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CHAPTER I 

INTRODUCTION 

A. MEASUREMENTS OF ACIDITY 

Acid-base reactions are probably the most widely studied type 

of chemical reaction. In recent years the terms acid and base have 

been given much wider implication as compared to the early definition 

of Annenius which was valid only for solutions in which water acted 

as the solvent. For the purpose of this work acids and bases are 

defined in the way suggested by Lowry and Bronsted: an acid is a 

substance which has the tendency to lose a proton. 

(I -1) 

This does not, however, imply that an acid is in equilibrium with a 

significant amount of free protons, which cannot exist in measurable 

amount in any solvent, but only that an acid will donate a proton to 

a suitable base. 

(I -2) 

The reactions most commonly studied have been those in water as 

a solvent. The determination of the position of the equilibrium 

(I-3) 

in dilute solution, in order to determine the strength of an acid, 

has been carried out by a number of well known classical methods. 

As a result of such measurements it has been found, for example, that 

acetic acid is weak, oxalic acid is somewhat stronger, and a number 

1 
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of common mineral acids,such as HCi, HI, HN03, H2S04, and HCi04, 

are strong acids and completely ionized in dilute aqueous solution. 

The acidity of these dilute solutions of strong acids is levelled 

to that of H30+, the strongest acid possible in the aqueous solvent 

system. The acidity of such solutions is thus measured by the 

concentration of the H3o+ ion or, more correctly, by the activity 

of the solvated hydrogen ion, aH+' In dilute aqueous solutions 

pH = -log[H3o+] is most commonly used to describe the acidity. 

As the concentration of water in solutions of strong acids is 

decreased and eventually eliminated the difference in acidity of these 

strong acids becomes apparent. The concept of pH as a measure of 

acidity for these highly concentrated solutions of strong acids is 

no longer valid. The concentration of the solvated H30+ ion decreases 

with decreasing water concentration; however, the acidity of the 

system, that is its ability to donate a proton to a base, increases 

with increasing acid concentration. In order to provide a quantita-

tive measure of acidity of such acid-water mixtures Hammett and 

1 Deyrup proposed the acidity function Ho defined as 

(I-4) 

where [BH+]/[B] is the molar ratio of the amount of protonated to 

unprotonated forms of a suitable base B whose conjugate acid has a 

dissociation constant, KBH+' referred to ideal dilute solutions in 

water. 

The Hammett acidity function, Ho, is thus formally related to 

the activity of the hydrogen ion, aH+' by the relation 
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(I-5) 

where the f' s are the activity coefficients of the neutral base B 

and the protonated form, BH+. If each individual activity coefficient 

is taken by convention to approach unity at infinite dilution in water 

+ so that aH+ under this condition becomes equal to [H ] then the Ho 

function becomes equal to pH in ideal dilute aqueous solutions. In 

practice the Ho function denotes the ability of a solution to trans-

fer a proton to an uncharged basic molecule. 

This method of evaluation of acidity has three major requirements. 

The uncharged bases, or indicators, must behave in identical ways to 

changes in acidity of a solution under study. This means that the 

ionization ratio curves, obtained by plotting log[BH+]/[B] versus acid 

composition, for indicators undergoing protonation must be parallel to 

each other. This does not, however, mean the individual ionization 

ratio curves must be straight lines. This requirement, as shall be 

shown later, is satisfied for indicators of the same basic structural 

type. The second requirement for good indicator behaviour is that the 

protonation behaviour, as measured by the ionization constant of the 

indicator, be independent of the acid system. It has been found 

that the pKBH+ for most indicators is essentially independent of the 

acid system used to evaluate it. The third requirement is that the 

concentration of the basic indicator used in determining the acidity 

of a solution be small enough that it does not alter the acidity of the 

solution under study. 

The experimental determination of Ho values may be conveniently 
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separated into two parts: the determination of the ionization ratio 

of an indicator and the evaluation of the ionization constant of the 

conjugate acid of the indicator. As it is necessary to use very 

small amounts of the basic indicators, in order that the acidity 

will not be changed, the most common method used to determine the 

ionization ratios has been the absorption of light by the indicator 

in solution as measured by a co.lorimeter or more recently by a 

spectrophotometer. Upon the protonation of an indicator its absorption 

spectrum must thus undergo a characteristic change. In the case of the 

'1' . d' 1,2,3 . an1 1ne 1n 1cators both techn1ques have been used; however, the more 

accurate spectroscopic technique is now used most commonly. Ioniza-

tion ratios may be calculated from (I-6) assuming Beer's law is obeyed. 

(I -6) 

s is the measured extinction coefficient of the solution in question 

and s8 and sBH+ are the extinction coefficients, at the same wavelength, 

for the neutral and fully protonated forms of the indicator respectively. 

The wavelength generally used is that of the maximum absorption of either 

B or BH+. 

For highly basic indicators whose ionization ratios may be measured 

in dilute aqueous solution it is possible to determine directly the 

pKBH+ which is defined as 

(I-7) 

where the activity coefficients are referred to a value of unity for 

an infinitely dilute solution in water. The indicator concentration 



5 

is always small thus 

rnLl + pKBH+ = lim (log -rsy-- log [H ]) (I-8) 
CA+O 

where CA is the molar acid concentration. For a strong acid, [H+] 

is calculable by the relation CA = [H+] + [BH+], hence one may 

directly determine the ionization constant for highly basic indicators. 

In practice it has been found4 that the right hand side of relation 

(I-8) varies linearly with acid concentration up to at least two 

molar. 

For weaker bases a direct determination of pKBH+ is not feasible 

and a stepwise comparison must be used. For two different indicators 

B and C, studied at the same acid concentration, the difference in 

their ionization constants is given by 

(I-9) 

If the bases B and C are of similar structures then the last term on 

the right can be neglected for aqueous solutions and for solutions of 

high dielectric constant. The validity of neglecting this term for 

closely related indicators will be shown in later sections. Given 

that Band C have ionization constants close enough that both indicators' 

ionization ratios may be measured with reasonable accuracy in the same 

medium, the difference in their pK values is given by 

(I-10) 

Once the ionization constant of a reference material has been 

determined directly in dilute aqueous solutions the ionization constants 
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of weaker bases may be found by the overlap technique. Thus the 

ionization constants of extremely weak bases can be determined and 

referred to infinitely dilute solutions in water even though the 

indicator may be protonated only in very highly acidic non-aqueous 

solutions. A much more complete treatment of the techniques used 

to determine ionization ratios and constants is given in the review 

by Paul and Long5 and in Chapter Nine (2nd ed.) of "Physical Organic 

6 Chemistry" by L. P. Hammett . These two reference works and the 

references they contain more than adequately describe the details 

of this method of measurement of acidity. 

B. ACIDITY FUNCTION MEASUREMENTS 

Hammett and Deyrup1 originally used a series of substituted 

aniline indicators to define Ho functions for aqueous solutions of 

the strong acids HC~04 and H2S04. Their study showed that the anilines 

did follow the two major requirements for good indicator behaviour; 

that is, the indicator's ionization ratio curves were parallel with 

changes in acid concentration, and that the ionization constants were 

essentially independent of the acid system used. Their Ho function 

was based3 upon the relatively strongly basic indicator, p-nitroaniline, 

whose ionization ratio could be directly determined in dilute solutions 

of the acids in water. 

Since Hammett and Deyrup's original use of the aniline indicators 

many workers have studied a large number of aqueous and non-aqueous 

acid systems. 5 The early work has been summarized by Paul and Long 

who give detailed references to the original workers. This review, 
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besides demonstrating the validity and limitations of the Ho function, 

lists so-called "best" values for the ionization constants of the many 

Hammett indicators used. Using the best pKBH+ values and the experi

mental ionization ratios found by the many different workers, Paul and 

Long recalculated and tabulated Ho values for aqueous solutions of 

for other aqueous acid systems such as CF 3COOH, CC~ 3COOH, KHS04 , 

as some non-aqueous systems. 

Since this review article a number of the acid systems have been 

reinvestigated making use of other indicators, modern spectrophotometers 

instead of colorimeters, and in a limited number of cases temperature 

control apparatus. The Ho function of the strongest aqueous acid, HC~04 , 

has been7 •8 extended up to 72% and some of the earlier work was reinvesti

gated. Bascombe and Be11 9 reinvestigated the Ho functions, at 25°C, for 

aqueous solutions of HC~04, HC~, H2S04, CH3COOH, HCOOH, C~CH2COOH, 

making use of a set of aniline indicators. The H20-HN03 system has 

b . . dlO d H 1 f h H 0 HF b f d een re1nvest1gate an o va ues or t e 2 - system may e oun 

in references 11 and 12. The most extensively studied system has been 

the H20-H2S04 system which will be discussed more fully later. Figure 

1 shows13 the Ho functions for aqueous solutions of the mineral acid 

Figure 1 indicates that the strong acids HC~04 , H2so4 and HC~ 

all have identical Ho values up to a mole fraction of approximately 

0.1. Thereafter the three curves begin to diverge with HC~04 being 
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~ 
I 

MOLE FRACTION HA 

Figure 1. The Aqueous Ho Functions of Some Common Inorganic Acids 
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the strongest and HC~ the weakest acid of the three. This presumably. 

reflects the different extents of ionization of these acids. Ho 

measurements of the system H20-HC~04 indicate that HC~04 is the strongest 

acid in aqueous solutions. These measurements have not been extended 

to higher acid concentrations because of the inherent instability of 

concentrated solutions of perchloric acid especially in the presence 

of organic materials such as the indicators. One hundred percent 

sulfuric acid had the highest measured acidity of all acids studied. 

HN03, which behaves as a strong acid in dilute solution, is only 50% 

ionized at a mole fraction of 0.2 and is not detectably ionized at mole 

14 fractions above 0.5 . Phosphoric acid is a weak acid in dilute 

solutions and its acidity in more concentrated solutions is less than 

that of HN0 3. The Ho values for the H20-HF system are initially low 

indicating that HF is a weak acid in dilute aqueous solutions. As the 

acid concentration is increased its acidity rapidly rises to a value 

approaching that of H2so4• The increased degree of association of the 

HF molecules and the formation of the polymeric anions HF2 and H2F3 

account for this rapid rise in . d" 15 ac1 1ty . 

Other types of indicators have been used in the same way as the 

substituted anilines, to define similar acidity functions; however, 

these functions are not identical to the Ho function. Most acidity 

function measurements have been made with the aniline indicators; 

however, there is no reason to assume that the Ho scale is better than 

any other similarly determined acidity scale. As a result of the large 

amount of information available on the Ho function for various acid 

mixtures this scale is often used as a reference system for comparisons 
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with other acidity functions; however, this is an arbitrary choice. 

The Ho''' acidity function16 , based upon the ionization of a 

group of 15 N,N-dialkylnitroanilines and N-alkylnitrodiphenylamines, 

changes much more rapidly with increasing acid concentration than does 

the Ho function. The behaviour of this set of indicators is as good 

as the anilines and measurements have been extended up to 96 wt % 

H2S04. 

The Hr acidity function, as developed by Hinman and Lang17 , 1s 

based upon the protonation behaviour of a series of alkylated indoles. 

There is good overlap between successive indicators and the difference 

between the ionization ratios of any pair of indicators is satisfactorily 

independent of the H2S04 concentration. The H1 scale has been studied 

over the water-sulfuric acid concentration range of 0-70 wt % H2S04 . 

The behaviour of 'the Hr acidity function is very similar to that of 

the Ho' '' scale. 

Katritzky first reported18 in 1963 that the basicity of amides 

did not follow the Ho function. The HA function for the H2 0-H2 S04 

19 20 . system was proposed by Yates et. al. and later extended . It 1s 

based upon the protonation behaviour of a group of amides, whose 

acidity function changes more slowly with increasing acid composition 

than does the Ho function. The HA acidity function is not limited to 

the use of amide indicators as a number of pyridine N-oxides have been 

found 21 to have the same protonation behaviour. These have been used 

to extend HA measurements up to 93 wt % H2so4 . The protonation 

behaviour of aromatic and a,e unsaturated ketones, aldehydes and 

carboxylic acids have been suggested22 to be consistent with the HA 



function; however, Greig and Johnson23 reported that the ease of 

up-take of protons by some aromatic carbonyls is significantly 

greater than that of a base following the HA function. The proton

ation of unconjugated carbonyl groups has been shown22 to follow 

the Ho function. 

The second oldest measure of acidity in concentrated strong 

acid solutions is the HR function proposed by Deno et. a1. 24 in 

11 

1955. It is based upon an overlapping series of arylcarbinols which 

undergo the reaction 

(I-ll) 

The HR function was defined as 

(I-12) 

which can be rewritten in the form 

fROH 
HR = .,.log aH+ -f- + log aw (I-13) 

R+ 

where R is an arylcarbinol and ~ is the activity of water. If one 

defines a function HR 

+ 
HR' K 1 = p R+ - og - - (I-14) 

then fROH 
HR = -log aH+ r;.;:- (I-15) 

which is of similar form to the Ho acidity function or any other 

acidity function previously mentioned. 
I 

Thus the HR acidity function 

may be reasonably compared with the other acidity functions. It was 

found that the arylca:rl:linol based function HR increased more rapidly 

with increasing acid concentration than all other acidity function; 
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however, a diarylolefine based HR function was found
25 

to be consistent 

with the Ho function. 

Acidity function data for acid systems other than H20-H2so4 

include Ho''' values for aqueous solution of HC£, H3P04 and toluene-

sulfonic acid26 ; HI values for the H20-HC£04 system17 ; HA values for 

27 I 28 HC£ solutions ; and HR or HR values for HC£04, HN03 , and HC£, H3P04 

and toluenesulfonic acid26 solutions. The Do function for the D20-D2S04 

system has been studied29 using the series of aniline indicators used 

for Ho measurements. Numerous other acidity function measurements have 

been carried out in multi-component systems such as (96% H2S04- 4% H20)-

Other acidity function measurements have been made using 

h d . d" 31 d . h b h lf "d h" h c arge 1n 1cators an var1ous ot er ases sue as su ox1 es, w 1c 

have been found 32 to follow the HA acidity function. 

33 Bunnett and Olsen have developed a linear free energy relation 

to evaluate various acid-base equilibria in moderately concentrated 

acid solutions, 

[SH+] + + 
log [S] -log [H] = (~-l)(Ho + log[H ]) + pKSH+ (I-16) 

where S is an indicator whose ionization ratio may be measured in 

various acid mixtures and ~ is the response of the protonation equil-

ibrium of that indicator to changes in acid concentration. Each 

particular class of indicators has a narrow range of ~ values and all 

bases whose ~ values are within this range may be said to behave 

according to the acidity function generated by that particular class 

of indicators. Ionization constants may be evaluated by extrapolation 

of this relationship to zero acid concentration. It is of interest to 
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note that the ionization constants of the amide indicators used to 

make up the HA function are in error by approximately 0.3 units 

according to this·method. The HA function was assumed to be the same 

as the Ho function below 16.1% H2S04 as no strongly basic amide 

indicators were available to study this region; this assumption 

appears to be in error. 

The differences in the behaviour of the various acidity functions 

has been the subject of many recent publications. It is generally 

felt6 that differences in the degree of solvation of the various 

indicators is the most important factor although the molecular size26 of the 

indicators may be of some importance. The ~ values as determined by 

Bunnett and Olsen33 may be taken as a convenient measure of this 

solvation effect6 . 

It is readily apparent that an acidity function is not a unique 

measure of the acidity of concentrated solutions of strong acids. The 

availability of quantitative information does, however, allow for a 

much better understanding of acidity and some of the properties of 

concentrated solutions of strong acids. The use of the acidity 

function concept has allowed for the determination of the basicity of 

a large number of weak bases such as phosphine oxides and sulfides34 , 

b h 35 b . 36 d h . 1 d" 11 h enzop enanes , azo enz1nes , an many ot ers 1nc u 1ng a t e 

indicators used to determine the various acidity functions. 

Acidity function measurements have aided in the understanding of 

reaction mechanisms as determined from kinetic studies. The review 

by Long and Pau1 37 indicates some of the many uses of acidity functions 

in relation to chemical kinetics. The rate of a protonation reaction 



may, in some cases, be taken as a measure of acidity. This subject 

has been reviewed by Bunnett and Olsen33 who used their linear free 

energy relationship, as previously outlined, to determine ~ values 

for some 160 protonation reactions. 
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Acidity function measurements have made significant contributions 

to the understanding of the properties of concentrated solutions of 

acids in addition to the evaluation of their relative strengths. The 

protonation behaviour of water at high acid concentrations has been 

f . 1 . 38,39,40 o part1cu ar 1nterest Various attempts have been made to 

calculate values for the acidity function from the composition of an 

acid medium particularly in the case of the H2S04-H20 system at high 

sulfuric acid concentrations. Brand41 showed that the relationship 

where x's are mole fractions applies in the region of 90 to 99.5% 

H2S04 assuming that water is completely protonated throughout this 

region. 42 Deno and Taft accounted for Ho values up to 17% H20 in 

H2so4 on the basis of an equilibrium constant of 50 for the protonation 

of water. Wyatt 39 was able to account for Ho values up to 19.5% H20 

in H2S04 in terms of the formation of various hydrated species such as 

Recent reviews of the acidity function concept and various acidity 

134 43 44 function measurements include those of Rochester , Arnett , Deno 

and Edwards45 . The problems of media effects in the determination of 

ionization ratios by absorption spectroscopy are discussed in some 

detail in the first two references. 
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The Ho function for the H20-H2S04 system has been extensively 

reinvestigated in recent years and forms the basis for the acidity 

function measurements to be presented here. 46 Jorgenson and Hartter 

carried out a critical re-evaluation of the Hammett acidity function 

at moderate and high acid concentrations of sulfuric acid. Their 

study was based upon the re-evaluation47 , 9 of the pKBH+ values for 

a number of aniline indicators which had been used to define the 

acidity of the system up to 60 wt % H2S04. The resulting Ho function· 

is based solely upon a set of seventeen primary aniline indicators 

thus reliably extending the acidity measurements up to 99.4 wt % 

H2S04 which has an Ho value of -11.12. The least basic indicator 

used was 2,4,6-trinitroaniline which was found to have a pKBH+ of 

-10.10 as determined by the overlap method and based on the direct 

evaluation of the pKBH+ for p-nitroaniline in dilute aqueous acid. 

The temperature variation of the Ho acidity function has been 

recently reported by Johnson et. a1. 48 making use of the same set of 

primary aniline indicators that Jorgenson and Hartter used. In their 

work the pKBH+ values for all of the indicators were re-evaluated for 

each of the five temperatures used. Their results at 25°C, the lowest 

temperature investigated, are in good agreement with the room temper-

46 ature results of Jorgenson and Hartter . Values of -Ho were found to 

decrease with increasing temperature according to 

Ho(T) = K/T + L 

where T is the absolute temperature and K and L are constants at a 

given acid composition. At 99% H2so4 an increase of temperature from 
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25° to 90°C results in an Ho change of 1.68 while at SO% H2S04 a 

similar temperature change results in an Ho difference of 0.44. 

Strict temperature control is thus not required to obtain a 

meaningful room temperature acidity function. 

Johnson et. a1. 48 made a quantitative evaluation of the overlap 

of the aniline indicators by plotting the logarithms of the ionization 

ratios of two adjacent indicators in various acid strengths against 

each other. The resulting straight line should have a unit slope if 

the two overlapping indicators behave identically with changes in 

acid concentration. The product of all such slopes indicates how the 

last indicator behaves with respect to the first. The slope product 

found for the twelve indicators used was 1.04 indicating that the 

primary aniline indicators form a good self-consistent set of acidity 

indicators. 

Shortly after Johnson et. al. published their temperature study 

for the Ho function of the H20-H2S04 system, Tickle et. a1. 49 reported 

an independent temperature study of the same system. Their results 

are in general agreement; however, their Ho values are somewhat lower 

at high acid concentrations than those of Johnson et. al. Tickle et. 

al. made use of a set of ten indicators over the range of 0-98 wt % 

HzS04. The limited number of indicators necessitated, in some cases, 

the use of log [BH+]/[B] values outside of the limits of ±1.0 as 

+ 
recommended by Johnson et. al. The use of small values for log [B]/[BH ] 

(hereafter referred to as log I values where I = [B]/[BH+]) gives the 

greatest certainty as log I values near zero (SO% ionization) are the most 

accurate. Above a value of -log I of 1.0 the indicator is more than 99% ioni:ed. 
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Tickle et. al. suggest that their results for 25°C are not consistent 

46 with Jorgenson and Hartter's values because of a difference in the 

ionization constant for 2,5-dichloro-4-nitroaniline. Jorgenson and 

5 Hartter made use of Paul and Long's best values for their reference 

ionization constants, but Tickle et. al. feel that the values deter-

mined solely in the sulfuric acid system should have been used. It 

should be noted that one of the requirements for good indicator be

haviour1 is that the ionization constant for an indicator should be 

independent of the acid system used in its evaluation. It may be 

argued that this requirement may not be fully satisfied because of 

specific indicator-solvent interactions that may be different from 

one acid system to another. The close similarity of independently 

evaluated pKBH+ values from different acid systems, as listed by Paul 

5 and Long , indicates that any such difference must be minimal and that 

an average or "best" value for a pKBH+ is a meaningful quantity. 

B d41 . h" . . . f h lf . f b f ran 1n 1s 1nvest1gat1on o t e su onat1on o a num er o 

aromatic nitro compounds, determined their protonation ionization 

constants by the use of the overlap technique basing his values on 

1 the original acidity measurements of Hammett and Deyrup Aromatic 

nitro compounds were first shown to act as bases in highly acidic 

media by the early cryoscopic measurements of Hantzsch50 in 1908. 

51 52 More recently ' their ionization behaviour has been reinvestigated 

and ionization constants in sulfuric acid have been determined from 

their cryoscopic and conductimetric behaviour. The n.m.r. spectra of 

. 53-56 a number of protonated nitro compounds, wh1ch have been measured 

at low temperatures, show that the nitro group is protonated on an 



18 

oxygen atom. Brand extended the Ho scale into the oleum region by 

th f h . . . d. 41,57 H h d57 h e use o t ese aromat1c n1tro 1n 1cators • e s owe t at 

an absorption in the ultra-violet region could be assigned to a 

transition involving only the unprotonated nitro group and that upon 

increasing the acidity this peak decreased in intensity and a new 

peak at longer wavelengths appeared. This new peak was assigned to 

a transition involving the protonated nitro group. Using the changes 

in intensity of this new peak it was possible to calculate ionization 

ratios and thus extend the Ho scale. 

Brand's work was reinvestigated by Gillespie and Robinson58 who 

found that some of the extinction coefficients for the fully ionized 

59 indicators were in error. They were able to extend the Ho scale 

through 100% H2so4 (Ho = -12.08) to a value of -13.50 for a 106.0 wt 

% H2so4 solution. This unusual acid concentration scale involving 

percentages greater than 100 was used to allow a continuous measure 

of acid concentration from aqueous sulfuric acid solutions to oleum 

solutions. The use of this scale is not encouraged but it will be 

used near 100% HzS04 in this work. A 106 wt % HzS04 solution corres-

ponds to 44.5 mole % H2s2o7 or 30.8 mole % so3 in H2S04. 

The theses of Barr60 and Bircha1161 extended these Ho measurements 

HS03F-SbFs. A detailed study of their measurements along with those 

of Gillespie and Robinson58 and Gillespie and Janzen78 indicated that 

a number of serious discrepancies were present and that a detailed 

and extensive reinvestigation of all acidity function measurements 

46 of higher acidity than those found by Jorgenson and Hartter was 
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C. PURPOSE OF PRESENT WORK 

The purpose of this work was to reinvestigate the behaviour of 

a number of aromatic nitro compounds in solutions of high acidity, 
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by the use of absorption spectroscopy, in order to obtain a quantitative 

understanding of the acidity of various highly acidic media and to 

develop an acidity function for use in superacid media. Superacids, 

which for the purpose of this thesis, are defined as acid solutions 

more acidic than 100% H2S04 and thus include the system H2S04-S03, 

H2S04-HS03F, HS03F-AsF 5 , HS03F-SbF 5 , and HS0 3F-SbF 5-S03 amongst others. 

The superacid systems, their uses, and some of their properties will 

be introduced later. 

Some of these superacid media such as HS0 3F-SbF 5 have recently 

become widely used, for example, for the study of the protonation of 

a wide variety of weak bases and for the preparation and study of 

simple carbonium ions such as C(CH3) 3+. It has been clear from this 

work that these mediahave very high acidities, considerably greater 

than 100% H2S04 , but no quantitative conclusions concerning their acidity 

could be obtained from this work. It was thus of importance to attempt 

to make a quantitative evaluation of the acidity of such media and this 

was the primary objective of the work reported in this thesis. 



CHAPTER II 

EXPERIMENTAL PROCEDURES 

A. PREPARATION AND PURIFICATION OF MATERIALS 

i) Dry Air or Nitrogen 

Compressed air or dry nitrogen (Canadian Liquid Air) was passed 

through a drying train consisting of a Dreschel bottle containing 

sulfuric acid, two 12" drying towers containing granular silica gel 

and molecular sieves, and a three-foot tube packed with phosphorous 

pentoxide supported on glass wool. High purity, extra dry nitrogen 

(Canadian Liquid Air) was used directly. 

ii) Sulfuric Acid 

100% sulfuric acid was prepared by mixing C.P. Reagent grade 

sulfuric acid (C.I.L.) and Reagent grade fuming sulfuric acid (30% 

free S0 3 ) (C.I.L.) until the product had a conductivity of 1.0439 x 10- 2 

ohm- 1cm-l at 25.00°C62 . The conductivity cell used was constructed as 

described by Gillespie et. a1. 62 and was standardized according to the 

method of Jones and Bradshaw63 . 

iii) Sulfuric Acid-Sulfur Trioxide Solutions 

Stock solutions of various concentrations of so 3 in H2 S04 were 

prepared by weight by distillation of a quantity of so 3 onto a weighed 

amount of 100% H2S04 . The stock solution was then diluted, in a dry 

box, by varying amounts of 100% H2so4 to produce the required concen-

trations of so 3 in H2S04. The sulfur trioxide used in distillations 

was Sulfan (Allied Chemicals Corporation), stabilized S0 3 • 

20 
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iv) Fluorosulfuric Acid 

Technical grade fluorosulfuric acid (Allied Chemicals Corporation) 

was purified by fractional distillation through a two-foot reflux 

column packed with small glass rings. Distillation was carried out in 

an all glass still with the fraction boiling between 162.5-163.5°C 

being collected for use. The still was rigorously dried by flaming 

out and passing a steady stream of dry air or nitrogen through it over-

night. Passage of dry air through a granular silica gel packed guard 

tube was continued during the distillation. 

The resulting acid was found to contain a 5 x lo- 2 molal excess of 

SOg by cryoscopic titration using a freshly prepared HF-HSOgF solution 

to tl..trate the ac1·d63 . Th" lf t · "d bl · 1s excess su ur r1ox1 e presuma y ar1ses 

from the dissociation reaction of HS03F (II-1) that takes place in both 

h d 1 . "d h 65 t e gas an 1qu1 p ases . 

HSOgF ~ SOg + HF (II-1) 

During distillation the small quantity of HF produced by this reaction 

presumably reacts with the glass still thus leaving an excess of S03 

in the distillate
64

. Calculated additions of a 20% w/w solution of 

hydrogen fluoride in fluorosulfuric acid were made to adjust the 

freshly distilled acid to 100% HS0 3F by using an all teflon syringe 

fitted with a platinum needle (Hamilton Syringe Co. Inc.) and closed 

with a cap made from 1 mm Kel-P tubing. The freezing point of the 

resulting acid was periodically checked and good agreement was found 

with the literature64 value of -89.000°C. 

v) Sulfuric-Fluorosulfuric Acid Mixtures 

Mixtures of H2S04 and HS0 3F over the complete composition range 
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of 0-100% HS0 3F were made by weighed additions of 100% HS03F to 100% 

H2S04 . Mixtures were generally prepared in small quantities and used 

immediately. Very dilute solutions of H2S04 in HS0 3F were prepared by 

mixing small weighed quantities of a dilute solution of H2 S04 in HS0 3F 

(~10 mole%) with 100% HS03F. All operations were carried out in a 

dry box. 

vi) Fluorosulfuric Acid-Sulfur Trioxide Mixtures 

Solutions of so 3 in HS0 3F were prepared by weight, by mixing a 

stock solution of so3 in HS0 3F (~30 mole%) with 100% HS03F. The stock 

solution was prepared by distillation of a weighed quantity of so 3 on

to a weighed amount of HS0 3F. Where possible procedures were carried 

out in a dry box. 

vii) Fluorosulfuric Acid-Arsenic Pentafluoride Solutions 

Solutions of AsF 5 in HS0 3F were prepared, by weight, by distillation 

in a grease-free pyrex and teflon vacuum line. AsF 5 (Ozark Mahoning 

Inc.) was found to be free of impurities as shown by its gas phase infra

red spectrum and was condensed directly onto frozen 100% HS0 3F. Approx

imate vapour pressure measurements were made by allowing a flask of 

HS03F-AsFs solution to come to equilibrium pressure in a closed previously 

evacuated, vacuum line. The resulting AsF 5-HS0 3F vapour pressure (22°C) 

was determined by means of a simple U-tube mercury manometer. 

viii) Antimony Pentafluoride 

SbFs (Ozark Mahoning Company or Allied Chemicals Corp.) was doubly 

distilled in a pyrex glass still, as described by Barr 60 , in an atmosphere 

of dry nitrogen. The fraction boiling between 142° and 143°C was 

collected and subsequently distilled under vacuum at room temperature in 
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a grease-free pyrex and teflon vacuum line. 

ix) Fluorosulphuric Acid-Antimony Pentafluoride Solutions 

Stock solutions of SbF 5 up to 50 mole % in HS0 3F were prepared, 

by weight in a grease-free pyrex and teflon vacuum line, by distillation 

of SbFs onto frozen 100% HS0 3F. The stock solutions were then diluted 

in the dry box by mixing various amounts of 100% HS0 3F to obtain the 

desired concentration of SbF 5 • 

x) Fluorosulfuric Acid-Antimony Pentafluoride-Sulfur Trioxide Solutions 

To obtain solutions of various molar ratios of SbF 5 to so 3 in HS0 3F 

the stock solutions, HS0 3F-SbF5 and HS0 3F-S03 as prepared above, were 

mixed in weighed amounts in a dry box. The resulting solution of the 

required SbF 5 :S03 molar ratio was then diluted with 100% HS0 3F, by weight, 

to obtain the desired concentration of the SbF 5 -so 3 mixture. Solutions 

were prepared as needed and used immediately. 

xi) Hydrogen Fluoride 

Anhydrous hydrogen fluoride (Harshaw Chemical Co.) was distilled in 

a Kel-F and Monel vacuum line. 

xii) Aromatic Nitro Compounds 

The nitro indicators p-nitrotoluene (m.p. 51.0°; lit.66 51.7°C), 

m-chloronitrobenzene (m.p. 43.5°; lit.66 44°C), 2,4-dinitrotoluene 

(m.p. 69.7°; lit.66 70-l°C), 2,4,6-trinitrotoluene (m.p. 80.9°; lit.66 

82°C), 1,3,5-trinitrobenzene (m.p. 121.9°; lit.66 12l-2°C), 2,4,6-tri

nitrochlorobenzene (m.p. 81.9°; lit. 66 83°C), obtained from Eastman 

Organic Chemicals and p-chloronitrobenzene (m.p. 83°; lit.66 83°C), 

obtained from Eastern Chemical Corporation, were recrystallized from 

anhydrous or slightly aqueous methanol. The indicators were air-dried 
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and stored over standard desicants for one week before being sealed in 

air tight containers. 

The indicators nitrobenzene (m.p. 5.7°; lit. 66 5.7°C) and p

fluoronitrobenzene (m.p. 26.9°; lit. 66 26°C), obtained from Eastman 

Organic Chemicals, were dried by standing over CaCi2 , fractionally 

distilled under a stream of dry nitrogen at a pressure of 2.4 mm of Hg, 

fractionally frozen at appropriate temperatures, and stored in dark 

containers. 

m-Nitrotoluene (m.p. 15.3°; lit. 66 l5°C), obtained from Eastman 

Organic Chemicals, was triply distilled at atmospheric pressure in a 

dry, dark, simple distillation apparatus. Fractional freezing of the 

third middle fraction produced a very pale yellow solid. The material 

was stored as a liquid at room temperature, under dry nitrogen, in a 

black container. 

2,4-Dinitrofluorobenzene (m.p. 25.4°; lit.66 25.8°C), obtained from 

Eastman Organic Chemicals, was purified by repeated fractional freezing. 

The final product was pale yellow and was stored in a dry dark container. 

B. MANIPULATION OF MATERIALS 

Rigorous precautions were taken to exclude moisture in this work. 

Glassware was stored in an oven at ll0°C until needed and all manual 

operations where dryness was important were performed in a dry box. 

The dry box (S. Blickman Inc.) had an evacuable port into which 

the hot glassware was placed immediately prior to use. Evacuation of 

the port was continued for a minimum period of fifteen minutes before 

being refilled with extra dry nitrogen. The atmosphere of the dry box 



was circulated through an external circuit in which any moisture or 

acid vapour was removed in liquid nitrogen traps. Desicant trays of 

phosphorous pentoxide and molecular seives were present in the dry 
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box at all times. The dry box was equipped with a Mettler H.6 balance 

which was later replaced with a Cenco H.5 balance. Both balances were 

accurate to ±0.0001 gm. 

Acid solutions were prepared and transferred by the use of glass

teflon gas tight syringes (2.5 and 5 ml capacity) fitted with platinum 

needles (Hamilton Syringe Co. Inc.), ground glass syringes (1 ml 

capacity), and by pouring through small funnels. 

C. UV AND VISIBLE ABSORPTION SPECTRA 

Solutions for study by absorption spectroscopy were prepared by 

one of two methods. The first method involved preparing the solutions 

entirely in the dry box by weighed additions of approximately 0.02 gm 

of the indicator into a weighed 10 gm sample of the acid mixture under 

study. An aliquot of approximately 0.02 gm was then diluted to 10 ml, 

in a volumetric flask, using the same acid mixture. This procedure 

produced indicator concentrations in the range of lo- 4 molar but 

wasted large volumes of acid mixtures. 

As an alternative method, and the one most often used, a 0.02 gm 

sample of the indicator was weighed into 10 gm of acetone outside the 

dry box. A 0.02 gm aliquot of the resulting solution was weighed into 

a 10 ml volumetric flask after which the solvent was evaporated and 

the flask flushed with extra dry nitrogen. The resulting lo- 4 gm 

sample of the indicator was then brought into the dry box by means of 
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an air tight box previously flushed with extra dry nitrogen. The 10 ml 

volumetric flask was then filled to the mark with the acid solution 

under study. The resulting indicator concentration was approximately 

10-4 molar. The results obtained by this method for the solid 

indicators were consistent with the more difficult and somewhat wasteful 

original method. Solutions of the two liquid indicators were prepared 

by the first method. 

Solutions of the indicators were well mixed by shaking and then 

transferred into 1.0 em, Suprasil, U.V. cells (Hellma Ltd.) fitted with 

standard taper 7.5 ground glass tops and teflon stoppers. A reference 

sample of the exact composition of the acid mixture under study was 

transferred into a matching 10 mm U.V. cell. Spectra were recorded as 

soon as possible making use of a Cary 14 Recording Spectrophotometer 

(Applied Physics Corporation). Extinction coefficients (~)were calculated 

from the observed absorbance (A) values according to 

A 
E; = cR. 

where c is the concentration of the indicator in molar units and R. is 

the path length of the cell used (1 em). Absorption spectra were 

recorded at a room temperature of 22 ± l°C. 

D. NUCLEAR MAGNETIC RESONANCE SPECTRA 

lH n.m.r. spectra were recorded with a T-60 (Varian Corp.) or H.A. 

100 (Varian Corp.) spectrometer in 5 mm O.D. "Pyrex" n.m.r. tubes. 

Samples were prepared in the dry box and then later sealed off under 

vacuum. The resonance of the reference material, tetramethylsilane, 
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was determined by exchange of sample tubes in the probe of the spectro

meter. In some cases a coaxial arrangement of the sample and reference 

was used with the reference material in the outer portion of the coaxial 

tube. Spectra of very dilute samples were recorded with the aid of a 

time-averaging computer (Varian Corp. model C-1024) coupled to the H.A. 

100 spectrometer. 

l9p n.m.r. spectra were recorded with a D.P. 60 (Varian Corp.) 

spectrometer operating at 56.4 MHz and equipped with a variable temper

ature control unit. Samples were contained in vacuum sealed 5 mm O.D. 

"Pyrex" n.m.r. tubes. Chemical shifts are reported with reference to 

fluorotrichloromethane whose resonance was determined by the exchange 

of sample tubes in the probe of the spectrometer. 



CHAPTER III 

THE SULFURIC ACID SOLVENT SYSTEM 

A. HISTORICAL INTRODUCTION 

Sulfuric acid has been the subject of many investigations over 

the past sixty years and as a result it is now one of the best known 

non-aqueous protonic solvents. There have been a number of reviews of 

the properties of sulfuric acid as a solvent59 •67- 70 outlining the 

reactions which have been studied and the physical techniques used. 

During these investigations many new species have been identified, e.g. 

the nitronium ion N02+, iodine cations such as I3+, acyl ions such as 

+ (CH3)3CsH2CO , and various carbonium ions. 

The nature of 100% sulfuric acid, that is sulfuric acid having the 

exact composition H2S04, has been studied in some detail and its con-

stitution is well understood. The self-ionization or autoprotolysis of 

the solvent is probably the most important reaction (1) as it gives 

(III-1) 

+ rise to the characteristic ions of the solvent, H3S04 and HS04 

(K = 2.7 x 10-4)71 . These are of particular importance as they are ap 

produced by the reaction of an acid or a base, respectively, with the 

solvent. This process is analogous to the reaction of acids and bases 

in water which gives rise to the characteristic H30+ and OH- ions. 

There are a number of other important reactions involving the 

components of sulfuric acid. It is slightly self-dissociated according 

28 
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to (2) and thus water and sulfur trioxide are important solutes. 

(II I-2) 

It has been found that water is a strong base in sulfuric acid, extensively 

71 but not completely protonated (KH
2
0 = 1) . 

(III-3) 

In dilute solutions sulfur trioxide is essentially completely converted to 

(III-4) 

Disulfuric acid is a weak acid (KH
28207 

= 1.4 x 10-2) 71 ionizing 

according to (5). 

(III-5) 

Since the ions H3so4+ and HS04 are in equilibrium (1) it follows that 

+ -H30 and HS207 must also be in equilibrium. This reaction is referred 

to as the ionic self-dissociation reaction (Kid= 5.1 x 10- 5 )
71 . 

(III-6) 

It is a relatively simple matter to recognize compounds which are basic 

to sulfuric acid, that is a substance that produces the characteristic 

HS04 ion. Any reaction that involves the protonation of a solute auto-

matically produces a basic solution, such as: 

(III-7) 

(III-8) 
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(III-9) 

Metal sulfates such as KHS04 or Na2S04 act as strong bases in sulfuric 

acid: 

(III-10) 

(III-11) 

Solvolysis reactions of common inorganic salts also produce basic 

solutions: 

+ 
NH4C~04 + H2S04 ~ NH4 + HC~04 + HS04 

KN03 + H2S04 ~ K+ + HN03 + HS04 

(III-12) 

(III-13) 

It is more difficult to find acids of the sulfuric acid solvent 

system. Simple protonic acids act either as bases or non-electrolytes 

except for fluorosulfuric acid HS0 3F, chlorosulfuric acid HS0 3C~, and 

perchloric acid. Perchloric acid is so weak an acid, however, that the 

extent of its dissociation is too weak to be measured. HS03F and HS03C~ 

both act as very weak acids according to (14) having dissociation con-

X= F, C~ (III-14) 

72 stants of 2.3 x lo-3 and 9 x lo-4 respectively. 

As was previously noted sulfur trioxide acts as a weak acid through 

the formation of H2S2o7 in dilute solutions. At higher concentrations 

of S03 higher polysulfuric acids are formed. The species H2s3o10 and 

H S 0 h b "d "f" d73 •74 d h f H S 0 h b 2 4 13 ave een 1 ent1 1e an t e presence o 2 5 16 as een 

postulated. The formation of these higher polysulfuric acids is, 
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however, incomplete as free so3 is present in solutions of the required 

compositions for these species. As the size of the polyacid increases 

its acidity is expected to increase with the largest effect being noted 

at the beginning of the series. 

In an effort to find a strong acid of the sulfuric acid system the 

early measurements of Hantzsch75 on boric acid as a solute were rein-

. . d76 vestJ.gate • It was found that the boron tri(hydrogensulfate), 

B(HS04) 3, initially formed reacts further with the hydrogen sulfate 

anion to form the boron tetra(hydrogensulfate) anion, B(HS04)4 (15). 

This clearly indicates that the species HB(HS04)4 is a strong acid of 

the sulfuric acid solvent system. AKa of 2 x lo-1 has been found72
. 

(III-15) 

If the reaction with boric acid is carried out in a dilute oleum solution 

instead of 100% sulfuric acid it is possible to eliminate the water pro-

duced according to Equation 15 thus allowing the acidic character of the 

reaction to become apparent (16). 

(III-16) 

Solutions of other complex acids such as H2Pb(HS04) 6 and H2Sn(HS04)6 

77 have been prepared but these do not appear to be as strong as HB(HS04)4. 

B. ACIDITY STUDIES IN SULFURIC ACID SOLUTIONS 

In order to develop an acidity function in the super acid region by 

means of a set of indicators it is necessary to have a reference point 
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on which the ionization constants of the new set of indicators may be 

based. As the nitro indicators are so weakly basic it is impossible 

to measure the ionization ratios of even one indicator in dilute 

aqueous acid. Thus the standard state of infinitely dilute solution 

in water is not directly obtainable. It has been found that ionization 

ratios of the most basic nitro indicator used in this study can be 

measured in concentrated sulfuric acid solutions. It will be shown 

that the behaviour of p-nitrotoluene, the most basic nitro indicator 

used, and 2,4,6-trinitroaniline, the least basic aniline indicator 

studied46 . is very similar in the region of 95-100% sulfuric acid. 

The reference point for this work was thus chosen to be the 

pKBH+ of 2,4,6-trinitroaniline, -10.10, which was determined by 

Jorgenson and Hartter46 in their room temperature study of the Ho function 

for concentrated solutions of sulfuric acid in water. Ionization con

stants increase with increasing temperature near 100% sulfuric acid48 •49 

and thus the higher value of -10.03 at 25°C for the pKBH+ of 2,4,6-

trinitroaniline as found by Johnson et. a1. 48 is in good agreement with 

Jorgenson and Hartter's value of -10.10. Tickle et. a1. 49 found values 

of -9.87 at 25° and -9.97 at l5°C which are in marked disagreement as 

discussed previously. The value of -10.10 was chosen as the results 

reported here were carried out at room temperature. Since this work makes 

use of one consistent set of aromatic nitro indicators the relative 

acidities so measured are still valid regardless of any changes in the 

pK8H+ of the reference indicator. If the pKBH+ value of -10.10 for 

2,4,6-trinitroaniline should be revised then this will correspondingly 

alter the magnitude of the Ho values reported in this work but not their 
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relative values. 

The behaviour of 2,4,6-trinitroaniline in concentrated sulfuric acid 

solutions was reinvestigated by Gillespie and Robinson58 and their 

results were found to be in excellent agreement with those of Jorgenson 

46 and Hartter . The ionization ratios determined over the acid composi-

tion range 90.79-99.31 wt. % H2S04 are shown in Table I and Figure 5. 

These results form the basis of the extension of the Ho scale into the 

super acid region. 

The most basic nitro indicator used, p-nitrotoluene, was first studied 

as an acidity function indicator by Brand41 who later revised his original 

57 measurements . The basis for his work was the Ho values for concentrated 

1 2 aqueous sulfuric acid as determined by Hammett and Deyrup ' and later 

revised by Hammett and Pau13. Since these early works the Ho scale has 

been extensively reinvestigated and up-dated. Gillespie and Robinson58 

studied the ionization of p-nitrotoluene over the acid composition range 

96.81-100.76 wt. % H2S04. Their ionization ratios are reported in Table 

II and Figures 5 and 6. A close examination of their measured ~ values 

57 in comparison with those of Brand et. al. shows that they are in close 

general agreement but that the results of Gillespie and Robinson were 

slightly higher. A check of the ~ value found at 100% H2so4 was made 

and excellent agreement was found with Gillespie and Robinson's value. 

Their results are thus accepted and used to extend the Ho scale. As 

41 57 . 
noted by Brand ' p-n1trotoluene is sulfonated at high so 3 concentrations 

and thus ~ values were corrected to zero time by means of a first order 

rate plot. 
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Ionization ratios for m-nitrotoluene over the range of 99-101 wt. % 

H2S04 were determined by Gillespie and Robinson58 and are shown in Table 

III and Figures 5 and 6. As in the case of p-nitrotoluene a check of 

their ~ value at 100% H2so4 was made and excellent agreement was obtained. 

Their measurements are accepted and used up to 101 wt. % H2S04 for the 

evaluation of the acidity function near 100% H2S04. As in the case of 

p-nitrotoluene it was noted that sulfonation of the indicator takes place 

in oleum solutions and thus all ~values were corrected to zero time. 

Brand et. a1. 57 reported a pKBH+ based upon an out-of-date Ho scale1•2but 

unfortunately a detailed tabulation of ~ values or ionization ratios was 

not included in the published paper making a comparison of results im-

possible. 

Extinction coefficients of nitrobenzene in various acid mixtures are 

shown in Table IV and Figure 2. Most of the results reported are those 

of Gillespie and Robinson58 except for three measurements at high S0 3 

concentrations and a check of their value for 100% H2S04. In calculating 

the ionization ratios listed in Table V and plotted in Figure 6, average 

~ values were taken at regular intervals from Figure 2. The ~BH+ value 

of 15,150 was determined from the plot of ~ vs wt. % H2S04 where it levels 

off at 104.5% H2S04. As reported by Brand41 •57 it was found that nitro-

benzene is sulfonated at high S03 concentrations and thus, when necessary, 

extinction coefficients were corrected to zero time. Brand41 tabulated ~ 
0 

values and calculated ionization ratios using measurements at 3650 A only. 

A small solvent effect causes the position of maximum absorption (Amax) 

to shift slightly with acid composition and thus Brand later repeated his 

measurements57 using ~ values at the Amax to determine the ionization 
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ratios. Unfortunately ~ values or ionization ratios were not reported 

for his later measurements and thus a comparison of our results with 

his is not possible. 

At very high so3 concentrations Brand41 noted that even when nitro-

benzene is fully protonated the extinction coefficient of the indicator 

continues to rise with increasing so3 concentration. He attributed this 

effect to the possible formation of species such as ArN02 •SOsH+ in 

addition to the simple protonated species ArN02H+. Measurements of~ 

values in HS0 3F-SbF 5 , where the acidity is much greater than required 

to fully protonate the indicator, also showed higher values for ~BH+ 

than were found in the H2 S04-S03 system. As no S03 is available for 

the formation of a complex species such as ArN02 •S03H+ the increase in 

extinction coefficients may possibly be attributed to hydrogen bonding 

effects. Hydrogen bonding may be used to explain the rise in ~ values 

found at very high so3 concentrations in the H2S04-S03 system. 

Extinction coefficients for p-fluoronitrobenzene and p-chloronitro-

benzene are given in Tables VI and VII and plotted versus mole % S03 in 

100% H2 S04 in Figures 3 and 4 respectively. It was found that the 

results of Gillespie and Janzen78 , at low so3 concentrations, were con

sistent with this work as were those of Gillespie and Robinson
58 ~B 

values were determined in 85 to 95% H2S04 and were found to be 600 and 

400 for p-fluoronitrobenzene and p-chloronitrobenzene respectively. 

~BH+ values of 16,500 and 21,800, respectively, were determined from 

plots of ~ versus mole % so3 in 100% H2S04 (Figures 3 and 4) at the 

point where the curves become independent of acid concentration. Tables 

VIII and IX list the ionization ratios of the two indicators over the 
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region 100-101 wt. % H2 so4 • Measurements at higher S03 concentrations 

will be discussed in a later section. 

It should be noted that in keeping with the decreasing basicity of 

the indicators p-nitrotoluene, m-nitrotoluene, nitrobenzene, and p-chloro

nitrobenzene, as determined by cryoscopic and conductimetric techniques80 , 

the so3 concentration required to fully protonate the indicators increases 

in the same order. The use of the level portion of the curve of ~ versus 

wt. % H2S04 as the ~BH+ for nitrobenzene is thus further justified. 

The ionization ratios of 2,4,6-trinitroaniline and the five nitro 

indicators are plotted versus wt. % H2S04 in Figures 5 and 6. Although 

the resulting curves are not straight lines, and indeed would not be 

expected to be so, it is evident that where two or more indicators are 

used over the same acid composition range they behave in a very similar, 

if not identical, fashion· giving rise to essentially "parallel" curves. 

As shall be shown later the degree of parallelism of these six indicators 

is as good as that of the thirteen aniline indicators used to describe 

the Ho function up to 99.5% H2 so4 • The nitro indicators thus give rise 

to a valid extension of the Ho function into the super acid region and 

are themselves a consistent set of indicators. 

Ionization constants for the five nitro indicators were calculated 

from Figures 5 and 6 using the average difference between adjacent log I 

curves in the range -1 < I < 1 to obtain the difference in the pKBH+ 

values of the two indicators in question. The values so determined differ 

from those of Brand et. a1.57 as his values were based upon an outdated 

Ho scale. The difference between the pKBH+ values of Brand and those 

reported here is not constant but ranges from 0.88 to 1.14 with an average 
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of 1.02. On the basis of the difference in the two reference values at 

96.65% H2S04 a 6pKBH+ of 1.16 would be expected. By the application of 

this correction factor Brand's results become somewhat more compatible 

with those reported here, but a discrepancy is still present. From 

the difference between the expected correction factor of 1.16 and the 

average difference between the two sets of pKBH+ values, 1.02, the im

portance of using a consistent set of overlapping indicators to define 

an Ho scale may be seen. 
3 

The acidity scale of Hammett and Paul , used 

by Brand to overlap with his measurements of the ionization ratios of 

p-nitrotoluene, was not composed of a consistent set of indicators and 

thus the acidity scale was not a true Ho scale but some other "composite" 

acidity function. This "composite" acidity function behaves in a slightly 

different manner to changes in acid concentration than does the Ho scale 

based solely on primary aniline indicators. Other differences between 

the results reported here and those of Brand are due to the choice of ~B 

and ~BH+ values for the various indicators. 

The Ho values listed in Table X were calculated from the log I curves 

of Figures 5 and 6 and the corresponding pKBH+ value for each indicator. 

A simple average of the individual (pKBH+ + log I) values for each 

indicator at the various acid compositions was taken as the Ho value 

for that composition. The -Ho function versus wt. % H2S04 is shown in 

Figure 7. The Ho value for 100% H2S04 was found to be -11.93. 

It may be seen from Figure 7 that the -Ho function gradually increases 

with % H2S04 until the region of 100%. Here a more rapid increase in 

acidity takes place as the concentration of the strong base, water, 

decreases. The acidity function curve goes ~hrough an inflection point 
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at 100% H2so4 followed by a decrease in slope as the S03 concentration 

increases. In an aqueous system a similarly shaped sigmoid curve would 

be generated by plotting pH versus acid concentration for the titration 

of a solution of a strong base. The rate of increase near the pure 

solvent, water or sulfuric acid, is dependent upon the magnitude of the 

autoprotolysis constant of the solvent. Water, with a much smaller 

self-ionization constant than sulfuric acid, has a sharper increase in 

acidity as the concentration of a strong base decreases. The autoprotolysis 

reaction gives rise to a buffering effect upon the acidity dependent upon 

the size of the autoprotolysis constant. 

The acidity of an aqueous solution, as measured by pH, is directly 

related to the concentration of the H30+ ion in solution, the most acidic 

species possible in aqueous solutions. In the region of 100% H2S04 the 

most acidic species possible in solution is the H3so4+ ion. An acidity 

function in this region would be expected to be related to the concentra-

tion of this species. Figure 7 shows a calculated Ho function from the 

relation 

+ 
Ho = -log(H3S04 ) - 13.80 (III-17) 

where the H3so4+ concentration is expressed in molal units. The constant 

of -13.80 was determined by setting the calculated Ho equal to the 

experimental one at 100% HzS04. 

The observed Ho curve is somewhat higher than calculated for the 

aqueous solutions and somewhat less in oleum solutions. + H3S04 concen-

trations were obtained, at various concentrations of H20 or S03, from a 

table given by Gillespie et. a1.81 who assumed for purposes of the table 

that water acts as a strong base and is completely protonated. This 
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assumption may not be valid 82 and thus the H3so4+ concentrations for 

aqueous solutions may be somewhat larger than listed. Correction for 

this error would tend to decrease the difference between the calculated 

and experimental curves with larger corrections being noted the higher 

the water concentration. The remaining difference between the two 

curves is presumably due to activity coefficient behaviour of the pro-

tonated and unprotonated forms of the indicator as well as a solvation 

ff C . 83 . d. h h e ect. ryoscop1c measurements 1n 1cate t at t e electrolyte 

H30+HS04- is "salting-out" the nonelectrolyte B, the unprotonated form 

of the indicator, and that "salting-in" takes place in oleum solutions. 

It seems reasonable that the salt effects upon the protonated form of 

the indicator would be small and balanced by similar effects on the 

activity coefficient of H3S04+. The relationship 

+ Ho = -log[(H3S04 )•f8] +constant 

would more closely represent the experimental Ho function than the 

simple linear relationship used to calculate Ho's as shown in Figure 7. 

Acidity studies in the sulfuric acid-sulfuric trioxide system have 

been carried out up to 75 mole % so3 in 100% H2 so4 . The term mole % 

S03 in H2so4 indicates the concentration of sulfur trioxide over and 

above that required to produce 100% sulfuric acid; thus 50 mole % S0 3 

corresponds to an acid composition equivalent to disulfuric acid, H2S207. 

The extinction coefficients and ionization ratios of nitrobenzene 

in oleum solutions have been previously tabulated (Tables IV and V). 

The ionization ratios are shown in Figure 12. Tables XI and XII give 
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the ionization ratios of p-fluoronitrobenzene and p-chloronitrobenzene 

at regular acid concentrations as calculated from the ~ versus mole % 

S03 curves of Figures 3 and 4. The ~B and ~BH+ values used were those 

found in the H20-H2S04-S03 system. 

It was found that the ~ values for p-fluoronitrobenzene and p-

chloronitrobenzene in concentrated oleum solutions, as well as those of 

m-chloronitrobenzene, 2,4-dinitrotoluene and 2,4-dinitrofluorobenzene 

to be discussed shortly, were not consistent with those of Gillespie 

d R b
. 58 an o 1nson . The reason for this inconsistency is not apparent and 

may only be explained by some unknown experimental error in the work of 

Gillespie and Robinson. It was found that on using their uncorrected ~ 

values to calculate and plot ionization ratios versus mole % S0 3 the 

resulting curves were not parallel and in the case of two of the 

indicators they crossed each other. Their results have not been used 

in this acid region. 

Extinction coefficients for the indicators m-chloronitrobenzene 

and 2,4-dinitrotoluene are given in Tables XIII and XV and are plotted 

versus mole % so3 in Figures 8 and 9 respectively. The ~B values for 

the two indicators were found to be 440 and 1,700 in concentrated 

sulfuric acid solutions between 95 and 100% H2S04. The curve of ~ versus 

mole % S03 for m-chloronitrobenzene (Figure 8) appears to level out at a 

value of 12,850 at 65 mole % so3. This value is accepted as the ~BH+ 

for this indicator in the H2S04-so3 system. A similar curve for 2,4-

dinitrotoluene (Figure 9) appears to level off at 75 mole % so 3 with a 

value of 13,900 but, as measurements could not be carried out above this 

S03 concentration due to the solidification of the acid, this could not 
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be confirmed. Studies of the behaviour of this indicator in the more 

acidic H2S04-HS03F and HS03F-SbFs systems indicate that the ~BH+ value 

for this indicator is indeed 13,900; this will be shown in a later 

section. The ionization ratios for these two indicators are given at 

regularly-spaced so 3 concentrations in Tables XIV and XVI and are 

plotted in Figure 12. 

Brand et. a1. 57 reported~ values for 2,4-dinitrotoluene in various 

oleum solutions. His ~B value of 1,700 in 99% H2S04 is in full agreement 

with the result reported here. Brand did not carry his measurements to 

high enough so3 concentrations to determine the extinction coefficient 

of the fully protonated indicator but instead used a least squares 

method to estimate its value. His estimate of 13,900 is in complete 

agreement with the ~BH+ value found in these studies. Unfortunately the 

~ values tabulated by Brand at various so3 concentrations are all some

what lower than those found in this work. The method by which Brand 

found an ~BH+ value for 2,4-dinitrotoluene, consistent with our value 

of 13,900, must thus be regarded with some reservations. 

Complete absorption spectra for solutions of 2,4-dinitrofluoro

benzene in the ultraviolet-visible region of the spectrum, are shown in 

Table XVII for various concentrations of so3 in H2S04 . A representative 

numberof these spectra are plotted in Figure 10; they form a family of 

curves that is typical for the protonation of any one of the indicators 

studied. 

As the concentration of sulfur trioxide in sulfuric acid solutions 

is increased an absorption due to the solvent moves from less than 210 

nm. to more than 270 nm. This intense solvent peak generally hides the 
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absorption maxima due to the unprotonated form of the indicator and 

only the tail of this peak is seen at high S03 concentrations. As the 

concentration of so3 is increased a new peak in the absorption spectra 

of the indicator appears; this is assigned to the protonated form of 

the indicator. In all cases it is shifted to longer wavelengths from 

the peak due to the unprotonated form of the indicator. As the 

intensity of this new peak increases that of the unprotonated form of 

the indicator decreases. In the case of mononitro indicators the peak 

due to the unprotonated form completely disappears when the indicator 

is fully protonated. For dinitro indicators this lower wavelength 

absorption only partially disappears with the result that the spectrum 

of a monoprotonated dinitro indicator consists of a peak due to a pro-

tonated nitro group and one due to that of an unprotonated nitro group. 

It will be shown that it is possible to diprotonate a polynitro indicator 

with the complete disappearance of the portion of the spectra assigned to 

an unprotonated nitro group. 

57 As indicated by Brand et. al. the low wavelength absorption in 

the region of 200-270 nm. in the spectra of an aromatic nitro compound 

is assigned to an electronic transition localized upon an unprotonated 

nitro group, Ar-N02 . The peak at higher wavelengths, 300-350 nm., is 

assigned to a similar transition localized upon a protonated nitro 

+ group Ar-N02H . It is not possible to differentiate between the species 

Ar-N02H+, Ar-N02 •S0 3 or Ar-N02 •S0 3H+ by ultraviolet-visible absorption 

41 spectroscopy. Brand assigned the increase in the extinction coefficient 

of the long wavelength peak of nitrobenzene at high so 3 concentrations to 

the formation of Ar-N02SOgH+. As previously indicated it appears that 
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A slight solvent shift to longer wavelengths of the peak due to 

the protonated form was observed for all indicators as the so 3 con

centration was increased. This solvent effect, which was generally 

less than 10 nm., explains the lack of the expected isobestic point. 

As the solvent shift was small all ~ values for the various indicators 

were taken at the observed Amax· 

Table XVII and Figure 11 show the ~ values for 2,4-dinitrofluoro

benzene in oleum solutions. An ~B value of 920 was observed in the 

region of 10.0% H2S04. The acidity of concentrated solutions of S03 in 

H2S04 does not appear to be sufficient to fully protonate 2,4-dinitro

fluorobenzene and thus an ~BH+ value of 12,100, as found in the HS03F

SbF5 system to be discussed later, was used. Ionization ratios are 

listed in Table XVIII at regularly-spaced so3 concentrations and are 

shown in Figure 12. 

Ionization ratios of the six indicators studied in the H2S04-S03 

system are plotted versus mole % so3 in Figure 12. From the shape of 

the resulting curves it is apparent that the indicators behave in a 

generally similar fashion over the entire concentration range studied. 

The behaviour of 2,4-dinitrofluorobenzene is rather poor in that the 

slope of its ionization ratio curve increases more rapidly than that 

of 2,4-dinitrotoluene over the range of 45-55 mole % so3• Throughout 

the ranges 20-45% and above 55 mole % so 3 the curves are parallel but 

have unequal separations. It is not surprising that in this very highly 

oxidizing medium the behaviour of the indicators is less than ideal. 



44 

Evaluation of ionization constants was done as previously shown 

in the determination of pKBH+ values for the first five nitro indicators. 

The difference between the log I curves of p-fluoronitrobenzene and m-

chloronitrobenzene over the range 7.5-27.5 mole% so3 was used to 

evaluate the pKBH+ of m-chloronitrobenzene which was found to be -13.20. 

From similar studies in the H2S04 -HS03F system, to be discussed in a 

later section, a value of -13.13 was found. The average, -13.16, was 

used as the pKBH+ for m-chloronitropenzene. In the same way values of 

-13.74 and -13.76 were found, in the two acid systems, for the pKBH+ of 

2,4-dinitrotoluene with the average, -13.75, being used; overlap with 

m-chloronitrobenzene over the region 20-42.5 mole % so3 was used to 

determine the pKBH+ value in the oleum system. Due to the poor behaviour 

of the log I curves of 2,4-dinitrotoluene and 2,4-dinitrofluorobenzene 

above 45 mole % S03 it was arbitrarily decided to use the ~ log I of 

the region between 52.5-65.0 mole % S03 in calculating the pKBH+ for 

2,4-dinitrofluorobenzene. The value of -14.03 was used only between 

52.5 and 75 mole % so 3, all other measurements using 2,4-dinitrofluoro-

benzene in the oleum system were disregarded. The discrepancy between 

2,4-dinitrotoluene and 2,4-dinitrofluorobenzene means that all acidity 

values above 40 mole % S03 are open to some question. 

When the correction factor of 1.16, relating this study to that of 

B d 1 57 d" d. h 1 . . 1· d B d' ran et. a . as 1scusse 1n t e ast sect1on, 1s app 1e to ran s 

pKBH+ values for m-chloronitrobenzene and 2,4-dinitrotoluene there is 

still a difference between his results and those reported here. The 

major difference is again due to the reference system used by Brand 

and, to a smaller extent, the differences in experimental ~ values, 
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where tabulated. Brand did not study 2,4-dinitrofluorobenzene in oleum 

solutions. 

Table XIX lists (pKBH+ + log I) values for the six indicators 

studied in the H2S04-S03 system. The average -Ho values are tabulated 

and are plotted in Figure 13 from 0-75 mole % so3 in H2S04. Sulfur 

trioxide acts as a medium strong acid in sulfuric acid giving a relatively 

rapid initial increase in -Ho at low so3 concentrations. This is con-

sistent with the formation of disulfuric acid which is a medium strong 

acid in sulfuric acid. The rate of increase in acidity becomes nearly 

constant between 10 and 60 mole % so 3 indicating that the acidity of 

the solvent is directly related to the S03 concentration and thus pre-

sumably to the degree of polymerization of the H2S04-S03 system. As 

the average size of the acid increases it becomes easier to remove the 

acidic protons of the acid thus increasing the acidity. This is due to 

the increased delocalization of the negative charge on the larger anion 

which exerts less of an attraction for the positively-charged proton as 

compared to a smaller anion. Above 60 mole % so3 the acidity apparently 

levels off as the concentration of unreacted so3 increases more rapidly 

than the formation of higher polysulfuric acids. Measurements could not 

be carried out at concentrations higher than 75 mole % so3 as the 

solutions slowly crystallized at room temperature. It is expected that 

the protonic acidity would eventually decrease as the concentration of 

protons in the acid decreased. 

60 Barr and Bircha1161 have made a limited number of measurements 

of the acidity of the H2S04 -HS03F system by the use of aromatic nitro 
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indicators. In order to confirm their measurements and to firmly establish 

the Ho scale in this acid system the indicators p-chloronitrobenzene, m-

chloronitrobenzene, 2,4-dinitrotoluene and 2,4-dinitrofluorobenzene were 

reinvestigated over the complete acid composition range. 

Tables XX-XXIV list the ~ values and ionization ratios found for the 

four respective indicators at various acid mixtures. Five ~ values for p-

chloronitrobenzene and four for m-chloronitrobenzene are the results of 

60 
Barr . It was found that Barr's measurements were consistent with this 

work up to approximately 55 mole % HS03F. Above this concentration his ~ 

values became somewhat lower than those found in this work. Barr's ~ values 

for 2,4-dinitrotoluene were not consistent with this work as his spectro-

meter was only capable of recording spectra above 330 nm. Since the 

absorption maxima of 2,4-dinitrotoluene lies between 325 and 335 nm. Barr's 

spectra were somewhat incomplete. The reason for the inconsistency in ~ 

values above 55 mole % HS03F for p-chloronitrobenzene and m-chloronitro-

benzene must lie in experimental methods and available materials. Barr's 

measurements indicated that the acidity function for this system became 

essentially independent of the acid composition over the range 55-80 mole 

% HS0 3F. This is contrary to the expectation that the acidity should be 

dependent upon the acid composition. 

· h 61 
· f . 1 . SO HSO F B1rc all's s1ngle ~value or 2,4-dlnitroto uene 1n H2 4 - 3 

is in agreement with this work as are three of his four ~ values for 2,4-

dinitrofluorobenzene. The remaining measurement was at an acid composition 

giving rise to an acidity too low to more than barely protonate the 

indicator. 

~B values were those found in the H20-H2so4 -S03 system. ~BH+ values 
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were determined from plots of ~ versus mole % HS03F or mole % SbFs in 

HS03F and are 24,350, 14,380, 13,900 and 12,100 for the indicators p

chloronitrobenzene, m-chloronitrobenzene, 2,4-dinitrotoluene and 2,4-

dinitrofluorobenzene, respectively. The values for 2,4-dinitrotoluene 

and 2,4-dinitrofluorobenzene were those used in the H2S04-S03 system. 

The ~BH+ values for p-chloronitrobenzene and m-chloronitrobenzene are 

somewhat greater in the H2S04-HS03F system than in the H2S04-S03 system. 

There is no apparent reason for this difference although it is known 

that the extinction coefficients of some materials depends upon the 

solvent used even though no reaction takes place between the solute and 

solvent. The ~BH+ values found in the HS03F systems were used to calcu

late the ionization ratios of p-chloronitrobenzene and m-chloronitro

benzene in the H2S04-HS03F system. 

Figure 14 shows the log I versus mole % HS03F curves for the four 

indicators studied. The degree of parallelism will be quantitatively 

discussed in a later section although it is readily apparent that the 

indicators behave in very similar fashions throughout the complete acid 

composition range. Using the pKBH+ of p-chloronitrobenzene, -12.70, as 

a reference the ionization constants of the three remaining indicators 

were determined by the overlap technique. pKBH+ values of -13.13, -13.76, 

and -14.52 were found for m-chloronitrobenzene, 2,4-dinitrotoluene and 

2,4-dinitrofluorobenzene, respectively. An average value of the 

ionization constants for m-chloronitrobenzene and 2,4-dinitrotoluene, 

as found in the H2S04-S03 and H2so4-HS03F systems, was taken as the actual 

pKBH+; i.e., -13.16 for m-chloronitrobenzene and -13.75 for 2,4-dinitro

toluene. The close agreement between the independently evaluated 
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ionization constants as found in the two different acid systems provides 

a further justification of the validity of acidity function measurements 

in the super acid region. The ionization constant for 2,4-dinitro

fluorobenzene differs greatly from the tentative value discussed for 

use in the H2so4-so3 system. The new value of -14.52 is accepted as 

the pKBH+ for 2,4-dinitrofluorobenzene. 

The log I versus mole % HS03F curves of Figure 14 were used to 

calculate (pKBH+ + log I) values for the four indicators at regularly 

spaced acid concentrations between 5 and 99 mole % HS0 3F. The results 

are shown in Table XXIV along with average -Ho values. A curve of -Ho 

versus mole % HS0 3F in H2S04 is shown in Figure 13. The Ho value of 

-15.07 for 100% HS0 3F will be discussed in a later section. 

The acidity function curve for the H2S04-HS03F system increases 

with increasing concentrations of the stronger protonic acid, HSOgF. 

Fluorosulfuric acid is a weak acid in sulfuric acid and thus the slow 

increase in -Ho at low acid concentrations is consistent with this 

finding. The acidity function increases linearly between 15 and 80 mole 

% HSOgF as would be expected for a mixture of two acids of unequal 

strength. In the region of 100% HS0 3F, where H2S04 is acting as a weak 

base, the acidity rises sharply just as it does in the H20-H2S04 system 

near 100% H2S04. This will be discussed later in conjunction with the 

HS0 3F solvent system. 

B.4. THE H2S04-HSOgCJI. SYSTEM 

The acidity function for the sulfuric-chlorosulfuric acid system 

has been previously measured by Palm 79 making use of two nitro indicators, 

p-chloronitrobenzene and 2,4-dinitrotoluene over the complete composition 
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range. The pKBH+' ~B' and ~BH+ values used in his study were those of 

Brand et. a1.
57 

and thus the resulting -Ho values cannot be in agreement 

with this work. Barr60 reinvestigated this system making use of the 

indicators m-nitrotoluene, nitrobenzene, p-chloronitrobenzene and 2,4-

dinitrotoluene. Barr's ~ values for p-chloronitrobenzene and 2,4-

dinitrotoluene were consistent with those of Palm. 

No new measurements of extinction coefficients have been made during 

this study although the acidity function has been recalculated making use 

of the ~B' ~BH+' and pKBH+ values found in this work. ~B values were 

those found in the H20-H2S04-so3 systems as were the ~BH+ values for m

nitrotoluene, nitrobenzene, and 2,4-dinitrotoluene. The ~BH+ values for 

p-chloronitrobenzene and m-chloronitrobenzene were chosen to be the average 

of the values found in the H2S04-S03 and H2 S04-HS0 3F systems. Neither of 

these indicators is completely protonated in 100% HS03C~ although p-

chloronitrobenzene is very nearly so. The pKBH+ values used are those 

discussed in the previous sections and listed in Table LXIV. Table XXV 

shows the extinction coefficients used at the various acid mixtures along 

with the newly calculated log I and -Ho values. Table XXVI gives the 

average -Ho values, where one acid composition has been studied by more 

than one indicator, and other -Ho values, as found by single indicators, 

which are plotted in Figure 13 versus mole % HS0 3C~. 

The behaviour of the acidity function for the H2 so4 -HS03 C~ system 

is very similar to that for the H2S04-HS03F system. Chlorosulfuric acid 

is slightly stronger than sulfuric acid and thus the acidity function 

increases with increasing HS0 3Ci concentration. The acidity function 

in the region of 100% HS03Ci may be somewhat in error due to the difficulty 
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in preparing pure HS0 3CR.. 84 . It has been found that the acid decomposes 

when distilled, even at reduced pressures. The pure acid may have a 

higher -Ho value than that observed for the impure acid. The marked 

increase in slope of the -Ho function in the region of 100% HS0 3C.t 

indicates that the autoprotolysis reaction of the solvent is important 

in determining the -Ho of the pure acid. 

The acidity function for the system H2 S04 -HB(HS04 ) 4 was studied by 

Barr60 and has been recalculated making use of the ~B' ~BH+ and pKBH+ 

values reported in this work. The ~B' ~BH+ and pKBH+ values used are 

those of the previous section for the indicators m-nitrotoluene, nitro-

benzene, p-chloronitrobenzene and 2,4-dinitrotoluene. Table XXVII shows 

the extinction coefficients used at the various acid mixtures along with 

the recalculated log I and -Ho values. Average -Ho values are shown in 

Table XXVIII and plotted versus mole % HB(HS04) 4 in Figure 13. 

As expected for a strong acid in sulfuric acid the acidity of the 

system rises rapidly at low HB(HS04 )4 concentrations. Above 10 mole % 

the acidity levels off, presumably because of the formation of polymeric 

species in solution. As the concentration of HB(HS04 )4 is increased 

above 32 mole % a complex polymeric boron sulfate 76 precipitates from 

solutions thus limiting the investigation of this system. 

C. DISCUSSION 

The validity of an acidity function generated by a set of indicators 

is determined by a number of factors, one of which is the way in which 

each indicator in the set behaves with respect to the other members of 
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the set. If all the indicators' ionization ratios change at the same 

rate with changing acid composition then the individual indicators form 

a self-consistent set and may be used to define an acidity scale for 

the system in question. If this condition is not satisfied then the 

function generated by such an inconsistent set of indicators does not 

represent an acidity function for the system. 

Johnson et. a1. 48 have indicated a method to test the degree of 

parallelism of any two indicators in something more than a qualitative 

fashion. If the log I values for any two overlapping indicators, i 

and i-1, are plotted against each other at various acid compositions 

then the resulting curve should be a straight line of slope, a .. 1 . 
1,1-

If the two indicators are members of a consistent set then the slope 

will be unity. The product of n a .. 1 values, where n is the number 
1,1-

of different indicators, indicates how the nth indicator behaves with 

respect to the acidity function generated by the first indicator. 

Johnson et. a1. 48 found a .. 1 values ranging from 0.85 to 1.15, 
1,1-

with an average of 1.01, for the twelve aniline indicators used to define 

the Ho function of the H2S04-H20 system from infinitely dilute aqueous 

solutions to nearly 100% H2S04. The product of the twelve a .. 1 values 
1,1-

was found to be 1.04. The aniline indicators were thus shown to be a 

self-consistent set of indicators and the Ho function generated by these 

indicators to be a valid description of the acidity of the H2S04-H20 

system. 

The acidity function generated by the nitro indicators may be 

called an Ho function, rather than some other acidity function Hx, if 

the nitro and aniline indicators are both members of the same self-



consistent set of indicators. The degree of parallelism, as measured 

by the a .. 1 value of 1.03 for the indicators 2,4,6-trinitroaniline 
1,1-

and p-nitrotoluene, shows that these two indicators behave in very 
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similar fashions and may be classed as members of one set of indicators. 

The individual a. . 1 values for seven of the eight indicators 
1,1-

used in the H20-H2S04-S03 systems as well as their products are listed 

in Table XXIX. A value for 2,4-dinitrofluorobenzene was not included 

due to the irregular overlap between it and 2,4-dinitrotoluene as 

previously discussed. Table XXX shows the values found in the H2S04-

For all systems the individual a. . 1 values range for 
1,1-

0.91 to 1.14 with an average of 1.00. The product for seven indicators 

based upon the product up to p-chloronitrobenzene in the H20-H2S04-S03 

systems, is 0.95. 

The excellent overlap of the eight indicators and the consistency 

of the pKBH+ values from one acid system to another indicate that a 

valid acidity scale can be based upon aromatic nitro indicators. The 

good overlap between 2,4,6-trinitroaniline and p-nitrotoluene in the 

region of 100% H2so4 indicates that the aromatic nitro and aniline 

indicators belong to the same self-consistent set of indicators. There 

is thus reasonable justification for calling the acidity function in the 

super acid region an Ho function. 

The Ho curves for the various acids in sulfuric acid are shown in 

Figure 13. The rate of increase in -Ho as a function of acid concentra-

tion in the region of 100% H2so4 increases in the order HS03Ct < HS03F < 

S03, i.e., H2s2o7 < HB(HS04) 4 which is consistent with the strengths of 
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the various acids as measured by their Ka values 71 , 72 The Ho function 

clearly differentiates between the acidity produced by the two weak 

acids, HS03Ci and HS03F. The difference in their Ka values of 9 x 10- 4 

and 2.3 x l0-3 is small but their respective Ho functions are well 

separated. 

The -Ho curves of HS03Ci and HS03F behave in a very similar fashion 

as would be expected from their similar structures and physical properties. 

As might be expected from the difference in electronegativity of fluorine 

and chlorine the acidity is slightly greater in solutions of HS03F in 

much greater than that of HS03F in H2S04 as expected from the large Ka 

value 71 of 1.4 X lo-2 for H2S207 initially formed by so3 in H2S04. As 

the concentration of so3 increases the various polysulfuric acids formed 

cause a steady increase in -Ho up to approximately 70 mole % so3 where 

the acidity begins to level off. The presence of free S03 in highly 

concentrated oleum solutions would lead to the expectation that an acidity 

function would level off in this region. The Ho curve for HB(HS04)4 has 

h 1 · · h h 1 1 72 f 2 x 1o-1. t e steepest s ope cons~stent w1t t e argest Ka va ue o 

The rapid fall-off in slope is due to the formation76 of a complex boron 

sulfate which precipitates from solution above the concentration of 32 
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TABLE I 

IONIZATION RATIOS OF 2,4,6-TRINITROANILINE IN H20-H2S04 

~ = 8,soo46 
B ~BH+ = 2oo46 

pKBH+ = -10.1046 

wt. % H2S04 ~58 log I 

90.79 7,410 0.82 

91.14 7,290 o. 77 

92.38 6,730 0.64 

92.72 6,620 0.59 

94.25 5,700 0.29 

96.25 4,690 0.07 

96.81 3,950 -0.08 

97.93 2,880 -0.32 

98.18 2,600 -0.39 

98.39 2,290 -0.47 

98.66 2,030 -0.55 

99.31 1,210 ,..0,86 
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TABLE II 

IONIZATION RATIOS OF p-NITROTOLUENE IN H20-H2S04-SOg 

~B = 2,100 ~BH+ = 19,200 pKBH+ = -11.35 

wt. % H2S04 ~58 log I 

96.81 3,250 1.14 

97.76 3,470 1.06 

98.20 4,270 0.84 

98.60 4,760 0.73 

98.79 4,960 0.70 

98.95 5,700 0.57 

99.19 6,790 0.42 

99.38 7,760 0.31 

99.45 7,580 0.33 

99.60 9,220 ; 0.15 

99.75 10,200 -0.04 

99.95 15,000 -0.48 

100.00 16,220 -0.67 

100.03 16,620 .,-0.75 

100.38 17,800 -1.05 

100.76 18,300 -1.25 
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TABLE III 

IONIZATION RATIOS OF m-NITROTOLUENE IN H20-H2S04-S03 

~B = 1,200 ~BH+ = 16,100 pKBH+ = -11.99 

wt. % H2S04 ~58 log I 

99.0 2,400 1.05 

99.2 2,500 1.02 

99.4 2,700 0.95 

99.6 3,100 0.84 

99.8 4,500 0.55 

99.9 5,900 0.34 

100.0 9,000 -0.04 

100.1 10,400 -0.17 

100.2 11,200 -0.31 

100.4 12,500 -0.43 

100.6 13,400 -0.57 

100.8 14,000 -0.68 

101.0 14,200 -0.72 
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TABLE IV 

EXTINCTION COEFFICIENTS 58 OF NITROBENZENE IN H20-H2S04-S03 

% H2S04 l;; % H2S04 f; 

99.80 2,540 100.55 11,000 

99.84 2,520 100.61 11,560 

99.90 4,020 100.68 11,350 

99.94 4,140 100.88 12,580 

99.94 6,040 101.40 13,300 

100.00 7,040 102.26 13,220 

* 100.00 7,400 102.71 14,100 

* 100.16 9,700 103.29 13,490 

100.24 8,380 104.00 15,150 

* 100.32 9,540 104.08 14,070 

* 100.38 10,200 104.86 15' 110 

100.50 10,880 

* This work. 
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TABLE V 

IONIZATION RATIOS OF NITROBENZENE IN H20-H2S04-S03 

!;; 58 
B = 900 .;BH+ = 15,150 pKBH+ = -12.14 

% H2S04 mole % S0 3 .; log I 

99.80 2,540 0.88 

99.84 2,520 0.89 

99.90 4,020 0.55 

99.94 4,140 0.53 

99.94 6,040 0.25 

100.00 0.00 6,900 0.14 

100.10 0.54 8,150 -0.02 

100.20 1.09 9,130 -0.14 

100.30 1.65 9,860 -0.23 

100.40 2.17 10,470 -0.31 

100.60 3.24 11,440 -0.45 

100.80 4.32 12,070 -0.56 

101.00 5.39 12,490 -0.64 

101.50 8.04 13,110 -0.78 

102.00 10.67 13,540 -0.89 

103.00 15.85 14,140 -1.12 
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TABLE VI 

EXTINCTION COEFFICIENTS OF p-FLUORONITROBENZENE IN H2S04-S03 

mole % 503 A max (run) l;; mole % S03 Amax (nm) l;; 

0.0 350 (s) 2,995 29.5673 361 15,681 

0.0 353 3,37578 30.5703 360 15,023 

0.0 353 3,54078 32.3077 361 17,329 

1.1333 356 7,34078 35.5509 360 15,647 

1. 9239 355 8,02078 36.6968 361 15,692 

2. 9401 356 9,34078 41.8496 362 15,425 

4.5852 358 11,322 41.9551 360 15,766 

7.9892 358 12,766 48.4857 362 16,496 

9.2805 358 14,993 48.7383 363 16,033 

11.0794 358 13,611 51.7599 363 17,143 

11.8282 359 14,013 53.0349 363 16,240 

14.6077 359 13,749 57.9315 363 15,730 

18.1442 358 16,087 59.8708 364 18,326t 

20.3750 359 15,092 63.8338 364 17,037t 

20.4021 360 15,815 68.9078 364 18,129t 

23.1502 359 14,995 71.1968 365 16,213t 

24.0238 361 16,004 71.1968 365 17,358t 

24.0238 360 15,899 74.1176 364 16,458t 

27.5686 360 16,090 

tCalculated t;; at zero time. 
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TABLE VII 

EXTINCTION COEFFICIENTS OF p-CHLORONITROBENZENE IN H20-H2S04-S03 

mole % so3 A.max (run) ~ mole % S03 A.max (nm) ~ 

0.0 3,6oo78 26.1772 382 19,221 

1.0863 7,ooo78 26.1772 383 19,576 

2.6288 9,20078 26.4399 385 18,107 

3.2462 10 40o 78 
' 27.8607 384 19,620 

4.3197 11 ,3oo78 27.8607 383 20,148 

5.3890 11,7oo78 28.4509 384 19,586 

6.0342 381 12,418 30.5445 383 19,401 

9.1328 382 15,034 33.0841 385 19,530 

10.0778 382 14,764 33.6004 385 20,059 

13.6007 381 16,109 34.8322 385 19,998 

17.2995 382 18,015 35.9076 384 20.306 

17.3211 383 16,598 38.1852 384 19,565 

19.0188 382 18,184 38.6897 384 20,643 

21.3523 383 19,307 39.5457 385 20,873 

21.3523 383 16,534 42.1880 386 20,546 

23.1502 383 18,938 43.7431 386 21,848 

23.1502 383 18,692 50.0000 388 19,008 

23.1612 383 17,128 50.0000 387 17,936 

25.2272 384 17,540 51.0006 387 20,955 

25.2272 383 18,942 63.8338 389 21,747 

74.1176 392 21,769 
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TABLE VIII 

IONIZATION RATIOS OF p-FLUORONiTROBENZENE IN H2S04-S03 

~B = 600 ~BH+ = 16,500 pKBB+ = -12.44 

% H2S04 ~ log I 

100.0 3,500 0.65 

100.2 6,800 0.19 

100.4 8,630 -0.01 

100.6 9,900 -0.15 

100.8 10,930 -0.27 

101.0 11,460 -0.33 

TABLE IX 

IONIZATION RATIOS OF p-CHLORONITROBENZENE IN H2S04-S03 

~B = 400 ~BH+ = 21,800 pKBH+ = -12.70 

% H2S04 ~ log I 

100.0 3,600 0.76 

100.2 7,000 0.39 

100.4 9,200 0.16 

100.6 10,400 0.05 

100.8 11,300 -0.02 

101.0 11,700 -0.05 
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TABLE X 

-Ho VALUES NEAR 100% H2S04 

% H2S04 
2,4,6-TRINITRO- p-NITROTOLUENE m-NITROTOLUENE NITROBENZENE p-FLUORONITRO- p-CHLORONITRO- AVERAGE ANILINE BENZENE BENZENE 

95.0 9.86 9.86 

95.5 9.94 9.94 

96.0 10.02 10.02 

96.5 10.10 10.10 

97.0 10.20 10.23 10.22 

97.5 10.31 10.33 10.32 

98.0 10.44 10.44 10.44 

98.2 10.50 10.49 10.50 

98.4 10.57 10.55 10.56 

98.6 10.64 10.61 10.62 

98.8 10.73 10.69 10.71 

99.0 10.83 10.78 10.91 10.84 

99.2 10.94 10.90 10.96 10.93 

99.4 11.06 11.04 11.04 11.05 

99.6 11.15 11.15 11.15 

99.8 11.45 11.44 11.30 11.40 

99.9 11.67 11.66 11.59 11.64 

100.0 12.02 11.96 11.95 11.80 11.93 11.93 

100.1 12.19 12.18 12.16 12.07 12.14 12.15 

100.2 12.28 12.27 12.28 12.23 12.30 12.27 

100.4 12.43 12.46 12.45 12.53 12.47 
0\ 

100.6 12.56 12.59 12.60 12.65 12.60 -..J 

100.8 12.66 12.70 12.70 12.72 12.70 

101.0 12.73 12.78 12.79 12.76 12.77 
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TABLE XI 

IONIZATION RATIOS OF p-FLUORONITROBENZENE IN H2S04 -S0 3 

~B = 600 ~BH+ = 16,500 pKBH+ = -12.44 

mole % so3 ~ log I 

1.0 6,800 0.19 

2.0 8,530 0.00 

3.0 9,660 -0.12 

4.0 10,550 -0.22 

5.0 11,230 -0.30 

6.0 11,790 -0.38 

7.0 12,230 -0.44 

8.0 12,650 -0.50 

9.0 12,990 -0.55 

10.0 13,300 -0.60 

12.0 13,820 -0.69 

14.0 14,250 -0.78 

16.0 14,600 -0.87 

18.0 14,840 -0.93 

20.0 15,130 -1.02 

22.5 15,360 -1.11 

25.0 15,550 -1.20 

27.5 15,670 -1.26 

30.0 15,790 -1.33 
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TABLE XII 

IONIZATION RATIOS OF p-CHLORONITROBENZENE IN H2S04-S03 

~B = 400 ~BH+ = 21,800 pKBH+ = -12.70 

mole % so3 ~ log I 

1.0 6,850 0.36 

2.0 8,500 0.22 

3.0 9,750 0.11 

4.0 10,750 0.03 

5.0 11 ,570 -0.04 

6.0 12,310 -0.10 

7.0 12,990 -0.16 

8.0 13,580 -0.20 

9.0 14,120 -0.25 

10.0 14,630 -0.30 

12.0 15,480 -0.38 

14.0 16,180 -0.45 

16.0 16,750 -0.51 

18.0 17,250 -0.57 

20.0 17,700 -0.62 

22.5 18,200 -0.69 

25.0 18,650 -0.76 

27.5 19,100 -0.84 

30.0 19,480 -0.92 

32.5 19,800 -0.99 

35.0 20,100 " -1.06 

37.5 20,370 -1.14 

40.0 20,580 -1.22 
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TABLE XIII 

EXTINCTION COEFFICIENTS OF m-CHLORONITROBENZENE IN H2S04-S03 

mole % S03 Amax (nm) ~ mole % S03 Amax (nm) ~ 

6.0342 341 4,595 33.6004 349 10,302 

6. 0342 341 4,613 33.6004 350 10,989 

9.1328 342 5,469 34.8321 350 11 '129 

9.1328 342 5,739 34.8321 350 11,569 

10.0778 343 5,651 35.9076 350 10,134 

10.0778 343 5,791 35.9076 349 12,138 

13.6007 345 6,098 38.1852 350 12,049 

13.6007 345 6,498 38.6897 350 11,973 

17.2995 346 7,450 38.6897 350 12,246 

17.2995 346 7,850 39.5457 350 11 '229 

19.0188 347 8,135 39.5457 350 12,229 

21.3523 346 8,816 42.0854 350 11,751 

21.3523 347 9,623 42.1879 351 11,546 

23.1502 347 9,755 43.4902 350 11,892 

23.1612 347 8,268 43.7431 351 12,460 

23.1612 347 8,368 43.7431 351 13,560 

25.2272 348 9,979 50.0000 353 11,093 

26.1772 347 10,136 50.0000 352 11 '127 

26.4399 349 9,093 50.0000 353 11,264 

28.4509 347 10,252 50.0000 353 12,664 

30.5445 348 11,398 51.0006 353 12,405 

30.5445 349 10,547 57.6594 354 13,501 

33.0841 350 10,119 63.8338 353 11,886 

33.0841 350 10,519 74.1176 353 12' 721 
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TABLE XIV 

IONIZATION RATIOS OF rn-CHLORONITROBENZENE IN H2S04-S0 3 

~B = 440 ~BH+ = 12,850 pKBH+ = -13.16 

mole % so3 ~ log I 

6.0 4,330 0.34 

7.0 4,700 0.28 

8.0 5,000 0.24 

9.0 5,270 0.20 

10.0 5,550 0.15 

12.0 6,180 0.06 

14.0 6,660 0.00 

16.0 7,250 -0.08 

18.0 7,800 -0.16 

20.0 8,350 -0.24 

22.5 8,950 -0.34 

25.0 9,520 -0.44 

27.5 9,980 -0.52 

30.0 10,400 -0.61 

32.5 10,810 -0.71 

35.0 11,160 -0.80 

37.5 11,420 -0.88 

40.0 11,660 -0.97 
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TABLE XV 

EXTINCTION COEFFICIENTS OF 2,4-DINITROTOLUENE IN H2S04-S03 

mole % so3 A. max F; 

19.0188 325 5,812 

23.1502 325 6,916 

28.4509 328 8,128 

33.6004 332 8,809 

38.1852 332 10,044 

42.0854 336 10,676 

44.7460 335 11,018 

47.0518 335 11,937 

50.0000 336 11,802 

50.0000 336 12,087 

50.0000 335 12,140 

57.6594 337 12,780 

63.8338 337 12,389 

74.1176 339 13,630 

85.1885 344 13,808 
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TABLE XVI 

IONIZATION RATIOS OF 2,4-DINITROTOLUENE IN H2S04-S03 

E;B = 1,700 f;BH+ = 13,900 pKBH+ = -13.75 

mole % so3 E; log I 

20.0 6,020 0.26 

22.5 6,640 0.17 

25.0 7,260 0.08 

27.5 7,850 -0.01 

30.0 8,380 -0.08 

32.5 8,890 -0.16 

35.0 9,380 -0.24 

37.5 9,840 -0.30 

40.0 10,300 -0.38 

42.5 10,760 -0.46 

45.0 11,200 -0.55 

47.5 11,570 -0.63 

50.0 11,890 -0.70 

52.5 12,160 -0.78 

55.0 12,410 -0.86 

57.5 12,610 -0.93 

60.0 12,780 -1.00 

62.5 12,880 -1.04 

65.0 12,990 -1.09 
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TABLE XVII 

EXTINCTION COEFFICIENTS OF 2,4-DINITROFLUOROBENZENE IN H2S04-S03 

mole % so3 
WAVE LENGTH 19.0188 23.1502 28.4509 33.6004 38.1852 42.0854 

(run) 
EXTINCTION COEFFICIENTS 

210 13,675 

220 13,676 12,764 

230 >16,184 15,663 

240 >16,184 16,381 

250 >16,184 16,309 15,895 14,840 

260 14,889 14,855 14,484 13,845 13,020 

270 12,138 12,252 11,828 11,294 10,360 10,145 

280 9,104 9,424 9,012 8,700 7,840 7,878 

290 6,474 6,956 6,679 6,567 6,090 6,291 

300 4,548 5,125 5,125 5,354 5,488 5,877 

310 3,237 3,815 4,136 4,676 5,432 6,002 

320 2,273 2,881 3,380 4,191 5,222 6,138 

330 1,732 2,316 2,832 3, 723 4,844 5,894 

340 1,359 1,885 2,333 3,162 4,200 5,271 

350 979 1,418 1,786 2,460 3,290 4,222 

360 664 987 1,199 1,665 2,268 2,890 

370 388 610 700 920 1,288 1,655 

380 202 359 346 435 644 799 

390 105 224 177 176 280 363 

400 48 161 80 67 112 159 

410 117 56 25 28 68 

Amax (nm) 320 320 320 320 320 320 

E; 2,273 2,881 3,380 4,191 5,222 6,138 
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TABLE XVII (cont.) 

EXTINCTION COEFFICIENTS OF 2,4-DINITROFLUOROBENZENE IN H2S04-S03 

WAVE LENGTH mole % so3 

(nm) 44.7460 47.0518 50.0000 57.6594 62.4590 62.4590 

EXTINCTION COEFFICIENTS 

250 13,196 11,075 10,280 9,970 

260 11,876 10,235 8,009 8,626 

270 9,200 9,801 8,372 6,495 7,029 

280 7,268 7,481 6,346 5,069 5,323 

290 5,938 6,300 5,394 4,510 4,715 

300 5,712 6,513 5,834 4,886 5,492 5,705 

310 5,997 7,290 7,165 7,171 7,568 7,950 

320 6,197 8,077 8,209 9,171 9,593 10,185 

330 6,038 8,045 8,495 10,058 10,561 11,234 

340 5,503 7,279 7,983 9,697 10,385 11,018 

350 4,508 5,981 6,755 8,299 9,100 9,783 

360 3,220 4,289 4,811 6,134 6,865 7,352 

370 1,882 2,501 2,845 3,623 4,084 4,500 

380 945 1,277 1,412 1,804 2,007 2,225 

390 468 628 604 827 845 970 

400 209 309 256 376 352 402 

410 100 170 102 165 158 176 

>-max (nm) 322 327 328 331 334 334 

~ 6,214 8,173 8591±75 10,073 10,614 11,273 
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TABLE XVII (cont.) 

EXTINCTION COEFFICIENTS OF 2,4-DINITROFLUOROBENZENE IN H2S04-S03 

WAVE LENGTH mole % so3 
(nm) 76.8803 76.8803 85.1885 

EXTINCTION COEFFICIENTS 

270 2,056 4,932 5,976 

280 2,698 3,995 4,429 

290 2,962 3,818 3,984 

300 3,962 5,037 5,065 

310 5,961 7,513 7,078 

320 8,074 9,846 9,303 

330 9,206 11,136 10,426 

340 9,225 11,172 10,490 

350 8,319 9,934 9,536 

360 6,508 7,601 7,459 

370 3,962 4,808 4,704 

380 1,981 2,439 2,395 

390 905 1,061 1,166 

400 377 406 508 

410 170 141 297 

Amax (nm) 335 336 336 

~ 9,432 11,330 10,617 
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TABLE XVIII 

IONIZATION RATIOS OF 2,4-DINITROFLUOROBENZENE IN H2S04-S03 

~B = 920 ~BH+ = 12,100 pKBH+ = -14.03 

mole % so3 ~ log I 

20.0 2,430 0.81 

25.0 3,000 0.64 

30.0 3,720 0.48 

35.0 4,590 0.31 

40.0 5,580 0.15 

45.0 6,890 -0.04 

50.0 8,470 -0.33 

55.0 9,660 -0.55 

60.0 10,370 -0.74 

65.0 10,700 -0.84 

70.0 10,860 -0.90 

75.0 10,940 -0.94 
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TABLE XIX 

H2S04-S03 SYSTEM 

-Ho VALUES 

mole % so3 NITROBENZENE p-FLUORONITRO- p-CHLORONITRO- m-CHLORONITRO- 2,4-DINITRO- 2,4-DINITROFLUORO- AVERAGE BENZENE BENZENE BENZENE TOLUENE BENZENE 

0.0 11.95 11.80 11.93 11.93 

1.0 12.28 12.24 12.31 12.28 

2.0 12.45 12.43 12.46 12.45 

3.0 12.58 12.57 12.57 12.57 

4.0 12.67 12.66 12.66 12.66 

5.0 12.75 12.74 12.73 12.74 

7.5 12.89 12.91 12.88 12.94 12.90 

10.0 13.01 13.04 13.00 13.04 13.02 

12.5 13.12 13.15 13.10 13.15 13.13 

15.0 13.22 13.26 13.18 13.24 13.22 

20.0 13.46 13.33 13.44 13.48 13.43 

25.0 13.46 13.63 13.66 13.58 

30.0 13.62 13.82 13.81 13.75 

35.0 14.00 13.98 13.99 

40.0 14.17 14.13 14.15 

45.0 14.29 14.29 

50.0 14.44 14.44 

55.0 14.60 14.59 14.60 

60.0 14.73 14.77 14.75 00 
~ 

65.0 14.82 14.87 14.84 

70.0 14.93 14.93 

75.0 14.96 14.96 
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TABLE XX 

IONIZATION RATIOS OF p-CHLORONITROBENZENE IN H2S04-HS03F 

~B = 400 ~BH+ = 24,350 pKBH+ = -12.70 

mole % HS03F ~ log I 

5.90 6,560 60 0.46 

10.77 8,960 60 0.25 

13.1209 8,820 0.27 

19.2433 11,870 0.04 

22.4294 13,620 -0.09 

24.05 10,150 
60 0.16 

24.8382 10,160 0.16 

26.3358 13,000 -0.04 

27.0189 14,726 -0.17 

34.51 13,800 
60 

-0.10 

37.1897 15,270 -0.21 

44.9549 15,445 -0.23 

55.85 17,30o 60 -0.38 

60.4483 18,436 -0.48 

81.8272 21,201 -0.82 

85.5096 22,509 -1.05 
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TABLE XXI 

IONIZATION RATIOS OF m-CHLORONITROBENZENE IN H2S04 -HS03F 

~B = 440 ~BH+ = 14,380 pKBH+ = -13.16 

mole % HS03F ~ log I 

5.90 2,330 60 0.80 

10.77 2,890 60 0.67 

22.4294 3,612 0.53 

34.51 4,79060 0.34 

47.2671 6,785 0.08 

55.85 6,79060 0.08 

60.4483 8,017 -0.08 

65.8733 7,981 -0.07 

71.0363 9,226 -0.23 

71.9369 9,192 -0.23 

81.8272 10,013 -0.34 

85.5096 10,944 -0.48 

92.2844 12,448 -0.79 
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TABLE XXII 

IONIZATION RATIOS OF 2,4-DINITROTOLUENE IN H2S04 -HS03F 

~B = 1,700 ~BH+ = 13,900 pKBH+ = -13.75 

mole % HS0 3F ~ log I 

44.9549 3,350 0.80 

60.4483 4,364 0.55 

65.8733 4,345 0.55 

71.0363 4,920 0.45 

71.9369 5,151 0.40 

81.8272 6,063 0.25 

85.5096 6,480 0.19 

92.2844 7,912 -0.02 

95.6015 8,375 -0.08 

99.539 11,280 61 -0.56 
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TABLE XXIII 

IONIZATION RATIOS OF 2,4-DINITROFLUOROBENZENE IN H2S04-HS03F 

F,; = B 920 F,;BH+ = 12,100 pKBH+ = -14.52 

mole % H2S04 mole % HS03F F,; log I 
in HS03F in H2 S04 

22.9824 77.2176 1,720 1.11 

15.0020 84.9980 1,954 0.99 

7. 7156 92.2844 2,933 0.66 

4.938 95.062 3,050 61 0.63 

4.0666 95.9334 3,069 0.63 

3.7582 96.2418 3,033 0.63 

1. 7668 98.2332 4, 041 0.41 

1.3756 98.6244 4,036 0.41 

1.0601 98.9399 4,648 0.30 

0.9139 99.0861 4,551 0.32 

0.6374 99.3626 4,915 0.25 

0.580 99.420 4,830 61 0.27 

0.343 99.657 5,620
61 0.14 

0.2668 99.7332 6,151 0.05 

0.1432 99.8568 6,777 -0.04 
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TABLE XXIV 

-Ho VALUES FOR THE H2S04-HS0 3F SYSTEM 

mole % HS03F p-CHLORONITRO- m-CHLORONITRO- 2,4-DINITRO- 2,4-DINITROFLUORO- AVERAGE BENZENE BENZENE TOLUENE BENZENE 

5.0 12.18 12.29 12.24 

10.0 12.37 12.42 12.40 

15.0 12.50 12.51 12.50 

20.0 12.61 12.59 12.60 

25.0 12.69 12.66 12.68 

30.0 12.76 12.74 12.75 

35.0 12.82 12.81 12.82 

40.0 12.88 12.88 12.88 

45.0 12.94 12.95 12.96 12.95 

50.0 13.00 13.02 13.03 13.02 

55.0 13.06 13.09 13.09 13.08 

60.0 13.12 13.15 13.16 13.14 

65.0 13.20 13.23 13.22 13.22 

70.0 13.27 13.30 13.30 13.29 

75.0 13.37 13.37 13.37 13.37 

80.0 13.50 13.46 13.46 13.44 13.46 

85.0 13.68 13.58 13.57 13.54 13.59 

90.0 13.77 13.71 13.68 13.73 

95.0 13.94 13.95 13.95 

99.0 14.21 14.21 
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TABLE XXV 

IONIZATION RATIOS FOR THE SYSTEM H2S04-HS03C~ 

m-NITROTOLUENE 

SB = 1,200 sBH+ = 16,100 pKBH+ = -11.99 

mole % HS03C~ E;60 log I -Ho 

18.99 11,500 -0.35 12.34 

32.80 12,700 -0.53 12.52 

NITROBENZENE 

sB = 900 ~BH+ = 16,175 pKBH+ = -12.14 

mole % HS03C~ ~60 log I -Ho 

18.99 11 '100 -0.30 -12.44 

p-NITROCHLOROBENZENE 

E;B = 400 E;BH+ = 23,075 pKBH+ = -12.70 

mole % HS03C~ ~ log I -Ho 

4.1 5,200 79 0.57 12.13 

11.1 7,650 79 0.33 12.27 

24.8 10,900 79 0.06 12.64 

32;8 10,500 60 0.09 12.60 

37.9 12,100 79 -0.03 12.73 

54.6 14,050 79 -0.18 12.88 

69.8 16 '150 79 -0.36 13.06 

81.0 17,850 79 -0.52 13.22 

88.2 18,750 79 -0.63 13.33 

90.3 20,550 60 -0.90 13.60 



93 

TABLE XXV (cont.) 

m-NITROCHLOROBENZENE 

~B = 440 ~BH+ = 13,615 pKBH+ = -13.16 

mole % HS03C.R. ~60 log I -Ho 

90.3 8,360 -0.18 13.34 

100.0 11,100 -0.63 13.79 

2,4-DINITROTOLUENE 

~B = 1,700 l;BH+ = 13,900 pKBH+ = -13.75 

mole % HS03CQ. l; log I -Ho 

90.3 5,39060 0.36 13.39 

95.0 6 ,ooo79 0.26 13.49 

97.5 7 ,ooo79 0.11 13.64 

100.0 7,9oo79 -0.01 13.76 

100.0 8,34060 -0.08 13.83 

TABLE XXVI 

Ho VALUES FOR THE SYSTEM H2S04-HS03CQ. 

mole % HS03CQ. -Ho mole % HS03CQ. -Ho 

0.00 11.93 69.8 13.06 

4.10 12.13 81.0 13.22 

11.10 12.27 88.2 13.33 

18.99 12.39 90.3 13.44 

24.80 12.64 95.0 13.49 

32.80 12.56 97.5 13.64 

37.90 12.73 100.0 13.79 

54.60 12.88 



94 

TABLE XXVII 

IONIZATION RATIOS FOR THE H2S04-HB(HS04)4 SYSTEM 

m-NITROTOLUENE 

~B = 1,200 F;;BH+ = 16,100 pKBH+ = -11.99 

mole % HB(HS04) 4 F;;60 log I -Ho 

1.56 9,900 -0.15 12.14 

NITROBENZENE 

F;;B = 900 F;;BH+ = 16,175 pKBH+ = -12.14 

mole % HB(HS04)4 E,60 log I -Ho 

1.56 11 ,500 -0.36 12.40 

2.21 12,000 -0.42 12.56 

10.06 15,300 -1.22 13.36 

p-NITROCHLOROBENZENE 

~B = 400 F;;BH+ = 23,075 pKBH+ = -12.40 

mole % HB(HS04)4 E,60 log I -Ho 

1.56 12,600 -0.07 12.77 

2.21 14,100 -0.18 12.98 

2,4-DINITROTOLUENE 

t,8 = 1,700 E,BH+ = 13,900 pKBH+ = -13.75 

mole % HB(HS04h E,60 log I -Ho 

2.21 2,620 1.09 12.66 

10.06 4,060 0.62 13.13 

27.0 6,490 0.19 13.56 

32.0 7,110 0.10 13.65 
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TABLE XXVIII 

-Ho VALUES FOR THE HB(HS04)4-H2S04 SYSTEM 

mole % HB(HS04)4 -Ho 

1.56 12.47 

2.21 12.73 

10.06 13.24 

27.0 13.56 

32.0 13.65 

TABLE XXIX 

EVALUATION OF OVERLAP OF NITRO INDICATORS IN THE H20-H2S04-S03 SYSTEM 

INDICATORS a .. 1 1,1-
rra. . 1 1,1-

2,4,6-trinitroaniline--p-nitrotoluene 1.03 I. 03 

p-nitroto1uene--m-nitroto1uene 1.00 1. 04 

m-nitroto1uene--nitrobenzene 0.93 0.97 

nitrobenzene--p-f1uoronitrobenzene 0.94 0.91 

p-fluoronitrobenzene--p-ch1oronitrobenzene 1.14 1.04 

p-ch1oronitrobenzene--m-ch1oronitrobenzene 1.11 1.15 

m-chloronitrobenzene--2,4-dinitroto1uene 0.94 1. 08 

TABLE XXX 

EVALUATION OF OVERLAP OF NITRO INDICATORS IN THE H2S04-HS03F SYSTEM 

INDICATORS 

p-chloronitrobenzene--m-chloronitrobenzene 

m-ch1oronitrobenzene--2,4-dinitroto1uene 

2,4-dinitrotoluene--2,4-dinitrofluorobenzene 

a .. 1 1,1-

1.00 

1.00 

0.91 

rra. . 1 1,1-

1. 04 

1.04 

0.95 



CHAPTER IV 

THE FLUOROSULFURIC ACID SOLVENT SYSTEM 

A. HISTORICAL INTRODUCTION 

85 Fluorosulfuric acid was first prepared by Kirman and Thorpe 

in 1892 by the reaction of hydrogen fluoride with sulfur trioxide. 

Since then other preparative methods have been used usually involving 

the reaction of an inorganic fluoride, such as potassium or ammonium 

fluoride, with oleum or chlorosulfuric acid86 . Fluorosulfuric acid 

is a highly corrosive, colourless, fuming liquid which must be handled 

at all times with extreme caution. It is unreactive to glass and some 

fluorinated hydrocarbons and thus may be conveniently handled in 

apparatus constructed from these materials. The highly hygroscopic 

nature of fluorosulfuric acid requires that it be handled in a com-

pletely dry environment. 

This strong acid rapidly gained importance as measured by the 

number of patents involving its use. It has been used as a catalyst 

. b f . 1 d. lk 1 . . 8 7- 91 1 . 1n a num er o processes 1nc u 1ng a y at1on react1ons , acy at1on 

. 92,93 1 . t" . 94-98 h h d fl . t" f react1ons , po ymer1za 10n react1ons , t e y ro uor1na 10n o 

1 f . 99 d d . . 100-103 I h l d o e 1ns , an con ensat1on react1ons . t as a so prove use-

f 1 . . h h f' . f 1 b . . "1 104 u 1n var1ous processes sue as t e re 1n1ng o u r1cat1ng 01 , 

105 the removal of metals from crude petroleum , and the stabilization 

f k d 1
. 106 o crac e gaso 1nes Fluorosulfuric acid has been used as a 

reagent or a solvent for a wide number of organic and inorganic reactions 

of industrial importance. The fluorosulfuric acid solvent system has 
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been the subject of a large number of investigations; a number of 

rev1·ews86 •107- 110 have been · t d" · · of wr1t en 1scuss1ng var1ous aspects 

this superacid medium. 

97 

Fluorosulfuric acid has a wide liquid range, 251.4°C; a low 

viscosity65 , 1.72 centipoise at 25°C; and a high dielectric constant65 , 

~120, making it an ideal superacid solvent. Its low freezing point111 , 

-88.98°C, has enabled n.m.r. spectra to be obtained at temperatures 

low enough for proton transfer reactions to be slowed up sufficiently 

that signals can be obtained from the acidic protons of the conjugate 

acids of a large number of weak bases. This technique was used, for 

example, to show112 that, in fluorosulfuric acid, acetamide is proton

ated on the oxygen atom rather than the nitrogen. It was also found113 

that phenol is protonated on the aromatic ring at the para position and 

not on the oxygen atom. Many other protonation studies have been 

carried out in 100% HS03F. 

The properties of fluorosulfuric acid have been studied in some 

detail by a number of workers. As in the sulfuric acid solvent system 

it is convenient to make use of the solvent system concept for defining 

acids and bases. Acids of the fluorosulfuric acid solvent system 

+ ionize to give the H2S03F ion, i.e., 

(IV-1) 

Bases ionize to give the S03F ion, i.e., 

(IV-2) 

+ The ions H2S03F and S03F are the characteristic autoprotolysis ions 

of the solvent just as H3S04+ and HS04- are in the sulfuric acid 
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solvent system. 

Electrical conductivity of solutions of acids and bases in 

fluorosulfuric acid occurs very largely by proton transfer involving 

the ions H2S03F+ and S03F-, respectively65 The conductivity of pure 

fluorosulfuric acid has been shown65 to arise, in part, from the ions 

produced in the autoprotolysis reaction. 

(IV-3) 

The autoprotolysis constant, K = 3.8 x lo-s mole 2kg- 2 , is consider
ap 

ably smaller than the corresponding constant in H2S04 • 

+ Ions other than H2S03F and S0 3F may be present in very low 

concentrations in fluorosulfuric acid although it is not certain what 

these are or how they arise. A cryoscopic study of the system 

HF-HS03F-S03 showed that freshly distilled fluorosulfuric acid generally 

contains a very small excess of so3
111 • This presumably arises from the 

weak dissociation of the acid, at its boiling point, into HF and S03, 

with a small excess of so3 remaining in the distillate. 

HS03F ~ HF + S03 (IV-4) 

This does not prove, however, that at 25°C any significant amount of 

self-dissociation occurs. At -88.98°C, any such reaction must have 

.l.b . 111 f 1 h 3 10- 7 1 2k - 2 an equ1 1 r1um constant o ess t an x mo es g . 

Fluorosulfuric acid has been found114 to sulfonate benzene and 

it was suggested that self-dissociation according to 5 occurs to a 

small extent with the HS0 3+ ion acting as the sulfonating agent. However, 

HS03 F ? HS03 + + F (IV-5) 
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as monomeric so 3, or a solvate of it, is more likely to be the active 

species in sulfonation115 , this may not be regarded as evidence for 

(IV-5) 

As in the case of sulfuric acid it is a simple matter to find 

bases of the fluorosulfuric acid solvent system. The alkali and 

alkaline earth fluorosulfates dissolve as fully dissociated electro

lytes in fluorosulfuric acid. 

(IV-6) 

Salts of other weaker acids that are weak acids of the HS03F solvent 

system also act as bases in fl uoro sulfuric acid, e. g., 

KF + HS03F ~ K+ + S03F + HF (IV-7) 

KCR. + HS03F ~ K+ + S03F + HCR. (IV-8) 

K2S04 + 2HS03F ~ 2K+ + 2S03F- + H2S04 (IV-9) 

All protonation reactions produce basic solutions in fluorosulfuric 

acid according to Equation IV-2. It was mentioned in Chapter III 

that HS0 3F acts as a weak acid in solutions in sulfuric acid. It is 

thus expected that H2S04 must act as a weak base in fluorosulfuric 

acid. 

H2S04 + HS03F ~ HgS04+ + S03F (IV-10) 

An equilibrium constant of approximately lo-4 has been found65 . 

A large number of more complex reactions produce basic solutions 

in fluorosulfuric acid. Among these are the oxidation-reduction 

reactions which produce solutions of polyatomic cations. Peroxydisul

furyldifluoride, S206F2, is a convenient oxidizing agent in fluoro-
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sulfuric acid which reacts116 •117 readily with such elements as iodine, 

bromine, selenium, tellurium; and sulfur to produce polyatomic cations 

such as r 2 +, Br3+, Se8 +2 , Te 4 +2 , s8 +2 , e.g., 

(IV-ll) 

Although HS03F is a very acidic solvent it was of interest to see 

if a still more acidic medium could be produced by the addition of 

suitable solutes, i.e., acids of the fluorosulfuric acid solvent 

system. As in the case of sulfuric acid it was found118 •119 that so 3 

reacted with HS03F to form polymeric fluorosulfuric acids such as 

(n-l)S03 + HS03F ~ HS 0
3 

F n n 
(IV-12) 

Although these solutions are nonconducting and thus the acids HS 03 F n n 

are too weak to be measurably ionized, sulfur trioxide does exhibit 

ak . d . 60 . h . d h d . . . very we ac1 propert1es 1n t at 1t ecreases t e con uc1t1v1ty 

of solutions of KS0 3F due, presumably, to the reaction 

(IV-13) 

Since all other known protonic acids act either as bases or non-

electrolytes in fluorosulfuric acid it is necessary to study another 

class of acids, Lewis acids, in order to find materials capable of 

114 increasing the acidity of fluorosulfuric acid. Woolf reported 

that the inorganic fluorides AuF 3, TaF5, PtF4 and SbF 5 all act as 

acids in fluorosulfuric acid. Thompson et. a1. 120 reinvestigated the 

behaviour of SbF5 in HS03F and studied the effect of addition of S03 

to SbFs solutions in HS03F. They found that SbFs did act as an acid 
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in the fluorosulfuric acid solvent system and that addition of so3 

caused further increases in acidity as a result of the formation of 

a series of acids of the general formula H[SbF5 -n(S03F) 1+n]. The 

acid HSbF2(S03F)4 was found to be a strong acid of the fluorosulfuric 

acid solvent system. Gillespie et. a1. 121 found that phosphorus, 

arsenic, bismith, niobium pentafluorides, and titanium tetrafluoride 

all acted as weak acids in fluorosulfuric acid increasing in strength 

according to the series PF 5 ~ NbF 5 < TiF 5 ~ AsF 5 < BiF 5 • As in the 

case of SbF 5 it was found121 that the acidity of AsF 5 solutions in 

HS03F could be increased by the addition of so3 resulting in the 

formation of a series of acids with the general formula H[AsFs-n(S0 3F)l+n]· 

The series of acid strengths in fluorosulfuric acid was thus continued: 

character of all of these inorganic fluorides and mixed fluoride-

fluorosulfates is the result of their ability to accept the fluoro-

sulfate anion S03F 

(IV-14) 

Of all the Lewis acids in fluorosulfuric acid the systems 

HS03F-SbF 5 and HS0 3F-SbF 5-so3 have been most studied. That antimony 

pentafluoride is not a strong acid of the fluorosulfuric acid system 

d dl20 b . d . . . . . h h was emonstrate y 1ts con uct1metr1c t1trat1on w1t t e strong 

base KS03F. The curve passes through a minimum at KS0 3F/SbF 5 ~ 0.4-

behaviour consistent with a weak acid-strong base titration. The 

mode of ionization of SbF 5 is not as simple as implied in Equation 

IV-14. It has been found120 that there are two acid species present 
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in solution, the monomeric acid H[SbF5(S03F)] and the dimeric acid 

H[(SbFs)2(S03F)]. The former is a weak acid with a dissociation 

constant of 3.7 x Io-3, 

(IV-15) 

while the latter is a strong, fully-dissociated acid, 

(IV-16) 

Monomer and dimer are in equilibrium and as the concentration of SbF 5 

increases so the relative amount of the dimer increases. The 

equilibrium, 

(IV- 7) 

has an equilibrium constant of 7 x lo-3. Since the dimer is a much 

stronger acid than the monomer, the apparent degree of ionization of 

SbFs increases with concentration, contrary to normal behaviour for 

weak electrolytes. 

The acid H[SbFs(SOsF)] is just one of a series of acids of general 

formula H[SbF
5 

(S03F) 
1

], where x = 0,1,2,3. A solution of the acid -x x+ 

H(SbF2 (S03F) 4] is obtained by mixing, in fluorosulfuric acid, so3 and 

SbFs in the mole ratio S03/SbFs > 3. It is a strong acid in fluoro

sulfuric acid as shown120 by the fact that when titrated with KS03F 

the conductivity passes through a sharp minimum at KS03K/H[SbF2(S03F)4] = 1.0. 

Like SbFs the acid is present in both monomeric and dimeric forms, i.e., 

HSbF2(S03F)4 and H[SbF2(S03F)3] 2S03F; both forms are fully dissociated 

strong acids. The concentration of H2S03F+ depends upon the relative 

amounts of the monomer and dimer which are in equilibrium. 

(IV-18) 
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The equilibrium constant for (IV-18) has been estimated to be 4 x 10-3 

moles2kg- 2 . 

It has been found122 that various ligand redistribution reactions 

occur in the SbF 5-HS03F system giving rise to ions such as Sb2F11 -, 

cis-SbF4(S03F) 2 -, and higher polymeric, fluorosulfate-bridged species 

based upon the cis-SbF4(S03F) 2 grouping. Trans-SbF4(S03F) 2 and its 

polymers have also been proposed. These same species have been postu

lated for the HS03F-SbF 5-S03 system. The concentration and type of 

species present in any given solution is highly dependent upon the 

molar ratio of SbF5 to so3, and their concentration in fluorosulfuric 

acid. The systems HS03F-SbFs and HS0 3F-SbF5-so3 are thus very complex 

but they do produce solutions of the highest known acidity and thus 

have attracted much attention and use. 

B. ACIDITY STUDIES IN FLUOROSULFURIC ACID SOLUTIONS 

Some preliminary Ho measurements in the fluorosulfuric acid solvent 

system have been carried out by Barr60 , Bircha11 61 , and Gillespie and 

Janzen78 . Using the aromatic nitro indicators introduced in Chapter III 

along with the compounds 2,4,6-trinitrotoluene and 1,3,5-trinitrobenzene 

they were able to extend the Ho scale, on the basis of a very few 

measurements, up to an acid composition of 6 mole % SbFs in HS03F. 

Their studies involved the acid systems H2S04-HS03F, KS0 3F-HS0 3F, and 

HS03F-SbF 5 • Unfortunately, as indicated in the preceeding chapter, 

the basis for their acidity scale and some of their ionization ratios 

is somewhat in error. 

In this chapter the Ho function will be extended, by the use of 
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aromatic nitro indicators, into the fluorosulfuric acid solvent system. 

Measurements have been carried out on the systems H2S04-HS03F-S03, 

function has also been calculated for the system KS03F-HS0 3 F on the 

. 60 61 basis of measurements prev1ously made ' 

Ho measurements for most of the H2So4-HS03F system have been dis-

cussed in Chapter III, B.3; the acidity function in the region of 100% 

HS03F was, however, incompletely treated. In order to define more care-

fully the Ho function in this region and to firmly establish the Ho 

of 100% HS03F the indicators 2,4-dinitrotoluene and 2,4,6-trinitro-

toluene were studied in dilute solutions of H2S04 in HS03F and in 

solutions of the very weakly acidic system HS0 3F-S03. It should be 

noted that it is not valid to attempt to measure the Ho of 100% HS03F 

directly. The concentration of the indicator, required for extinction 

coefficient measurements, is of the same order of magnitude as the 

concentration of the autoprotolysis ions and thus addition of the basic 

indicator will markedly alter the acidity of 100% HS03F. The Hoof 

pure fluorosulfuric acid must be found by an interpolation technique. 

Table XXXI lists the extinction coefficients of 2,4-dinitrofluoro-

benzene and 2,4,6-trinitrotoluene in the H2S04-HS03F-S03 system near 

100% HS03F. These values are plotted in Figure 15 from which~ values 

at regularly spaced concentrations were obtained. These values were 

then used to calculate the ionization ratios for the two indicators 

as shown in Tables XXXII and XXXIII and plotted in Figure 16. The ~B 

and ~BH+ values for 2,4-dinitrofluorobenzene, 920 and 12,100 respectively, 



were those previously used in the H2S04-HS03F system. The ~B for 

2,4,6-trinitrotoluene was found to be 960 in 100% H2S04. An ~BH+ 
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of 10,600 was found in the HS0 3F-SbF5 system; this will be discussed 

in a later section. The pKBH+' -15.60, for 2,4,6-trinitrotoluene 

was found from the overlap with 2,4-dinitrofluorobenzene (pKBH+ = 

-14.52) over the region 0.10 - 1.50 mole % so 3. 

Table XXXIV lists the (pKBH+ + log I) values for the two 

indicators along with the average -Ho values. Figure 17 shows the 

-Ho £unction for the systems H2S04-HS03F-S03 near 100% HS03F. As 

indicated previously in the H2S04-HS03F system the slope of the -Ho curve 

near 100% HS03F begins to increase rapidly as the concentration of the 

weak base, H2S04 , decreases. This behaviour is similar to that found 

near 100% HS0 3C~, H2S04 and H20 and represents, in the case of fluoro

sulfuric acid, the increasing H2S0 3F+ concentration as determined by 

the autoprotolysis equilibrium. An Ho value of -15.07 was found for 

100% HS03F from the intersection of the H2S04-HS03F and HS03F-S03 

acidity function curves. This value represents the Ho of pure HS03F 

with no solute present and is therefore only valid under such conditions. 

It is apparent from Figure 17 that the so3, or more accurately 

60 HS 0
3 

F, is indeed acting as a very weak acid as suggested by Barr . n n 

The small autoprotolysis constant64 for fluorosulfuric acid (KA.P. = 

4 x lo-8 mole2kg-2) indicates that a large change in acidity should 

result even from the addition of a very small quantity of a weak acid. 

The slight increase for the case of so3 indicates that it is indeed an 

extremely weak acid. The -Ho curve levels off above 2 mole % S0 3 

indicating that it is probably only the acid HS206F that is acidic 
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in HS03F and that higher polymers are either not formed to any 

significant extent or do not increase in acidity as in the case of 

Potassium fluorosulfate, like all alkali metal fluorosulfates, 

has been found to act as a fully dissociated strong base in fluoro-

lf . "d65 su ur1c ac1 . In order to evaluate the Ho function for the system 

KS03F-HS03F Barr60 and Bircha1161 measured the extinction coefficients 

of a number of aromatic nitro indicators in solutions of various con-

centrations of KS0 3F in HS0 3F. Their~ values for the indicators p-

chloronitrobenzene, m-chloronitrobenzene, 2,4-dinitrotoluene, and 

2,4-dinitrofluorobenzene are listed in Table XXXV along with the 

calculated ionization ratios. The ~B' ~BH+' and pKBH+ values, also 

shown in Table XXXV, are those introduced in Chapter III. Figure 18 

shows the ionization ratios as a function of the mole % KS03F present. 

From these curves the (pKBH+ + log I) values for each indicator were 

calculated, along with the average -Ho values, at regularly spaced 

concentration intervals. The results are given in Table XXXVI and 

Figure 17. 

Figure 17 shows the -Ho function for the KS03F-HS0 3F system. As 

expected from the relatively small autoprotolysis constant for fluoro-

sulfuric acid, the acidity function decreases very sharply with 

increasing KS0 3F concentration. As previously explained no measure-

ments were made in the pure solvent; however the Ho value of -15.07 

for 100% HS03F, found in the H2S04 -HS03F-S03 system, is consistent 

with an extrapolation of the -Ho curve for the KS0 3F-HS03F system. 
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B.3. THE HS03F-AsF 5 SYSTEM 

Ho measurements of the weakly acidic, in terms of fluorosulfuric 

acid chemistry, HS03F-AsFs system have been carried out up to an AsF 5 

concentration of 5 mole %. Very approximate vapour pressure measure

ments indicate that above this concentration the vapour pressure of 

the HS03F-AsFssolutions increases rapidly. AsF 5 is a gas at room 

temperature and must be condensed into HS0 3F, by the use of a vacuum 

system, in order to prepare the acid solutions. Solutions of the 

indicators for Ho measurements were prepared in a large dry box 

resulting in some loss of AsFs from the concentrated solutions. This 

meant that the concentration of AsF5 in solutions initially more con

centrated than 5 mole % was not certain. 

Table XXXVII lists the observed extinction coefficients of 2,4,6-

trinitrotoluene and 1,3,5-trinitrobenzene which are plotted as a 

function of the AsF 5 concentration in Figure 19. Tables XXXVIII and 

XXXIX list the ionization ratios for the two respective indicators at 

regularly spaced acid concentrations. The s 8, ssH+' and pKBH+ values 

for 2,4,6-trinitrotoluene were those used in the H2S04-HS03F-S03 

system. An s8 of 800 was found for 1,3,5-trinitrobenzene in 100% 

H2S04. The ssH+' 10,700, and pKBH+' -16.04, were found in the HS03F-SbFs 

system to be discussed in the next section. 

Table XL lists the (pKBH+ + log I) values for the HS0 3F-AsF 5 

system along with the average -Ho values which are plotted in Figure 17 

as a function of the AsFs concentration. The -Ho curve for the system 

HS03F-AsFs behaves as would be expected for a weak acid of the fluoro

sulfuric acid solvent system. After an initial, relatively rapid, 
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increase, the slope of the Ho curve increases at a somewhat slower 

rate. This is presumably a result of the weakly acidic nature of 

AsF 5 and, because of the high vapour pressures, the uncertainty of 

the AsFs concentration in the more concentrated solutions. 

B.4. THE HS03F-SbF 5 SYSTEM 

A limited number of acidity function measurements for the system 

. 60 61 78 HS03F-SbF 5 have been carried out by prev1ous workers ' ' who made 

use of the aromatic nitro indicators 2,4-dinitrofluorobenzene, 2,4,6-

trinitrotoluene, and 1,3,5-trinitrobenzene. These measurements were, 

however, felt to be insufficient to properly define an acidity 

function for the HS03F-SbF 5 system. Their results were initially 

disregarded for the purpose of this study and then later compared 

with the results found here. Even after correcting their results by 

using our new pKBH+ values for the various indicators the two Ho 

curves were different in magnitude although of the same general shape. 

Their limited results were thus disregarded for the purpose of defining 

an Ho function for the HS03F-SbF 5 system. 

Figure 20 shows the extinction coefficients of 2,4-dinitrofluoro-

benzene over the acid composition range of 0-1 mole % SbF 5 • It should 

be remembered that 2,4-dinitrofluorobenzene was found to be partially 

protonated in dilute solutions of H2S04 in HS03F and is thus protonated 

to a considerable extent in 100% HS0 3F. The addition of the acid SbFs 

to HS0 3F would be expected to cause a continual increase in acidity; 

however, the s values of 2,4-dinitrofluorobenzene appear, after a 

short initially rapid increase, to level off and remain constant, at 

12,100, over the range of 0.05 to 0.2 mole % SbF 5 • They then slowly 
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begin to increase above the acid concentration of 0.2 mole % SbFs. 

This second increase is accompanied by a shift to shorter wavelengths 

of the position of the absorption maximum assigned to the protonated 

nitro group of 2,4-dinitrofluorobenzene. It is concluded that the 

level portion of this curve represents the extinction coefficient of 

the fully mono-protonated indicator, i.e., ~BH+ for 2,4-dinitrofluoro

benzene is 12,100. The second increase is the result of the protonation 

of the second nitro group of the indicator. Details of this di-

protonation will be discussed later in this section. 

Table XLI lists the extinction coefficients of 2,4,6-trinitrotoluene 

found in the HS03F-SbF 5 system. s values over the acid composition 

range 0-1 mole % SbFs are plotted in Figure 21. The resulting curve 

rises rapidly from 100% HS03F (extrapolated value taken from Figure 15) 

and appears to level off at an s value of 10,600. This value is taken 

to be the ~BH+ for 2,4,6-trinitrotoluene. 

As in the case of 2,4-dinitrofluorobenzene, and all other poly-

nitro aromatic indicators studied, the second rise in ~ values, as a 

function of increasing acid strength, is assigned to the diprotonation 

of the indicator. This diprotonation stage is characterized by a shift 

of the observed Amax to shorter wavelengths. The monoprotonation stage 

was found to have a characteristic shift of the Amax to slightly longer 

wavelengths as the degree of protonation increased. Di- and even tri-

protonation of indicators, or bases, in this highly acidic medium have 

been previously observed. 57 Brand's acidity function measurements for 

Levyts123 ketone basicity measurements, which 

will be discussed more fully in Chapter V, both have examples of 
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multiple protonation. 

Table XLII lists the ionization ratios for the monoprotonation 

of 2,4,6-trinitrotoluene in dilute solutions of SbF 5 in HS0 3F. ~ 

values were taken from Figure 21 at regularly spaced SbFs concentra

tions. The ~B value of 960 was found, as previously mentioned, in 

100% H2so4. The resulting log I values are plotted versus mole % 

SbFs in Figure 32 and will be discussed later. 

Table XLIII lists the observed extinction coefficients of 1,3,5-

trinitrobenzene as found in the HS03F-SbFs system. Figure 22 shows 

the ~ values as a function of SbF 5 concentration over the range of 

0-1 mole % SbFs. As in the previous case of 2,4,6-trinitrotoluene, 

the extinction coefficients rise rapidly with increasing SbFs concen

tration and then level off, at an acid concentration of approximately 

0.4 mole % SbFs, at an ~ value of 10,700. This ~ value is taken as 

the ~BH+ for 1,3,5-trinitrobenzene. Table XLIV lists the calculated 

log I values using ~ values obtained from Figure 22 at regularly 

spaced SbFs concentrations. The ~B value of 800 was found in 100% 

H2S04. The log I values are plotted in Figure 32 for dilute solutions 

of SbF 5; they will be discussed later. 

The observed extinction coefficients of 2,4,6-trinitrochloro

benzene in the HS03F-SbFs system are tabulated in Table XLV and 

plotted versus mole % SbF 5 in Figure 23. As in the cases of the 

previous two indicators the extinction coefficients initially rise 

rapidly with increasing SbF5 concentration and then level off, in 

this case with an ~value of 11,600. The ~BH+ for 2,4,6-trinitro

chlorobenzene was thus taken to be 11,600. Although it is not indicated 
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in Figure 23 the s values do increase for a second time, accompanied 

with the characteristic shift in the absorption maximum to shorter 

wavelengths, at still higher SbF 5 concentrations. Table XLVI lists 

the ionization ratios for the monoprotonation of 2,4,6-trinitrochloro

benzene in the HS03F-SbF 5 system. The log I values were calculated 

from s values obtained from Figure 23, the s8 value of 700 was found 

in 100% H2S04. Figures 32 and 33 show the log I values as a function 

of the SbFs concentration; these curves will be discussed later. 

Table XLVII lists the observed extinction coefficients, at the 

Amax, for 2,4-dinitrofluorobenzene in the HS03F-SbF 5 system. A 

representative number of complete absorption spectral data are tabulated 

in Table XLVIII and five of these curves are plotted in Figure 24. 

Figure 10, of the previous chapter, shows a representative number of 

complete absorption spectra for 2,4-dinitrofluorobenzene in the 

H2S04-S03 system. It was found that as the so3 concentration increased, 

or the acidity increased, that a new peak, in the region of 330 nm, 

appeared in the spectrum of the unprotonated indicator. This new peak 

increased in intensity and shifted slightly to longer wavelengths as 

the acidity further increased. The increase in the observed extinction 

coefficient was taken as a measure of increased protonation of the 

indicator. Figure 24 shows similar changes in the absorption spectrum 

of the monoprotonated 2,4-dinitrofluorobenzene except that as the 

acidity is increased the wavelength of maximum absorption shifts to 

the ultra-violet region of the spectrum rather than to longer wavelengths. 

It was found that the absorptionspectrum of the indicator, where the 

extinction coefficient is greater than that assigned as the sBH+ (12,100), 
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can be satisfactorily explained by the presence of two peaks, one at 

about 335 and another at about 300 nm. 

The presence of two absorptions making up the observed spectra 

is apparent from the unsymmetrical nature of the curves of Figure 24. 

Figures 25 and 26 show two examples of how the composite absorption 

curves may be broken down into their two components. A Dupont 510 

Curve Resolver accompanied by a Dupont Curve Plotter was used to 

separate the two components. Standard gaussian shaped curves were 

generated by the instrument and then electronically added together in 

order to produce the observed absorption curve. In most cases a total 

of three individual gaussian curves were required to exactly copy the 

experimental curve. The positions of the maximum absorptions for the 

three curves were found to be approximately 335, 300 and less than 230 

nm; the exact position of the low wavelength peak could not be determined 

because of a strong absorption by the solvent in this region. 

The absorption spectra may be resolved into the peaks resulting 

from the nitro group first protonated (335 nm), the second nitro group 

being protonated (300 nm), and the remaining amount of the second nitro 

group which has not yet been protonated (<230 nm). All three peaks 

may be seen at any degree of ionization between just barely diprotonated 

to full diprotonation. Brand57 pointed out that the absorptions of each 

nitro group of a dinitro aromatic indicator, or for that matter any 

polynitro aromatic indicator, are quite independent in that the trans

itions appear to be localized in the individual nitro groups and do 

not involve the electronic structure of the aromatic ring itself. 

Brand used the example of the absorption spectra of fully monoprotonated 



113 

2,4-dinitrochlorobenzene and indicated the peak resulting from the 

+ ArN02H group and that of the ArN02 group. He also predicted the 

disappearance of the ArN02 peak upon complete diprotonation and the 

formation of a new peak as a result of the second protonated nitro 

group. 

As the SbF 5 concentration is increased the 300 nm peak in the 

absorption spectra of 2,4-dinitrofluorobenzene increases at the 

expense of the peak below 230 nm. At an SbF 5 concentration of 10.08 

mole % or greater the peak below 230 nm has essentially disappeared 

and the 300 nm peak has greatly increased in intensity. Thus 

Brand's57 prediction of the behaviour of the absorption spectra of a 

dinitro indicator has been verified; above 10.08 mole % SbF 5 2,4-

dinitrofluorobenzene is diprotonated. The relative changes in 

intensity of the 300 nm peak may be used to calculate ionization 

ratios of the protonation of the second nitro group. 

In order to calculate ionization ratios from an observed absorp-

tion~ectrum by means of the relationship 

I = 

it is necessary to show that the extinction coefficients measured be 

representative of the absorption resulting from the protonated and 

unprotonated forms of the indicator only. That is s, the observed 

extinction coefficient must be the sum of sBH+ and s8 only. If 

another peak is present but remains constant throughout the complete 

protonation range then the absorption of that peak alone, once 

determined, must be subtracted from the observed absorption before 
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the ionization ratio may be calculated. In the case of the monopro

tonation of all the indicators studied no other peaks were present 

in the region of interest and thus this problem did not arise. 

In the case of 2,4-dinitrofluorobenzene the 335 nm peak of the 

first nitro group to be protonated gives rise to a marked absorption 

in the region of 300 nm where the second protonated nitro group has 

its absorption. It was found, by the use of the Dupont Curve 

resolver, that the intensity of the 335 nm peak decreased somewhat 

as the 300 nm peak increased. As the 335 nm peak decreased its width 

increased and its position shifted slightly more to longer wavelengths. 

It is felt that these changes are the result of solvent effects and do 

not represent changes in the degree of protonation of the fully pro

tonated first nitro group. These changes in peak height, width and 

position resulted in a variation of the absorption, resulting from 

the first protonated nitro group, in the region of 300 nm. In order 

to calculate ionization ratios it was thus necessary to separately 

analyze each absorptionspectrurn and subtract the absorption resulting 

from the first protonated nitro group. 

The use of the Dupont Curve resolver for the quantitative work 

required in subtracting one peak from an observed composite absorption 

spectra requires a great deal of care. The large number of variables, 

such as peak height, width and position for each individual absorption 

curve making up the observed spectra, requires that the electronically 

produced curve must be very carefully fitted to that found experimentally. 

Very close attention must be paid to the long wavelength tail resulting 

mainly from the absorption of the first protonated nitro group at 335 nm. 
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Over a period of two years it was found that the adjusted extinction 

coefficients at approximately 300 nm, found by subtracting the 

absorption of the first protonated nitro group from the observed 

absorption curve, were reproducible to within better than 10%. Each 

curve was analysed at least twice and the average of all independently 

determined ~ values were reported. 

Table XLIX lists the adjusted extinction coefficients for the 

diprotonation of 2,4-dinitrofluorobenzene in the HS0 3F-SbF 5 system. 

These values are plotted in Figure 27 where the typical behaviour of 

the extinction coefficients for the protonation of an aromatic nitro 

indicator may be seen. A rapid rise in ~ values in dilute solutions 

of SbF 5 in HS0 3F is followed by a gradual decrease in the slope of 

the curve as the SbF 5 concentration is increased. This behaviour is 

consistent with the expected behaviour of the acidity function for 

the HS03F-SbF 5 system. 

The calculation of ionization ratios was carried out by the use 

of the relationship 

~BH2+2-~ 
I=-----

l; - ~BH+ 

(IV-19) 

where ~BH2 + 2 is the adjusted extinction coefficient of the fully 

diprotonated indicator at its Amax. l; is the observed adjusted 

extinction coefficient at the wavelength of the diprotonated species, 

and l;BH+ is the adjusted extinction coefficient of the fully mono

protonated indicator at the wavelength of the second nitro group's 

absorption. An ~BH+ of 900 was found in very dilute solutions of SbFs 

in HS0 3F where 2,4-dinitrofluorobenzene is not being diprotonated. 
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The ~BH2 +2 of 20,450 was found in the HS03F-SbF 5-so3 system and is 

approached in the HS03F-SbFs system. ~ values were taken at regularly 

spaced SbFs concentrations from Figure 27. Table L lists the ioniza

tion ratios for the diprotonation of 2,4-dinitrofluorobenzene in the 

HS03F-SbF 5 system. These are plotted in Figure 33 which is discussed 

later. 

The observed extinction coefficients of 2,4,6-trinitrotoluene in 

HS03F-SbFs have been previously tabulated in Table XLI. Table LI 

lists the complete absorption spectra for a representative number of 

solutions of 2,4,6-trinitrotoluene in concentrated SbF 5 solutions. 

Figure 28 shows some of these curves. It is apparent from Figure 28 

that a new peak, assigned to the absorption of a second protonated 

nitro group, increases in intensity as the SbFs concentration is 

increased. As in the case of 2,4-dinitrofluorobenzene the observed 

spectra may be resolved into a number of individual absorptions 

resulting from the first protonated nitro group (325 nm), the second 

protonated nitro group (300 nm), and the unprotonated nitro groups 

(below 230 nm). Figures 29 and 30 indicate how two of these curves 

have been resolved into their components. 

As in the case of 2,4-dinitrofluorobenzene it was found necessary 

to subtract the peak resulting from the absorption of the first pro

tonated nitro group, from the observed absorption curve, in order that 

the ionization ratios for 2,4,6-trinitrotoluene could be calculated. 

Table LII lists the adjusted extinction coefficients which are plotted 

in Figure 31. The curve of Figure 31 is typical for the protonation 

of an aromatic nitro indicator in this superacid medium. The adjusted 
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absorption curve for 2,4,6-trinitrotoluene in dilute solutions of 

SbFs in HS03F, where diprotonation is not taking place, showed no 

absorption in the region of 300 nm and thus the ssH+ value was found 

to be zero. The s8H
2

+2 of 14,500 was obtained from the 

HS03F-SbFs-S03 system to be discussed in a later section. Apparently 

the acidity of the HS03F-SbF 5 system over the concentration range 

studied is not high enough to fully diprotonate this indicator. 

Table LIII lists the ionization ratios for the diprotonation of 

2,4,6-trinitrotoluene in the HS03F-SbF5 system. These were calculated 

by the use of Equation IV-19 using s values taken at regularly spaced 

SbFs concentrations from Figure 31. Figure 33 shows these log I 

values as a function of the SbF 5 concentration. 

Although Table XLII indicated that numerous measurements of 

extinction coefficients of 1,3,5-trinitrobenzene have been made in 

the HS0 3F-SbF 5 system in the region where it is being diprotonated 

it was not possible to make effective use of these measurements. As 

will be shown later, it was not possible to determine the s8H
2

+2 for 

this indicator and thus ionization ratios could not be calculated. 

It should, however, be noted that the general behaviour of this 

indicator was consistent with that of 2,4,6-trinitrotoluene in the 

region in which it undergoes diprotonation. 

The ionization ratio curves of Figure 32 represent the mono

protonation of the indicators 2,4,6-trinitrotoluene, 1,3,5-trinitro-

benzene, and 2,4,6-trinitrochlorobenzene in dilute solutions of SbF 5 

in HS0 3F. It is readily apparent that they behave in a reasonably 

uniform manner up to a concentration of 0.12 mole % SbF 5; above this 



concentration the slope of the -log I curves for 1,3,5-trinitro

benzene and 2,4,6-trinitrochlorobenzene are not equal. Using the 

overlap technique and the pKBH+ of 2,4,6-trinitrotoluene (-15.60), 
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as found in the HS0 3F-S0 3 system, the ionization constant for 1,3,5-

trinitrobenzene was found to be -16.04. The quantitative evaluation 

of the degree of parallelism for these two ~urves and those to follow 

will be discussed later. A pKBH+ of -16.12 was found for 2,4,6-

trinitrochlorobenzene by overlap with 1,3,5-trinitrobenzene. 

Figure 33 shows the log I curves for the monoprotonation of 2,4,6-

trinitrochlorobenzene and the diprotonation of 2,4-dinitrofluorobenzene 

and 2,4,6-trinitrotoluene in the HS0 3F-SbF 5 system. Using the pKBH+ 

of -16.12 for 2,4,6-trinitrochlorobenzene, pK8H
2

+2 values of -17.35 

and -18.36 were found, by the overlap technique, for 2,4-dinitrofluoro

benzene and 2,4,6-trinitrotoluene respectively. The use of the difference 

between the monoprotonation log I curve of 2,4,6-trinitrochlorobenzene 

and the diprotonation curve of 2,4-dinitrofluorobenzene as the difference 

in their ionization constants is not entirely valid because of the 

positive charge present on the latter indicator. Fortunately, however, 

the behaviour of the nitro groups of polynitro aromatic indicators is 

quite independent and thus such an overlap technique may be at least 

partly justified. Without this overlap it would not be possible to 

determine the pK8H
2
+2 for the indicators 2,4-dinitrofluorobenzene and 

2,4,6-trinitrotoluene and thus the acidity function in superacid systems 

could not otherwise be extended to higher acidities than those measured 

by 2,4,6-trinitrochlorobenzene. It may be possible to find weaker nitro 

bases than 2,4,6-trinitrochlorobenzene; however, none were studied in 
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this investigation. 

The (pKBH+ + log I) or (pK8H
2

+2 + log I) values for the indicators 

studied in the HS0 3F-SbF 5 system are listed in Table LIV along with 

their average values. The average values above a concentration of SbFs 

greater than 0.10 mole %, where the diprotonation results are first 

used, have been referred to as Ho values although they should strictly 

be classified as H+ values where 

(IV-20) 

The degree of parallelism between the first protonation of 2,4,6-tri-

nitrochlorobenzene and the second protonation of 2,4-dinitrofluoro-

benzene, to be discussed quantitatively in a later section, is not as 

good as found between other nitro indicators. It appears, however, to 

be good enough to allow the use of the symbol Ho in describing the 

acidity function generated by the diprotonation of the indicator 

2,4-dinitrofluorobenzene and 2,4,6-trinitrotoluene. Figure 34 shows 

the resulting -Ho function for the HS03F-SbFs system over the composition 

range of 0-11 mole % SbF5 • 

The -Ho curve for the HS0 3F-SbF 5 system initially increases rapidly 

upon the addition of small amounts of the moderately weak acid 

(Ka = 3.7 x 10- 3 moles kg- 1) 121 SbF 5 to HS03F. The relatively small 

autoprotolysis constant for fluorosulfuric acid indicates that even 

dilute solutions of weak acids should produce relatively large changes 

in acidity. As previously mentioned the species SbF 5S03F and 

(SbFs)2S0 3F are formed even in relatively dilute solutions. The Ka 

of 3.7 x 10- 3 refers to the acid HSbF 5so 3F initially formed while 



H(SbFs) 2so3F, formed as the SbF 5 concentration is increased, is a 

strong acid of the HS03F solvent system. 

19 . The low temperature (-54°C) F n.m.r. spectra of a 22.45 mole 

% SbF 5 in HS0 3F solution was found to be essentially identical to 

that reported by Dean and Gillespie41 for a 47.9 mole %solution of 
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SbF 5 in HS0 3F except that the relative intensities of the peaks were 

not the same because the relative concentration of the polymeric 

species was somewhat greater at higher SbFs concentrations. The 

formation of the numerous polymeric species such as Sb2F11 , polymeric 

to be present would slow down the rate of increase of the -Ho curve 

with increasing SbFs concentration. The very few measurements of the 

absorption spectra of indicators above an SbF 5 concentration of 11 

mole % indicate that this is probably the case. 

Tne acid mixture of equal molar amounts of SbF5 and HS03F has 

124 been used extensively by a number of workers for the study of 

carbonium ions in solution. This solvent, termed magic acid, is 

estimated to have an Ho of between -19.5 and -20 on the basis of 

investigations reported here. 

B.S. THE HS0 3F-SbF 5 -xS03 SYSTEM 

The effect of the addition of so3 upon the acidity of the HS03F-

SbFs system was studied with the use of the indicators 2,4-dinitro-

fluorobenzene and 1,3,5-trinitrobenzene. Table LV lists the extinction 

coefficients of these two indicators as a function of the SbF5 :S03 

molar ratio in a solution containing 2 mole % SbF5 in HS0 3F. The ~ 

values are plotted, as a function of the SbFs:S03 molar ratio, in 
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Figure 35. 

It is apparent from the increase in ~ values of the two indicators 

as the S03 concentration is increased that the acidity of the solutions 

must also be increasing. Unfortunately, it is not possible to calculate 

the actual changes in -Ho values as a function of the SbF 5 :S03 molar 

ratio. 2,4-Dinitrofluorobenzene, while initially only partially dipro

tonated, quickly becomes fully diprotonated and thus ionization ratios 

cannot be calculated. 1,3,5-Trinitrobenzene does not become fully di-

protonated; however, the s8H
2

+2 for this indicator could not be determined 

and thus ionization ratios could not be calculated. 

It is, however, apparent that the acidity increases with increasing 

S03 concentration until a molar ratio of somewhat less than 1:3 is 

reached. Above this ratio further addition of so3 produced no change 

in the extinction coefficients and thus no change in the acidity. This 

is consistent with the electrical conductivity measurements of Thompson 

et. al:zo who found that the conductivity of SbF5 solutions in HS03F 

reached a maximum upon the addition of 3 moles of so3 per mole of SbF 5 

present. A maximum increase in acidity of 0.96 -Ho units was found for 

the 2 mole % SbF 5 solutions upon the addition of so3. This value is 

obtained from the difference in -Ho's of 2 mole% SbF 5 (17.60) and 2 

mole% SbF 5 ·3S0 3 (18.56), the latter value being taken from the results 

of the next section. 

A 19p n.m.r. investigation of the species present in solutions of 

various SbF 5 :S03 molar ratios in HS0 3F has been previously carried out 

by Thompson et. a1. 120 . Their paper shows typical spectra for these 

solutions which were similar to those found in this work. The assign-



ment of the peaks observed in this work is in full agreement with 

those of Thompson et. al. As indicated in the last section, the 

species present in solutions of SbFs in HS03F are mainly SbF 5S03F 
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and (SbFs)2S03F with traces of cis and trans SbF4(S03F) 2 and 

Sb2F11-· As the SbFs:S03 molar ratio is increased to approximately 

1:1 the concentrations of SbF 5S0 3F and (SbF 5) 2S03F decrease, the 

peak resulting from Sb2F11 disappears, while the concentration of 

cis and trans SbF4(S03F)2 and their polymers increases. Some traces 

of SbF3(S03F)3 may also be seen. 

As the molar ratio is increased to slightly more than 1:2.0 

SbFs:S03 the peaks resulting from SbFsS03F and (SbFs) 2S03F dis

appear and the concentration of the species SbF4(S03F) 2 decreases. 

Cis and trans SbF3(S0 3F)3-, and presumably their polymers, increase 

in concentration while new peaks assigned to cis and trans SbF2 (S03F) 4 

are present. At molar ratios in excess of 1:3 SbF 5:so3 cis and trans 

SbF2(S03F)4 and their polymers are most prevalent although SbF3(S03F)3 

and some free so3 are also present. 

It was found that as the SbF 5 •3S03 concentration was increased 

the apparent concentration of the SbF2 (S03F) 4 species increased with 

respect to the SbF3(S03F) 3 species. This is presumably the result 

of further polymerization. It is readily apparent that solutions 

containing large amounts of SbF 5 •3S0 3 form complicated mixtures with 

the presence of SbF2(S03F)4 as the most predominant species. It has 

been found120 that dilute solutions of H[SbF 2(S03F) 4], at both room 

and low temperatures, act as strong acids of the fluorosulfuric acid 

system. 
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8.6. THE HS03F-SbF 5-3S0 3 SYSTEM 

Acidity function measurements of the system HS03F-SbFs containing 

a molar ratio of SbF5:so3 in excess of 1:3 were carried out by the use 

of the indicators 2,4-dinitrofluorobenzene, 2,4,6-trinitrotoluene and 

1,3,5-trinitrobenzene. As was fully explained in the study of the 

HS03F-SbF 5 system, these indicators undergo diprotonation and thus the 

acidity function for this system should be called H+; however, as before, 

the symbol Ho will be used. Ionization ratios were calculated from 

adjusted extinction coefficients as explained in the HS03F-SbFs system. 

Table LVI lists the observed and adjusted extinction coefficients 

for the diprotonation of 2,4-dinitrofluorobenzene in the system HS03F

SbF5-3S03. The observed ~ values are plotted in Figure 36 and show 

that after an initially rapid increase they level off indicating that 

full diprotonation has taken place. Table LVII lists the complete 

absorption spectra for a representative number of solutions; five of 

these are plotted in Figure 37. It is apparent, as found in the 

HS0 3F-SbF5 system, that diprotonation is taking place with the formation 

of a new peak at about 300 nm as the result of the protonation of the 

second nitro group. This family of absorption curves is identical to 

those shown in Figure 24 for the diprotonation of 2,4-dinitrofluoro

benzene in the HS03F-SbF 5 system indicating that identical processes 

are taking place in the two acid systems. 

Figure 38 shows the adjusted extinction coefficients for the di

protonation of 2,4-dinitrofluorobenzene as a function of the SbF 5·3S03 

concentration. The s8H
2

+2 value of 20,450 was determined from the 

upper level portion of this curve. Table LVIII lists the ionization 



ratios for the diprotonation of 2,4-dinitrofluorobenzene in the 

HS03F-SbFs-3S03 system. These were calculated using ~ values taken 

from Figure 38 at regularly spaced SbF 5 ·3S03 concentrations, an 
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~BH+ value of 900 as previously determined, and the ~BH2+2 of 20,450. 

Table LIX lists the observed and adjusted extinction coefficients 

for the diprotonation of 2,4,6-trinitrotoluene in the HS0 3F-SbF 5 -3S03 

system. The observed ~ values are plotted in Figure 36 where it may 

be seen that the ~ values initially increase rapidly and then appear 

to level off. A similar curve for 1,3,5-trinitrobenzene, to be 

discussed later, is increasing in the region of 11.5 mole % SbF 5•3S03 

while that of 2,4,6-trinitrotoluene is beginning to level off. The 

acidity of the system must be continuing to rise, as measured by the 

increasing ~ values of 1,3,5-trinitrobenzene, and thus the levelling 

off of 2,4,6-trinitrotoluene's curve indicates that full diprotonation 

has been reached. 

Typical absorption spectra for 2,4,6-trinitrotoluene in HS0 3F

SbFs-3S03 are listed in Table LX and shown in Figure 39. This family 

of curves is identical to those of Figure 28, as found for the dipro

tonation of 2,4,6-trinitrotoluene in the HS03F-SbF 5 system, except 

that higher ~ values are obtained at high concentrations of SbF 5 ·3S0 3 

in IIS0 3F. It is concluded that identical processes are taking place 

in both acid systems. 

Figure 38 shows the adjusted extinction coefficients of 2,4,6-

trinitrotoluene where the peak resulting from the first protonated 

nitro group has been subtracted from the observed spectra. An ~BH2+2 
value of 14,500 was obtained at high SbF 5•3S03 concentrations. The 
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ionization ratios for the diportonation of 2,4,6-trinitrotoluene are 

listed in Table LXI. As for previous indicators these were calculated 

from s values obtained at regularly spaced SbF5•3S0 3 concentrations 

from Figure 38. The sBH+ value of 0 as found in the HS03F-SbF5 system 

was used. 

Figure 36 shows the extinction coefficients of 1,3,5-trinitro-

benzene in the HS03F-SbFs-3S03 system. As the SbF 5•3S03 concentration 

is increased the absorption resulting from the solvent shifts to longer 

wavelengths. At about 11.5 mole% SbF 5·3S0 3 it has completely obscured 

the Amax of 1,3,5-trinitrobenzene, which is at ~285 nm, and thus the 

diprotonation behaviour of this indicator cannot be determined. It is 

thus not possible to obtain an s8H
2

+2 for the indicator in the HS0 3F

SbF5-3S03 system with the result that acidity measurements using this 

indicator must be of a qualitative nature. 

It was earlier pointed out that the s values of 1,3,5-trinitro

benzene increase with increasing SbF 5•3S0 3 concentration thus indicating 

that the acidity was increasing. The shape of the s versus mole % 

SbF 5•3S03 curve of Figure 36 is quite similar to that of 2,4,6-trinitro

toluene, until the latter indicator's curve levels off as a result of 

complete diprotonation, indicating that the behaviour of these two 

indicators is quite similar. 

Table LXII lists the average (pK8H
2

+2 + log I) values for the 

diprotonation of 2,4-dinitrofluorobenzene and 2,4,6-trinitrotoluene 

along with the average Ho values. These are plotted in Figure 34 

showing that the HS03F-SbF5-3so 3 system is the most acidic of all 

systems studied. As would be expected for solutions of a strong acid 
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in fluorosulfuric acid the -Ho curve increases very rapidly at low 

solute concentrations. The -Ho curve increases more slowly at higher 

SbFs•3S03 concentrations as a result of the formation of polymeric 

species in solution. The -Ho of 19.35 for a 7 mole % SbF 5 •3S03 

solutions in HS0 3F represents the highest Ho value measured. 

C. DISCUSSION 

The Ho function has been extended into the fluorosulfuric acid 

solvent system by the use of the aromatic nitro indicators 2,4-

dinitrofluorobenze~e, 2,4,6-trinitrotoluene, 1,3,5-trinitrobenzene, 

and 2,4,6-trinitrochlorobenzene. It was shown in Chapter III that 

the monoprotonation behaviour of 2,4-dinitrofluorobenzene was similar 

46 to that of other nitro indicators and the aniline indicators, used 

to determine the Ho function for the H20-H2S04 system. 48 Johnson's 

method for the evaluation of the degree of parallelism, as discussed 

in Chapter III, gave a value for the product ITa .. 1 of 0.95 for all 
1,1-

Ho indicators up to and including 2,4-dinitrofluorobenzene. A product 

of unity would indicate that all indicators were, on the average, 

behaving in the same way to acidity changes. 

The degree of parallelism, or overlap, of the new indicators was 

evaluated as previously outlined. Table LXIII lists the individual 

a .. 1 values along with the overall products. The degree of parallel-
1,1-

sim is within the range of values found for the aniline indicators; 

however the overlap between the monoprotonation of 2,4,6-trinitro-

chlorobenzene and the diprotonation of 2,4-dinitrofluorobenzene is 

particularly poor. This would be expected as a result of the effect 
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of a localized positive charge in the area of the nitro group under-

going protonation. The diprotonation behaviour of aromatic nitro 

indicators is thus similar, but not identical, to monoprotonation 

behaviour. The two indicators undergoing diprotonation were included 

in the set of aromatic nitro indicators because their behaviour is 

similar to that of indicators undergoing monoprotonation and because 

this gave a means for extending the acidity scale to higher levels 

of acidity. 

The behaviour of the -Ho curves of Figure 34 is consistent with 

the order of acidity previously proposed on the basis of conductivity 

measurements; SOg < AsF 5 < SbF 5 < SbF2 (S03F) 3. Solutions of so3 were 

found to be extremely weakly acidic in fluorosulfuric acid while 

SbF2(SOgF)g solutions are the most acidic of all systems studied and 

presumably are the most acidic solutions known. 

As demonstrated in the system H20-H2S04 -so3 the Ho function may 

be calculated if it is assumed that it is a measure of the concentration 

of the most acidic species present. In the region of 100% HS03F the 

most acidic species possible is H2S03F+. Equation IV-21 was derived from 

+ the observed Ho of 100% HS0 3F (-15.07) and the concentration of H2S03F 

present as a result of the autoprotolysis reaction. 

+ 
Ho = -log[H2 S0 3F ] = -18.55 (IV-21) 

The calculated Ho function behaves much as it does in the region of 

100% sulfuric acid. The agreement between the calculated and experi-

mental curves for fluorosulfuric acid is, however, somewhat better 

than that found in the sulfuric acid system. A 0.1 mole % KS0 3F 

solution is calculated to have an Ho of -13.35 while a value of -13.67 
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has been found. A similar concentration of SbFs·3S03 was calculated 

to produce a solution of Ho = -16.79; an experimental value of -16.77 

has been found. It is apparent that the Ho function near 100% HS03F 

can be calculated with reasonable accuracy by the use of the above 

relationship. The dashed lines of Figures 17 and 34 indicate that 

the experimental and calculated Ho's are identical over a range of 

approximately 3 Ho units. At higher concentrations of KS0 3F or 

SbF 5 •3S03 the calculated Ho function is somewhat lower than that 

experimentally found. Activity coefficient effects may account for 

some of the difference between the observed and calculated Ho values 

at high solute concentrations. 
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TABLE XXXI 

EXTINCTION COEFFICIENTS OF 2,4-DINITROFLUOROBENZENE 

AND 2,4,6-TRINITROTOLUENE IN H2S04-HS03F-S03 

mole % 2,4-DINITROFLUOROBENZENE 

H2S04 F; A. (nm) 
max 

1.7668 4,041 330 

1.3756 4,036 330 

1.0601 4,648 330 

0.9139 4,551 330 

0.6374 4,915 329 

0.2668 6,151 329 

0.1432 6, 777 330 

0.1411 6,950 330 

mole % 2,4-DINITROFLUOROBENZENE 2,4,6-TRINITROTOLUENE 

so3 F; A.max (nm) F; A.max (nm) 

0.1539 9,940 332 3,507 315 

0.6328 10,570 332 4,313 318 

1. 2714 10,985 331 4,953 320 

2.1190 11,005 332 5,344 320 

2.4768 11,600 333 5,273 320 

3.2398 11,973 332 5,692 320 

3.4387 12,100 332 5,342 320 

3.8160 11,324 332 5,235 320 

5.0754 11,326 332 5,274 320 

7.4060 11,459 331 5,037 320 

9.3641 10,763 332 4,485 320 

9.6036 11,885 332 5,682 321 
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TABLE XXXII 

IONIZATION RATIOS OF 2,4-DINITROFLUOROBENZENE IN H2S04-HS03F-S03 

~B = 920 ~BH+ = 12,100 pKBH+ = -14.52 

mole % H2S04 ~ log I 

2.00 3,800 0.46 

1.50 4,100 0.40 

1.00 4,570 0.31 

0.50 5,430 0.17 

0.25 6,300 0.03 

0.10 7,500 -0.15 

0.00 9,600 -0.54 

mole % so3 ~ log I 

0.10 9,900 -0.61 

0.25 10 ,llO -0.66 

0.50 10,420 -0.75 

1.00 10,840 -0.90 

1.50 11,090 -1.00 
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TABLE XXXIII 

IONIZATION RATIOS OF 2,4,6-TRINITROTOLUENE IN HS03F-S03 

~B = 960 ~BH+ = 10,600 · pKBH+ = -15.60 

mole % S03 ~ log I 

0.00 3,200 0.52 

0.10 3,420 0.46 

0.25 3,740 0.39 

0.50 4,180 0.30 

1.00 4,750 0.19 

1.50 5,100 0.12 

2.00 5,220 0.10 

3.00 5,310 0.08 

4.00 5,310 0.08 

5.00 5,310 0.08 

7.50 5,310 0.08 

10.00 5,310 0.08 
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TABLE XXXIV 

mole % H2S04 -Ho 

2.00 14.06 

1.50 14.12 

1.00 14.21 

0.50 14.35 

0.25 14.49 

0.10 14.68 

mole % so3 2,4-DINITROFLUOROBENZENE 2,4,6-TRINITROTOLUENE AVERAGE 

0.00 15.06 15.08 15.07 

0.10 15.13 15.14 15.14 

0.25 15.18 15.21 15.19 

0.50 15.27 15.30 15.28 

1.00 15.42 15.41 15.42 

1.50 15.52 15.48 15.50 

2.00 15.50 15.50 

3.00 15.52 15.52 

4.00 15.52 15.52 

6.00 15.52 15.52 

8.00 15.52 15.52 

10.00 15.52 15.52 
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TABLE XXXV 

EXTINCTION COEFFICIENTS AND IONIZATION RATIOS IN KS03F-HS03F 

log I 

p-CHLORONITROBENZENE 

~B = 400 ~BH+ = 24,350 pKBH+ = -12.70 

0.3927 19,650* -0.61 

0.1449 20,400* -0.70 

0.0786 21,800* -0.92 

m-CHLORONITROBENZENE 

~B = 440 ~BH+ = 14,380 pKBH+ = -13.16 

0.1449 10,590* -0.43 

0.0786 11,100* -0.51 

2,4-DINITROTOLUENE 

~B = 1,700 ~BH+ = 13,900 pKBH = -13.75 

0.3927 4,320* 0.56 

0.1449 6,150* 0.24 

0.0786 7,140* 0.09 

2,4-DINITROFLUOROBENZENE 

~B = 920 ~BH+ = 12,100 pKBH+ = -14.52 

0.156 2,560t 0.76 

0.047 4,470t 0.33 

0.022 4,520t 0.32 

* Ref. 60. 
t 

Ref. 61. 
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TABLE XXXVI 

-Ho VALUES FOR THE SYSTEM KS0 3F-HS03F 

mole % KS03F p-CHLORONITRO- m-CHLORONITRO- 2,4-DINITRO-
BENZENE BENZENE TOLUENE 

0.400 13.30 13.17 

0.350 13.32 13.23 

0.300 13.33 13.29 

0.250 13.34 13.36 

0.200 13.36 13.43 

0.150 13.40 13.58 13.50 

0.100 13.52 13.64 13.59 

0.075 13.65 13.69 13.67 

0.050 

0.025 

0.000 

2,4-DINITROFLUORO-
BENZENE 

13.76 

13.89 

13.98 

14.11 

14.35 

15.07 

AVERAGE 

13.24 

13.28 

13.31 

13.35 

13.40 

13.56 

13.66 

13.75 

14.11 

14.35 

15.07 

1-' 
V-1 
00 
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TABLE XXXVII 

EXTINCTION COEFFICIENTS OF 2,4,6-TRINITROTOLUENE 

AND 1,3,5-TRINITROBENZENE IN HS03F-AsF5 

mole % 2,4,6-TRINITROTOLUENE 1,3,5-TRINITROBENZENE 

AsF 5 E; A.max (nm) E; A.max (nm) 

0.0982 4,146 318 2,784 295 

o. 2538 5,381 322 3,503 298 

0.3749 7,139 323 4,196 300 

0.4958 7,545 322 4,706 300 

0.5804 7,774 323 5,377 300 

0.6598 8,200 323 5,364 301 

0.7601 8,178 323 5,427 301 

0.8627 8,622 325 4,972 302 

0.9845 8,681 324 5,988 302 

1.4715 8,796 324 6,541 302 

2.9508 10,042 324 7,690 303 

4.3167 10,621 322 8,462 303 
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TABLE XXXVIII 

IONIZATION RATIOS OF 2,4,6-TRINITROTOLUENE IN HS0 3F-AsF 5 

t; = B 960 t;BH+ = 10,600 pKBH+ = -15.60 

mole % AsF 5 t; log I 

0.10 4,420 0.25 

0.20 5,450 0.06 

0.30 6,280 -0.09 

0.40 6,940 -0.21 

0.50 7,450 -0.31 

0.75 8,190 -0.48 

1.00 8,600 -0.58 

1.25 8,900 -0.67 

1.50 9,150 -0.75 

2.00 9,580 -0.93 
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TABLE XXXIX 

IONIZATION RATIOS OF 1,3,5-TRINITROBENZENE IN HS0 3F-AsF5 

~B = 800 ~BH+ = 10,700 pKBH+ = -16.04 

mole % AsFs ~ log I 

0.10 2,700 0.62 

0.20 3,300 0.47 

0.30 3,840 0.35 

0.40 4,320 0.26 

0.50 4, 750 0.18 

0.75 5,520 0.04 

1. 00 5,980 -0.04 

1.25 6,300 -0.09 

1.50 6,560 -0.14 

2.00 7,020 -0.23 

2.50 7,420 -0.31 

3.00 7,720 -0.37 

3.50 8,010 -0.42 

4.00 8,290 -0.49 

4.50 8,500 -0.54 

5.00 8,600 -0.57 
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TABLE XL 

-Ho VALUES FOR THE SYSTEM HS03F-AsF 5 

mole % AsFs 2,4,6-TRINITROTOLUENE 1,3,5-TRINITROBENZENE AVERAGE 

0.10 15.35 15.42 15.38 

0.20 15.54 15.57 15.56 

0.30 15.69 15.69 15.69 

0.40 15.81 15.78 15.80 

0.50 15.91 15.86 15.88 

0.75 16.08 16.00 16.04 

1.00 16.18 16.08 16.13 

1.25 16.27 16.14 16.20 

1.50 16.35 16.18 16.26 

2.00 16.53 16.27 16.40 

2.50 16.34 16.34 

3.00 16.41 16.41 

3.50 16.46 16.46 

4.00 16.53 16.53 

4.50 16.58 16.58 

5.00 16.61 16.61 
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Figure 20. Extinction Coefficients of 2,4-Dinitrofluorobenzene in Dilute Solutions of SbF 5 in HS03F ~ 
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TABLE XLI 

EXTINCTION COEFFICIENTS OF 2,4,6-TRINITROTOLUENE IN HS03F-SbF5 

mole % SbFs E;, Amax (nm) 

0.03007 6,087 322 

0.09515 10,259 323 

0.1567 13,421 320 

0.1812 10,350 324 

0.2707 11 '725 320 

0.3059 10,861 322 

0.5053 10,781 322 

0. 8118 10,324 321 

1.3054 10,008 320 

1.4792 11,300 318 

1. 7750 10,880 317 

1.9238 11,873 316 

3.3872 11,896 310 

3.5454 13,610 308 

5.2531 14,364 304 

6.8557 15,752 300 

7.0268 16,301 302 

9.3710 15,960 302 

10.0810 16,583 300 
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TABLE XLII 

IONIZATION RATIOS OF 2,4,6-TRINITROTOLUENE IN DILUTE SOLUTIONS 

OF SbF 5 IN HS03F 

ss = 960 sBH+ = 10,600 pKBH+ = -15.60 

mole % SbF5 s log I 

0.010 4,150 0.31 

0.020 5,150 0.11 

0.030 6,100 -0.06 

0.040 6,920 -0.21 

0.050 7,630 -0.35 

0.075 8,890 -0.67 

0.100 9,600 -0.94 

0.125 10,200 -1.36 
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TABLE XLIII 

EXTINCTION COEFFICIENTS OF 1,3,5-TRINITROBENZENE IN HS0 3F-SbF 5 

mole % SbF 5 t; Amax (nm) 

0.03007 3,080 300 

0.09515 8,260 302 

0.1567 11,224 305 

0.1812 9,241 302 

0.2707 10,403 302 

0.3059 10,325 303 

0.5053 10' 717 302 

0.8118 10,821 300 

1.3054 9,526 304 

1.4792 11,188 301 

1.6861 10,329 300 

1. 7750 10,299 302 

1.9238 11,486 300 

2.5863 9,785 298 

3.8970 13,604 296 

6.7391 13,229 290 

9.2229 14,151 288 
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TABLE XLIV 

IONIZATION RATIOS OF 1,3,5-TRINITROBENZENE IN DILUTE SOLUTIONS 

OF SbF 5 IN HS0 3F 

~B = 800 ~BH+ = 10,700 pKBH+ = -16.04 

mole % SbF 5 E; log I 

0.030 3,200 0.50 

0.040 4,300 0.26 

0.050 5,360 0.07 

0.060 6,220 -0.08 

0.070 7,000 -0.22 

0.080 7,550 -0.33 

0.090 8,000 -0.42 

0.100 8,360 -0.51 

0.125 8,890 -0.65 

0.150 9,260 -0.77 

0.175 9,580 -0.89 

0.200 9,830 -1.02 
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TABLE XLV 

EXTINCTION COEFFICIENTS OF 2,4,6-TRINITROCHLOROBENZENE 

IN HS0 3F-SbF 5 

mole % SbFs ~ Amax (nm) 

0.03007 3,008 340 

0.04267 7,958 338 

0.1210 9,749 339 

0.2707 9,806 340 

0.3059 9,764 340 

0.5053 10,396 338 

0. 8118 10,950 338 

1.4792 11 '254 336 

1. 7750 11 ,534 336 

1. 9238 11 '338 337 

3.5148 11,954 334 

4.1807 11,258 332 

7.0268 12,715 326 
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TABLE XLVI 

IONIZATION RATIOS OF 2,4,6-TRINITROCHLOROBENZENE IN DILUTE 

SOLUTIONS OF SbF 5 IN HS03F 

t;, = B 700 t;,BH+ = 11,600 pKBH+ = -16.12 

mole % SbFs t;, log I 

0.030 3,300 0.50 

0.040 4,500 0.27 

0.060 6,600 -0.07 

0.080 8,000 -0.31 

0.100 8,850 -0.47 

0.120 9,240 -0.56 

0.140 9,480 -0.62 

0.160 9,630 -0.66 

0.180 9 '780 -0.70 

0.200 9,900 -0.73 

0.224 10,000 -0.76 

0.249 10,060 -0.78 

0.274 10,110 -0.80 

0.299 10' 140 -0.81 

0.349 10,220 -0.84 

0.398 10,300 -0.87 

0.497 10,480 -0.94 

0.563 10,610 -1.00 
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TABLE XLVII 

EXTINCTION COEFFICIENTS OF 2,4-DINITROFLUOROBENZENE 

IN HS0 3F-SbF 5 

mole % A. max mole % A. max 
SbF 5 (nm) SbF 5 (nm) 

0.03007 11 '931 332 1.4792 13,604 304 

0.04963 12,029 331 1. 7750 15,900 302 

0.09510 13,153 331 1.9238 16,788 302 

0.09908 11,975 327 2.4377 16,896 302 

0.1355 13,494 325 3.5148 19,379 300 

0.1567 12,984 328 3.5454 16,803 301 

0.1812 11,108 327 3.5904 18,953 300 

0.2061 12,291 322 4.1807 19,705 300 

0.2707 13,389 325 5.1752 19,420 300 

0.3059 12,640 323 5.2531 19,265 299 

0.3195 12,036 322 6.8557 20,406 299 

0.5021 12,956 313 7.0268 21,283 300 

0.5053 12,601 317 8.7379 19,830 300 

0. 8118 14,035 309 10.0810 21,856 300 

0. 9778 13,823 304 19.8718 20,441 298 

1.2326 16,252 305 23.6052 21 '172 298 

1.3054 12,974 308 49.1353 22,246 300 
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TABLE XLVIII 

REPRESENTATIVE ABSORPTION SPECTRA OF 2,4-DINITROFLUOROBENZENE 

IN HS0 3F-SbF5 

mole % SbFs 0.3059 0.5053 0. 8118 1.3054 1.4792 1. 7750 1.9238 

A (nm) F; F; F; F; F; F; F; 

200 9,600 8,510 9,820 

210 8,920 8,090 8,550 7,340 6,680 13,450 10,780 

220 8,880 8,180 8,000 6,570 5,970 9,470 7,900 

230 8, 720 7,890 7,500 5,680 5,330 7,000 6,300 

240 7,560 6,830 6,330 4,230 4,440 5,440 5,030 

250 6,590 5,970 5,580 3,070 3,990 3,600 4,480 

260 6,020 5,650 5,650 2,880 4,470 3,630 5,240 

270 5,880 5,890 6,450 4,050 6,033 5,360 7,500 

280 6,640 7,140 8,620 6,810 8,870 8,910 11,130 

290 8,540 9,480 11 ,420 10,260 12,070 13,370 15,100 

300 10,450 11,350 13,550 12,550 13,490 15,770 16,740 

310 11,910 12,410 14,010 12,970 13,190 15,360 16,060 

320 12,600 12,560 13,420 12,120 11,940 13,690 13,940 

330 12,400 12,140 12,530 11 ,060 10,480 11 ,920 12,080 

340 11,360 11,040 11,080 9,520 9,010 9,950 10,160 

350 9,280 8,990 8,810 7,370 6,980 7,480 7,610 

360 6,520 6,300 5,980 4,980 4,660 4,870 5,030 

370 3,760 3,570 3,300 2,730 2,530 2,580 2,740 

380 1,790 1,650 1,570 1,260 1,180 1,210 1,270 

390 810 720 670 510 450 490 520 

400 320 260 250 200 140 160 210 

410 160 120 110 100 40 60 100 

420 90 30 so so 20 

A max 323 317 309 308 304 302 302 

smax 12,640 12,600 14,040 12,970 13,600 15,900 16,790 
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TABLE XLVIII (cont.) 

mole % SbFs 3.5148 3.5454 4.1807 5.2531 6.8557 7.0268 10.0810 

A (nm) ~ ~ ~ ~ ~ ~ ~ 

220 6,860 6,500 6,510 5, 710 5,640 6,580 5,650 

230 6,140 5, 770 5,180 4,530 4,600 5,170 4,400 

240 4,630 4,200 3,800 3,230 3,200 3,700 2,860 

250 4,360 3,560 3,450 3,120 3,200 3,4 70 2,470 

260 5,440 4,400 4,680 4,550 4,920 5,050 4,240 

270 8,690 6,690 8,110 8,210 8,490 8,950 8,390 

280 13,380 10,640 12,830 13,270 13,550 14,370 14,120 

290 17,870 14,930 17,660 17,670 18,460 19,640 19,740 

300 19,380 16,780 19,700 19,270 20,390 21,280 21,860 

310 18,090 15,660 18,030 17,190 18,390 18,900 19,420 

320 14,880 . 13,160 14,640 13,890 14,500 14,660 15,180 

330 12,490 11 ,030 12,020 11,180 11 ,850 11 ,830 11,950 

340 10,310 8,990 9,710 8,980 9,230 9,300 9,230 

350 7,540 6,660 7,100 6,460 6,700 6,580 6,530 

360 4,900 4,120 4,370 4,080 4,120 4,050 3,870 

370 2,930 2,350 2,380 2,230 2,160 2,280 1,980 

380 1,560 1,200 1,160 1,040 1,100 1,200 1,010 

390 810 700 500 460 530 660 450 

400 540 500 240 240 300 440 260 

410 350 340 130 140 180 330 180 

420 190 250 90 70 80 210 110 

>-max 300 301 300 299 299 300 300 

~max 19,380 16,800 19,700 19,270 20,410 21,280 21,860 
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Figure 24. Representative Absorption Spectra of 2,4-Dinitrofluorobenzene 
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TABLE XLIX 

ADJUSTED EXTINCTION COEFFICIENTS OF 2,4-DINITROFLUOROBENZENE 

IN HS0 3F-SbF 5 

mole % SbF 5 ~ A mole % SbFs E; A 

0.04963 900 300 2.4377 12,950 300 

0.09908 4,300 300 3.5148 18,600 299 

0.2061 5,550 300 3.5454 14,900 299 

0.3059 6, 750 300 3.5904 17,200 300 

0.3195 5,700 300 4.1807 18,800 299 

0.5021 7,650 300 5.1752 18,200 298 

0.5053 7,800 300 5.2531 18,000 299 

0.8118 9,800 300 6.8557 18,950 298 

0.9778 10,950 300 7.0268 20,300 297 

1. 2326 11 '180 300 8.7379 18,700 297 

1.3054 9,850 300 10.0810 20,350 297 

1.4792 11,450 299 19.8718 19,550 297 

1. 7750 13,600 299 23.6052 20,700 298 

1.9238 15,400 299 49.1353 21,000 299 
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TABLE L 

IONIZATION RATIOS OF 2,4-DINITROFLUOROBENZENE IN HS0 3F-SbF 5 

~BH+ = 900 ~BH2+2 = 20,450 pKBH2+2 = -17.35 

mole % SbF s ~ log I 

0.10 3,600 0.80 

0.20 5,180 0.55 

0.30 6,260 0.42 

0.40 7 ,llO 0.33 

0.50 7,840 0.26 

0.60 8,480 0.20 

0.80 9,500 O.ll 

1.00 10,390 0.03 

1. 20 ll, 180 -0.04 

1.40 ll, 910 -O.ll 

1.60 12,520 -0.17 

1.80 13,040 -0.21 

2.00 13,550 -0.26 

2.50 14,700 -0.38 

3.00 15,720 -0.50 

3.50 16,570 -0.61 

4.00 17,310 -0.72 

4.50 17,880 -0.82 

5.00 18,380 -0.95 

5.50 18,770 -1.03 
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TABLE LI 

REPRESENTATIVE ABSORPTION SPECTRA OF 2,4,6-TRINITROTOLUENE 

IN HS0 3F-SbF 5 

mole % SbFs 0.5053 0. 8118 1.4792 1. 7750 1.9238 3. 3872 3.5454 

.A (nm) ~ ~ ~ ~ ~ ~ ~ 

200 15,220 14,150 

210 16,030 14,740 16,070 18,320 18,560 

220 16,580 15,000 16,200 16,540 17,420 15,210 16,960 

230 14,620 13,280 13,820 13,260 14,150 12,760 14,500 

240 11 ,450 10,570 10,660 9,830 10,890 9,540 10,810 

250 9,360 8,620 8,730 7,420 9,000 7,680 8,790 

260 7,800 7,250 7,640 5,950 7,950 7,130 7,930 

270 6,160 6,070 6,730 5,090 7,420 7,250 8,040 

280 5,450 5,740 6,800 5,490 7,950 8,170 9,370 

290 6,260 6,660 8,150 7,210 9,350 9,790 11,420 

300 7,920 8,210 9,670 9,210 10,850 11,220 13' 140 

310 9,810 9,660 10,970 10,500 11,750 11 '900 13,580 

320 10,760 10,300 11 ,240 10,850 11,620 11 ,050 12,750 

330 10,280 9,660 10,310 9,820 10,510 9,400 11,000 

340 8,750 8,180 8,650 8,080 8,600 7,380 8,760 

350 6,740 6,290 6,530 6,100 6,530 5,550 6,620 

360 4,720 4,410 4,590 4,230 4,660 3,840 4,710 

370 2,910 2, 750 2,820 2,570 2,900 2,300 3,050 

380 1,660 1,570 1,520 1,450 1,620 1,320 1,940 

390 870 830 800 740 850 660 1,160 

400 400 400 300 340 380 290 780 

410 200 170 160 ISO 200 500 

420 90 70 90 70 110 360 

.A max 322 321 318 317 316 310 308 

~max 10,780 10,320 11 '300 10,880 11,870 11,990 13,610 
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TABLE LI (cont.) 

mole % SbF 5 5.2531 6.8557 7.0268 9.3710 10.0810 

A (nm) E; E; E; E; E; 

220 15,780 15 ,950 16,420 15,310 15,070 

230 13,180 13,480 13,560 14,930 12,340 

240 9,750 9,970 10,040 9,910 8,970 

250 8,110 8,330 8,330 8,890 7,240 

260 7,900 8,350 8,500 9,250 7,460 

270 8,830 9,650 10,090 10,530 9,430 

280 10,700 11,900 12,490 12,410 12,460 

290 12,920 14,590 15,020 14,860 15,350 

300 14,240 15,750 16,300 15,920 16,580 

310 14,050 15,020 15,470 15,430 15,580 

320 12,630 13,220 13,420 13,110 12,950 

330 10,360 10,620 10,570 10,300 10,040 

340 8,090 8,250 8,160 7,820 7,460 

350 5,910 5,980 5,970 5,510 5,320 

360 4,150 4,240 4,210 3,870 3,580 

370 2,600 2,760 2,780 2, 770 2,290 

380 1,550 1,780 1,690 1,880 1,270 

390 850 990 1,000 1,290 650 

400 420 590 620 990 340 

410 230 410 430 180 

420 110 300 240 110 

A max 304 300 302 302 300 

E;max 14,360 15,750 16,300 15,960 16,580 
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Figure 28. Representative Absorption Spectra of 2,4,6-Trinitrotoluene 
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TABLE LII 

ADJUSTED EXTINCTION COEFFICIENTS OF 2,4,6-TRINITROTOLUENE 

IN HS0 3F-SbF5 

mole % SbFs ~ >. (nm) 

0.5053 600 318 

0.8118 0 300 

1.4792 2,200 305 

1. 7750 990 306 

1. 9238 3,150 305 

3. 3872 3,450 306 

5.2531 6,700 300 

6.8557 10,000 298 

7.0268 10,500 297 

9.3710 10,400 300 

10.0810 11 '900 298 
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TABLE LIII 

IONIZATION RATIOS OF 2,4,6-TRINITROTOLUENE IN HS0 3F-SbF 5 

~ = 0 ~BH+ = 14,500 pKBH+ = -18.36 B 

mole % SbF 5 ~ log I 

2.50 2,540 0.67 

3.00 3,330 0.52 

4.00 4,960 0.28 

5.00 6,600 0.08 

6.00 8,230 -0.12 

7.00 9,710 -0.31 

8.00 10,560 -0.43 

9.00 11 '120 -0.52 

10.00 11,500 -0.58 

11.00 11,770 -0.63 
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Figure 32. Ionization Ratios of 2,4,6-Trinitrotoluene 0V), 1,3,5-Trinitro-
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TABLE LIV 

-Ho VALUES FOR THE HS0 3F-SbF 5 SYSTEM 

2,4,6- 1,3,5- 2,4,6- PROTONATED PROTONATED 
mole % TRINITRO- TRINITRO- TRINITRO- 2,4-DINITRO- 2,4,6- AVERAGE 

SbF 5 TOLUENE BENZENE CHLORO- FLUORO- TRINITRO- -Ho 
BENZENE BENZENE TOLUENE 

0.01 15.29 15.29 

0.02 15.49 15.49 

0.03 15.66 15.54 15.62 15.61 

0.04 15.81 15.78 15.85 15.81 

0.05 15.95 15.97 16.03 15.98 

0.06 16.08 16.12 16.19 16.13 

0.07 16.21 16.26 16.32 16.26 

0.08 16.32 16.37 16.43 16.37 

0.09 16.43 16.46 16.52 16.47 

0.10 16.53 16.55 16.59 16.55 16.55 

0.12 16.67 16.68 16.61 16.65 

0.14 16.77 16.74 16.68 16.73 

0.18 16.82 16.76 16.79 

0.30 16.93 16.92 16.92 

0.50 17.06 17.09 17.08 

0.75 17.22 17.22 

1.00 17.32 17.32 

1.50 17.39 17.49 

2.00 17.61 17.61 

3.00 17.84 17.83 17.84 

4.00 18.07 18.08 18.08 

5.00 18.27 18.29 18.28 

6.00 18.48 18.48 

7.00 18.66 18.66 

8.00 18.79 18.79 

9.00 18.88 18.88 

10.00 18.94 18.94 

11.00 18.99 18.99 
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TABLE LV 

EXTINCTION COEFFICIENTS OF 2,4-DINITROFLUOROBENZENE 

AND 1,3,5-TRINITROBENZENE AS A FUNCTION OF THE SbF 5 :S03 MOLE RATIO 

MOLE % MOLE RATIO 2,4-DINITROFLUOROBENZENE 1,3,5-TRINITROBENZENE 

SbF 5 •xS03 SbF 5 :S03 t;, A. max t;, A. max 

2.00000 1:0.00000 16,300 302 10,700 300 

2.00031 1:0.61110 18,025 302 12,370 299 

2.00008 1:0.94665 17,530 300 11,410 298 

2.00031 1:1.05151 20,810 299 14,645 293 

1. 99650 1:1.27542 18,410 302 12,360 294 

1. 99957 1:1.76394 20,590 300 13,610 294 

1.99990 1:2.37051 21,120 300 14,070 292 

1. 99776 1:2.93001 21,270 300 14,740 294 

1. 99053 1:3.42401 21,620 300 14,420 292 

1.99589 1:3.70011 20,540 300 14,870 291 

1.99989 1:3.80769 19,290 300 14,405 290 
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TABLE LVI 

OBSERVED AND ADJUSTED EXTINCTION COEFFICIENTS 

OF 2,4-DINITROFLUOROBENZENE IN HS0 3F-SbF 5 -S03 

MOLE % MOLE RATIO OBSERVED ADJUSTED 

SbF 5-so3 SbF 5 :S03 t; A (nm) t; A (nm) 

0.2016 1:3.48101 12,950 312 7,500 298 

0.3722 1:3.80959 15,930 303 14.050 300 

0.6602 1:3.29699 16,820 300 15,600 299 

0.9836 1:3.27643 19,285 300 17,300 299 

1.9959 1:3.70011 20,540 300 19,150 298 

2.6936 1:3.27377 21,008 300 19,700 298 

4.6674 1:3.32210 21,620 300 20,250 298 

5.2543 1:3.31841 21,438 300 20,050 298 

7.3032 1:3.27578 21,752 300 20,450 297 

9.8280 1:3.50156 21,885 300 20,500 298 

11.2654 1:3.30076 19,255 303 

11.3512 1:3.26000 21,595 300 20,250 298 

17.8938 1:3.29602 21,810 302 20,550 299 
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TABLE LVII 

ABSORPTION SPECTRA OF 2,4-DINITROFLUOROBENZENE IN HS03F-SbF5-so3 

MOLE % SbF 5 -S03 0.2016 0.3772 0.6602 0.9836 1.9959 2.6936 MOLE RATIO 1:3.48101 1:3.80959 1:3.29699 1:3.27643 1:3.70011 1:3.27377 SbF 5 :S03 ~ ~ ~ ~ ~ !; A(nm) 

230 7,550 

240 6,840 5,450 

250 6,050 4,880 3,740 3,780 

260 5,790 5,390 4,430 4,760 4,690 5,080 

270 6,270 7,200 6,910 7, 740 8,190 7,950 

280 8,030 10,240 10,870 12,500 13,440 13,620 

290 10,510 13,800 15,100 17,160 18,790 18,830 

300 12,450 15,770 16,820 19,280 20,540 21,010 

310 12,930 15,390 15,690 17,810 18,790 18,780 

320 12,620 13,850 13,190 14,470 14,630 14,740 

330 12,020 12,220 11 ,060 11,940 11 ,850 11,450 

340 10,580 10,500 9,060 9,570 9,220 8,970 

350 8,490 8,110 6,630 7,020 6,530 6,090 

360 5,830 5,550 4,350 4,420 4,060 3,590 

370 3,420 3,110 2,370 2,390 2,190 1,860 

380 1, 740 1,540 1,130 1,270 1,000 770 

390 870 720 560 600 530 350 

400 480 360 350 400 310 150 

410 330 280 220 300 250 

A max 312 303 300 300 300 300 

~max 12,950 15,930 16,820 19,280 20,540 21,010 
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TABLE LVII (cont.) 

MOLE % SbF 5 -S03 4.6674 5.2543 7.3032 9.8280 11.3512 17.8938 MOLE RATIO 1:3.32210 1:3.31843 1:3.27578 1:3.50156 1:3.26600 1:3.29602 SbF 5 :S03 
A (run) t; t; t; t; t; ~ 

270 8,650 8,900 10,220 

280 14,214 13,660 13,470 16,000 16,160 

290 19,580 19,190 19,160 19,350 19,830 19,580 

300 21,620 21,440 21,750 21,880 21,600 21,540 

310 19,520 19,360 19,790 20,100 19,260 20.080 

320 15,360 14,920 15,370 15,780 14,710 16' 140 

330 11,950 11,750 11,920 12,210 11,310 12,520 

340 9,230 9,110 9,170 9,420 8,700 9,550 

350 6,450 6,330 6,380 6,570 8,010 6,620 

360 3,840 3,770 3,700 3,940 3,520 3,980 

370 2,000 1,930 1,920 2,160 1,890 2,190 

380 860 960 810 1,030 880 1,080 

390 380 460 320 560 400 640 

400 200 280 150 380 240 510 

410 120 190 110 310 180 340 

:\max 300 300 300 300 300 302 

E;max 21,621 21,438 21,750 21,880 21,600 21,810 
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Figure 37. Representative Absorption Spectra of 2,4-Dinitrofluorobenzene 
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TABLE LVIII 

EXTINCTION COEFFICIENTS AND IONIZATION RATIOS FOR THE DIPROTONATION 

OF 2,4-DINITROFLUOROBENZENE IN HS0 3F-SbF 5-S0 3 

~BH+ = 900 ~BH2+2 = 20,450 pKBH2+2 = -17.35 

MOLE % SbF 5-S03 ~ log I 

0.20 7,500 0.29 

0.30 12,350 -0.15 

0.40 14,100 -0.32 

0.50 15,030 -0.42 

0.60 15,690 -0.48 

0.70 16,220 -0.56 

0.08 16,620 -0.61 

0.90 17,000 -0.68 

1.00 17,300 -0.72 

1.20 17,800 -0.80 

1.40 18,230 -0.89 

1.60 18,560 -0.97 

1.80 18,870 -1.05 
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TABLE LIX 

OBSERVED AND ADJUSTED EXTINCTION COEFFICIENTS 

OF 2,4,6-TRINITROTOLUENE IN HS0 3F-SbF 5 -S03 

MOLE % SbF 5-so3 
MOLE RATIO 

SbF 5 :S03 
OBSERVED 
I; Amax (nm) 

0.2016 1:3.48101 11,010 321 

0.3722 1:3.80959 11 ,690 317 

0.6602 1:3.29699 12,824 311 

0.9836 1:3.27643 13,627 307 

2.6936 1:3.27377 16,257 302 

5. 2543 1:3.31841 17,384 300 

7.3032 1:3.27578 17,967 299 

11.2654 1:3.30076 18,255 302 

11.3512 1:3.26600 18,026 301 

17.8938 1:3.29602 19,014 298 
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ADJUSTED 
I; Amax (nm) 

1,150 307 

2,700 309 

5,400 300 

7,250 301 

10,300 299 

12,550 298 

13,150 299 

13 '1 00 300 

14,150 298 

15,100 295 
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TABLE LX 

ABSORPTION SPECTRA OF 2,4,6-TRINITROTOLUENE IN HS0 3F-SbF 5-S0 3 

MOLE % SbF5-S03 0.2016 0.3772 0.6602 0.9836 2.6936 
MOLE RATIO SbF 5 :S03 1:3.48106 1:3.80959 1:3.29699 1:3.27643 1:3.27377 

A (nm) A A A A A 

230 13,540 

240 11,540 10,670 

250 9,490 9,080 8,680 

260 7,980 7, 740 7,780 7,410 7,510 

270 6,500 6,820 7,780 7,800 8,840 

280 5,920 6,800 8,710 9,280 11,680 

290 6,750 8,200 10,610 11,480 14,720 

300 8,520 9,930 12,350 13,110 16,230 

310 10,200 11,200 12,820 13,520 15,620 

320 11,010 11,690 12,220 12,480 13,560 

330 10,520 10,720 10,690 10,690 10,600 

340 8,830 9,080 8,470 8,450 8,040 

350 6,830 6,980 6,330 6,260 5,750 

360 4,690 4,980 4,410 4,320 3,960 

370 2,970 3,190 2,900 2, 740 2,560 

380 1,800 1,870 1,720 1,590 1,580 

390 1,010 1,060 920 850 850 

400 520 550 530 450 480 

410 280 330 260 260 320 

420 200 260 230 

A max 321 317 311 307 302 

.;max 11,010 11,690 12,820 13,630 16,260 



184 

TABLE LX (cont.) 

MOLE % SbF 5 -S03 5.2543 7.3032 11.2654 11.3512 17.8938 
MOLE RATIO SbF5 :S03 1:3.31841 1:3.27578 1:3.30076 1:3.26601 1:3.29602 

A (nm) F; F; F; F; F; 

270 10,420 

280 13,310 13,460 14,750 14,580 21,630 

290 16,180 16,420 15,490 16,680 18,440 

300 17,380 17,970 18,100 18,030 18,980 

310 16,200 16,970 17,750 16,490 17,120 

320 13,450 13,830 15,300 13,280 13,660 

330 10,220 10,460 11,600 9,760 10,320 

340 7,490 7,690 8,450 6,980 7,280 

350 5,320 5,460 5,840 4,780 5,200 

360 3,680 3,780 4,010 3,270 3,580 

370 2,350 2,360 2,610 2,000 2,380 

380 1,340 1,360 1,440 1,130 1,410 

390 720 730 660 500 840 

400 400 410 390 230 600 

410 280 270 230 100 420 

420 220 

A max 300 299 303 301 298 

F;max 17,380 17,930 18,260 18,030 19,010 
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Figure 39. Representative Absorption Spectra of 2,4,6-Trinitrotoluene 
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TABLE LXI 

EXTINCTION COEFFICIENTS AND IONIZATION RATIOS FOR THE DIPROTONATION 

OF 2,4,6-TRINITROTOLUENE IN HS0 3F-SbF 5 -S0 3 

l;BH+ = 0 l;BH2+2 = 14,500 pKBH2+2 = -18.36 

MOLE % SbF 5-so3 l; log I 

0.30 2,400 0.70 

0.40 3,420 0.51 

0.50 4,350 0.37 

0.60 5,220 0.25 

0.70 5,850 0.17 

0.80 6,400 0.10 

0.90 6,800 0.05 

1. 00 7,180 0.01 

1.20 7,800 -0.07 

1.40 8,260 -0.12 

1.60 8,620 -0.17 

1.80 9,160 -0.23 

2.00 9,320 -0.26 

2.50 10,070 -0.36 

3.00 10,700 -0.45 

3.50 11,150 -0.52 

4.00 11 ,570 -0.60 

4.50 11,940 -0.67 

5.00 12,290 -0.75 

5.50 12,630 -0.83 

6.00 12,870 -0.90 

6.50 13,030 -0.95 

7.00 13,150 -0.99 
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TABLE LXII 

-Ho VALUES FOR HS03F-SbF 5-3S0 3 

MOLE % 2,4-DINITROFLUORO- 2,4,6-TRINITRO- AVERAGE 
SbF 5•3S03 BENZENE TOLUENE 

0.20 17.06 17.06 

0.30 17.50 17.66 17.58 

0.40 17.67 17.75 17.71 

0.50 17.77 17.99 17.88 

0.60 17.83 18.11 17.97 

0.70 17.91 18.19 18.05 

0.80 17.96 18.26 18.11 

0.90 18.03 18.31 18.17 

1.00 18.07 18.35 18.21 

1. 20 18.15 18.43 18.29 

1.40 18.24 18.48 18.36 

1.60 18.32 18.52 18.42 

1.80 18.40 18.59 18.52 

2.00 18.62 18.62 

2.50 18.72 18.72 

3.00 18.81 18.81 

3.50 18.88 18.88 

4.00 18.96 18.96 

4.50 19.03 19.03 

5.00 19.10 19.10 

5.50 19.19 19.19 

6.00 19.26 19.26 

6.50 19.31 19.31 

7.00 19.35 19.35 



TABLE LXIII 

EVALUATION OF OVERLAP OF NITRO INDICATORS IN THE FLUOROSULFURIC ACID SYSTEMS 

Indicators a .. 1 ITa. . 
1 1,1- 1,1-

2,4-dinitrof1uorobenzene--2,4,6-trinitroto1uene 1.08 1. 02 

2,4,6-trinitroto1uene--1,3,5-trinitrobenzene 0.87 0.89 

1,3,5-trinitrobenzene--2,4,6-trinitroch1orobenzene l. 09 0.97 

2,4,6-trinitroch1orobenzene--protonated 2,4-dinitrof1uorobenzene 0.89 0.86 

protonated 2,4-dinitrof1uorobenzene--protonated 2,4,6-trinitroto1uene 0.97 0.84 

1-' 
CXl 
CXl 



CHAPTER V 

DISCUSSION 

A. AROMATIC NITRO INDICATORS 

It has been demonstrated that the Hammett acidity function, 110 , 

can be extended into the superacid region by the use of a self

consistent set of aromatic nitro indicators. The protonation behaviour 

of these indicators was found to be similar to that of the aniline 

indicators and thus both sets of indicators may be used to generate a 

consistent Ho scale extending from infinitely dilute solutions of 

acids in water to the highly acidic HS03F-SbF 5 •3S0 3 system, i.e., over 

a range of 20 Ho units. By the use of these aniline and aromatic nitro 

indicators it is now in principle possible to measure the acidity of 

all known acid systems. 

Table LXIV lists the various aromatic nitro indicators used in 

this study along with their ~B' ~BH+ and pKBH+ values as found in each 

of the acid systems studied. The pKBH+ values for m-nitrochlorobenzene 

and 2,4-dinitrotoluene were independently evaluated in two different 

acid systems; averages of the closely agreeing values were used in all 

acidity function calculations. It is recommended that these average 

pKBH+ values be used in any future evaluation of the Hammett acidity 

function of highly acidic acid media. The t;BH+ values for two of the 

indicators were found to be dependent upon the acid system used in 

their evaluation and thus if these indicators were used in another 

acid system, such as the HF-SbF 5 system, their ~BH+ should be determined 
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in that medium. Relatively small changes in an ~BH+ value result in 

substantial changes in calculated ionization ratios and thus their 

accurate assessment is important. The difference in the Ho values 

for 100% H2so4 as reported by Gillespie and Robinson59 , -12.08, and 

that reported in this thesis, -11.93, is a result of minor changes 

in the ~BH+ values for some of the indicators. This shows the im

portance of accurate determination of the ~BH+ values for indicators 

used in the evaluation of a medium's acidity. 

The basic dissociation constants (Kb) of a number of aromatic 

nitro indicators have been evaluated from conductivity measurements, 

Kb is defined 

as 

190 

(V-1) 

where the square brackets represent molar concentrations and X is 

HS04 or S0 3F-. If it is assumed that the activity coefficient term 

can be neglected 

~ but log -rsr- = pKBH+ - H0 

(V-2) 

Substituting the experimental Ho value for sulfuric acid, -11.93, and 

the HS04 concentration at 100% H2S04 , 8.98 x lo- 4 molar71 , which 

results from the autoprotolysis of the solvent, (V-2) becomes 

(V-3) 
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A similar treatment using the H0 of -15.07 and the S03F concentration 

of 3.36 x lo- 4 molar64 for 100% HS0 3F, gives 

(K 
b 

log Kb = pKBH+ + 11.60 (V-4) 

Figure 40 shows the log Kb versus pKBH+ values for p-nitrotoluene 

= 0.174), m-nitrotoluene (Kb = 4.2 x 10- 2), nitrobenzene (Kb = 

10- 2), p-chloronitrobenzene (Kb = 7.3 x 10- 3), and 2,4-dinitro-1.8 X 

toluene (Kb = 9.1 x 10-4 ) in sulfuric acid where the Kb values have 

been converted to molar units from the molal Kb values given in 

reference 51. The straight line represents the calculated relationship 

according to (V-3). It is readily apparent that a satisfactory agree-

ment is obtained between the calculated relationship and the observed 

values. Figure 40 also shows the log Kb versus pKBH+ values of p

chloronitrobenzene (Kb = 1.31), m-chloronitrobenzene (Kb = 0.136), 

2,4-dinitrotoluene (~ = 2.4 x 10- 2), 2,4-dinitrofluorobenzene 

(Kb = 2.3 x lo-3), and 1,3,5-trinitrobenzene (Kb = 6.9 x 10- 5 ) in 

fluorosulfuric acid where the molal Kb values65 have been converted to 

molar units. The straight line represents the calculated relationship 

according to (V-4) but the agreement is not as good as that found for 

sulfuric acid. 

The constant in Equation V-4 depends in part on the value of the 

autoprotolysis constant for fluorosulfuric acid. The value of 1.08 x 10- 7 

mole21- 2 reported by Thompson64 was calculated from the mobilities of 

the autoprotolysis ions, S03F + and H2so 3F , at infinite dilution, which 

are not known very precisely because they were obtained by an extra-

polation resulting in an error of as much as 15% in the K This ap 



error produces an uncertainty of *0.05 in the constant of Equation 

V-4. The estimated error in the interpolated Hoof 100% HS03F is 

*0.05 Ho units resulting in an overall uncertainty in the constant 
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of Equation V-4 of *0.10 units. The lower limit of this error brings 

the calculated relationship between log Kb and pKBH+ closer to the 

observed values (dashed line) but does not completely account for 

their differences. The basic dissociation constants of highly ionized 

bases, such as p-chloronitrobenzene (~ = 1.31), may be in error by as 

much as 30% with the magnitude of the error decreasing considerably as 

the bases become less ioRized. This uncertainty may account for a 

further portion of the difference between the calculated relationship 

and the experimental values; however, it is also felt that neglect of 

the activity coefficient term in the derivation of the relationship 

between log Kb and pKBH+ may not be justified. 

B. THE H0 FUNCTION IN SUPERACID MEDIA 

The extension of the Hammett acidity function, Ho, into the super

acid region provides a quantitative measure of the relative acidity of 

the acid systems studied. Previous measurements of the dissociation 

constants of a number of weak bases have indicated51 •65 that HS03F is 

a more acidic medium than H2S04. This difference in acidity may now be 

expressed quantitatively in terms of H0 values which are -11.93 for 

H2S04 and -15.07 for HS0 3F indicating that fluorosulfuric acid is 

slightly more than 1000 times as acidic as sulfuric acid. Disulfuric 

acid, H2S207, has also been used as an acid solvent and its acidity has 

been assessed80 to be higher than HS0 3F on the basis of the behaviour 
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of a number of weak bases which were studied by conductivity at 2S°C. 

The Ho for a SO mole % S03 solution in H2so4, a composition 

corresponding ~o H2S207, has been found to be -14.14 which is 

appreciably less than that of 100% HS0 3F. This apparent discrepancy 

may readily be explained by the behaviour of the H0 curves in the 

region of H2S207 and HS0 3F. The Ho curve has a steep slope in the 

region of 100% HS03F as a result of the relatively small autoprotolysis 

constant while, in the region of SO mole % so3, the Ho curve increases 

very gradually. This gradual increase is the result of the complex 

nature of H2S207 which contains74 high concentrations of H2S04, 

The addition of a base to H2s2o7 results in only a slight change in 

acidity as a result of changes in the equilibrium positions of the 

reactions involving the various species in H2S207. It may thus be 

said that H2S207 is a highly buffered acidic medium. The small auto-

protolysis constant of fluorosulfuric acid offers little in the way 

of buffering action and there are no other acidic species present as 

in the case of disulfuric acid. The addition of even small amounts of 

a base to fluorosulfuric acid greatly decreases its acidity as may be 

seen in Figure 17 of Chapter IV which shows the sharp drop in -H0 

upon the addition of either H2S04 or KS03F. 

The higher Ho value for HS0 3F as compared to H2S207 thus 

indicates that 100% HS0 3F is more acidic than 100% H2S207; however 

on addition of a base the H0 of the fluorosulfuric acid decreases 

much more rapidly than that of a disulfuric acid solution. Fluoro-

sulfuric acid does have the advantage that it is relatively non-
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oxidizing as compared to H2S207 and is thus often more useful as a 

highly acid solvent medium. 

The above example indicates the importance of remembering that 

the Ho measu-rements reported in this thesis are for solutions containing 

only the various acidic species studied with no other components present. 

The addition of a base to any acid medium reduces its acidity to an 

extent dependent upon the properties of the solvent. In the superacid 

systems studied the acidity is particularly sensitive to additions of 

bases, in the region of 100% HS03F and HS0 3C~ and to a lesser extent, 

100% H2S04 . If a measure of acidity of solutions of bases in these 

particularly sensitive solvents is desired then it is necessary to 

measure their acidity directly or calculate an approximate value using 

Equation III-17 near 100% H2S04 and Equation IV-21 near 100% HS03F. 

The acidity of fluorosulfuric acid can be greatly increased, as 

shown by the Ho curves of Figure 34, by the addition of strong Lewis 

acids. A 10 mole % SbF 5 solution, on the basis of the difference in Ho 

values, is nearly 10,000 times as acidic as fluorosulfuric acid. Con-

centrated solutions of SbF 5 or SbF 5 ·3S03 appear to have the same buffer-

ing properties as H2 S2o7. This buffering effect is the result of the 

120 
equilibrium between various polymeric species that have been shown 

to be present in solution. The very high acidity and low basicity of 

these superacid systems account for their ability to stabilize the 

large number of extremely reactive species that have been produced and 

t d . d . h . d 1 . 110,125 s u 1e 1n t ese superac1 so ut1ons 

+ The relationship between the H2so3F concentration 

H0 = -log [H2S0 3F+] - 18.79 (V-5) 

and H0 , derived in Chapter IV, may be used to estimate the acid dis-
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sociation constants of so 3, AsF5 , SbF 5 and SbF5 ·3S03 in fluorosulfuric 

acid. In this expression the H2S03F+ concentration is in molal units 

and the constant, -18.79, is determined from the Hoof 100% HS03F and 

the HzS03F+ concentration in 100% HS0 3F at 25°C (1.90 x 10- 4 molal 64). 

The validity of (V-5) has been previously demonstrated for dilute 

solutions of strong acids and bases in HS0 3F. If it is assumed that 

any increase in Ho is the result of an increased H2S03F+ concentration 

then the difference in H0 between 100% HS0 3F and the solution in 

question represents the increased H2S03F+ concentration in that solution. 

The acidic ionization of SbF 5 may be represented by the equation 

where 

K = a 

+ -[H2 S0 3F ][SbF5S0 3F] 

[SbF 5] 

(V-6) 

(V-7) 

A 2 mole % solution of SbF 5 in HS0 3F is 0.204 molal in SbF5 and has an 

acidity 2.53 H0 units higher than that of 100% HS03F. This increase 

in H0 corresponds to an increase in H2S03F+ concentration of 3.70 x 10- 2 

molal according to Equation V-5. Since [SbF5S0 3F-] = [H2S03F+] we find 

Ka = 8.20 x 10- 3 mole kg-1. It must be remembered that the behaviour 

of SbF 5 in HS0 3F is not as simple as given in (V-6) because of the 

formation of polymeric species, even in dilute solutions. Similar Ka 

calculations were made for solutions containing 1 and 0.5 mole % SbFs 

resulting in Ka values of 4.6 x 10-3 and 3.2 x lo-3 respectively. These 

results were extrapolated to infinitely dilute solutions in fluoro-

sulfuric acid to give a Ka of 2.2 x 10-3 moles kg-1 at room temperature; 

this may be compared to the literature120 value of 3.7 x 10- 3 mole kg- 1 
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found by a conductimetric method at 25°C. The reasonable agreement 

of the two values indicates the general validity of determining Ka 

values from Ho measurements. 

Similar procedures were used to estimate the Ka values for S03, 

AsF 5 and SbF 5 ·3S03• It was found that the Ka for AsF5 ionizing 

according to 

AsF 5 + 2HS0 3F ~H2S03F+ + AsFsS03F (V-8) 

was 3.7 x 10-6 mole kg-1. As the AsF 5 concentration is increased the 

Ka becomes larger, probably indicating,as in the case of SbFs, the 

presence of polymeric species of higher acidity. A Ka of 4.61 x 10- 7 

mole kg-1 was found for so3 ionizing according to 

(V-9) 

However upon increasing the S03 concentration the Ka decreases some-

what. Apparently a limiting concentration of s2o6F is quickly reached 

above which the species appears to be unstable. This would limit the 

concentration of H2S03F+ produced according to (V-9) thus accounting 

for the levelling of the H0 curve at high so 3 concentrations. SbFs•3S03 

was found to act as a completely dissociated strong acid as previously 

120 found . Values for Ka of AsFs and S03 have not been previously 

published but the values given above are consistent with the previous 

qualitative conclusions from conductimetric studies. 

C. USE OF N.M.R. IN THE DETERMINATION OF ACIDITY 

The determination of acidity in highly acidic media is by no 

means limited to the use of the spectrophotometric technique as outlined 



197 

in this thesis. Any property of an indicator that can be related to 

changes in the ionization ratio of the indicator can be used to 

evaluate the acidity of a medium. The accuracy of the resulting acidity 

scale will be dependent upon the sensitivity of the property being 

measured to changes in the ratio of protonated to unprotonated forms of 

the base, and the the degree to which making the measurements alters 

the acidity of the medium. The spectrophotometric technique has been 

the most widely used because, for suitable indicators, the ionization 

ratio can be measured quite accurately and the required concentration 

of the basic indicators is so small that it does not detectably alter 

the acidity of the system under study except in a few special cases 

such as 100% HS0 3F. 

61 126-130 N.m.r. spectroscopy has been used by a number of workers ' 

to evaluate the basicity of weak bases in highly acidic media. The 

technique uses changes in chemical shift of a substituent of the base 

in question as a measure of the degree of protonation of the base. The 

resulting ionization "constants" are referred to the acidity scale used 

to define the acidity of the solvent, most often the relationship 

pKa = Ho at half protonation is used even though the bases may not 

necessarily behave in a similar fashion to the indicators used to 

describe the acidity scale. 

Levy et. a1. 123 determined the ionization behaviour of a number 

of halogen substituted ketones by the n.m.r. method and found that a 

selected series of these had H0 values at half protonation ranging 

from 0.3 to approximately -17. The ionization "constants" of the 

stronger bases were based upon Jorgenson and Hartter's aniline indicator 
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Ho scale and those at high acidity were based upon preliminary Ho 

measurements obtained from this laboratory before completion of this 

thesis. Levy et. al. proposed that this series of ketone indicators 

could be used for acidity function measurements, by the n.m.r. 

technique, over the complete acid range from dilute aqueous solutions 

of strong acids to the high acidity of the HS0 3F-SbFs system. 

The n.m.r. technique has the advantage that it may be used to 

determine medium acidity in multiphase systems and in systems which 

are highly coloured. The usual spectrophotometric technique may not 

be easily used to study these systems. The main disadvantage of the 

n.m.r. technique is that relatively high concentrations of the basic 

indicators are required in order that reliable spectra may be obtained. 

This disadvantage may, however, be overcome by future developments in 

the field of n.m.r. spectroscopy. In principle it is possible to 

select indicators whose chemical shifts on protonation are sufficiently 

large enough to allow for an accurate evaluation of ionization ratios 

and thus accurate acidity function measurements. If the set of 

indicators behave in a similar fashion to the indicators used to 

define the reference acidity function scale then the n.m.r. technique 

may, in principle, be satisfactorily used to determine the acidity of 

any acid system. 

123 Levy et. al. made use of a set of halogen substituted ketones 

whose ionization "constants" were based upon the H0 function although 

it has been shown133 that some of the indicators more closely follow 

the HA scale. It should also be noted that the preliminary H0 scale 

for the HS0 3F-SbF5 system as used by Levy et. al. has been revised 
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during the completion of this work with the result that their 

ionization "constants" of the weakly basic indicators should be 

altered accordingly. The chemical shift of ketone indicators upon 

protonation was found to be only about 1 ppm and essentially 

independent of the concentration of the indicator used (~0.15 molar). 

The concentration independence of the chemical shifts is surprising 

especially in the region of 100% HS03F where a 0.15 molar solution 

of base would cause a large change in acidity. Some preliminary 

measurements of the protonation behaviour of 2,4-dinitrofluorobenzene 

and other nitro indicators by the n.m.r. technique, made during the course 

of the present work, indicated that the chemical shift of the ring 

protons were highly concentration dependent well below the 0.15 molar 

solutions used by Levy et. al. It is suggested that the use of ketone 

indicators to measure the acidity of a medium, by the use of the n.m.r. 

technique, be fully reinvestigated with particular attention being 

paid to the effect of indicator concentration especially in the region 

The use of the n.m.r. technique for the evaluation of medium 

acidity can in principle be done with as much accuracy as the spectra-

photometric technique and it may be used to study solutions which can-

not be otherwise investigated. The n.m.r. technique is also useful for 

the determination of the relative basicity of a number of materials 

which do not have easily interpretable absorption spectral changes 

upon protonation. Other methods, such as the measurements of the heat 

131,132 of ionization as reported by Arnett et. al. do, however, appear 

to be more generally applicable for basicity evaluations. 



TABLE LXIV 

~B' ~BH+ AND pKBH+ VALUES FOR THE AROMATIC NITRO INDICATORS 

INDICATOR 

p-nitroto1uene 

m-nitroto1uene 

nitrobenzene 

p-fluoronitrobenzene 

p-ch1oronitrobenzene 

m-ch1oronitrobenzene 

2,4-dinitroto1uene 

2,4-dinitrof1uorobenzene 

2,4,6-trinitroto1uene 

1,3,5-trinitrobenzene 

2,4,6-trinitroch1orobenzene 

(2,4-dinitrof1uorobenzene)H+ 

(2,4,6-trinitroto1uene)H+ 

H20-H2S04-S03 SYSTEM 

~B ~BH+ -pKBH+ 

2,100 19,200 11.35 

1,200 16,100 11.99 

900 15,150 12.14 

600 16,500 12.44 

400 21,800 12.70 

440 12,850 13.20 

1,700 13,900 13.74 

920 12,100 (14.03) 

- - -

- - -

- - -

- - -

- - -

H2S04-HS03F-S03 AND 
HS0 3F-MF 5 SYSTEMS 
~B ~BH+ -pKBH+ 

400 24,350 12.70 

440 14,380 13.13 

1,700 13,900 13,76 

920 12,100 14.52 

960 10,600 15.60 

800 10,700 16.04 

700 11,600 16.12 

900 20,450 17.35 

0 14,500 18.36 

AVERAGE 

-pKBH+ 

11.35 

11.99 

12.14 

12.44 

12.70 

13.16 

13,75 

14.52 

15.60 

16.04 

16.12 

17.35 
N 
0 

18.36 0 
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APPENDIX I 

ERROR LIMITS 

The error of any one particular extinction coefficient measurement 

may be as high as ±500 ~; however the large amount of data collected 

has allowed the use of graphical techniques to reduce this error. It 

is estimated that an error of ±200~ may be present in extinction 

coefficients as taken from the various graphs. If ~BH+ and ~B are assumed 

to be 15,000 and 1000 respectively and the measured ~ is assumed to be 

8000, a situation where the ionization ratio is most sensitive to changes 

in ~. an error of ±200~ in the measured extinction coefficient would 

produce an error of ±0.025 log I units or H0 units. 

The degree of parallelism of the log I versus acid composition 

curves as measured by the a. . 1 values listed in Tables XXIX, XXX, and 
1,1-

LXIII indicate the reliability of the overlap technique in estimating 

ionization constants for the various indicators. The H0 values given in 

this thesis have an overall error of ±0.04 H0 units as an upper limit. 

202 
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