device (CCD) detector. The spectiemmeecontrolled by a software package

designed to negotiate with the laser source, paoloespectrograph.

Experimental detail

Spectra of aqueous sulfuric acid [ACS grade, 958tn{nal) solution in water, from Ads
Organic, product 42452] diluted to various levejde-ionized water, were recorded at
298+1 K. The exact concentration of the initialdagias determined by titration with NaOH
and found to be 16.8 M (90.6%) as the average ofdmnsecutive tests. The net Raman
shifts were obtained by subtracting the parallelcs@ of pure de-ionized water (as blank,
0% acid) in the same kind of Pyrex vial, from theasured shifts of the acid samples. 16
samples of different acid concentrations, from 8.@016.8 M, were measured under
identical experimental conditions, in the speataalge 350 — 1900 crth The two lowest

concentration samples, of 0.005 and of 0.025 Megsor spectral quality and too low
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signal-to-noise ratios, and therefore, they wertdmzuded in the subsequent analysis. Data
collected by the instrument’s software program wegorted to and processed/analyzed by

a MS Excel program.

Analytical treatment

For presenting the results on a common quantitgtigand, all spectra have been normalized
to 1.0 M. The composition of the main stretchinigration bands, at ~900, ~980 and ~1055
cnT?, was calculated by measuring the areas of alethesmds. Band intensity, in arbitrary
units, has been then computed as the fractionegpéinticular band in the entire band
composition, multiplied by the molar concentratadrthe acid. Peak frequency variations as
functions of concentration, and peak frequencyedsihces (e.g., stretching. bending

modes), were obtained from the normalized spectra.

Results and discussion

Raman scattering of aqueous sulfuric acid
The results of the current Raman study are firss@nted in Figure 1 as net and normalized
scattering bands, given as absorbance (relatai@avenumber (cr). Without specific
details yet, two important findings clearly stand:o
(1) The 900 band is present in gm&ire concentration range, and is detectable even at
0.05 M; however, the upward drift (blueshift) ofsvand suggests that it combines

the known bands at ~890 and ~910 t(aee below).
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(2) About the same spectral combination of the 980, and 1055 bands is maintained
at least from 1 M to ~5 M; the normalized spectréhis M range thus look very

similar to one another.
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Fig. 1. Net Raman spectra of aqueous sulfuric acid, nazetko 1 M. The respective

concentration is given right to each curve. Theratk, in arbitrary units, is presented as a

relative intensity scale. (Note the change in sbaleveen Figure 1a and 1b, allowing better

emphasis of the higher-concentration spectra.0.@ — 5 M. The spectra at this

concentration range are similar to one anotheleatfig about the same pattern of ionic

speciation. (b) 5 — 16.8 M. In this concentratiange, the nature of the spectrum changes,

indicating variations in ionic and molecular spé&oia. Arrows indicate the various sulfate

scattering bands.
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The new findings do not entirely agree with thob¥@unget al® and with the analysis
of Young and Blat2.From the work of Young et al. it is not clear whetthe 900 band was
indeed detected below 15 M. The 900 and 980 bareds oth practically undetected by
Rad below 9 M, which can readily be blamed on the &mmsitivity of the mercury arc
Raman excitation source and the poor detection snesed in the old Raman
measurements?® The laser excitation sources of modern Raman s@geiphs are much
more intense thus resulting in far higher spedeaisitivity; in addition, the detection of the
scattered beam is far more efficient than the pdettric methods and photographic plates
used in the pasti°[A point of relevance: In Rao’s experiments, esample was exposed to
the mercury arc beam for “exactly 5 hours” whereabe present study (typical to modern
Raman measurements) the sample’s time of expostne faser beam was 15 seconds.]
However, considering the differences in the Ramaasurements, the present spectra do not
significantly differ from the old spectra and themg quite similar to those reported more
recently'#1>But in the latter studies the measurements dicriznd to very low
concentration: Lund Myhret al.reported* “net” spectrai(e., with the water background
subtracted) between 1.3 and 14.3 M, and Tomikawlakamno reported?“raw” spectra
between 2.4 and 16.6 M. Also, the recent stdéiiéslid not provide a quantitative analysis
of the relative intensity of the 900 band andriegjtiency shift with concentration (see

below).

Analysis of the new Raman dafes shown in Figure 1b, past ~5 M, the specifie. (.

concentration-independent) intensity of the 900dbstarts to grow strongly while that of the

12
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980 band declines considerably and approachesabene 12.5 M; the specific intensity of
the 1055 band decreases above ~12.5 M but thisfirandils even at 16.8 M. In fact, going
from 5 M to ~12.5 M, there is a gradual transitimiween two distinct spectra, representing
different intrinsic, or “pure”, states; that iseth and 12.5 M spectra are of two different
sulfate species. Therefore, spectra in the ~ 55 ¥range are superpositions of the 5 M
and 12.5 M spectra, weighted for concentration geanand they reflect a gradual transition
from one sulfate structural state to another. Bleisavior cannot be reconciled with the peak
assignments of Young and Bl&atnd of other8-3If each Raman band is assigned to a
single species within the group$s, HSQ;- and SG?, then one has to make the
implausible assumption that the relative conceiatnatof these species remain about
constant over orders of magnitude difference ialtatid concentration. One also has to then
make the unlikely conclusion that considerable amofiundissociated ¥$0O; prevails even
at and below 0.1 M. It is plausible, however, tin&t constant Raman spectral pattern below
~5 M, as reported here, represents a single sokyinydroxide species (see below).

The present results agree with those of Yoetnal 1° on three major features:

(1) The relative (specific) intensity of the 105&nid is initially about constant, then

passes a shallow maximum at ~13 M, followed byrssmterable decline;
(2) The relative intensity of the 980 band inityalemains about constant up to ~5 M,
but then declines sharply and eventually approazbesat ~13 M; and
(3) The 900 band intensity increases dramaticdltva ~15 M.
However, the new data differ from those of Youw@l.in one critical fact: They show

that the 900 band (apparently as a “890"-“910” covation, see below) exists not only

13
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above 15 M but over the entire range of concemtnattome differences in peak intensities
and peak ratios (but not in their trends) can biébated to experimental and instrumental
differences. Another significant feature of thereuat spectra is the appearance, at high
concentration, of two new weak bands, at abouta®D1150 crt (Figure 1b). These bands
were found previousl§11-3but were not reported by Yourg all° An additional band is
now detected at ~670 cfrand is observed only above 10 M (Figure 1b).

Figure 2 presents the frequency shifts of the mgperctral bands of aqueous sulfuric
acid in the 350 — 1350 cirange. Because the instrument’s spectral resoligid — 6 cm,
band frequency shifts that are less than about® camnot be considered meaningful. Also,
because bands appear convoldfddequency shifts, especially when small, should be
regarded with caution. However, there is clear evi@ for a systematic and gradual trend of
frequency shift at high concentratigkl bands are essentially at constant frequencyoup
5 M; they then shift considerably with increasing camtcation. The 900 and 980 bands
experience a blueshift (i.e., shift to higher freqay) whereas the low-frequency 420 and
590 bands undergo a redshift (a drift to lower tietcy); this reflects a different spectral
nature between the higher-frequency and lower-aqy bands. The 1055 band is unique in
initially shifting to lower frequency but then pass a frequency minimum (at ~12.5 M) and
going back toward its initial frequency value. Tras further clarified below, indicates that
the 1055 band constitutes a combination of stretchibrations of three different
molecular/ionic segments; such vibrations are efséime type and somewhat varying from
one another in their exact frequency. If the 108Bdorepresents three different species that

transform sequentially from one to another (i.&”,- “2” — “3”) over the concentration

14
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range 5 — 17 M, such that the first species doraegat 5 M, the second at 12.5 M and the
thirds at 17 M, then if the 1055 band of the secgmelies (“2”) is at somewhat lower
frequency than those of the first and third spe@esinimum in frequency of the 1055 band
would occur at 12.5 M. It is thus plausible that#fur oxide species “2” gradually forms
from “1” up to 12.5 M and then gradually transfortasanother species, “3”, above 12.5 M

(see below).
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Fig. 2. Frequency shift (cm) of Raman bands of aqueous sulfuric acid as aifumof
concentrationC (M). Symbol assignment to frequency or frequeniffgience is given in

the insets. Frequency variation is with respe€@.@ M acid solution. (a) Ful range. (b)C
range, 4 — 17 M. (c) Band frequency differencet{eal dotted lines denote borders of region

in which the main changes occur).

The frequency shifts shown in Figure 2a and 2b gaiyeagree with those reported
previously'-1¥However, those frequency shifts were not adeguatgblained in the
literature. Figure 2c shows the pattern of selebtatt frequency differences. There is an
especially strong change of the difference betwkeri055 and 900 bands inthe 5—-13 M
range and of the difference between the 900 and&8@4s in the range of about 5 — 17 M,
corresponding to the major variations in specteddgyn (Figure 1b). In the former case, the
bands move closer to each other; in the lattey, dndt away from each other. In contrast,
the 590-420 band couple maintains a more or lassta&ot frequency difference at the entire
concentration range of the present study.

The new Raman findings are summarized quantitgtiveFigure 3 as approximate peak
intensity composition against sulfuric acid concatibn, considering only the 900, 980 and
1055 bands. Areas are cumulative relative net gities of the respective shifts; along each
vertical line, the length of a zone is its relatintensity. Vertical broken lines are
approximate borders between different regimes Fsgare 2c), as specified above the figure
frame. In the process of producing this presentagaperimental results were plotted then

extracted by interpolation for each concentratibmteger number, in the range 1 — 17 M.

17
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For Rao’s worR (see below) the range was 3 — 17 M. Figure 3a srtimiee concentration
regions of sulfuric acid in solution. In the firsip to ~5 M, there are no major changes in the
pattern of the main three bands; in the second-(38.5 M), the 900 band increases and the
980 band decreases in relative intensity; anderthird region (>12.5 M), the 980 band is no
longer present, the 900 band increases considewafdythe 1055 band decreases sharply.
For comparison, Figure 3b is the parallel presantaif Rao’s resultsused by Young and
Blatz2 The contrast between Figure 3a and 3b is obvidosRao’s work, the 980 band was
very weak at any concentration, and the 900 (9a@ylwas relatively contributing only
above 9 M. If in Figure 3a we disregard the 980dbamd the 900 band below ~9 M, the
similarity between Figure 3a and 3b becomes apparenfirming that the main difference
between the current results and Rao’s is the imgam@nt in instrument’s spectral sensitivity
in the present work (see above).

The effect of acid concentration on band intensitthe three main stretching vibration
modes, is shown in Figure 4. As expected from @4, the intensities of all three bands
increase about linearly with concentration up td.5The 980 band intensity then passes a
maximum and declines monotonously at higher comagan, becoming zero at ~13 M. The
1055 band intensity also passes a maximum butrtaismum occurs at much higher
concentration, ~12.5 M; it thus almost coincidethwie disappearance of the 980 band.
Unlike the intensities of the 980 and 1055 banust of the 900 band increases steadily with
acid concentration without passing a maximum (up&® M) and the increase becomes

steeper above ~12 M. The three concentration regioRigure 4 are, of course, the same as

18



Page 19 of 48 New Journal of Chemistry

in Figures 2c and 3a, and the two borderlines batwegions occur at band maxima: the

first at the maximum of the 980 band and the se@trtde maximum of the 1055 band.
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Fig. 3. Composition-concentration diagram for the main Barscattering bands of aqueous
sulfuric acid. (a) Results of the present studytiztmtal dotted lines represent “idealized”
constant composition below ~5 M. Area fluctuatiahsower concentrations are not
considered significant and may result from techreeperimental artifacts. (b) Results of
Rad used by Young and Bla#ZThe “horizontal line” lying at close to zero oreth
composition axis, between 0 and 6 M, and represgitie 980 band, depicts measured
values that are substantial but too small to showhe scale of this composition diagram.
For consistency with (a), Rao’s results were exdfaed to 1 M, assuming no change in

spectral behavior below 3 M.
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stretching vibration bands of the Raman spectia@qatous sulfuric acid.

20



Page 21 of 48 New Journal of Chemistry

Interpretation of the Raman spectra of aqueoususglficid. Based on the Raman

scattering results as presented in Figs 1 — 4sbaeld conclude the following.

(1) The spectra of aqueous sulfuric acid up to M d&o not support, let alone prove, the
notion that the acid is 33Oy, this is so since below 12.5 M the 1150 band,
characteristic of bEBQ: (see below), is absent; the presence &8® is, however,
indicated above 12.5 M and this acid appears toelserepresented by the 16.8 M
spectrum.

(2) There is no evidence.@, the 1150 band) for undissociategS below ~5 M.

(3) There is only one complete dissociation evéotva ~0.1 M, as indicated by the
constant spectroscopic pattern up to about 5 M.

(4) There is a clear transition of the Raman sdatieattern between ~5 M and
~12.5 M.

(5) There is a further transitiasf a different natur@bove ~12.5 M.

The new Raman study is therefore indicative offedint structure of sulfuric acid in water
than hitherto claimed, and a spectral patterncgfig (a) a complete ionization of the acid
up to about 5 M; (b) a gradual ion associationating the free acid, between ~5 and
~12.5 M; and (c) additional structural changesheffully associated acid above 12.5 M.
Key to contesting the traditional interpretatiortled Raman scattering spectra of
sulfuric acid in water, is the realization thatle@&mic and molecular species related to
H>SQy in water is not necessarily characterized by omg Raman band (see above);
instead, a species may exhibit a pattern of omeare Raman shifts. Also, each band may

probe more than one species (possibly, with a siregjuency difference). It is quite
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apparent that the acid is fully dissociated bel®M; essentially to a single anionic species;
therefore, that anionic species has a spectrampatbmprisingll three major stretching
vibration modesfson, V1 andus). Also, between ~5 and ~12.5 M there is a graahural
association to a free (molecular) acid that is abt@rized by only two of the three main
modes of vibration +sonand vs. The “total symmetric stretching of $9' 11, at 980 cm,

is thus characteristic of an anionic (electron gkd) sulfur oxide species in the solution
hence reflects O=S—Qor (0-S-0), (i.e., “SQ™") type ionic segments. The assumpfion
that HSQ™ remains a major ionic species at even 17 M igigl@aconsistent with the
disappearance of the 980 band at and above ~13gurés 3a, 4). Moreover, not only are
the 1055 and 980 bands both characteristic of ®@&Hion, but the 1055/980 peak ratio of
this ion (in dissociated Oy solution) is almost constant over orders of maglatof
concentratiort? Tomikawa and Kanno have claintétthat the 900 peak4on) is also
characteristic of HSO. They have further explained the disappearantleso®80 peakif)

as indicative of the elimination of $8; yet — in strong disagreement with their
interpretation — the latter ion is not believedtia literatur&’1°to be present to a significant
extent above ~0.1 M.

In view of the above, it is plausible that the Ifiste ion exhibits the three major bands
(vson, W1, andis) because in its tetrahedral structural arrangenmavingC, symmetry, this
anion has S—OH, S=@nd S=0 bonds probed by the vibrating segmenis-8530H, O=S—
O [+ (0)-S=0= (O=S-0)], and O=S-0OH, respectively. The tetrahedral’SQvith Ty
symmetry, has only one strong Raman shift, at 988 (1), since this ion possesses only S—

O™'s as S—O single bonds that are probed in the R@pactra by the O=S=Qibration
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segment ¢1). Through resonance of its electronic structureS&0 equalizes all four bonds

in SO, thereby creating th& symmetry and the strong intensity of its 980 Raitmand.

Since S@ is indeed missing at 1 — 5 M, what exists in tiacentration range is a
hydrosulfate; the literature claims that this is®4S but this negates the fact that the aqueous

acid behaves thermodynamically as a strong 1-3relg®, not a strong 1-1 electrolyte.

Correlation between vibrational spectral bands dhd structure of aqueous species of
sulfuric acid.Let us now try to reconcile the current Ramanifigd with the recently
proposed structures of the acid and its adiBarasulfuric acid, HSGs, with a
pentacoordinate structure of a central sulfur asomounded by five oxygen atoms (one as
“0” and four as “OH”"), has been postulateths the acid in water; the aqueous acid has been
proposed to fully dissociate in water accordingdi&O; — 3H" + HSGQ:*, so the trivalent
parabisulfate ion, HSE, is the only sulfur oxyhydroxide ion in solutidfrom Raman
spectroscopy viewpoint, 43Gs is not considerably different thann$u: The two acids
share similar bond types and they both possesgOi@and 1055 stretching vibration modes;
also, being electrically neutral sulfur oxide spscithey lack the 980 vibration mode that is
typical to the ions in which at least one S—OH bbad been converted to a S-ond (see
above). For similar reasons, HSOis not readily distinguishable from H3OHowever, one
very significant Raman difference betweesSBy and HSG:s is the 1150 cnt band that
exists only in the former acid structure sinceaiges from S(=Q)(i.e., 0O=S=0)

stretchingt®28[Because of a resonance of the type 0% «> (0)=S'=0 (or > =S

0% « 0%-5-0%), such a vibrational mode is not seen in the heiaal sulfate ions.]
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The constant 900—-980-1055 pattern of aqueous su#aid up to moderate
concentration can thus be interpreted as thateoifathic species HS® and not necessarily
HSQs. Further dissociation of the trivalent anion doesoccur (except, perhaps, at extreme
acid dilution) since the thermodynamic state of$@&* anion in agueous solution is very
unfavorable and the ion apparently cannot be éffglgtstabilized by hydratio®’ However,
the initial relative higher intensity of the 980k as shown in Figure 1a, may indicate some
SO:s* presence (and not the presence of?SYas a result of partial dissociation of HSO
at extremely dilute acid solutions.

Region | in Figures 3a and 4 is therefore thautfdissociation of HSGs. Above ~5 M,
ion association starts to gradually take placeiwithe concentration range of Region Il, as
indicated by the spectral transitions occurrinthis region. As more S—OH bonds form at
the expense of S=Monds, the 1055 band{SO:H, i.e., s of O=S—0OH) increases and the
980 band ¢:i-SOy, i.e., 11 of O=S-0) decreases in intensity (Figure 4). At 12.5 M, the
spectrum (Figure 1b) is most representative 48®4, exhibiting thevson and s modes but
lacking thevs mode. Region Il marks a state of practicallyasdbociated acids; initially, the
most abundant neutral species KB, with the highest population of S—OH bonds and
lowest population of S- O (or S=0) bonds; then, through dehydration (festording to
HsSOs —» HoSQy + H0), HoSQy, disulfuric (pyrosulfuric) acid, trisulfuric andren higher
polysulfuric acids, and eventually — free sulfuoxide, SQ — are all formed. In this acid
dehydration process, there is a gradual loss of-5g@ups and creation of additional-SO
(or S=0) groups due to water elimination; in palalhe symmetric vibrational modes) of

the 1055 band, after passing a maximum intensitlyaamaximum redshift (minimum in
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frequency, see Figure 2b) — at ~12.5 M — declinestensity and increases in frequency; the
asymmetric modeson (900 band), in contrast, exhibits a dramatic ghoand a blueshift.

This is attributable to an average increase ir5th®/S—OH ratio as concentration increases,
so the observation of Youreg al®°that at ~18 M the 900 band passes a maximum is the
result of a decrease in the S(Qlgppulation [S(OH)}-to-S ratio] due to dehydrative
polymerization of sulfuric acid.

Di- and polysulfuric acids have a new bonding typeQ(-S), which I tentatively
associate with the weak 970 vibration band seemeahb M (Figure 1b). Also, the S=0O
bonds in those higher acids are probed by the $B@ching bandys-S(=0)] that develops
in Region Il and is primarily associated wita$Q, (see above); likewise, the new very
weak band at ~670 cth(Figure 1b) is apparently due to a bending vibratiThe almost
constant (~480 cm) separation between the 1150 and 670 bands, tedtd 590 bands,
and the 900 and 420 bands, suggests that thegeseieof bands are stretching—bending
vibration “couples” of the same types of atomiwstural combination. In contrast with the
other stretching vibration bands, the 980 band do¢save a visibla.€., Raman-active)

bending counterpart, which would have occurreds@0~cnt.

Association of Raman scattering bands with sulfargen bondsThe above
interpretation of the Raman spectra of aqueousiisclécid is based on the realization that —
contrary to what has been claimed in the old liteea— the stretching vibration bands do not
probe entire ionic or molecular structures; instesth band reflects a special stretching

mechanism of a set of connected atoms (usuallg}f@eanged in a certain fashion in a
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molecular or ionic fragment. Even gbese bands, in fact, probe specific bond tyfies
plausible that the 980 band probes and quantifiesstO ionic bond in its various states,
and the 900 and 1055 bands similarly probe andttydine S—OH bond; however, the 1055
band also probes the S=0 bond. The 1150 band,roug@at very high acid concentration
(see above), exclusively represents the S=0O bondriby when the sulfur atom is doubly
bonded to another oxygen atom, forming the molecggment O=S=0. If only HS&
and/or HSGs and/or HSQOy exist in solution as sulfur oxide species, them3B0 band 1-
SO) should reflect HS€- exclusively. The linear increase of this band witimcentration
up to 5 M is then the direct consequence of thétiaddof more HSG* to the solution when
adding more acid, since in the 0 — 5 M region tezation of HSGs is always complete.
However, in this region the 900 and 1055 bands @isbe only HS&- because other
species exhibiting these bands (see above) aratabse

If between 5 and 12.5 M (Region II) ion associatipadually converts HSO to
H4SGs, then one should expect the 980 bandS0O,~; S—O bond) to decrease and the 1055
band (s-SO:H; S—OH bond) to increase with concentratithis indeed happen3he rise of
the 1055 band is because in Region Il Sb@nds convert to S—-OH bonds and thus, the S—
OH bond population increases in the “averaged sp&an solution; over the entire Region
I, the ratio S—OH/S varies with concentration frarto 4. Since in Regions | and Il there is
no change in the number of S=0O bonds per averdgespecies (so the S=0/S ratio is
constant), the density of these bonds increasgsvatil increase in sulfate concentration; the
growth of the 900 band.§., Vson, or Va-(SOH)~ (at ~890 cmt); or V-SOpH> (at ~910 cm?)]

is moderate and about constant, and it is notilingh acid concentration.
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According to the present interpretation of the Rarsectra, at the end of Region |
HSGO:3- reaches maximum concentration and it is almosettetusive sulfate species in
solution; therefore, Region | as a whole is thabaofzation of the free acid. The end of
Region Il corresponds to almost only3®s in the solution, and, therefore, Region Il is that
of ion association. The monotonic non-linear inseeen the 900 band in Region Il most
probably arises from the stronger intensity of tiasd in HSG; (as the 910 cm stretch)
than in HSG* (as the 890 cm stretch). In Region Ill, the 1055 band decreaiseagcord
with the elimination of S—OH bonds and creatiomaire S=O bonds due to successive acid
dehydration steps (first converting$0s to H2SQu). The 900 band increases more strongly
in Region Il than in Region Il (Figures 3a andoécausas-SO:H, (at ~910 cm) is

stronger in HSQy than in HSOs. Region 1l is, thus, that of molecular acid defatin.

Summary: Raman scattering of aqueous sulfuric anlits variation with acid
concentration — HS©/H2SQ; versus HSE/H4SGs. It seems that no other interpretation of
the Raman spectrum of aqueousSB can be as coherent as the one offered here. Hdide
is a 1-1 strong electrolytexBQ4, ionizing to practically only HSO as sulfate ion, then the
Raman behavior may be explained in a manner phtaltee above, with HSO replacing
HSOs*- and HSQO;, replacing HSGs. But, as argued before, the acid should be coelplet
ionized up to 5 M, gradually associating betweemé 12.5 M, themndergoing dehydration
above 12.5 M. BBEQs dehydrates first to disulfuric acid80y. If acid dissociation in
solution is represented by the equatia®&: -~ H* + HSQy, then this contrasts with the 1—

3 electrolyte behavior of the aqueous acid. Bddition, if what forms at 12.5 M is; 80
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and not HSGs, where is the 1150 cthband? Why does this band appear only at 15 M and
higher concentration? It is also implausible thgbificant dehydration of b5Qs to HS0;
would occur at the concentration range of Regibfi.B., below 17 M).

The Raman spectral interpretation of aqueous sclfwid, as offered in the present
article, is summarized in Table 1 as stretchingatibn types, and in Table 2 as specific
frequencies of the different main stretching bamidbe various sulfur oxide ions and

molecules relevant to the acid in water.
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Tablel Structure asignment of Raman scattering stretching vibratasqueous E5Qw: Old vs. new

bané old assignmer new assignme® type® current structul® proposed structu® comment®

900 cn™t H.SCy VsoH asymmetri OH-S-O(890); HSGCs*, HaSCs, A

HO-S—OH (910) H2SQ,, higher acids

980 cnt SCs* W total symmetri 0=S-0O" HSCs> B
1055 cn? HSCs Vs symmetri O=&0OH HSCs*, HsSCs, H2SC C
1150 cn™? H2SCsE Vs symmetric O=S=C* H.SCs D

aapproximate location.

b ref 15.

¢ according to the present work, a scattering baodgs/quantifies the mentioned bond type, see peafijosed atomic
segments active in the stretching vibration modesathe type S—OH(OH) and S—OH{@or vson, S—O(=0) for 11, S—
OH(=0) for 1s-SOH, and S=0O(=0) fors-SOp.

d A — band intensity increases with concentrationirdudissociation, and more steeply during acidydeftion. B — band
intensity increases with concentration at full digation, and decreases during ion associationd baasing during acid
dehydration. C — band intensity increases with eatration at full dissociation and during ion asaten, and decreases
during acid dehydration. D — band forms at and aldv M.

€ ref 28.
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Table2 Values of Raman shifts (in ci of the various stretching vibrations of different
possible species in aqueous sulfuric &cid

specie’ -S(OHYy  v=S(OH)O K-S(=0)0  K-S(=0)OH  K-S(=0)

SO~ -- -- 982 vs -- --
HSO a 885w 980 s 1047 vs (1192 w)
HSG:* -- 900 w 987 s 1050 s --
H4SOs 908 s -- -- 1037 s --
H2SQy 917 vs -- -- 1050 w 1150 w

aw — weak, s — strong, vs — very strong; in paresgls, suspected band.
bfor SO~ and HSQ@, according to the literature,g, ref 14; see text.
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Physicochemical viability of pentacoor dinate sulfur oxide

Structural and chemical consideratiorf&iggesting a molecular sulfur oxide type acid
that is not based on a tetrahedral geometry arthendentral sulfur atom appears
unprecedented; no published work prior to my thesent articles® seems to have
advanced the idea that a pentacoordinate sulfaiecoie or ion may exist in solution. The
tetrahedral 5Qq structure is a result of a-34 coordination expansion in the planar trigonal
SOs moleculé® (with Dan symmetry) due to its chemical reaction with ZDHnoleculevia
the splitting of this molecule to form two coordimg OH groups on the central S atom.
H>SQy is sometimes referred to as sulfur trioxide hygrat SQ-H.O, and many other
hydrates of S@are knowrt®2°among them S©2H0 (or HSQ:- H,0). However, there is
no suggestion in the literature that this well-kmosulfur trioxide dihydrate (see below) may
have the two hydrating4® molecules on the SQplit, thus forming — through a-34
coordination expansion of SCfollowed by 4- 5 coordination expansion of,BQ; — the
pentacoordinate ¥$Os [or SO(OH)]. A HsSGs"™ ion was once considered by Young and
Walrafer® but later dismissed by WalraféhEven so, that proposed species was still based
on a tetrahedral sulfate, and was believed todéfaric acid “solvated” hydronium ion,
H2SOy- H3O*. An ion-pair HSQ - HzO* (formally HiSGs, but a tetrahedral sulfate structure)
was proposed by Chen and Ir§thased on Raman studies, and it was associatedheith
interrelation between half-widths of the 980 an84.6nT* Raman band¥.

“H4SGs" — or SQ:-2H:0 as it is referred to in the literature —existshia phase diagram

of the S@-H,O system as a stable molecular spetiésforming a peak at ~69%wt SO
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("85% H>SQy") with a melting point of 8.62 °C. It is plausiblleat the preferred structure of
aqueous sulfuric acid up to 85%wiFs (15.4 M) is HSGs and not HSQs. Yet, salts of the
acid, whether in solution or in their pure solidtst could be mostly, or exclusively, those of
the tetrahedral HSOand S@*~ions? since these ions may be more stable than the
pentacoordinate sulfate ions, at higher pH anddrigbncentration. Thus, when the acid is
neutralized, the Me-2H-HSQ®~ system (Me = Na, K, etc.) may initially be statidat then,
as concentration increases, this system may digatteto form the bisulfate ion through
water elimination causing-54 coordination contractioaf the pentacoordinate sulfate
structure. The 2Me-H*—HSQ3~ system could similarly undergo water eliminatiorthe

more stable 2Me-SQ?~ system; or, Sg3- may be formed by base neutralization of HSO

Sulfuric acid in water as a completely dissociagégLtrolyte.In the mid-1920sNoyes
published a series of articles on “The Inter-loAttraction Theory of lonized Solutes” in
which he developed methods for the derivation nfzation constants of weak or mild
electrolytes based on the theory of Milner and diddebye and Hiickel. In Part VI of that
series, Sherrill and Noyes devoted a considerdfue & the study of the ionization of the
bisulfate aniorf® Many have followed this pioneering work in integping the behavior of
sulfuric acid in agueous solution as a partly dissed electrolyte’313?to explain the
change of the activity coefficient and the osmaobefficient of the acid as a function of
concentration. In Part | of his article serfé®oyes wrote: Evidently, in case this theofgf
Debye and Huickelproves to account fully for the deviations of tie@dvior of ions from

that of perfect solutes, it will confirm the viawgently supported by several investigators
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[references citedhat most of the largely ionized substances aretmally completely
ionized up to moderate concentratidnBhe evidence, based on the Debye—Huickel (DH)
limiting law and on DH-SiS that sulfuric acid in water behaves as a 1-3 elbte
completely dissociated to ions up to ~5 M, is dediyrom the ionic activity of the acid and
its response to the variation in acid concentratibbis behavior strictly follows that of typical
strong 1-3 electrolytes, such asF&(CN)}3 Furthermorej values of the acid at very low
molality (m) strongly suggest an asymptotic approach to ti¥dihe of the DH limiting law?
In contrast, aqueous4SQ; (a proven strong 1-2 electrol§aliffers considerably from
aqueous bB5Qy in terms ofs at any given concentratiope of Lio.SQq is always much higher
than that of the acid, implying a far stronger #lestatic attraction in the acid solution than

attainable with any solution of a strong 1-2 selfalectrolyte®

Concentration effect on the freezing point of agisesulfuric acid, and its correlation
with Raman shiftsAlso indicative of a fully dissociated 1-3 acid tiop~5 M, is the unusual
dependence of the freezing point and the eleatmcactivity of aqueous #$Qs on acid
concentration. The known maximum in electric coniity (and minimum in specific
resistivity??) at ~32%wt HSQ; (~4 M) should occur at maximum ionic concentratiand so
is the minimum in the freezing point cu¥éat about —72 °C); indeed, down to this lowest
freezing temperature, occurring at 4.9 M, the sofufreezes as pure iééreflecting full
acid ionizationi(e., no electrically neutral molecular sulfur oxideusture present). These
anomalous physical characteristics thus tend taborate the findings and conclusions of

the current study. It is, therefore, pleasing tcest that such properties correlate with the
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Raman spectral behavior of the aqueous acid (sBepin a manner not recognized
hitherto. This is shown in Figure 5 in which thedring point curve of aqueous$Q; is
plotted against acid molar concentration, and malpel, products of Raman stretching band
intensities are also plotted. Up to the first fiegzpoint minimum, at ~5 M, where the
solution freezes as pure ice, we have Regionh®fbove Raman analysis (Figures 3a and
4), in which the acid is fully ionized. No sulfadpecies freezes out from the solution in this
region (0 — 5 M) since all the sulfate is in ancaut state. Also, the strong initial decrease in
the freezing point curve is evidently the resulthe increasing concentration of the trivalent
anion HS@*- and the accompanying protons that are three tintge concentrated than if
the acid dissociated as a 1-1 electrolyte. In f@rah Region I, the product of the 980 and
1055 bands steadily increases, as a mirror imageedfeezing point depression.

The borders between the three concentration regispsesented and discussed above,
that is, the two vertical dotted lines in FigurésS in Figures 2c, 3a and 4), coincide with the
two dips in the freezing point curve and these thps mark the onsets of forming$0s by
ion association (5 M dip) and.BOQ: by dehydration of EBOs (~12 M dip). The two freezing
point minima occur, respectively, where the maxohthe 980 and 1055 band intensities
occur (Figure 4). Plotting the product of the irdities of the 980 and 1055 bands is done to
locate the approximate equimolar point of HS@nd HSG; in Region Il (ion association),
as the maximum of the curve. This 88055 maximum is somewhat below the first local
maximum in the freezing point curve, which couldapeartifact due to some small
inaccuracies in the analysis of the Raman datppssibly, the equimolar ion—acid point is

better probed by the freezing point maximum (ab-+8). The maximum in the curve of the
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product of the intensities of the 900 and 1055 kasdhnterpreted as the equimolar point of
the HhSO—H>SQO; split in Region 1ll. This maximum coincides withet second maximum in
the freezing point curve, at ~15 M. The pattertheffreezing point curve above the first
minimum (5 M) is not well understood yet but it Haeen claimett to correspond to

preferential formation, upon freezing, of varioustidct sulfuric acid hydrates.
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Fig. 5. Correspondence of the freezing point curve of agsaalfuric acid as a function of
concentration (blue full line, left axis; data frarable 1 of ref 21), and Raman band intensity
curves (dashed lines, right axis, arbitrary uits work): The red dashed line is the 980 band
intensity multiplied by the 1055 band intensigfy; the green dashed line is the 900 band

intensity multiplied by the 1055 band intensityeSext for explanation.
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The comparison in Figure 5 is compelling even if yet fully explainable. It is less
likely that the ion causing the strong freezingmpairop in Region | is HS£; as a univalent
anion, like Ct and NQ~, produced by acid dissociation along with only &R®"* ion per
acid molecule, HS© would cause a milder freezing point drop, simitathat of the 1-1
strong electrolyte acids HCI and HNQO he dissociation of ¥$0s, giving three hydronium
ions per acid molecule, creates an ionic statepitetents freezing more effectively and it
also causes higher electric conductivity (and ésstric resistivity).

Related to the above are sulfuric acid aerosalsartroposphere and stratosphere, which
are formed due to sulfur-borne atmospheric poltutia view of the considerable attention
given nowadays to climate changes and the possildef sulfuric acid aerosols in such
changes — for example, in polar stratospheric dd@$CsY — it is tempting to interpret the
fact that such aerosols do not freeze at the trapsgp (at and below -55 °C) as resulting
from the acid being a 1-3 electrolyte and the dnispecies in the aerosol being HSO
electrically compensated by three protons (&3*Hons), at concentration within the range
~4 — 6 M. However, PSCs with 50% acid (7 M) andre¥8% acid (12.8 M) are also claimed
to exist® not freezing (and undergoing sedimentation) evexbaut —100 °C. According to
the present study, the aerosol particles in sué@sRostly comprise HSO7H1SOs
combinations within Region Il (“ion association’y defined above, and thus, not contain
H>SOy at all. At lower concentration, <5 M, sulfuric d@erosols exclusively contain
HSG:3-, not HSQ™ and SG? as claimed in the literature. The increase ines@heric
moisture due to sulfur-borne pollution is evidencewadays, being regularly measured and

monitored. The major factor responsible for thisshwe increase is apparently the presence
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of HsSGs and HSG?in stratospheric aerosol, which prevents cloudreedtation at low

temperature.

Correlation of the Raman spectra and the apparesiahvolume of aqueous sulfuric
acid. In analyzing the apparent molal volun)(of sulfuric acid in watet,| have
demonstrated that in spite of the literature argutherwise, sulfuric acid does not seem to
behave differently than other electrolytes at \evy concentration; itgg does not indeed
deviate from linearity witlC? (“Masson rule”). | also concluded that even thoogke
cannot distinguish between dissociation patterrsutitiric acid solely based ap and its
variation with acid concentration, the experimeetatience is in very good agreement with
a complete single-type acid dissociation within¢bacentration range of thye
measurements (0 — 3 M). In the analysigofl have shown that the change of water density,
Ag, as the acid is being added, is proportional ¢éoptitoduct ofg andC (molar
concentration). In Figure 6, this density differeriso),® which is linear with concentration
(Figure 8 in ref 3), is plotted against the sunméénsities of the 900, 980 and 1055 Raman
scattering bands, at the same concentration veBe#sg the major Raman bands in the
entire spectra of aqueous sulfuric acid, theseetheands adequately probe the sum of
concentration of all acid sulfate species in soluti

As anticipated, a linear behavior is clearly obedrin Figure 6 in the 0.05 -7.5M
concentration range. The sum of Raman intensiig¢iseé range of 0 — 5 M quantifies the
amount of the anion of aqueous sulfuric acid. Stheeanion is exclusively HS©, the

amount of this ion in solution is probed by bgtand the sum of intensities of the three

37



New Journal of Chemistry Page 38 of 48

main Raman stretching vibration bands (or the sitgrof each band). Thus, an internal
consistency exists between the previously publisimedysis of the apparent molal volume of

aqueous sulfuric acitland the current analysis of the Raman scattepagtsa of the acid.

1 C
Fy=7E-05x-0%%
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Fig. 6. Correspondence d@o (water density difference, see text) of aqueolfsisc acid
solutions and the sum of intensities (in arbitrary unittled Raman scattering bands at 900,
980 and 1055 cm, at the same concentration; a few concentratituregaare mentioned. The
different symbols distinguish the main range ofappt linearity oA with total Raman

shift intensity, from the non-linear range above5-¥l.

Analogy of HSG; and HS@* to related compounds and ioris.comparison with other
sulfur oxide structures of the “SQtype, HuSGs is different in having all five oxygen atoms

bonded directly to the central sulfur atom, witkiif&—OH bonds that are not necessarily

38



Page 39 of 48 New Journal of Chemistry

identical, and one:S, O (or “S=0") bond. The proposed structure is treminiscent of the
well-known structur® of SOR, in which a S=O bond (1.409 A) is at one of the¢hcorners
of the triangle of a somewhat distorted trigonalybamid with the S atom at its centdn
view of the analogy between Oldnd F [e.g, compare KHSQq, or “(OH)SGH”, with
fluorosulfuric acid, FS@H], it is plausible that a parallel structure egigiith all F atoms of
SOFR replaced by OH groups. This is illustrated in Sobel. A similar structure of
pentacoordinate sulfate (“SQ® has been proposed by Whiteal3’ for the surface sulfate
group in sulfated zirconia, and the analogy to $@&s drawn based on the similar infrared
absorption band at ~1380 ctindue to the S=0 stretching vibration that existbath

structures.
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Scheme 1 Analogy between hydroxy-sulfoxide and fluoro-sulfte structures: |, thionyl
tetrafluoride; Il, postulatedarasulfuric acid (lla in trigonal bipyramid structuri in
tetragonal pyramid structure; bold broken linedaate bonds of uncertain exact geometry,

regular broken lines in llb emphasize that oxygemas of the four OH groups are expected
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to occupy the corners of the tetragonal pyramidasgjbase); I, sulfuryl difluoride; 1V,
fluorosulfuric acid; V, sulfuric acid.

The chemical viability of a pentacoordinate “S®ased molecular structure draws
further support from the straightforward analogyha highest stable oxide forms of
elements of the third row of the Periodic Tablehe# Elements, that is, as species of
gradually decreasing oxidation number, going fraamac number 11 (Na) to 17 (Cl). This
is demonstrated in Figure 7. The oxide can be sgmted initially by th&O,*~" formula,
whereE is the element angl the maximum integer number of oxygen atoms bantbri,
going from O to 7. The initial bonding state isafic lattice, and later, of covalent bonding,
as the character & changes gradually from metallic to non-metallicparallel E becomes
more electronegative and it forms a smallé@t* cation of higher formali., n+1) positive
charge. The analogy is perfect ufEe, that is, P: Nag@* (= Na), MgO:° (= MgO), AlO:',
Si0s%, PO However, it breaks down for the higlgs S and CI. For S, the analogy
predicts a pentacoordinate $Qand for Cl, a hexacoordinate (octahedral) &iQnstead,
in reality the highest oxides are the tetrahed@fSand CIQ-. This regressive trend,
disrupting the above order, is explainable by ttstability of hyperoxide structures with too
small and too electronegati#s. But going down the respective columns, B (of row
four, row five, etc.) become larger, less electgate and of more metallic character.

It is well-known that the chemistry of seleniunsimilar to that of sulfur, and the
chemistry of bromine is similar to that of chlorjhan each of these element couples, the two
elements have almost the same electronegativityeer, the chemistries of tellurium and

iodine are quite different from those of the lightéements in their column. Indeed,
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paraperiodic acid, HIOs does exist — an analogue of the hypothetieallBs and HBrOs
acids. HIOs has been isolated as pure compound, and the ahitssecond ionization,
HslOs?~ is also known as a stable structtifene octahedral positions around the central |
atom in the acid are occupied by five OH group®(bend length, 1.89 A) and one O (1=0
bond length, 1.78 A). HOs is, however, a very weak acid with the constanfgst three
ionization steps separated by three orders of madmior more, and the first ionization
constant being 541074 In the case of tellurium, the octahedral strietiaf orthotelluric
acid) HsTeGOs [or (HO)Te] is knowrt and, in analogy to the sulfur case, it can be &iym
considered as tellurium trioxide trinydrate, Be8®HO. The dihydrate Te£2HO (or
H4TeGs) does not appear to have been ever reportedishioni (conjugate base) due to
complete ionization, that is, Te®— with a trigonal bipyramid geometry — is known in
saltst such as RéTeOs][TeOq]. Thus, even though SO may not be a stable sulfate anion,
the hydroxy anion HS€, in which the negative charge is somewhat relicutay be a
structure of borderline stability (metastabilityyttveen (the unstable) $9©and (the stable)
SO~ and HSG.

It therefore seems overall plausible, based ombluzve discussion, that the structure and
dissociation pattern of aqueous sulfuric acid (am@énalogy, probably also that of aqueous
selenic acid) is as recently propos&and as found in this article to be in accord Wit
Raman scattering shifts of the acid in water. tsiggte that solvent effects (dipoles,
permittivity, etc.) stabilize the pentacoordinatminSGs;, and high acidity destabilizes the

tetrahedral sulfate structures.
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Conclusions

Raman scattering bands of aqueous sulfuric adiderstretching vibration region are
interpreted as fully supporting the existenceafasulfuric acid, HSGs, as well as the
trivalentparabisulfate ion, HS@~. While the HS@/H4SGs pair cannot be unambiguously
distinguished from the parallel H@H.SQs pair based on the spectral analysis, the pattern
of spectral changes with acid concentration prafeggormer ion—acid set. Strongly

supporting the presence of$0s over HSQs in the ion association region (Region Il, 5 —
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12.5 M), is the absence of theSO; vibrational band at 1150 ciwhich is characteristic
of H.SQy but not of HSGs; this band appears only at and above 15 M. Acaogrth the
current study, there is no unequivocal evidencsgetdan Raman spectra, for the traditional
view of the structure and ionization of aqueouS@k.

The strong decrease in freezing point of the academsystem at increasing acid
concentration, down to —72 °C at ~5 M, and the uallg high electric conductivity of acid
solutions of parallel concentration (as measur&b&(C), although well-known, are two
curious physical features of aqueous sulfuric aoittrasting with the parallel properties of
simple 1-1 mineral acids. This may be due to thetfat aqueous #3Q; is not a strong 1-1
electrolyte (above 0.1 M) but, instead, a strong électrolyte. Moreover, | have now
demonstrated a compelling parallel, hitherto unkmoetween the anomalous freezing point
behavior and the Raman spectroscopic pattern afagusulfuric acid. The proposed 1-3
acid, HSGs (= “SO(OH)"), is structurally analogous to the well-knownkd&acompound
thionyl tetrafluoride, SOF

The present investigation indicates, as beforthat the literature has so far
mischaracterized aqueous sulfuric acid in termgsafhemical structure and molecular and
ionic speciation. Simple thermodynamic evidencaghleon the response pfof the aqueous
acid to the change in acid concentration, @ccording to which the acid behaves as a typical
strong (fully dissociated) 1-3 electrolytprecludes the possibility thab8Q: in water
dissociates to either HGOor SO?~. The new interpretation of the Raman spectra oéags
sulfuric acid, provided in this paper, strongly gasts that in the concentration range of

approximately 5 — 12.5 M, the acid i3$0s — parasulfuric acid; at higher concentration, this
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acid dehydrates tod3Qy, and at lower concentration, 0 — 5 M, it comphetdissociates to
three H ions and the trivalent HS® (parabisulfate) anion. If indeed 430s and HS@*~ —
not HLSQy, HSO;~ and SG? — are the prevailing molecular and ionic sulfagtecses formed
in aqueous solution of sulfuric acid, then theytaeefirst two cases of a distinct and
thermodynamically stable chemical structure, attiodecular level, exhibiting
pentacoordination of five oxygen atoms to a cersuéur atom.

The anomaly of aqueous sulfuric acid (e.qg., itsxpeeted freezing point depression at
increasing concentration) has been known for ma&aoades, and the fact that the acid
solution clearly follows the pattern of strong Jet8ctrolytes rather than being a partly-weak
1-1/1-2 electrolyte, should have been noticed by It is thus puzzling that the inevitable
relation between the above facts and the struetnidgon speciation of 2Qs in water has
never been given serious consideration in the atahderature, including the most
authoritative monographs on electrolyte solutibhand major textbooks of physical

chemistry38-40
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Structure and ionization of sulfuric acid in water

High-sensitivity Raman spectra of aqueouS@, indicate that the acid in water is$0s

dissociating to 36D* and 1HSG*~.
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