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Abetggct;

The molecular structure of =trong electrolytes has been considerably'
elucidated in the last quarter of a century'by the examination of Raman .
spectra, .infrared spectra, and nuclear magnetic resonance. 'Quite a few

questions are unanswered. The present work contributes some tools for

the investigation of several strong acids.
The activities of perchloric acid and water have been derived from
availlable vapor pressure data. Various check's of the ihvolved calcule-

tion have been devised and uced. Activities give informauion about the

'molecular structure and are indispensable in the interpretation of other

,data.

Measurements of the rate of the reaction
H,80, + Hy0p = Hp504 + Hao
confirm the undissociated moltcule HyS0, as an intermediate. Thus rate.

determinations, in addition %o Raran intensities end?nuc’eér-magnetic
2 . s *

- resonance, furnish a third method of eynlorlng tbe elecu_ar const 1tu-

tion of strong acids. Partial substituti on oz H by D did ,g¢ ohw.g the rat

——
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l. Introduction .

vThe molecﬁlef strueture of the strphg electrolytes has been.a problém
éince' 1887, whén Ai«r’héniﬁs proposed his théory”;f' 'disso’"c'iation. The
theorles of ionic 1nteractlon by Debye and “Huckel and others made 1t
probahhethat many salts are practlcally completely dlssoc1ated. Some
strong ac1ds, however, are certalnly practlcally und158001ated in the
anhydrous state. The very low values of the electrical conductivity Qf"
anhydrous nitric, percﬁloricuand sulfﬁrie.aeids indicate low concentra-
tions of ions. |

Tﬁe first quahtitetive determinatioﬁ ofvthe'aissociatiOn of a strohg

_electrolyte was based on the intensities of Raman lihes;.' The value 21

for”theﬁdissOCiatién'constant‘of’nitric acid,Was.cdnfirmed by the pfecise'f

: ‘ 2
__Raman measurements of T. F. Young and his coworkers , -and by determlnatlons

)3))'1" 5
3,h 6 7

of nuclear magnetic.resogance (MR * The d135001at10n of perchlorlc

acid presented serious problems |
'Other ac1ds,_1n part;cular sulfuric_acid, have been,investigated by

Youné and other authors using the samevmethods,l: | |
lForvthe'determinstion'Qf the thermodynemie dissociation constants .

_ the knowledge of the.aetivities is requifed. 'Thej are well khownsfdr

moderately dilute solutions, namely, fdr nitric acid from preeise freeiing

point measuremehts,.and fet perehlorie acid from isoplestle.dgterminations;

For high concentrations the computathh of activities depends on vapor

pressures, which have been redetermined .in recent years. Such computations.

‘ 8 ' ' : ‘
have been discussed a short time ago. In this report some details on
‘perchloric acid are presented.

For sulfuric acid, the measurements. of Young and.walrsfen9 furnish .

T a
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data on the firSt>disecciationat very highvconcentrations. A kinetic
investigationlo of the reaction between sulfuric.ecid and hydrcgen per-
oxide indicated an opportunity td*obtain information fdr much lower

’ cOncentrations. ‘The egrlier results afe checked end expanded in tne
'present re?ort. In addition, several measurements witniH-D mixtures

contribute to the kinetic interpretation of the reaction studied.

2. Perchloric Acid

The principal'objective of this discussion is the determination of
the éctivity in the whole concentration range.

. 21. Total Pressure . -

The calculations ﬁete besed en Mescherba'sll.neasuremente.of_
total preSSufe;, Ieopiestic deterninationS'of_the'water vapor pressure below
thev azeotrope by Rdbineon and Bakerl2 and Haase and cowori;ersl3 nro-
vided information needed for extrapolation to'infinite dilutiqn;.

The data:are represented in Figure 1. Robinsbn and Bakerfs data -
have been omitted because of their good agreement with Haase's data.

After the calculations had been completed Chemical Abstracts reported
- new measurements by Lilich and Shalyginlu. As‘Flgure_Q sths, their data
are'considerabiy below those of Mascherpa. There is no specific_reasbn_
to nnesticn either of the'investigations. The discrepancy.isvtCO gfeat
for compfenisingbon an average valne.. Since Ma;scherpa worked in the
laboratory of Potier, who nad presented excellent'vanor pressures of
nitric acid, his reeults were retained as the basis.dfvthe caiculation.

22. Calculation of Partial Preésuresv

The derivation of activities from total pressures has been

discussed for a simple ca.sel5 by Rosanoff in 1914 and since by numerous
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aﬁthﬁfs. Eyen'if'fhéivgpér,'ds:in thé'present pfébiem, can‘be aésumed
toAbelé_pérfECp gas‘miitu;e;thé”éalculaﬁion ié involved. For liquid
solhtions that do“not‘devgéte.;erj much frém thé pérféct'solﬁtioh the‘
@oét effiéien? methéd;is brobébly the seiec£ion df an appfdpriate_fuﬁc-

o : : L : o : i
tién for the excess free épergy;‘the pafémeters bf sﬁch é-functioh are
then, as'a rule, easily.derived from the‘obéerved pressures.‘

- For strong electrélytes a suitable function in general cannot be
Ifound..'fhe peculiar -shape of the vapor pressurevcurve'(Figure 1) indi-
.cates.extreme difficulties ihvény algebréic représentatioﬁ."A feﬁ ’

' éttempts_were’entirely unéucceséfui and sooﬁ discontinueda
The most_direct,'though somewhat circumsténfial metﬂqd is the inte-.
‘gration - of fche'dif_ferént-i;a,lﬂequatrionl6 befﬁeeﬁ the-ﬁdtal pfeSshre P
apd the'mole fra_ction;,x2 and yé of thg seéond.compbnéht.in the liquid
and vapor | ‘ .
| d n Play, = (yg-xz)/[yg(l—yg)]‘}, (e2.1)
The automatic computer is very'uéeful‘iﬁ this célcﬁlatiqn. There are
four distinct intervais in the whole-concentration ranée:"(a) from
Xy =0 (mole fraction of perchloric acid)'to.the ézeo@rope‘(xzv= 0;32
_at 25°c); (b) from the azeotrope to.the lower. solubility limit of |
HClOu?HéO (x2 = 9,u17 at)259C);_(¢) from there to thé.upper s6lubility
| limit (x2 = 0.71 at 25°C); (d) from there to the anhydrous acia.u
Both end points of tﬁe first interval.are Singulér;"ln order to

introduce the boundary cdnditiqn one starts the integration at x2 =0

L

with arbifrarily selected values of

L = lim dP/dy, . - (22.2)
Coxp=0 T
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Figure 2 shows log P against x. as curve A. The curves B and C are

2
the inte%Fal curves for log P égainst Yo fbr two different valueé of L..
From a family of such cufﬁes one selects the one that is tangent to
curve A in the azeotrope (C in Figﬁrg 2).>

Oné.proceeds in.a similér wayrforlthe higher coﬁcentratiohs, For
this purpése, one completes thé vapor preséuré curve prelimiﬁarily
tﬁrough the three-phase region.

For the finalvreSults various adjustments are made. The calculaﬁiOn
6f thebactivitf n of'HClOu below the‘azéotrope must be in reasonable
agréeméht Withgﬁhé results of Rdbinsoh and Baker, and Haase.

A computation according to Gibbs and Duhem furnishes the activity

- ag of perchloric acid for concentrations below the aZeotroPe. Similarly,

the water activity is obtained above the azeotrope, with due consideration

being'given to the constancy of the product a of the activities in

120

the presence of the solid hydrate. An additional criterion is based

on the activity coefficients ¥ ~and ¥,i the curve of log (v,/7,)

1
against xg'must be smooth.
Moreover, total préssures'recalculated from the activities must agree
with‘the observed values within experimental errors of about 0.05 mm.

The computation must also sé.tisfy8 the slope condition for the function

1

Qp'= x. log a, + X, log 8y 5 - (e2.3) |

namely, _ o ‘
o _dQP/dx2 = log (ay/a;) + - (ge.u)
An example of the latter test (concentration near the azeotrope for 30°C)
is shown in Figurev3.

Results of the computation are given in Tables 1 and 2. The activity



Table 1. Activity CdeffiCients of Perchloric Acid‘

(below X, = 0.417 ; a, = (x27‘2)2 3 lim N % xg H li? al:= l)
' x2 =0 _ x2 =0
X5 . log Yé | log ay

0.000k ~ -0.051
0.0016 -0.089
0.0036 -0.110
0.006k -0.119
0.0100 o -0.113
.ok - -0.100 |
0.2~ -0.015 = Zo.oLT -
L0.04 | 40.071 ~0.0bk
0.08 0. 476 o -0.135
0.12 1.00k , -0.278
0.16 1.602 . -0.ho2
'0.20 o 2.150 : ~0.786
0.24 2,756 -1.175
0.28 3.334 E -1.617
0.32 3.723 S -2.013
0.36 3.959 o -2.286
0.40 4.139 - -2.s39



Table 2. Activity b, of Perchloric Acid.
: - _ . _ oy
(above x, = O.7lO,lb2A—‘p2/p2)

-log bo
2 | 0°c ’ 25°C
0.71 e
0.72 f - S 0.271
0.7k S S e o.esT
0.76. T R
0.78 a ' | = - 0.222
0.80 . S - 0.202
0.82 = '_ o o " 0.180
0.835 0.223 - - .
0.84 0.217 o ~0.157
0.86 018 . 0.139
 0.88 0.6k 0.119
0.90 10.139 - - 0.102
0,92 0.117 . 0.08k
0.9 0.095 . 0.066
0.96 0.0t - 0.049
0

0.98 o4k - C0.024



Coefficienﬁs in Table 1 are defined for the range bélow the appearance
of the solid hydrate in the usual way; But for the high concentrations
the definitio’n.‘b2 = pg/pg fortthe.activity of perchloric acid is pre-
iferable. For any concentration lOg(bé/aE)/éqpals 9.00.

The compliance with all theée dbviouSly ﬁecesSéry conditions'is

not easily'accomplished with perchloric aCid; Experimentgl errors are

greatly exaggerated‘in the iﬁvolved éalculations. Onlylrepeated adjust--

meht leads to reasonably consistent results.

23. Vapor Pressure and Molecular Structure -

3 supported the idea that small

. : . 6
- - Raman dinvestigations -and NMR
amounts -of water dissolved in anhydrous perchloric acid are completely

di§ééciated according to

HCL0), + H,0 = 1{30+ +CL0L o (e3.a)
Mascherpa showed that the -ac‘ti‘vity_ of perchloric acid in the limit of
ﬂigh éonééntrations confirms the complete diSsOéiation.  The straight
line in Figure h'indicates thé aétivity'of thé Sol&ent in avperfect
‘soiuﬁion-in which each mblecule of the- solute produces two ions. This.

straight line is very closely a?proached by the observed values of a

L7

o
v -Rec¢nﬁ determinations of_NMR in the system Hgloh-DCth-Water
furﬂiéhéaAévidenge that the hjdrogeﬁ ion in these soluﬁiénswis sol-
'vafédf: Apparéntly bné or more moleculeg of HClOM are'hydrbgén-bondeé
to the hydronium ionf Such . a SOlvatibn has nQ.appreciable influencé

on the vapor pressure or the activity in'the_concentnationvfange

considered.
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3. Sulfuric Acid

- The interestiﬂg point in the kinetic investigation of the reaction
between sulfuric acid and hydrogen peroxide is the opportunity to find
ihformation on the undissociated‘moleéules.{

31. -The Reaction with Hydrogen Peroxide

An-earlier investigationlo of the reaction rate of sulfuric
acid with'hydrogen péroxide . |

| HyS0) + Hy0p = H,805 + Hy | | (31.1)
led to surpriéing and at first confusing results. At a constant conéén-
tration of hydrogen peroxide (1.0 moles per liter) the initial reaction

>

rate inéreased'roughly bj a factor of 10 when the COncenﬁration of
sulfuric aqid was incréased from 5.0 to 12.0 moles per liter. But

within each single‘run ﬁhé rate followed thé claéSical relation ‘for bimole-
cular reactiohs{,

The explanation was found in the assumption that hydrogen peroxide

reacts reasonably'fast with undissociated molecules of the acid but not

cat all with-HSOi . The reaction is therefore an example of the typical

case of avsequence of an instantaneous reactioﬁv(formation_of HESOh.from
the ions) and a moderately fast reaction. There is no anomalous drop
of the rate during a single fun because ﬁhe hydrogen ion. concentration
ié maintained by the mon0peroxySulfuricvacid formed; the-cbncentration
of fhe‘molécule is therefore proportional to ﬁhe firs£ order of the stoi-
chiometric concentrétion of sulfuric acid.

A chéck‘and expansion of the earlier investigafion was desirable
for’several reasons. The kinetic study appears to be a third’method

for tne determination of the dissociation of a strong electrolyte, in
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édaition té Raﬁan inténsifies and NMR. Conﬁféfy to_anfbfﬁénvstaﬁed
opinioh, the nétﬁrevbf”thé'infermediéte'in the sequence of a ‘fast and
a slow rééction can iﬁdeedTbe_founa; It,apbeared interesting to see
whether‘the initial reaction rate approaches more closely the écti#ity
éf sulfuric.acid or Hammétt'sAacidity function. Fiﬁally;a preliminary-
study of the influence bf‘deuterium‘substitutioh was considered to be
desirable. | | |

32. Expérimental‘Teéhnique:

The reacting solutions were ¢on£aiﬁed_in glass vessels of about
lOO ml. - TheaVéssélé werevconstrﬁcted,so that a pOrtiQn of.ﬁhe reaction
1iquor cOuid,EE forced into aféipet by a stream of dry nitrogen. Dry
nitrégen bl6wn'réVerse1y thf6ughvﬁhe'diséhargé tube:agitated the mixture
.dﬁring:the inifialﬂétages of the reactioné. Ungreaséa grbund.glass
Jdints were used. The pipets ﬁere recalibrated after glass'joints were
fused‘oﬁ.  Température:ﬁas-cbntrolied'ﬁithintO;Oléc.'

~The'réaction liquid was prepared by.miXing solutibhs of the acid
in fédistilled water Witﬁ coid aqueous hydrogen peroxide (30%), The
initial concentration oflfhe pefoxiée wéé ébout 1.0 leeé per liter and
that of the acids ranged from about 6.5 to l2.5 moles ber’liter. -Heavy
:water:was used.as’a diluent of DQSOh for’a.series of.ruﬁé.v |
The inifial £otal Volﬁmejin the expériments with the lighf acid was
about So ml. Only 15 to 20 ml of the mixtures containing deuterium )

were prepared.

-

Light sulfuric acid, heavy water and hydrogen peroxide were purchased

from commercial sources.. .The peroxide solution contained no decomposition

inhibitors. The deuterium sulfate was prepared by R. W. Duerstl7 by
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distillation of Sulfan (stabilized sulfur triégide) into a receiver
containing ice-cold heavy water.

'Sahples:of approXimately one or tﬁo,ml wére removed from_the reac-
tioh vessels at predeterminea intervaléq ‘The readtién,was stopped by -
at least.SO-foid dilution with ice-cold dilute sulfuric scid. Anaiysis
followed im@ediatély; | o | |

Hydrogeﬂ peroxide‘éhd peroxyacid COntentsAof the‘samples were deter—

' . , : L 18 :
- mined by one of the methods of Rius and Zuluetal s namely, titration

of hydrogén peroxidéiby permanganate‘and subsequent‘determihatidn of peroxy-

acid in the same sample'by addition of excess potassium iodide and titra-

fion with sodium sulfite to the stérch-iodine end pdint.

The sodium sulfife solution (0,0h5.ﬁo;O{O55 équivalenﬁs'/ litér)'was,
stored in é large,glass bottle fitted ﬁith an aspirator, EVery day the
solution.wgs vigorbusly mixed and then standardized against 0.1 N KIO3.

The potaSSium‘permanganaﬁe sclutioh (0.1 equivalents/liter) was
bdiled’fo;‘30 minutes beforé being filtefedvinto a glass storage bdttle;
It ﬁas aged for several months before use and shielded from direct light.
Frequent.standardization (againét freshly standardized Na2803) indicated-
negligiblé change in cdncentration with'fimé. .‘

‘lTheilO% KI solution ﬁééd in;all iodine titrationéwas prepared -in
smail.batches and é£qred in the dark. .

The acid concentration of the;reaction iiquors:was'deﬁermined by
titrafion‘of separa£é samples with NaOH. The Na.OH cqncentfation had .
been determined by distilled hydrochloric acid standardized as silver

chloride.
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33. A Second Order Reaction

As stated eaflier in‘fhis report, the reaction between sulfuric
acid and hydrogen peroxide can'be well represented bytﬁhe classical
bimolecular rate law; an equilibrium is reached-long before complétion
of the reaction. The common rate equation fof_unequal initial.concen—'
trafionéidf the two reactants»cén be expressed in térmsbof the specific

rate k., the equilibrium constant K (expressed in concentrations), thev

peroxyacid concentration x at time t (x = O for t = 0), the initial conéen-'

trations of the i th component Ci' The subscripts 1 to 4 are used for:

HQSOh? H202, HQSO and HQO. _Introducing the abbreylatlonsv

5 ) :
A=K=-1, o | (33.1)
B = K.._(ci+c'2'j)‘+ ey s (33.2)
C =K ciel 5 (33.3)
‘q =8 - mc | (33:4)

we obtain
(2Ax-B-q)(-Btq)

Y = k.t = (K/q) Z%Y(Q‘Ax-B+q)('-B-q) . (33.5)

1

. Plotting an experimental set of wvalues of Y against t should yield a

straight line with slope k

1°

A problem in anvexperimentai investigation of a reversible reaction
is the accurate é;trapolation to infinite time. One starts fron é firStn
approximation value of the exnrapolated concentration x of the peroxy—
acid. Small variations of this value furnish a family of curves of Y-
against t. The family contains a Straight line whinh defines the corfgct
equilibrium,yaiue of x. |

iA tyﬁical example of the determinétion.of the-equilibrium conqentfa—
‘tions from this‘study is shown in Figure 5. Thevupper and lower sets

of points represent values for a variation of two percent in the -

o

W
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extrapolated- sodium sulfite titration value. This is about five times the
reasonable unceftainty of thevextrapolated value. The sﬁraight line,

accepted as a representation of the data, is well defined by the first

‘three points of Figure 5.

The deviation cf the”rebresentative'straightviine in Figure 5
from the origin is explained by a slightly higher rate due to the heat
of mixing, unavcidacle because Of ﬁhe fairly high concentratione of
snlfnric.acid:

Thevdecpmposition of nYdrogenvperoxide, checked by the sum of the
pernanganate end sodium sulfite‘titrations,3was proporfionally divided
between-perbxide'ana peroiyacid} It,never exceeded the amount off‘

normal analytical errors.

34. Reaction Rate, Activity and Acidity Function
| The dependence of the initial rate on the concentration of

sulfuric acid is extfemely high (Table 3 and Figure 6). The reeults of
Monéer anleedlichlo afe well confirmed. The reaction rate is not
perceftibly changed By a‘deuteriun Substitution'fcr 86% of_che hydrogen -
present. | . | a ”

The activity of sulfuric acid at 25°C is very welllestablished‘by the
concordant compilations of Harned and Owenl9, Gmitro and Vérmeulengo’gl,-
and by the work of‘Giauque_and‘coworkersgg. Reliable values of the ncidityv

function of sulfuric‘acid are given by Paul and Long23

2l

and Jofgenson and -
Hérﬁter ﬁ
The’logerithms of the initial rates are represented-as a fnncticn of
the concentnation by the pointe.marked in Figure 6. Their siope“is in fair
agreement with the slope 0.7l of the logarithm of fhe'activity of-sulfuric
acid. The rate data can be represented sligntly better with a slope value

0.6k; the difference is a little outside thejeXperimental errors.
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- Table 3. Rate Coefficients and Tnitial Rates

kl_

oy

"Monger and

Redlich.

_Cacidf = ; :
moles/ 4 HD/(H+D)Q 2/mole-min -
'5.00% - 1.8 x 107°
6.71 0.87 6.6k x 107
6.78 ceee . 3.88x107°
- T-33 - 5.60 x 10
8.39 1 0.86 2.59x 1070
- 8.73 - .88 x 1077
9.8  0.85 L.46x 107"
C9.65% - 1.22 x 1073
11.61 S 2.54 x 1073
2.00% —-- 8.70 x 1073
12.21 -~ 6.86 x 1073
12.49 ——- 748 x 1073
*

initial rate

-6 -

8.75

mOle/ﬂJmihv,
9.12 x 107
h.57 x 1077
2.55 x 10'5
5.06 x,107°
2.28 x 107
k.28 xio™
L6 x 1070

9.23 x 107"
~2,'82 x 1072
1.05'x 1071
T.93 x 107°
x 10°°
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The acidity function is well represented with a slope 0.52 in the

concentration range under consideration. It is obviously less suitable

for the representation of the rate data. The later data of Jorgenson

aﬁd Hartter cover only-the'rangevabove c = 9.15 moles/1lit; their slepe
between ¢ = 9 and ¢ = 12.5 is 0.58. | |

‘The kinetic results are in betterleCCOrd with the activity. The
agreement corroborates theVearlier interpretatieﬁ that.the reacting
intermediate is the"undissoeiated molecule HéSOﬁ. This simple, direcﬁ
and unbieeed interpretation says'much more than the*ciéésification of
the rate increase ae a "solvent effect." Such a classification and’alSO
the introdﬁction‘of the:écidity functioh have been ueeful eneugh in _ |
many cases, whe;e'a strighfforward explenatien has ndt been achieved.
In the present case there is no need for auxiliary terﬁs>whiCh by neees—
sity are not very precisely defined.

The interpretation of HQSOu as an intermediate reaetant and of its

concentration as a rate controlling factor does not require strict

proportionality of activity and rate. It is well known that the true

activity coefficient of the molecule HNO varies‘considerably with the

3

concentration of the acid. A similar increase of the activity coefficient

("salting out") should be expected for the molecuiebHQSOu.
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h;v Conclﬁsioﬁs

.‘Thé éctiﬁities 6f'ni£ric acid- in aQueous'solutioﬁs are well éstabliéhed
over the wholé'concéﬁtrationvrange at 25°C but for other temperatures
the experimental basis is not sufficient. " The new values are in sufficient
accord Wifh data used previously_in‘thé intérpretation of measurements
.of Raman intensitiés and nuClear ﬁagnetic¥feéonance (NMR).. The oider
determinatibns of the dissociatioﬁ'are'thusrébnfirmed.'

The vapor'préssure data for percﬁloric acid of Mascherpa and of
ﬁili@h‘dnd Shalygin differ-cdnsiderably; No ‘explanation of the aiscrepancy.
can be giveh."AbtiV1ties'have'beeﬁ calculatéd'from.Maschérpa'S‘fésults
for the7£§ta1 pressure (0 - 30°C). _The éctivities for thé higle‘conéen}
trated solitions of perchloric acid definitely bcdx‘ro}“"boiré;te' 'fhe earlier
model Of‘complete aiésociationudf water‘in néarly‘anhydrous_ééid. The
exﬁgﬁéioh bf.the activities over the-entire concentrati§n range_furnishés

-an Opportunity to discuss'Raman.and:NMR data more;co@pletely'and rel;ably;{
_The rate of the reaction of sulfurie acid and hydrogén peroxide is
not changed by deuterium\sﬁbstitution for 86% H. The interpretation of‘
the feaction as a.sequénceiofvan instantaneous reaction (H%‘+ HSOL = stou)
and a rate controlliﬁg réaction is confirmed. It is a miéunderstanding_
to assume fhat in.such a case.tﬁe'naturé of the'intermediéte‘canndtfbe |
determined kiheﬁically.
. Rate measureménts may begomé a third method for the determination.'

‘of the dissociation of a strong electrolyte.
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'.FLg. l Vapor pressure of aqueous perchloric acid at 25 C (P vapor

pressure in mm Hg; X mole fraction of perchloric aeid;
Mascherpa; [ Haase; () Lilich and Shalygin; [5 solubillty
llmlt~ measured by Mascherpa) .
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Fig. 2 Logarithm of the vapor pressure of perchloric acid in mm Hg

(A as a function of the mole fraction xp in the liquid, B .
. and C as functions of the mole fraction y, in the .vapor).
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Flg 3 Cons1stency of the results for perchlorlc a01d '
at 50 ¢ (q +is given by Eq. (22.3), the slope by
Eq. 22 .4):
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Acthlty & = p /p2 (Mascherpa, 25 °c) at, high

' concentratlons.
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. Fig. 6 Ac_idity function H, and IOgarithms of the act_ivity' aHQSOh
and the initial reaction rate ([j HQSOLI. Monger and
Redlich; [} H,80), and‘ODQSOM pres§nt work).
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