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KR ions and other h ghly electrophilic caiions.,pi

' acidlties for the acid systems H:

-:order Sbi‘ }A&s > Ta¥f ,J"‘lb?s

o ABSTRACT :

The Hammett aciditf funetion, Ho, haé Yeen meés:i} for
e J?}sojx
and HF and their faixtures with some Lewis acids such as ﬂb?5ﬁ

some superacld systems., ‘These svstems include HSC

?a?s, As?S and SbF_. Some b@sé-ﬁ? pixtures were also studied
B A . .

Cal .
for the HF system,

L4
¢

The acidities®of these systems were determined by
measuring ‘their ability to protonate the very weakly bésic‘
nitro'aromaggb indicators, Thé protonatiqn‘ﬁ%ﬁaviou was

studred by means of UV-Visidble spectrophotometry as

well &35 NNR.spectrometry.

The Ho value for 100 % HF-was found to be greater than
‘that of 1ob'% q Sbh‘and was“cloée'to'that-of 100 % Hsosp‘ The

5-5?:were found to be in the

' oresent neasurenents indicated that the SbFS-BP system is auch

more acidic than the previously known most highly acidic Bystem,.

HSOBF.SbF -3so A :-'1,;. e T

y K v o - - .

”hg apnlibation 5t the superacid media in synthetic

. chemistry hae becone qore important in recent )ears, for example

- -

‘Ethgy have héen~a&ed as solvants in the preparation of sarboniuw

. - ’
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“CHAPTER 1
" INTRODUCTION

A. SUPSRACIDS AND ZEEIR ACIDITIES

A superacid¢ may be defiqeé as an acidic mediuc haéing a
greater acidity, that is g higher proton-donating ability, than
.concentrated ahueous solutions of-the common strong ifg;gphib acids

" such as H SO& and “”10 L 2. Some well-known superacid systems.a}e

VI

B sob and HSO_? in .the anhydrous state and.sixtures of tﬁe e.acids

3

" with varlous Lewis acids e.gs BSOBF-ASFB,_HSOSF-Sbfs and
N 1}

asosz-Sb:5-,so 3 B L:-*u SR e

- Superaczds belong to the general class of, proton or Bronsted
© acids. A proton acid is defined as any species which has the avility

to ‘donate a proyoh to a suitable base #s in equation {I-1)

e ”

BA + B = BH' + A~ - ’ : (1-1)

The relatlve strengths of acids\may be measured by their

tendépcy to-protonata a suitable base.. dater has usually been

t .
chosen as the nost convenlent and su1table base. The extent of

"\ . o
~ . *

ionization of an acid in dilute solution 4n water

Hy0 + HA = H3 0+ A" _ ‘ Lo (1-2)

is conveniently measured by deteraining the pH of the solution, . 1 -

_pH = - log {K OJ. . . ,' o j‘ . °&

3

Howaver in more concentrated solutions this mcthod ia no'

longer vali&. The pE can no louger be defxned 28 - 1og fB 0] and
'uoruover-tke acidity is no longer given by the-concentration of

.
N
~ *.

o - . . N .. L " . . .
. 1 . Te o N el R,
. . . ..
N . . N
» B . - -



!.'

0%, It is eéiaeﬁt that in %ufficientl} c&nceétrated solutions -

the concentration or uate. becores relatively szall and. therefore

“the concentration of H,w iﬂc}eaf ¢ although the acidity of the

)

solutior as measured by .the tendency..of the solution to protornate
" A v . g I '
another weak base continqggdts,in:reaqe'tc 1CC%,a;id. . .-

«
x

4
Hammett and Deyrup pr0posed a vethod for measurxng the

Ll

acidztxes of such concentrated aqueous acdd solutions by using a

. . -
series of suitable weakly basic indicators; they defined an acidity.-

function. Ho by théﬂ?qllbving equétion, S

g o T ) (I-3)

H6 = pKgpe - log

. e PR . . P A ety . -

* where BH®Y / "Bl is the ionization ratio of a suitable basSic indi-

cator B which is ionized accofding'ﬁghihe gquatiop—(fih)

B+ BY = BE' . ‘ ST . - (I-%)

- -

" and XBE? is the equiliﬁfium constd;t‘for the dissociation of the.

~ B 7 _-:#Mf . ',.Bﬁ - ot B} s ’“ ’ " -"‘»'f"-'j

conjugate, acid BE v i e, the ioniZatiou constant of BH".

. : ay+ ag’ . &H fa,LBJ . o .
BE™ — = - - . (1I-3)

o agg* fan* rau*;j

vhere ag+, ap and app* afe}the activities of the ﬁydraﬁed pyérogeh"'.

. . . i '
ion,'the~base'ani the conjugate aci&f?ebpectiVely and f s are

their cor“esponding actlvity coefficients.~

Since the activity ¢oeffic13nt8 in concentrated acid solu-

-

tiona are~unknovn, the acidity function is defiﬁed as
: -,. N ':‘fIB"._ x\. . ‘ (BE }
ho = aa+ s 2K

GI¢6)

- k

Dofining Ho'w » Xog x“?rvu equaf:ipn (1-3), e e

ey



o

-

At imfini C‘J dlute aqueous solution f, and L > approach

ynitz and aﬁ~ becomes vqu tal to " H -
Az

Fig is the sane¥%s pH, that is Eo = _s-log “B™. . -

. The .procedure.to find the ibnizétion ratio is to determine
the absorption_épectrualof the indicator ig-acid'dixtuges of suits

. -

able concentration such that the indicaéor is present essentially

entirely. as the protonated or the unprotonated fora. Then for |,

any given wavelength at‘inxefﬁedigte acid concentrations the extin--

ction coefficient is given by eratxon.(@f7)a

» - - - ’.. . 3 . - - v “‘.
B‘ _B_; - Cégo _Bﬁ PR . - AR

Ly e N ¢ £
. . o _834_88' ) . N - T '

e

., where ¢, and .Cggt are extinction coeff1¢1ents for the neutral and

- obtained,” (in the follo v;ng chapters I is g;Ven as -

) wnere CA is=molar aczd'contentiation; For a strong acid H n;y_

B .-

P

'fql Y p-otonated fcrms of indlcator respectively. , When thia is

'sélved~for the ioni:ation ratic the fbllovzng relationship is

8Y /7 3" 1y,
R R S L L (148).

- 0B] .€ -t -

BHT-

E S ; ’
For solutions of a. suitable 1ndicator in very dilute-solu-

tions af an ac‘d in &20 the” pKBB+ of the indicator can be . deter~

3Ky

uined direetly from the equation . . )
L “’. rBB } y Yo _ K
‘PRppt = Iiﬂ ( 1o —‘——:—‘ -log H ;) v =~ (T29)
B om0 B | A

. . " e N - -«

. _“,’ Y

. be taken to be equal to the” stoichxometric concenﬁration of the

“* l

’,:aciﬁ. - ﬁﬁe gxtzapolation to xntinite dilution of a plot of ( 103

- o -t
+] f B] - 103 K })agafnut acd."d concentration 1eads %o a valué - .- {

~ -

T AT T . . . e

P

\ - - . - - . .
> . . . . .
- . . .. . . . -~

b

B” |, therefore the'acxdity functnén;%17.

Y

Lo~ i e 1N

A




.._' ) . pKBH¢ - pKCao = lqg "'“-_""'"’ ’.10;8 :

.to be true the assu?iZfon (I ll) must be valLd
f

.Q R ) . . ,- —. . ,.- .
of‘pK . . : K

)

The pKB.o of a weaker indicator C can be determined by

_everlap b) maklnb Deasu*ements of the 1onxzat10n ‘ratios of B and C

over the sa=e~su;~able acid concentration range.

- : - + - ' - * -
: .

'(ILIO)

A thlrd basd D (pKCq ‘:pRDH*) far which protonatlon occurs at acid

\
concenfrations overlapoing with those for cy’ Day now be evaluated.

A

This Fay. be continubd for a series of bases of decreasing strength

-

prqv1ded that in the overlapoing range the plot of log I against

-~

acid cancentratlons for’ pairs of 1nd1cators are parallel .-FOr this

fBH* ‘q* ‘ fDH* . ' ‘
. = = - = = etc, - L . (I-ll)
fs fe '_% : L ‘

The determination of acidity in superacld media is by 1616

. means limated to the.use of absorption spectra. //Any property of

,an indicator which . can be. related to change of the ionlzation ratio

of the indlcator cah be’ usgd to evaluate the acidity ot the medla.:

" The gccuracy of the resulting acidity scale will be dependent upon
the sensitxvity of the prqperty being measured to change in the

ratlo of protonated to unproténated«forms ot bases, and thé’

conpentratlon o£ the basxc indicator requxred to run the spectra.

'_Tbe absorption method ia most vidqu ueed because, for suitable

u

‘*basea,_the ionizatian ratio can be,accurately measured and the re-' .

e

',quired concentration af basic indicator is so small that in most

"’cases it does not alter the acidity of the medium appreciab}y. :

¥
3
3
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' ﬁﬁR’%pdctroscOpy 15 ore’ o{ the methods other than ahsorptzon.

——d, »

; that is, frequentLy usé& This technique usés changes in.the . chezical i%
shift of a Suitable ato} ia the i&éi i:or as a measure of the degree'a \§
of prptonatzon or the” 1%dzcator,' 3&:ﬁ§§n1zatzon rat1o is g1ven f
by equatlon (I-lz)n . oL " . . {
\‘\~ ". ) ’

. “an¥- . - -
. - . J bB - & . e
S I ¢ )
‘:83'- ‘ b'.bBH’-. ‘ -, .
vhere 68 an& ) H’ are the chemical shifts of unprotonated and -fully

protonated forms of indlcator
.3

6. iﬁ the’ average ¢hemical shift of the 1ndicabor 1n a solution

"at- suitable acid concentrations.

containing boﬁh Iorms at intermediate'acid concentrations, Thxs

implies a rapid exchange bétween the protonaxed and unprotonated - o

P - -
-~

forms._"

The nmr technique has the advantage that it may be used to

deternine ac;dities in systems¢xh1eh are highly colored Its main— .

- LI
.

1sadvantage is thax relatlvely high concenxrations of the. basie . .

indlcatots ‘are requ;red in order to obtaln reliabYe spectra. This
,a‘

“Vill certainly alter the acidzty of the medium and theretore result iu

an inaccurake acxdity.'

-

This. disadvantage ®=ay’ be overcome b) the

»

use- of a -ourzer transform Spectrometer which vould allow the-

etudy of -eTj dx;ute solut;ons,' In principle it is Eosszble

'-to deternine-the acidity of any ac*d systeﬁ by selétting a.sult-

';-able zndicator whose chemzcal sh*ft en yrotonation is suffic‘ently I J.fzf

< .

1arge to allow an accurate evgluation.of the ionlzation ratio..fﬁ'. ‘f




-

. centrations. The ”éxults have been summerized by Rocheater
\

~

Both the absprp}iod and ner technique along with sone other'

méthéds to evaluate”mediuq'acidity have been revxeved in detail in |

p)

and " Reaction

Mechanismsin R, SOk and other Strong Acid Solutions “ by H Liler.6

book s o' " Acidity Functions ‘ by " K. Rochester

>

‘B. Acidmty Functlon Peasurements

.

Aqueoua solutions of H SOQ have been extensively reinvesti-

4
gated since the pioneering work of Hammett- and Deyrup . It has

t

been pointed out that. the series or indicator& used by Hammett and

Deyrup included haaes of various different. types such as kebones and'

anilines and that the -assumption that the activity coefficient ratic

- ¥s the. same for two indicators éver a given acid concentration range

is Jess likeiy to be true for tvo indicators of different EYpe than'

7.9

for two- indicators of the same type., Therefore several ~orkers
have remeasured the aczdity tunctions of Basouunao systen using a ,‘

series of indicatn?s vhibh ineluded only primary anilines. ' The

nev valuez differ appneciably in 1he region of very high acid conol'

=] vho

1 -

gives detailed- references to‘YhQ original wcrkers.

:‘_ Acidity measurenenta Here f}rst extended into completely

nonpaqueous system bx Brand et al ﬁho exteuded Haamett £ measure- ;

uentS‘up io,IOQ % E SOh and into g/;um systems ( mixtu:es of KESOQ

gnd 80} Ve As’ no suitably veak primary aniline basas vere avail-
. 4. ’
nble Brand usad a sat ot arouatic nitro compounds as indiéatora,

; ¢

The neceaeityvof uatng a different aet ot indica}ona ra

presents a,di£ticuity fﬁwihe ﬁetefmination of Ho values for super-

.

acid.hystems.u, Gillespié and Peel have shown that the two inais -

,4,.4-'
- v ~ .
- . T M

Al

-

[y



-1 the concentration of higﬁly &cidic 5, S0

) ﬁyt'up to the value that it has in 100 % BnD F f;:

catvrs 2,h.6;tr£nitioén LIne and é-nitrotoluene hQVe'a satisfactory
overlap in the acid range of 98-99 % H SO In any case. the acxdxty
function values for’ acidities greater than that of 100 % HZSOQ are '
deternrged us*ng a set of indxcators which are all %1tro aromatic
"compounds and 1t is reasonable to suppose that they give 2 con-
sistent set of acidity alues relative ﬁo 100 % FgSOQ.

Ac;dltzes 5reater than that of 100 ¥ H sou may be obtained
_in systemﬁ contaiaiug acids of the sulfuric acid system ; that is

~

,substances canable of protonating sulfuric acid
HA'+ B .80, = Hjsob . A‘-’~-'. ; (1—13)
~ Several such systems have been studied by Gillesp,g et alll

'Their results for H SOQ-SO ( 2 7 ), iy SOQ-KB(isOQ)h, H SGQ.HSO p
and H sok,aso301 are shovn in rigure 1, - '

Both HSOBF-H 50, and Hsoscl-x SOQ have been studied ovex -
the wbole concent"atxon range, . HSO F behaves as a rabher weak
;acid Qf the H. SOQ solvent system ionizing to a small extent accoxd- .

108 fp the equation (I-14) AR L,

BSO?EQP+ ‘H SOQ ’ HBSO§ +' 503F '  , ) (I-lh) ~ﬁ

In the region af 100 % HSOBF Ho 1ncreases very rapidlyf and- this is

-

g
presumably to be associated vith the. self-ionization.of ESO3F

2 xso3r ?%, H 303F 503F o (1.15)

‘Aa the conceutration of the very veakly basic H SOk decreases to a

-

‘very lov value and the concentration of 803F decreases accordingly. C

3: ion increases rapidly

...... ‘.-‘.vy: '-'~~—._ ".‘... ..\;»,-°~. PTE -
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we

" AsF

. are the most highly acidic 8803F systems which have so far beeu
. mcasured . A atudy ‘of. more concentrated and presumably more acidic

_ 3503P systems will only be possible if suitably very weakly basic’ .. B

_a strogg basa., Eheee values for dilute solutions are shown in- ;

>

-

Systems of still higher aciditv were measured by Gillespie .

]
[
4

4 e et o s RRCRRR

and Peel3 by adding Lewis acids such as SbFS. SbF - 3803 and Ast

to ﬁSOBF Ho measurements were made in these systems using very

weakly basic iadicators such as 2, h—dinitrofluorobenzene, 2.4, 6'

[ PRSP

trinitrotoluene, 1,3.5-trinitrobenzeue-and 2,4,6-trinitrochloro-

5 HSO,F-AsF,, HSO,F-SbF, and ¥

HSOBF-SbFS-}SOB are shown in ?igure 2. The ability of these SOIutes

to increase the acidity increases in the order SO}};A5F5-<SbF5(./

SbF5 3 " nis is consistent.vith conductivity studies o'%>,
.,’*. , oo - N N . ) . .

which have shown iéat'S$F5—3$0} is’a strong acid, fully ionized in

L : - - -
HSO,F, ‘that SbF_ is a wéak acid with K '= 3.7 x 10 > o kg"!, that

benzene. ‘Théir results'for HSO F-S0

-3S0

3

T ’ ' . - . .

’ia veaker,still, and that SO} causes no measuradble increase in

F selutions., ) . . . ///

3 in 8803F

5
the conductivity of HSO}

' The dilute solutions (0 -7 % mole ) of SHF_-350

2

o,

) A ™ TR

&

‘ indicators can belgpund “ ' ‘f . S . ':'
, i . N . . A . ot
~ The acidity of solutions in 8803F systems may be attributed

¢

primarily to .the ccncentration of H 803F ” Frcm Jﬁa concentration

¢

’of H. 803F in 100 % ESO3

F and the measured -Hy of 100 ¥ HSO3F the
fcllowing relation was, thainod ’ | “

-~

- s ,g. log"n so3r J - 18 ?9 LT ~' (1-16)

P

Theoretical Ho valnes can then be calculpted for a atrong acid or A

-

SN - - - - -

Pigure 3 along with bhe obscrved values of H for SbFS-RSO3F and

KSO'F-KSO F systems measured by Gilleapie and 93913 Stnce they did not "
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- measure the'-SbF5-3s_o

" to the value of 3,7 x 10 3 moie K

at higher concentrations 35 shown i

‘and assuming the concentratxons of” H F* -and KF_SO F ate equal

-"A Yalue of 2.2 x 10'5 mole Kg’l was faund for BbF_ which is close

-
L 4 v

system below 0:2% mole ~concentrations those

p;
Ho values were takea from SbF -AS0,F éystem: Th}‘actual Hd'vglubs

5

for Sb?5—}SO3 in this range shoqid be slightly greater. It can be

seen from Figure > that the calcuiated Ho and experimental Ho are

in reasonable agrecfﬁﬁf)in dilute regions. The large 4ifference o

-
-
-

iguary & may presumatbly be

attributed to activity effects.

«

The equétion.(l-fé) zay be uéed to calculdte the ionizatioﬂ

constants for weak acids such as Ast, Sbr5 etc.,

_HEg + 2&503r_ = H,50,F"+ HF SO, F' : (1-17)

Fronm the measured Ho the concen%railon ‘of B SO F can be caléuraﬁed.

-

3 5 3
in. equation (I-l?). Xa may be calcdigéed. . . S : é‘

K, = 5F - M50 ' (L-18)

D ) .

1 found by & conductometric

s
. . «
L 2 T T WRDVA Y IO

method 2 ' ' AR

The Hammett acidlty functlon Ho £or agqueous, hydrogen £luo?1de* .‘;

- was first investigated by Bell et al 14 up to k}% BFY an later by

MY

o

Hyman et alIS.up o, 100% HF. Dalanga et al.k6 recentiy remeasured Hy

values in the ;ange of 38-100% H? Their results argﬁfépnoduced
in figure 4 mhe px values Ior the three 1hdicators used by Bell

it -

anala,ﬁ thrinitroaniline used by Byman,qnd Dallinga were baaed.on .

the "best vdlue" given by Paul and'Long7._ Thtae pK‘VaIues have S s
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) species da 100-% EF Ha . 33F etc, are nuch nmore acidic than-

.
.
. .
. - + . o, " .-
3 . _— .

..

been reevaluated By Jorgenson and Harttergand the Hy valyesg shown .

in Figure b4 have been adfusted accordingly.,

It has been shown that HF iz a weak acid in dilute aqueous

~

solution hut the acidity increases rapidly as the water content of

14,15

the solution becomes szalll

-

In dilute solutions the actual

acidic species present 1is H,Q' ion according to the eéuation (I1-19)

-

1 : -> - N .
< CH,0 . HF- = 530 « F . . (1-13) '
e = -4 ,6 Z? ¢ . - .
with hHF = 3,52 x.1¢C at 2° The acxdlty of the dilute soiu-
ticon is given by the concentr at‘on ¢cf H,O ., In gufficiently dilute

-
=~
rd

solution the H,0" ion is nydrated by water molecules, dut as the
= :

I ‘ o4 I3 1] ’

concentratior of HF .is increased $the number of water molecules

aVailable Qo,d, drate the Hﬁof ion decreases accordingly. - A8 the -
extent of hydration of HBO* decreasczes the hydrated complex becones

h

smaller in'size, its Dositivé-charge becomgs nore concentrated,
and its ac1dity is oxpected to increase. At still highér ‘HF

uoncentrations the polyrerzc speczes H and in gencral H F n?

2" 2‘

are prcsent which ar®e tronger proton donors than H7 and ~are co*pletely

a

1onzzed to give the more acidic RBF* etc.

‘ 2RF, = H F?_ « HF3 ‘ , (1-20)
N . . ’ - . i
2R P, = Hy G FL o By, ) N .t (T2

In 10Q % HF a sharp increase-in acidity is oSserved Hhich is the

bonsequence of the above tuo reacti ons. and since al; acidic

-

P

530 in dib-HF the acldzty of-‘OO % e shogldA;ncreaSe sparp-y, - -

- ~ - N -
‘ .. . - v . .
i - - . ~ . - - . B . oo
- - . »
A . w . .
- N . . «
. - . - . . ’ .. - .
. "
.
«



The exact value of 35 for 10C

deﬁends st nL13 o7 the presrence of

.

¥ H7

ha

which are very difficult'to reuove; the most

15

¢ been uncgertain.as it

small amounts of impurities

o

these

important of

value of

is water which exHibits tasic behaviour. A ~1J.7C - was
. T8 ) .
given by Hyzan et al.”" for an acrd that had a conductivity of s
Al l ) .
A -1 - ~e© .
0 3 ohz [ cm at 25°C.
Subsgéfccs such as SbF., AsF, ard PP which exhibit acid.
. ~ j'r/ . - .
behaviour in the HSD,T solivent systex have been studied in %?
: 3 ‘ 2 )
o SO ... 17,18 . . v 19,26 Cinl
by ‘conductivity ™ and cryoscopic¢ measurem2ats "', In dilute

solutions Sb?5 is a stro“g acid ionizing acccrding to the eguation

At haigher concentrations the formation of polymer

occur ’ .

.

in HF according to ;heiequation

.

A ‘ . T

acidic,property in HF.. e

~

T5neg

B T P L T TS

Conductiv1ty apd cxyo$c0pic measurements only

ic species mnay

Arsenic pentaflucride has been found to be less fonized

.

- .~

a 5 et . o _ .
‘ .2 Ast R 2 H?}gﬁ Hz;._ +. AsF (1 2?} '
) PhOSpharus pentafluoride behaves as a ncn¢electrolyte = -

and i§ztoo vea A, fluori e ion acceptor ‘to enhance the acidiiy d
'. of HR. The st*odg protoa aczd HSO F exhxbits no. appreciable s ~” jf?

-give ™ .

-



o e e o . T 16 .

z

the dissociation éonsxani of an acid in HF ., which is pot very use-
}ul if one wishes to géupare the acidity between two different sys- .

teﬁs. " Althcugh-some Hy values for ﬁ?’sxstems have been reported

=

the§ are' either inaccurate or too few in nucber to properly des-
cribe the whole cystem, For exacple Hyman et al.l7 gave a value

of -14.3 for 0.36 M SbF. and -15.2 for 3.0 M SbF. based on conduct-

) p]
ivity measurements in which they.made assuzptigns about the ionization

process and the relationship between HE, value and the conéentration

of H 1 Thesa values are highly unreliable.because the calcula-

b4 3~

-tion involved tbe-% Va.ue for 100 % HF and'the hutoprdtolysis f

v

constant whose values have beee since reevaluated

uvidence that the SbFB;EFsaxgggd/f;‘even more highly acidic

than the Sb?s-ﬂso1? systeb was first studied by-Olah et al.21 as &

fresult of their studles on the hydroben-deuterlum exchange of 52 and
D, in superacid systems. The exchange reactions‘take '

place imthe, m;xtures of B- (D ) with g deuteron acid { or proton

mixture as shovn by the formation of HD by mass spectros-

acid ) -SbFg x .
copy . T e y ,
ﬁHZ"}\ n* _;§',:ﬂénf}: =% _HD -+ : (A . : L (1725)
Dy +.E. @ ('] DR E R s S
‘The rafe ot hydrogen-deuterium exchange was found to be i; the i S
' "order nr-sar (1 1 HSO; “-Sb?‘ (3. 17) B so,*-su's(l S:ane the

oxchange reaction involves the pnotonation [ deuteronation J of D2

o -

( B ) é} was cohcluded that the &cidities of these systems are

. ';; o+ in the,sane ordtr. _$:f_“-;\.'g ';1 . ﬂj. - .- B 'L '-.w‘g-‘.'

- . . . . P 7 " " * P
- . -, ‘ . . - .
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Nt
N

. . - ‘



.

3

- HF.SbFS vere thnd by correlabion“ {' A-j' S '-. -

;‘ using a aolqctzvity parauéter l/S vhich is dqfiqed_ae the ratio ot L

w, R

17"

& From their studies df the reactions of hydroxy-CArbonium

ions 'in superacids Brouwer: et 31;22 also have determined relative

~

acidic strengths for the fo~lcv1ng acid systems for vhlch they gave

the .relative values ; H?-Sb?s(;;l) : HFfst5(9:l) : KsoiF—Sb?5(1:1)

HSO,P-Sb7(5:1) =>500: 1: 107%: 107,

3.

measurenents of the rates of monocation-dicatioahequilibria of sonme

" This result was based'on the

ketones or the rearrangement of protonated ketones in superacid sys-

.tems, . For example, the l 3-diketones are protonated to form dications

in highly acidic .  systeoms and monocations in less ac1d1c systems.

Equilibration of_diéat;on and monocation can be studied by proton

nor spectiroscopy. The position of monocatioc and dication equilibrium,
. . A C\
_which can be deterpined by the ;rcton _nmr soectral provxdes a direct mea-

-
>

sure of* H2?+ ar,HE; ¢oncentratiens.

‘ . ) .H .
Xs—&.—i—z—i—Y

) - . OH H_ .0R
L X- X2 Y .
o .t * : 7 M
o ) Dication (D) Hohocaxionkﬂ)‘ é
K o+ 2HT & D+ S, (1-25)
K, = : o o g
. b\ N ' ‘.~.' . . ) (1‘26) . l..

where Kh’is an equllibrlum constant‘ _ From the previously estimated - 3

yalue o£ Ho by Gillespie anﬁ Peel3 Ibr " éagic acid ", x. ltl

ESOBP-S\)FS 3 —19 5; a value of -21 for 90-1. HT-SBFS and -24 for 1 3.

- - L. Voo - g3
. » . -

23

Hbro recently Krauer : has atteapted to rank strong acids :

ree

e PNSIREREE—
* - = - “

- - . .. -




- . - . - &8 ,
) . N = '.“.:_
.the iascrerizatidn and exchange rate constants ki 4 kex of so=e g
acid catalyzed roaqtiéns.* A hydrocarbon labelléd with tritium

was mixed .with an unléEelled hydrocarbon over an acid catalyst.

-

A " perfect

LX)

acid -GJ;J allow only isamerization to ctcur with-

out hydrogeh exchange while a " poor " acid, which is unadle to

stabilize the.2on, would tend.to induce faster exchange “han iso-

K merization. All three acid systems, MF -HF, NF_-HSO.F and X¥,-

C?}SOEH show'a tendency to increase the ratio kis 4 kex\}n the

order Nb?5-HA /.TaFLQHA <-Sb?5'HA' For Sb.s-dn sys m& the

~
/

.. ordering is SbF5-”? £SC D SeFa o7 ‘> SbFS-HSO F which indicates

again that tbi - -4F system is more acidic thap the Sb?gL2501?
- ‘. > -

- e e 'systet'.r.:‘ . .- e e . Seo. . s s . .'. . n L -

In the light of kinetic studies it seems that the Sh?s—

- . h - . »
EF system has a higher acidity than the~Sb?§rHSOIF system. Until

.the present time no détaiﬁéd.and accurate study of th1§3hxghly
acldic QbrS-Hr systes Has Yeen made. though some o values ha?e
been obtained very recently from kxnetic stu&ies. for'example
by Brbuwer et al.t's studies and by Siskin and Koscaau who aadé

) : a simxlar &tudy to that of Olah et al. qr‘ﬁhe hxdrqgen;degtefiﬁm

exchauge in superacid syétems. ,,Siskln’and XoSci:made measnredentsj

.
- .

ot exchange rates in various acid systems uhose-ﬁo values had been

_ measured and they attempted tO find Hp . values tor the unmeasured

: acid systens by assuming th 3 thera waa a linear correlatibn bebween

Sbi‘s(lo.l) and .18 5 for HF-:rarsuo 1). K.ra.mer s finding thaf,, snr,-

CF SO A was more acidic than SbT ¢3503F or Sb?s.ﬂF has been proved

3 ) "5 .

H YT -

. -, B e . - > B .o s >
.- - . -~ . - . = O . J

. . . , _’ ' s - . LoeE .- v ~ .

Ty M wla B

“a .
. . [P t.te - .
< . o . . ) = - . -

. P
.
R . .' R . .
5 v A mbad i o L, f

H and the exchange xate._ _ value of .Zb 3 vas obtaineq for BR._-f
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'.':determination of the»&o acidity function. c. ‘.’“~‘ 'in;:,

19,

to be incorrect in the preseat neasurements (Chapter IV). '

C. Purpose of nresent work °° - o .

»

. The investigation of the aciﬁities for some superacid sfstems
N~ -

which either have not been studied extensively or have never .been

studleq is the main interest 1n:the present work. For example,

. botﬁ aqueous .and non-aqueous HF systems, because.of the difficgley.

.- 4n Vhanﬁiing. :have begn ie}y_little §tudied aad;there.is lack

of Sgreéaent between the results that have Been obtained. The

‘huantitatgve Ho,.values for the non-aqueous HF- HFS systems, «hich :‘Lfﬁ

are _known to be highly aéidic, have .never been established.

. Y .
In the present work acidities of these systems have been mea-

-

sured "inm terms of the -acidity fuéction-Eb.{or-the-ﬁtpst-tim?.

Alsc the Ho value for 100 % HF has been *eevaluated

-

“s
o ‘The KSO3 solvent system has _been studied. q&;te exten-~ »

sively. In addztion to the acids ASFB’ SbF5 and SBFS-BSOB for ..

(a

which Ho values of their 5503: snlutnons "have been measured,

','other Lewis acids suck as Nbf and TaF have been. reported to

5 5.

."exhibft acidic prqpertiea in- QS03-.. Their Ho values have been

\measnred in the yresent uork and compared vith the prevxqusly

inVQstigated systems.‘ e - . o
“« . {f -
The present acidity measurements have been made mostly

(by the UV-viszble absqrption method. 1 Some measurements have
ﬂalso been aade by the nuy metbod for the san-E503F system

o pntuarily to. et the applicability-of this method tor the . -

. :.-,‘.‘ At B v, h e m ee w m e o s el

T ra

-
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s X ST
et g e -
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:_ to be good naterial

CHAPTER II ; <' T
‘EXPERIHER%&L' . B |
Technical grade fluorosulfuric acid (nllied Chemical Corp. )
was puri’ied by ‘ractional distillation *hrough a- reflux coluan
.packed with small glass rings. - The appa;atus and procedure are

25,26 ?he fraction boillng

discuss;d élsewhere in greater detail.
betveen 161 5° and 163 5° C was collected : The resultfﬁg acid
. was fqund to con;axn a 2x10'2 molal excess ;f SO3 by cryoscoplci
litratibn. The coap081t10n ;f the acid was adjusted to exactly‘
100 % by adding a: knovn -amount -of RF disSolved in HSOSF
anhydrous hydrogen fluor&de‘(ﬁarshaw Ghemxcal Co ¥ waa'
purified by fractional distillation. £ Kel»F distillation column
suitable for tb?‘f?actionétion’pf commercial'grade HF has.bepn desf'

cribed by Shamir and Hetzer.Z?

/N vacutm li#e gquipéd?with a"dis_

tillation apparatus'i& shawn in Figﬁre 5. .. Hydrogen flworide

vas first distilled ‘from the commercial cylinder iuto a Kel F
storage vrssel (S) and then transferred into the Vonel 8till pot

(ﬂ)l The pot was kept under totai reflux by keeping it at 35°%¢ -

and cold aater was &ept running through the cOndensen After refluX~

i ing for 12 hours the distillate yas chlected 1n the receiver at. P

. or the forerun cantainer (B). depending on ita conductivity Acid“~

-6 -1

ohms sm.l was considered{

vhich had a conducttvi}y Jof 10 5 to 10
R . AT TR

Trifluoromethylsulfuric acid (3ﬁ>2; ) Vaa pnri!ied by frac--j'\'

tional distillation A5 described :or HSO3F The fraction oI hoiling L

«f_[ﬂZO' o S .‘ :‘ ]
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point between 161. 5% and lSé 5°C was collected The'resuifing acid

. U 22

e

was reported and also found ip the present work to contain 2% mole of

water by cowductlnetric titration using freshly prepared trifluoro—

methylsul’urmc anhydride to titrate the acid; 23 The calculated anount

.

of anhydride was added to adJUSt the freshly distilled acid to 100 %

CF3503H _
Trifluoromethylsulfurlc anhydride was prepared By miring

the RCid 9338033 with phosphorus anhydride P205 .- the mixture was

then heated in vacuo and the volatile materlal was transferred to’

a trap cooled to -183° C. Redistlllatlon from P o5 gave the an-

‘hydride.(:0?3$oz )50

"'B Fluorzde aqgeptdrs -
_Antimony pentafluoride (Ozark -Mahoning Co.) vase. purified by

“double distillation 1n a nyrex glass still in an atmosphere of dry

'nitrogen. The apparatus and’ procedure are describled by Barr.25

The fraction boillng between 1429 and lh)°c was collected, The
distillate was placed in a Kel-F .veésel and pumped_at 60°C until

xbubbling ceased., ‘
Arsenic pentafluor;de (Ozark Whhoning Co.) was found to be

" free of impurities as shown by its gas-pbnse infrared spec%rnm and

.

g 'vas distilled from the oylinder.

¥4 Tantalum pentafluoride ( Ozark-ﬂahoning Company Y. and

'niobnamxpentafluoride ( OZark Hahonlng Company) vere purified

by vacuum sublimatlon 1n a Vycer apparatus. o \”'

.*- /,,//' &

Phosphonus penta£luoride (Ozank-ﬂahoning Co.) was distilled'

trom-the cylinder and uaed wiﬁhout furthcr puriticatién, - T

.
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cC. Acidﬂnentafluorlée cixtures

-3

-

~Stock so;utions of Sbrs 03? were prepared by weight in'a

greqseéfree Fyrex and Teflon vacuunm line, by\distillation of SbF5

L4

ontd frozen 100 % HSOSF. The stock solutions weretthen diluted

in a dry béx by mixing the desired concentration of: SbF5

-

. The solutions of HF- 4? ( M= Sb Av and ¥ ) were prepared

Le 5.
“by weight in the Teflon vacuum line, by distillation of KPs onto

Q

frozen HF in the Kel-F trap equiped with teflon valves.

. - The solutions of HF- NbFs and HJ-TaFS were prepared by weight
in teflpn vacuum llne, by distillation of a weighcd qnan.xty of HF onto

a weighed = | quantit? of de5 and Ta?s in Kel-F traps.-
o :' ) The gqlutionq of SbFS-CF3$033 were prepared in the same way as
. Wwo® . - B R N
> for SbF.-HSO,F, . | . ' : SN

5,773

D, Aronatic nitro‘pomoounds

29

-

The nitro indicators p-nitrotoluene (m p. 51. 0° lit

51 7°C), chhloronitrobenzene (m p. L3, 5 lit 29 QQOC). & 4-61-'

PO

' nitrotoluena (m.p. 70 ; it 23 70~ 1 C), 2, h 6~ trinitrotoluene (m.p. .
81 5 i lit.ag 82 C). l 3, S-trinitrobenzene (m.p. 122 H lit 29 121-
2° C), 2 L 6-trinitrochlorohenzene (m p. 82 ; lit,29 83 G), obtained

/h_wxgmp Eastman Organic Chequals vere recrystallized rrom anhydrous
‘ { - nethgnol ’ The indicators were airpdried and stored in. standard .
N "

-
i\; ‘ desicators over P205 tor one week hefore being Bealed in air tight

SN containers.. 'n‘f, B .m”-” . .
29 26°
IS SR

Q) X 2 b-dinitrofluorobenzene (m P- 25,k° lit 22\5900) obtained

. The indicatora p‘tlnoronitrobenzene (m.p. 26 9°; lit.

trom“ﬁqstman Organic Chemiéala were puririod by'}epé“bmd fractional

4

N T s e, ". " . - T b 4 o T *
P L w . RS (Y . .. . B A
N ST T e e T .
.. { ‘. to- ity . B X . . b
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‘“féeez;hg and stored in dr} dark containers. ' R : .
The indicator 2,4,6-trinitroaniline (m ps 192°%; lit 29 190-
W o
1 C) obtained from EastmanAOrganic Cbemicals was purified fron
glacial acetic acid.. .
E. chipulation of Materials ) D ' oo
| Most of the compounds used in the course of this work werc‘
mbisﬁprc sensitive, gpnd they could be handled-only in a vacuum iine
or, if non-voiatile, in tge inert atmoSpbere of 'a diy box.
| The dry box (S. Blickmau Inc ) had an GVAcuable port in
which the . hot glaSSVare waa placed immediately priot to uae. Eva-
~(cuation of the port was continued for half an hour ‘before being
refilled with extra dry nitrcgen. The nitrosen was circulated
. through an external cirgyit in which _any moisture or ach vapor was
" removed in 11Qu;d nitrogen traps, 2
i fl . _ The vacuun line used to handle HF was constructed of Honel
. metal- and cqpiped uith Whitey valves~(H—IKSﬁ).‘ |
‘--\¢/%’ F. Preparations of Samples .- )

F-l. Solytions of HSO,F-MF, and €F,S0 SHMEG: Solutions for study

X 3
’ _by UV-visible absorption wcfe prep;red by thu followins ncthod. '

A 0’02 g saaple of indicator was veighod into 10 g‘ of acetone

was veighed into a 10 m1 vclumetric flask after which the solvgnt
vaa avapbrated. The tlask vas then brought into the dry’ box and

"fillcd to the mark vith the acid solutioﬁkggﬂ%r study. Solntions of
h 1ndicatora were thén tranafarrcd iato 1 Q cn'Supraail'UV c&lls

,;_Oﬂellug Ltd b] ti&t«% vith standard tqpcr 7,5 srouud glaaa ﬁopa and _

A » » ~ e N N 4 . ’ .
« I3 - Al A

A | i
..w ~ Co . y . :é"“~\
t B o v T . T - PN .-
. , . .

,.outside tha dry box. A o. 02 g aliqudt of the resulting aolugion ’



Tbrlon aﬁappefs. . A reference sample of the'éxact composii;on of
“the xczd mxxture ynder study was transferred into a matching 1. 0 cnm
uv cell Spgctra ‘wvere recorded as soon as possible Faxing use of
‘a.Cary 14 Spqcé}ophémeter ( Applied ?hysics Corp.).

- Solutians for séudy by né? were prepared in the .dry box.
The cqncenbratlon of the indicator .as ca. C.i5c. Solutions were
transferred into 5,mm 0.D, epyrcx nzr tubes and.later_sealed ’
off under vacuua. . ‘ T : ': )
P2, S;}utigns of gy-x;s: Sambles_of indicators we;eipreparé%gin the
same ma%ner as in Fui _except ¢or .replacing the 10 Bl volumetric

© flask by a Kal-? trap fitted with teflon valve.” The -acid solu-~

"tion'under study was poured into ‘the 1nd Cator trao in a closed-‘

A Toar

’ systémjcobSiBfing of a .ogonnecté: and Te‘lon valves (r-gure 6).
The concentration of indicator was estimated by meﬁﬁ\ring the
heiéht of'qpiuﬁién‘fn.the'ttap th later bn replacing the solution

by the same amount of .distilled water. The volume of tﬁfs amount, 9?

;\

yéter‘tias then calculated by means of the relationship v = wtL/d

. where - @ is the density of vater at’ 22°C ‘After- the sadmple was

: vell mixed . \ i% was transferred to the OV cell by pouring

in the C1osed-syatem. ‘The YV cells had a teflon body gnd sapphire
. vindows.. The Sapphire windows ‘( Harshaw Chenical Co.) . of 1
dianeter ‘and" 1 an th;ckneas vere titted into the body vith teflon
3aékets and brass nuts. The path iength of the cellt vaa 1'cn, rhe

’cells could be sealed by itting with a beldh valve. 2he callc

] qere.eacily cleaned without disuantling th& vindova by placing then

iu un Ultraaonic Cleaner ( Gole»Paraer CQ ) vithusolvent acaione

. - * ’ .
IS

’.“ . N - - . -,
s . L et . “
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Pigure 6. Apparatus for mixing the

',acid'éolﬁtion_vith indicator sample

A-connection to vacuun line:

-

"B-Teflon valves _..:'

CY cgéﬂgétor - o .
‘Dsipdicator sample trap - .’
- ‘Bededd molutionm trap e
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- e -6t water after ‘which \.Hey we-e f'"ushed h‘lth solvent in a spect-r"obhoto- .
. ) "f&é' cell_s. were dried
) n iine ,i:rior to use.
& vyl w
’ .in the absorptmn study._'_.’j"-
. Extiactzon cg.ﬁ'
: is the path length of tbe ceil usea (“J;z:w"); A‘psw-pfion sp_ect*a ‘-rere
recorded at'  roon temperature &Y ‘.'lo;:C'fj}"‘? ' AT ] (
- ‘Co.rp ) spectrometer. foé .z:esonance o*‘»the zje.',
. nethylszlane (THS) vas determ;ned by ¢/exchamgé of Sanplc tubes in tize i
" probe.of the ‘spectrometer., a7 o 8 ) ’ N
\ ‘19 . ' . . ..
{ . F nmr. spectra were ,recorded with a DP 60. spectrnneter -
- b N ! v s .
: 'Va:ian Corp.)- aperating a‘t 56 4 MHz. and equined wzth a variable * ;
v ) —— 4. hd . ._.,
. ‘temperature control unit Chetical shifts were reported with re-
e ference to fluorotric.}.doromet!mne whose resonam:g was deterznined by .
) ‘ the excha.nge of" Sanple tubes in the pr of «the :s'pectro_meter.' - P
oo U T oL
. W : “' . 1_ ., 4 ." : . - . ‘, i . . -\, . R ": 4 » _j
- .« e e , L. . s 5 C ) T R - .- ;
R e e T e s = o .-
- '_ X :. . ' . ) ’ , - o P ‘{' ) R i ; - ) . -, ‘
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CEAPTSR 11T

. Tﬂb FLUOROSU! FH?I» ACID SOLV“uT sxﬁfzx

A. Introdﬁct‘on :;‘ : ’ -

have been descrzb ed in detat 1.

in synthetxc cﬁemlstry %ao become 1ncrea51n51y important in recent"

years.
partlcul

'gug;

”.‘,

measured
- {Fig. 2)
31
O_F,
HSO4F.

presumed

The phy51cal and chemical prooertles of fluorosulfur%; acid )

30

Its appllcatlon as a solvent

“This dide ap?licatloa is attributed to its high acidity,

ar‘) as a,aixture with some. Leuis ac1ds such_ as ABFs ‘and )

~

-' N i

-The§eu&§ids:fnnct;on as SQ4F” aniop accéptors
T TN 7 fi.

[Ce

;a' MFS (50 7 . H2803P S (IIi-l}

.
i

»

The - aciéitj Sf several HSO F-Levié acid systémé' bas been

by Gillesp1e and reel" - In addition to -these’ Levis aczds ’

l

NbFS and ?aF5 are’ capable of £ncreasing the acidity Df

‘}2 The neactlon betveen EbF or Ta? and HSO_F is

5.7 5 3
to be,analobpus to. that of SbF5 in 43032 as gzven by

tv :easurements by the absorntlon methbd

o equation (111-1).
L \\;:>B Acidd

Acldity aeasurenents vere madc nsing the tvo 1ndicatora,

”

2 4 G-trinztrotoluene ana 1,3, §—trinitrobenzen¢. T&blea I and II

"‘1iBt the

éonposit

fnnetion-ot the—ﬂb? "concantratidn in Eignre"

obsevved extinction coefficients in RbF -HSO F up to the

O5F.
1on»of 7 nolg % of Nb?5 Thcse‘values are plotted.asva

5 ;K3 7.. Tht ionization.
t.' . el .‘ )‘2-8 .en . »A‘:‘ R . PN

P P
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ratios were calgulatéd'at‘reguldrly,spaced.c9ngeniratidns of Hbfﬁ?

And are listed in’Tables III and IV and plotted. ih Figure 8. nfhe

s

c,B,_~e BH 8" values for the two indicators‘wére-dftermined . .

4 - .
previously by Gillespie and Peel”. The ty's were found ia 100 %

' stob solutions in which the indicators are not prbtonateg. . The

Y

€yt and ph

cgp* 'S were. foun ?h dilute sol;;ians of SbFS'in 3503F ;n-wﬁicp~
the iuéicators are fully mnno-proton&ted3 fhe pKBH’ values were
obtained by overlap with stronger bases in the region of 100 %
350 F. he -HO ‘values are it isted in Table V and plotted 1n.F1 gure 9,
The same two indlcators vere used for the Ta._-hso F's\stem.

' Their obse rved extincbior coef ficxents ‘are l1sted *n‘Tables VI and

VII ané are p;otte r Flgure “0 ' ‘ables VIII and Ix.List the

- — gemaban - - Py

R - -

_ ionizat‘on ra»los at regularly snaced concentnations GI.TarS and they
are plotted iz gure 3. —_— ) e
The (pKBH* r log I ) values for 2 & 6-trinitrotolwene and .+

1 3 5 triuitrnbenzene along Hlth the average» ~q Jalues 1n-uhe_

K4

‘ TaF5~HSO3F systen a=: iisfed in Table x.  The -Ko values are
plotted in Figure a9 together wzth the " valués for,the systems
) ‘neasurad prevzously by lelespie and Peei3 KSO}F-SO3 HSOBP-AA?S

_and HSQEF'SbF5 for conparlsgn.' It is apparcnt ‘that Nb?s is a very

'weak acid, only’slzghtly stronger than SO3 vhich agrees vith the

conductivlty resul"ts3 in vhich NbF5 solutions in BSOBP'were tound ;.'
'tq have a.very low ;onduptlvity. 'The ionization constant K of

- HbFs 1n 8503F cap be calculated nsing f equation (I-lé) and

'equation‘(I-ISV’ l value ot 3.0 X 10 6 wns obtaznga, Ihis-‘ay

-

_ a_,ed previously for 503._ .

. . . - e~
h H . - .

- .
M . L
,

-




%

s a strorg er pc’d than JbFS

:Squ. The idnization constart ha for xa?s ié'HSOBF is calculated

2 . . . -« L
. - -

o)

Taf

but is much weaker than

Ty - PR - .
M <

to be 4.0 x 10 5

T. ACTIDITY :&:’S"T’:'f":""s BY THE NMR METHCD " -
«+  Sone moaéureée nts for tne Sb.g-PSOBF system were maue by -
the nmr method using 2, b d1nztrof1uorobenzene for I?P- nar _and.’

2.4 é t“ini otdiuene fov roton nar. Tables XI and XII list their

- chemical sh‘fts whxch are plotted 1n Frgures 12 ‘and 13, | <A greater

change in cheaical,shzft. with 1ncrea51ng acid concentratlon *as

19, 1 :

ébsérved for ¥ nar than for "H nnr. Protons of the nethyl group

-+ o »

in protonated 2, 4 6 trzazt*otoluene are deshielded by only about.

D, 5 _ppm_ relatxve te the same pnotons in the uwpngiqnaiedmlndicatnr*.

.

“This sall’ change is not practically Useful 1n ‘the acxdlty evalu«

M

atxon since 1t is dif ltﬂlt to determxae whether th‘s change is

due to protanation or tc solvent effects.' Therefore _the’ 18

-nmr resulis were net treated Jkrther,

v

c Hs&ng the present observed chemical shifts of 2 #-din;trorlhoro-

PN ‘e

. benzene in the SbrS-BSOBF system aﬁd the known Ho values fo: this

»~

-acid system measured by Gillesp1e and Peéls,which are shoun inl-‘
Table X}II a plot of chemlcal shift 6 vsb Ho uas made ‘and.’ 15

'shqwn in F1~ﬁre l# Tuo useful data were obtaxned Irpm this

.

:is equal to the-medium acidity corkesponding to halt-protonation and
A fiS'ohtained~by findigg tbe maxxmum slopé’in a; plot of (b-b'),/

‘4 .'-v

(H°~H*) LI Hot as shéwn in Fignre 15 .( k&Walue of -17 hO for »'*

R .z

Pl 322 B ZVQ-din;trofluorobenzene was found whlch was'§prg closp:

-

'_protonation curve. i Gne is the pK value of the.lnaicator uhich ) filf

%



. : . 1 o - ‘
to the value o£<-17.,,Acb‘a‘nod by the abs?;ptioq metl.od. " Other
' data are fhe values Isf ba apd byt ( or 633}_ahd b3u2 for
. S A = ~ o
‘the diprotoration ) of the irdicator. A value of 100 for bpy~ was

. obtained from the lcower level sortion of the 'curve.in Pigure
: P ‘

- - -

14 for 2,k-dinitrofluorobenzene , and & value of 77 for 63?22-

wags estimated frozm the upper level portion. -

‘e o . The values of b were takén at regularly spaced conZentrations

.

. of Sb.5 ’row Figure 12 and the xonvzation ratlos were calculated
They are listed in Table XIV »obether with -Ho values, .Tthe -Ho
values are also plo‘ted in Pigure 9 w;th the prgv1ously;mgasﬁred-j

-

. - ’.xalues_using tpe Absotption cethod. for comparison.

L "Q. ”ﬁlﬁéf}SSIC?f:' T Tl LTt e s e | - e e :,.--, .- , e

3”‘“. i - Thé~acidities of the- solxtiona Qf Lewis acids in the ‘BSQ,F

§>

3T

‘solvent s;stem may thus bp»arranbed in the or&er SO (‘JbF5<_A

. ’;'Ai“' TaF <15b23<:9u.5,,505; 3 The acxaaz 28 of " TaFg azd, AsPi_a;e‘yery;- |
- ) close x*th ThFS belng siightly aigher. e }’_ ;” '%‘" B
" The 19? nor gethod has ba en . founa to be very satisfactory

- “ A : .'A . o
B . .

. . .
TN T T/ r PO

e .‘for the Po measurements and for T the pK evaluaﬁmon o' ;ery weak : e
D bases., The Ho Values obtalned by lg? nmr .are aldost identical to - :}' 1

. .. - s « e
ovr’) ~ -

) f{those ahserved by the absorption method except in dilute 8olutions _:‘-;' §

:Ik has been,poinxed out that 11 very dilute sobutlons of acids in .

. . . -
. " --' ‘\.‘ -.. .,

) : e HSOBF'the acidity is vgry seusitive to the addition of very small -'". .h.

. “ -

~..'
L

_‘:i'.“;:: f gnounbs of bxse The amouhf of lndicaﬁor added in the nm: measure— ;::

‘“~;j: - ;: gen£5'unddubtedly has the effect o: upprqnlably reaucing the anidity

e . . e ve ‘_ SRR N : -’ - LT ; t*:" . ‘/“' ‘
T ot“auch dilnte gviﬁ aqlugianst,w_"‘;--i;h ;:;_,”‘ﬁ-::g;;nﬂw";%;;?,;h¢:"i‘
- - B . .T . o S ‘n . "', > S . i
v ’ e B A O -, ) e L




. . v, . . < ..
& N . . ‘s - ¢ ‘0 , B
S Lo SR - .- . S A . - 3
The basiciiy detersination of weak bares by the nzr method "
o ‘ . . ) 1335 Co - 22 .
has been made by rany workers.” ™~ Taft and Levine.”” deternined .
the pK values [or fluorebeanzene derivatives Ln'n.;Qh by TP nmr,s .
. . . L
. 34 s e ‘ - .
. Lee evaluated the pK values. for some alipaatic ketones in LZSCQ
- . 35 . LA . . ) .
. by proton nzmr ani Levy et ai.j studied the ionization behavior of .
. a & .
a apurder of halogenr substituted ketones by proton nar in acid systecs -

-HSO_F., .
5 - Jr ’ ‘. . - :

such as Hﬂsok and superacid SHF
<

The two indicators, 2,b4,5-trinitrotoluene-and 1,3,5-trinitro-

.

. .

benzene behave .quite uniformly in NbF_-HEO,.F and Tafg-ESO,F as shown

5T 3

by their plots of log I vs., déid cpncéptration; - The indicator -  .°

. . -7
. . . . ~ M

2,4,6-trinitrotolucse was diprotonated beyond the concentration around

.
. »

.. 3.mole % TaF, as shown by the shift of A

L Fg _ %o shorter wavelength -

rd
~ b - . N . . .
. . . . . . . .
- S . ¢ > - - - “r M -
- y r - - *
e - .
. . and the marked increase in -¢ -values, N .
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EXTINCTIOﬁ COPFrICIPNTS oF 2, Q.6~TRI¢

VITRGTOLﬂaNS IV

TABLE I' -

Mole %.NBF_. l

‘ 5
0.2812
0;5335
0.5512
055936
0.7179
00,8746 -
1.3662, .

fllhsisl

Sy e

'fh'1~559o _1

.- 18550

o 2,041 -

laXx

315

320’

216
317
317

- 320

318

" 318
,.:rjigi;

320

320
329,

‘e
- - .
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3
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-
oo
Ly
»
@ » "
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3
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- [
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Mole % NbF

0,366

S oms

0.5391
0.6610
“1.1464

- '1.7070 296 |
1.8550. - 308
S awesi T i 'k
s.0754. 297"
©.3.2228 - 29
3055 T 295+
Wokge T agg v '
ases o Tas
_ sml;éslf e 300
Bl T aggr o o
| n‘6}8¢60. : § ST . 369ff‘ S
s oo

5 o

TABLE II

" EXTINCTION COZFFICIENTS OF 1,3,5<TRI..

NITROBENZENE IN THZ X»F..HSO<F SYSTEM

-

®

‘ )‘maxmm)" -
295

_ .29

L 295

295 .

£
e

297

-
-
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TABLE IIX
. ' . | ‘
IONIZATION RATICS (F Z,Q,G-TRINITRO?OLUEWE IN -

THI Np?s-nso3?'si5TaM;

e = 960 ' ¢

B BH’_ = 10600 pKBH* = ~1.5.60

e X . 3 it ek s Pt ot 6 metphons o

Mole g NoF ' c log I

{
§
;
:
i
1

0.25 - 3900 . 0.36
0.50 k200 . 0.29
1.00 ' 4900 0.16

1.50 ' 5400 S 0.07

L2.00 . . 5900 . .0.02
2.50 L 6300 ., -0.09 -
3,00 : 6700 0.7
4,00 74000 -0.30
5.00. 7960 - -0.41

6.00 8300 ‘ <0.50

. )
7.00 . 8600 ‘ ~0.58

<

B
’ x
- A a.
N «
. e
<
LS
;
-
1
1 ~ '
-
2> =
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,§ ™, r
A . N
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TABLE IV -

37

TONIZATION RATIOS ¢? 1,3,5-TRINITROBENZENE IN

THZ NoF

CB = 800

mole % NoF

0.25
0.50
1.00
1.50
2,00 °
2,50

/300

400

"5.00-
6.001
7.00

5

L]

.gs?s?

"“BR

2500
2600

2900
3100
3300
3400
3600
5100
4400

4600

4900

+ = lO?QO

PKBH‘ ‘= -16.0&

log I

0.68

0.65

1 0.57
- 0.52

0.47
0.45
0.40
0.30 .a.
0.24%

00-21 ‘. . . ~ >

0.15 .
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Figure 8. Tonization é@t §9véf.zwk.6;trfﬁizrpiqxgp§n o .
S " and 1,3,5-triniitrobene(4) in the Kbfg-HSOsF systenm..

38



39

- TABLE V
-Ho' VALUES FOR T1Z XtF..ESOxF SYSTEM
2,‘&,6-trinitro- - 1,3,5-trinitro- Average
. toluene ‘benzéne _—
15.24 ' 15.35 - . 15. 30
15.31. . 15.39 T 15.35
15.44 . 15,47 15.46
15.53 oy - 15.52 15.53
15.62 © . 15.57 © 15.60
“ ) ) /\
15.69 . S UR - I 1%@
15.77 . . 7 15.66  © 15.71
. 15.7%. 1574,
15.80 - ~ 15.80
, 15.83 . 15.83-
; )
i 15.89 : 15.89
e
e
«
© “\J-/
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TABLE VI .
EXTIRCTIQT COEZSFICIENTS CF 2,% 6‘ARI\IMQO-
- TOLUZHE IN THZ TJFS-KSC:? SYETIN

Folé % TaF . A (am). . . ¢
3y ) ax( ) : .

:o,u13o ‘ _ ';é5
"0.5290 325
©0.5L30" 323

: 0.5845 ' 325
| 0.86545 T . 322
1.0630 - 325
'i.osgh | Ce 322
,1.5#39. o e e
1.5691 g 22
i~ 1.8210 o . 326
G zapoo T 5w
SR 5.zg§%ée’ - -

T Tlasemo e s
’ oBme90 - Tm9

) 32796 - .- 320 _10,806‘;
| "B,hsdé. ST ;;‘3, 321 io,zoo"
, S 378900 . B S 12,500 -
;;?; L - 315260 . :j§n~ '-‘ 321“3 ’ '-_10,500-\
oo ' P 318 ° . _;i}{loo
CoRns ' . '/fik,}oé

-t
-

8,900
‘8,300

8,600

7,900
7,800
. 8,200
8,000
8,000

81300

8,700 .

9,000
10 400"

9 500 -

lQL&Dd'

11,700



o e

Mole % TaF
0.4130
0.5290
.o;sk3o
1.04%0
1.8210
2.3970
2.6931
3.1792
3.7891
4;6803_
7.0884

-

TA3LE VII

EXTINCTION COEZFFICIZNTS Of 1,3,5-TRINITRO-

5

N

BENZEINEZ IN TUIZ Taf--BS8CzT SYSTEZY
. -

-

LX)

XmaFﬂan

01
301-
304 .
304
304
© 304
302

301. .
201
7 301
297

—

TN
'5,200

5,400

4,800
5,600
7,200

7, 300
8J360
8,400

8
.9.5Q9 .

‘10, 500

42
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C.B‘ =

Mole % TaFg
0.25
o.50
0.75
" 1,00
1.25
1.50
2.00

2.50

- b
TABLE VIII
IONIZATION RATICS OF 2,4,6-TRINITROTCLUENE
IN TuZ ?azs_aéo,? SYSTEM
960 - gyt = 10,600 pKpg+ = ~15.60
¢ . log I
7., 200 - -0,28
7,500 , -0.32
7,960 0.4
8,200 -0.48
8,600, -0.58
8'960 ) -0.67
9,300 -0.81
9,600 -~ -0.9%
) - _
] ‘ ‘ ’W*



’ TABLE IX
TONIZATION -BATIOS OF 1,3,5-TRINITROBENZENS

IN THE TaFg-HSOzF SYSTEX

"¢ = 800 . iuo+ = 10,700 pK

B BE". S R

Yole % TaFS : c - _ log 1

0.25- 5,100 0.2
0.50 < * 5,500 . . 0.0%
0.75 5,800 o louel
' iioo. - 6100 . -0.06 i
1.25 6.500 o -0.13
1.50 ST BBl .09
2,00 ) 7.0 7 0.30
2,50 . o 8,000 ‘ | -0.43:
.é.oo . 8,600 j ’ e 40.5?_’
boo . . 9,500 . LT 0,86
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-Hg VALUES' FOR THE. TaF-HSO

Mole ¥ Taf

0.25
0.50
0.75

. 1.00
1.25
1.50
2.00
2.50
3.00-

400

5

TABLS X

2,b,6-trinitro-
tolu;n? .
15,88
15.92
"16.01
.16.08
16.18
16,277
lq.hi
16,59

3

'1,3,5-trinitro~

-

F SYSTEM

benzene

Msio2

16.00

. 16,05
16.10
i6.17
16.25

16,36
7.
16.61
£16.90

Avefage

15,90 -
15.9%
© 16,03
" 16.09
' 16.18
16,26 .
16.38.
. 26.48
. 16,61
}6.90,
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_ TABLE XI
" 295 CHEMICAL. SHIFTS OF 2,4-DINITROFLUOROBENZENE IN THE

) . SbF..HSO.F SYSTEM
5-HSO,F'SY

Mole % sbrs' 8 (ppmi B Mole %‘syrs o & (ppm)
0.0000 100.08 ' b,9107 . B 89.09
6.0829 ‘ - 99.99 5.3989 | 80,47

. o.1152 98,04 - 10.6673 7873
0.1633 , 99.40 14.2528° 76.90
0.1909 9830 . 15.5627 76.33
o.é603|" . "'98.04" | |

0.279 97.20 |
ognz o owez T

.0.798% . 93.06 SRR

0.9657 - .-90u28 .

1.1479. | “90.88
1246 . 0.3
'1;92?7 S Bgi}?‘
1.9236 . 85.75 ‘

24890 - . 85,29
2,8089 - - 83.66

. . B ’
©3.9878 7 - . - 809
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.....

THE 1R CHESHICAL SHIFTS OF 2,4 ;6-TRINITROTOLY

~ Hole % KSO

0.0000
0.0763
0.3h22

1.0771

1.9366.

. 2,7581

- TABLE XII

3 XS
THE 150, -HS0,

sF. . 6 o)
2.57
C2.55
2.56

- 2,55
2.55
L2.57
L

-HSO_F AND SYWF

-HSO,F SYSTEMS
Al

Mole ¥ SbHF
0.55h2.
0.9817
2.3597
3.8377

. 5.571k
6.9856

10.2033

131251

15,4614

22,9468

27.2223

29,0800

:29.1672

5

DAy
Lt S

I

6 (ppm)

2.67

< 2,68

2,72

2.73

2.77.

2,81
2.87
2.86
2.89
2.99

2,98

3.08

50.

3,01
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N "r.{ax.? XI11 o "
‘19 cpareaL SHIFTS OF 2,4 -DINITROFLUOROBENZENE r
~ "IN THE SbF -HSO,F SYSTEN .:{:m‘x KNO4N -B, VALUES -
ey R ‘ ,
6.0 - 15)9;98 15.07 ) ;
.01 100.02 15.29
0.02 10000 15.49 R
0.04 999.90 15.61.
°'.°5-\\\( 99.30 16.13°
0.08 99.10 16,37 '
0.10 98:90 .  16.35 ’ * :
0.14 98.80 16.73 : E
G e.30 98.00  16.92 . \ NEE
0.50 98.00  17.08 -
0.75 9%.90 17.22 o
1.00 91.50  17.32 | ,
‘“3.1.50. "88',#0, 27549 -
" 2,00 85.90  17.6%
. 3.00 82,70 . 17,84
4.00° 81.00/" 18,08 . ¥
. 5.00 . 80,05 . 18.28 - SO
[ 6.0 79.70 0 18,48 LT
7',00 _ 7“9.’.§o“ T 28.66 ) ' : é " %
- 8,00 CT8i%0 1879 SRR
20000 T o 78,200 38.9K. : ' I
,, | 3 o
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TA

BLEZ XIV

IONIZATIQN RATIOS OF Z,Q-DIﬁITROFLUORO-

 BENZERE IN THE Sbfs;asc
6,+=

" Mole ¥ SOBF

5
0.20
0.50
1,00
1.59
' 2.00
2.50
3.00
400

5,00 -

6.00

B

98.0

95.0

91.3

88.3

' 86.2
s 845
2:8}.2
81,5

80.2

79.5

77

"16.33
16.79
i?ll?
17.51
17.58
17.73
17.86
18.08

. 18.30
18.48

»

42 = =17.35 .

4 ¥

55
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] CHAPTER IV T K
THE _rxrsjwozior-mw IZSULFONIC ACID SOLVISNT SYSTEM

I3
3

A. INTRODUSTION |
’ ! 5
."

Trifluoromethanesulfonic acid was first prepared by oxi-

dation of -bis(trifluorogethylthio)mercury by aqucous hydrogen
36

peroxide.”” . A more convenient'method'ié thé electrolysis of a solu-

tion of methylsulphonyl chloride in Anhydréus<HF.37

Trlfluorometnanesu;Aonic.acid is a stable, colorless liquid
: : . ; .

with a boiling point of 162°C “t fumes'couiouély on exposure to
mnisture and must be handled in a conp‘etely d*v environment.

«

38 it

By neans of conductiv1t; measurements ln acetlc acid,
”

" was found that cegso ? had a d*ssocxatlon constant 1Q times greater-

> o

than that, of ;| SOu. Presuuabiy Cr3 BH is dissoczated .according
‘to the equation (IV-1) in this solvent ' .

cr35033 N cng:@eg = cx}cpox; ; | CF}SO} (ﬁm
Therefore it is expected that in the anhydrous"étate CF; SO}.R ﬂishi-
be a stroxigex- acid than'loo'% B, so,\..- %7 JZn’the anhydrous state |
the autoprotolysis prasumahly ocecurs in thé saﬁa manner as ror i
flno:pgulfuric acid . ' -

2 CP;S0.H = CF,SO.E, + CF,SOT (IV-2)

33 332 32773

Tha CFBSOBHZ' ion, like E 803P .ion in IISO3

than the acid.itsélf...‘ The antoprotolysis cénotant has ‘not béen - |

F, is a more acidic speciés .

determined previonsly, and thera has baon very -few 1nvostigations -

laf ) 'thia‘solvent 8yattn - Kraner 23 | ha§~nade sone kineticmstudiaa

Ry

ueing this-acid and the mixtires wilh some Léwis acids such as SbFc,



- .

TaFs and M5F5 as .solvents. It was found.that all these syrte=: ar

-

(1)

. .. o ' .
bighly acidic aznd the selectivity pa,ameter ( see Chapt!) for Sb.s-
'CFBSOBH R the highest asong the b?--da qutem However
Kraéer has pointed out that thére is some uncertalnty about

the Stabllltj of CF SOBH and the solut1ons coritaining Lewis acids
in the prolonged period of kinetic study and-the results on these

\ .
systems*are only tentative,

An ac1d of the CF SO3H solvent system may be conveniently

treated as a solute whlch 1ouizes according to the equation (IV-})

BA + cs~3503a .g cr'}so}/z/xf“‘ o (IV-}?.

and a base accordlng to the equation (IV*#)

/
7

- + - A T "‘ i
B e cr‘3$o Ao B+ 073803 . . cfv 4y

The CF380382 ion and C‘SSO3 fon are the characteristic ‘ions of
H//autoyrotoly51s of the solvent, o '

| e actatts ce tne &

The enhancement of the acidity-of .the HA.CFBSOSR systems"

t

is éssentially due to the increasing concentration of the
F,S _ F :
¢ 3 0)\2 ?on The role of _ Lewis .acids such as Sb 5 i?
CFESO 5. to act as an acceptor of the anion’ CPSSOB’ ;
SYF_. CE.SO_E = CF.SO F_S -
Fg 2 5805 = c 3S 332 f Sh? (c 03) (IV 5)

"*In concentfétgg solutions the tormation of . the "dimeric" speciesg
_(Bb )ZSO3CF3 '?E\posslble. The 19 dmy speatrua of a soiution
of’ 2.2 m. Sb? ih CF3$O H at .50 c is pssentially the aane as.

»
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‘pure acid and is almost the same as for BSOLE ( k = 1.085 x 10

’ nitro aronatiq coqpounda a& indicatoxs. "Table XVI lists tha

The c thues at regu

: _unﬂ tht 1oniz:tion rttios ve‘

59

s
‘ ) -{‘“ S. "u 1-’ A .':" : - 7. . .-
aony in SbFSSO.CEI(I) aad g SbFg ) S0,CF; (I)
. . - . ) -+ -'_.“6: v..
rlfzrl N A e -
N Ry 0—"~~=0__\ b
Ly S Pt g7 ——S¥—F
'?§’l ~pt 7 \p5 L N\
SO P3 ) . ‘. . )
‘. . 3 e 4 : : ' ‘
(1) (11T
B, ACIDITY T NCT AN Va:3URIMINTS
~. Freshlk_distﬁllgﬁ V‘SSO % was rePorted to contain 2 .mole ¥

uater-frqg conductiviﬁy measurements.zs. 4 conduct1v1ty study of

the freshlj distilled C?}SO3H used in the present work confirmeﬁ

_ this. earlier resulh- .Tab*e v andwFigure-l?~shou the present.. ;

condgétivity resnlts. The conductlvitj decreases with the addition
of the anhydride- (cr so )20 down to the qalue, 1,08 x 10 b hm ‘}
at 1.8 mole % anhydride after which the eondubtivitf remains cons-

tant, This nay be taken as the electrical conéuctivmty of the
—t‘

ohm~L ¢ )30 The‘sanple of CF3§035 used in the present vork

vas adjusted to 100 GPBSO3H by adding a calculated amonnt of the

. anhydride.

Thc acidity‘of the Sb?5-023§035 system was meaﬁured ﬁsing

.
.‘*4\,

extinction coetficients of 2 b,ﬁ-triniérotoluene and 1,3 B—trinitro- ;.~_ ’

benzene'in the SSFB<S?”SO B system. These arQ plotted in Figure 18

"1 spgced conccntrations ot Sb?s were takqn " L

cAIcuiated aqd cre given'in.Tabies L

v . Cat e .. L ',.,_ a P, -~ .



’ "thase apidz may be explained 1n terms of their structures. ' The

-4 . a - . >

-

XVII and XVIII and are plotted in Figure 17 'The‘waiﬁés of cé
CBH* and pKBd* were'assumed to be the.same .as those ﬁcund in the
HSOBP systen, In’ the range of Sb‘r"5

the two indlcators 4.4 6 trinztrotoluene and 1,3, 5 tri 1trobenzene

concentratlons P escntly studied

are not fully protonated. Since no other Lewis acxd—G‘ S0 H systems,
having & kigher dcidity than.SbF5-CF3SO3H have bech inveshi

-it is not possible to check the CBH*'values. Y

The (pKBB' + log I) values and the average H, are‘}isted

in Table'XIx Por 100 % CF.SO.H the above two 1ndicafors are\ZSB-\

3773 ‘~\n
L.
- weak to be protonated to an apprec‘ab&e extent Therefore a stronger A
ipdicator. 234-dinztrotoluene was used. 1t was protonated appreq

) ciably in lOOA% CF SO 'Addition.of RE to CF. 5033 .does not. very.

3t 5
much increase the extent of ppotonation ( Tahles XK and XAI)

"Th;s~r&§her-veak ac}d,‘st was thus used in, extrapolatzng to abtain

the Ho valie for 100 % CF,SO,H. The -R, values for both SEFg

CF3SO3H and P?S-CFBSOEB are plotted in Fignre ZO'along vith the

: previously determined SbFS-HSO3P sysﬁem tor comparison.,

-

c. D;scﬁssrou - L
It is concluded tﬁai thb trifluoroéeihanesulfénic acid and

the solutions of SbF in 0“38033 are superacid systems. . The K .

value indieaﬁes that 100 G? SQBH is a stronger acia than 100 %

~8ésoa but weaker than 100'% HSO3 The difference in the.acidity qf

’only atructurgl difference between rsoza and'UFjsDiE 1e the replace-

..'nent ot fluorine by ihe CF3 group. T Since the . GF3 sroup has a ﬁ‘;lg:}

M - _--* B *,, ‘ - -

' Iowér electrcnegativitr ( 3.3 ) than tluorina “. ( 4 0‘)&0 the

."

« A Y
‘ - . B ' ¢



- lgss

as for Sbf

“consatant of the same magnitudew

. This is because of the fo

which has been detected 1n th

.as'gn the HSO, F
'value for HSO

"indicator is not 50 grcat as. in the HF system.

electyqnyw}thd}awing ability is,léss-for CP3 and therhj&rogeh,ia

- ot
9

easily  lost from C?B 0;x than from :so§é~

B

The addition of‘Sb?

to- CF,SO the acidity r fdly.
. 5 to’ ’3/’35 lncredfes a ty rapidly
The initial increase in the ﬂo cuﬁje fon SbFs—C?3SOBH i's as steep

:~HSO

5 F which zay suggest that CvBSO’H has an autoprotolyais

3

\Slwpe/zt is still unknown
whether SbF5 is a strong acid in CP3803H the Qxact Kap value cannot

be. dednced from the Eo curve of the SbFs-CF3803R .systenm.,-

a

The Ho ourVe sho s,that, a!ter a r&pid-'initial increase,
N . .. LS

the acidity does not incregse very syeh with acid couééntnation.'

tion of "dimeric" species, (Sb )2503CF Y
19

F anr §pgctrnm.
SN :

The Hy Value for 100 ; 013 3 was determlned in the PF$

CF3$D3B system. PFS is a very veak acid in CF3SO3H and the Ko
curve for pps-cr 33 éan be extrapolated to 100 cr 5033 gugt

'3? systen in vhich tha Hy curve for 50}- HSO;F vas

extrapolated to 100 % HSO,P. 3

3 e
F, 3 B x 10°8 compared with 9.8 % 107Y3 g1e? Kg'?fbp

)
. Because of a relativgiy large’ Kap..

3

HP (Chapt V - A ), the effeot of the small amount of impurity or
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" \TABLE XY

373

THE TITRATION OF CF,SOH BY TKEZ XNZYDRIDE (CF550,) ,0-

Hole % Az’x}iydride added

I

" "0.000
0.451
0.848
-;@zk
1.271
1.1489
. 1.77%
1.985
2099

2,514 .
LA
3.609.
5.243
:9’_ . -
-
3
. . , s ’__
. i \‘J ".' * .
B A o
. . - (y'—t'.'l‘-
- VoW
"’/‘:‘ ' . ’-. ‘- ~
. ¥ AT 2 -
- - - - {\ ’-‘ .'
. S
N PR . . - :‘/ .

T,

X x.10

lf' ohu
&

6.79
Szgk’_
5.52
3.86

3.8
1.60
1.09
1.08-

1.08
1.09

"i.99:

1.11
TT—
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4
°

Y

k x 10“ ohn™} et

&

-\

B R Gt e -

A ; cr35033 by thg anhydrj,dc at 25 G-

. . 63
. *
)
- o - "’ -. ._! _: . t - ' *
0. o RIS, 2 k- SN - & 5
T ‘Mols ¥. Anhydrido _ : S
- Mgure 17, . Cmductt-etric titration of treshly distin“’ SHR
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TABLE XVI’ _
EXTINGTION COEFFICI ENTS OF 2 b s;rxrmmmoiqms:'
AND 1_,'3.5-mmrraosm:m§ IN THE SbFg-CF3S803H SYSTEM
) : '-2;h.6-trinitro£oluene " ©'1,3,5-trinttrobenzene
Hole ¥ SYFg Mo (amy c A, (om) e
0.0000 e 1300 329 11100
o.onk6 w' 3= .'l;aoo - 325 1800
070890 _ s . 5800 - | 3% 2200
oL . 32 800 320 3300
o.éfo9_2 ' - . 7700 3197 - 4000
ERCUNE - 335 800 37 1900
oo.s5217 .. R ';.527. L 8300 ° - : 320 - 6300 -
-1 0.9228 - 327 '_ > - 9600 _ . m6 . 5600
0.9825 S o me T L7300
i-.';?l} ' T 90 | N8 - 7100

%y

- ¢

il ST
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TABLE XVIT .
IONIZATION RATIOS OF 2,%,6.TRINITEO... '
- TOLORNE IN THS SFy.CF,SO. SESTEM . _ P
’té =960 gy = 10,600 Mgyt = -15.60.
Lt "’ ‘\\\ ' | - ! ! .
ﬂolo;SSt?S . ‘€ I lo'glz'v’ 4
o.02 - 3,200 | 0.52
0.0s° . " h,600 . Com
o0 5,800 o 0.00
035 - - 6,600 - B X5
' 0,20 M0 T poa o
e 9,600 R X ‘
" 0.30 ° . 3 . 7,800 . ,;-»0.39 . |

040 . " 8,400 . -0.53 . . |
o.so . . 8.860 B s T -_.o.sh
020 9,200 . 077
00 T 9600 . 0.9%
1.50 - 10,000 ) ~1.18-
i .u ':’)( ' . " ‘\‘,‘ . ‘ \e
' f> ﬂ.\‘: § ST - T T - :
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. .+ eaAmLE XVIIZ :
. 1ONTZATIQN ‘RATICS OF 1,3,S5-TRINITROBEMZENE

: I¥ TEE SpFg-CT3SC,T STSTEX

L]

' <! ‘B o m 4
P Relesser, . . 1eg1
. . : : . Q. . i

0:05 - .

? 0'1_0 | .

. .00 s T 5100, R R

-

AN

.
4
4
.
.
.

.
‘
v
.
.
>
¢
6\ ’
-t
- .
«
.
. N
LN -
e, .
.
'
— P
o .
. .’
wte o -
. . 3
e B ,
vt



. Las

. /, . N e’ ’ . . AR

.o - y ‘ )

o ..e.ﬂc»n mnomn&csw@aw oYy us 93 oawasopouu«na.s v o
~gig 5 (0) onozﬁo»ouo«c«uu..m ‘el 30 ooﬁuda no«vcnﬁ.oa ‘61 uu.ﬁnau - "

.« R § « “ . ¥

o . S4as % OTOH . r S
e 0°t. ' g0 90 7°0 - 2°0 0 )
4 h : »u b . 0 - v- b\ -q. A.\ .4 b ) ‘ N ) Nll...a‘c“ -.w
L » o, “ _ !

. [
. 3




"PABLE XIX

'8, VALUES FOR THE SbF_.-CF.SO,E SYSTEM

‘Mole ¥ SHBP.

S

0.02
10,05
0.10
0,15 °
© 0.20
0,25
- 0,30
0.40
' 0,50
0.70.
1,00
1,50
2.00

h)
-
-/ -
. T
\& ..
£ Y e
~ . N
* .
.
-
- - - Rt S
- & o
- PPN - - -
. . ~
~ ]
-
. —* - -

toluene .

[

.
.
»
{0.
.
‘-
-
.
¢ o -~
[ -
. . - W +
- -~
”
. e .
o~
. -~
“.o -
-
-
o P - .
PR
& - .
N « " LS
*
s

573550

bl

15.08
15.39
15.60
15.75
15.84
. 15.95 )
C15.99 | o
© 16.13
36.28
16.37
i15-5§'

&9
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TABBE XX

EXTINCTION COEFFICIENTS OF 2,4-DINITROTOLUENE

L]

o IN THE FFg -CE’BSOBH‘- S}ST&& :

Mole ¥ PF X (nm) - T Co
5 _ max . , ; PR\

~ 0,0000 : 339 8,400 ]
0.0184 335 - 8,600

0.0748 - ' 339 ... 8,500

N

LaY
.
.
TE Dt S Ao ¢ 03

0.1295 . . 339 * 9,900
0.2080 C 339 ' 9,500
0.6137 - - ‘ 339 L 9,500
. .., | e e L ' ‘; - N
’ - TABLE XXI' o
" TONIZATION RATIOS OF 2,4-DINITROTOLYENE
IN. THE PF5-CF5S05R SYSTEM
2N = 1706 ‘ Cmvt' :'. 130900 S ané“* = -13.7‘3 “

4!910-# PP5~ - € | log I / . «Ho ‘
000 . . U8o . . 0.9 - 138k

7

',b."os,' 8700 = 03 - . .13_.’88;

0.10. 8%0 - . 036 . -  "~113-9§1
0.0 - - 936 w22 . . D
R R X RS ¥ S
0T LT L gn00 o b8 i akes

- .. M
L S g YASS YRR FyCE 1 ey e oy >
AR P A I DL AN LR G
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CHAPTER V

THE HYDROFLUORIC ACID SOLVENT SYSTBH

ARG INTRO'DUCTION -
.;u;hyd'rous hydtog'e'n'fl:t_xoride is mgde. industr:_le.-lly from ‘
. fluors‘p;r ( Ca.i.‘z') and coneedtrated.ﬁzsoh. " It is supplied in ' {
:::"steel c'ylindm with a purity of 99. 5-% Kost of iopurities can \ ~
" be removed by column distillation as described in- the experimental
" Béction. Prom the specific conductivity of 10 <5 ohm cm"!t at,
20°C the water content ie estimated to be ca. 10 km. ‘

Since the developnent ‘of flnorinevcontaining plastics, such

‘a8 Teflon, Kel-F etc., the Btudiea of nphydroua HP solutione._have

by many workers.lu'hs- Reviews of the pwpernes of- HF and the -

: W chemistry of the HP mlvent eysten have been g;ven by ﬁyman
ma xatzw and-Kilpatrick and Jomes S '

Anhydrous EF is a colorleas liquid vith ‘a lou boiling point

49

(19.5 C).( It jiaa a lov viocosity

been expanded trenendously. The chemistry ot:HF has been reviewed l
, 0.207 ceutipoiae a.t 209¢; a ’

' hish dieleétric ¢9nstant5° 80 at 0 °¢c and & wide uquid mge, 102.9 C,
‘:"'5-""-_6;;'“. nakins :lt a good colvent. Thee%propertiee mgseet thet. like - o
' wnter. hydrosen flnoride is an emehted liquid..~ Bydnogen bond- ST x
%:?f'ﬂf . ing phya an, ilportl.nt rcle zn HP aolutione jnut n in nter. lIzi- :
1like in n.ter,:g mee%emam netwa:k is nnlik*’ly in EP and
thie ia premabiy whx 1t ha& e iueh lover v:lceosity tha.n vater.

X '.,-_-‘.,_, X Beaidea auoch.tien, aelt-ioni t:ion ox- mtoprotnlycis 5.e _f




Legee

- calculated fronm the conductance of pure BF, which has been determined

* the H.F' of F~ fon, A value of 1.15 x 10
988 x 103 nole? Kg™2 at 20°C was obtained . which is considerably'
'fsnallor than the* correspondiné constant in HSOBP 3.8 x 10'8 mole

_Ks
‘cohntant night be even 1ovqr and Bay approach that of water in the

condnc% b: a proton-tr&nsfer 6: ehgin conduction-:achanisa 18’53
;hiho coninction ncchnaiqa ll!}bﬂ rcprqsontaa 1n aiuﬁic torn by the

73

P s e b e ader e e

another important type_of_molecular interaction in liquid XP, It
has- a simple form as in the equation (V-1)

2HF. = B.F + F o (V1)
The autoprotolysis constant X ap can be éstimateéd from the electrical

conductivity data. A Value of 2 x 10 -10 mole2 Kg'z at 20°C has ,/

S N

been given by Kilpatrick and quorsky51 fron their conductance

. ' .
measurenents.of solutions of BF3 in HF, Since many approximations }

have been made in this estimation, their Kap value can be conéidered
only as approximate. _ Since only the simple ionic selt-dissociation

(V-1) is present in the pure HF, a more accurate’ Kap value may be

-6 wl -1 00 18

ohnm co.  at

or & 21077 omn’l ool at 20°¢2

alexlO

and the eqniva\lent j:_onic conéuctance at infinite dilution );;_' P

Fe A ; 2
and A3~ for H,F* and F~ fon, 350 and 270 ohz t cn® equiv™lat

0%C" or 455 and 350 ohn’ L en? equivt at 20°¢28453 - by using the

.

equations ( XB Pt x?- ) = kx1000 / C ‘and Kap = C°, where k 15

2 _ B
tbe-specific=cqnducpivity of pure BF and C is the © molarity of ‘
> 11 molea Kg'z at O°C or ) ’

7.

'a»at 25%c.% 1t has been ausgoste&

that the true equilibriun

M TR e apw

A8 AR A T

rigonoua abscnce of’all impuritiea.

o -

Iho ‘high mobility for both~32? lnd ? indicates that thty
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following equations

. , " )
B: S - NN - - g :dl ,\a\ v
\p el N e g (D)

~ 7 NE - './R.‘Hf H - ‘ F\“H ;o ”(.V—S)
. =¥ F : \F/ H/ NP

. An acid or a base of the KF Bolvgnt system may be defined a&\\/

" a solute which ionizes to give the H, F' ion or the F~ ion, just as .

in the HSO3F solvent system in which an acid gives the HESOSF ion
and .a base gives the SOBF' ion. .’
o , r i
HA + HF <= RZP* + AT . W . o - (Veh)
B+ EF & B8 +FT - (V-5)

The ions HZ'P+ and F" are the characteristic autoprotolysia ions of

the solvent. Both K F* and F are extensivelx Bolvated but they
are repreaented as 82P and P fqr,simplicity. - '

Potassium’ fluoride and other glkali betal fluorides are the
L} . - oL ’

simplest solutes acting as bases in the B? aolvent system. Cryos-

copic measurementsgo shoved that in dilutu aolutions they. are atrong

’

electrolytea and are cpmpletgly ionized )
‘ m+nr.ax++_ﬁf‘;_'.- : (M)
’ Elcctrieal conductivity negsureuenc552'53 ot solntinna ot-K;E,and

'\

'KP in HF.gt o°c ahored that ‘the !’“ion has ry hish mobdility, \%?eir
_‘conductivitios aro ahown.in Figure 21 alons with thoae of Bép-E?
Tt is sgen that ‘the cmducj:ixﬁm,cnrnn for MJ.nd KF in BF are india- :
_tinsuihhablc within expcrilgntal grror._ i valuo ot 390 tor thn oqniv:¢

. ~
. e . - . D .
- . . . B . s - . W owmtr
¢ - . - i - .

r
e
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?5.

301.

: NaF (at 0°C)---Kilpatrick
- o and Lewis (0), Brownstein *
P ’ ~ KP ( at 0°C)~-Kilpatrick
: ‘ . and Lewis (a8}, 3rqwnsteiu
(M) . : ,
. -+ - R 0 (at 0 °cy -~ F%edenhagen
S (¢ ) Brovnstgiu (‘).

320 ( at «15 c)--?redénhagen‘
" €. and Cadenhck(O).. :

0 o 2

: eS0T 0 :7 B Kgla-l,i,&:z,of Baaea EETERPUR

A . - Jim.zx. ntko}&tricul conduct:!uthq ot hsu 1& ar. e
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lent conductance at infinite dilufion Ap was obtaimed from a plot
of Yo vs. équivalent conductance, The transference~numbers'of.tga*

and t.+ were found to ke 0,30, From these data Fhe‘mobtlitieq of

. K
" F” and Na* or k' were fggnd to be 270 aﬁd 120 respeétiveiy. The high
'mobility for the F~ ion has been explained in.terms of the
protoh—transfe} process. ' .

Of ail the base; the most interesting is water. . . Con-
ductivity measurements for solutions of HZO in HF have been made by

Predenhage 5&'55

' These conductances are shown in Figure 21, . There is consi&erablo

at 0°C and .15°c. and later by Brownstein52 at 0°C,

differenca between the ;eeults of thesge two workera but the data of

Brovnstein seen muoh more reliable. The conductances of KF or NaF.

¢

HP are higher thwp those -of. Bzo..xr at o°c

The acidity functions 30 far Hzo-HP have heen ueasured,by
Bedl et a11” up to the concentration of H;0 at 43% by veight and
'by Bynan et a1d? up to ;lnost 100$ HF. ' Their ‘results alo )

rea.iv have been shown in Pigure A4, 'No 8, acidity function moasuremnts

hxve—been.tound’in, the literaturo for alkali metal fluori&e- HF

syaten except two ao, valuea ‘given hy Hyman et al.s tor HiP

aolntiuna in B?: -10 30 for 0 #5 ‘% NaP and -9.10 for 4, 3% NaPF. .
_Because ot the lov hasicity of tho solvent BP only a few 8o~

:1ntea ara expacted to act as: acida 1n the ar qybtel. The’ only

| proton acidn“raported ﬁp act as uci&n ::e perchloric qnn.fluorcsula _

" furte actal 47 -

cryoscngic nensnremant32° dnpoar¢d.to ahov thn&
-'ZISOSIL!ns‘aTnpncglectroxyto in.H!g but‘candncti?ify lggsnrclansbzs

' :j':m"’& th;t msr A, iomcd angptix acco:dius i*o the Oquation

9 .t e,
‘. e IR
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. e e _
CEF oTBSOF @ B . B0t (v-7)

.4.,e, it behaves as a very weak acid in HF,

The most important class of acids in the HF ‘solvent -system

is the Lewis acids of which the najority are Group V fluo-

) rides.  They all act as fluqride ion acceptors. . The net result

of the addition of a fluoride ion acceptor in HF is an increase

\ R ' o ~
in the concentrationldf the solvated proton, HZP’

. . i .
ng + 2 BF = 8 F'ow HFG & (V-8
Prom a stndy ot the chemical reactions of a largo number of

rluorides H?5 in HF, Clifford Qt al.ss"5 concluded that some

of thea-eXhibited ‘acid bebaviour. . They examinad the abilrty of

various fluorides to give typical acid reactious. For example,

the ability of HF solutions of the fluorides urs to digsolve cobalt

trifluoride and the metals . chromiunm, magaesiyn and manganése.
Based on this étudx relative acidic strengths were found to be in the
order SbFS) '> PF..

-

_ thpabriek an& Lew1553~aade the tirat quantitative study

- of antinony pentatlnoridg 4n BF ; they studied the olectrieal cone-'

duetivity o! dilntc nglntions of Sh!s and Rqu!g. Thqy con¢1uded

that qntinony pcntafluoride 1& a atroug apid and tonizes in HF

e accordins the eqnution ' ',u“ ."" e o o | L ‘ ( AN

.

« 20 @ .32r ‘. Shts R (v.s ).
17

.aurs

Lntor Bynan Qt al.
ot ox;ccttical conduct.{vitx gnd« Iolqcnhr Jpccimucom, !hq tound thai
tho cqmmati.v{tty &ncrmad by adding ms 1n nr und ruchul a2 uxim

! - N i . . . M
i3 “.. M “ ~

roinxeotig;ted thb s»rsanr systen b; means

|
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A

at 30 % SbFS { Figure 22\),'aud fron the infrared and Raman spectra

of surs‘in HF they obtained evidence for the formation of the s»rg

fon. Since the conductivity of the solutions rose to a maxious

" at a rathe;'low Sb!‘5 concentrations and decreased rather rapidly

with further increase the concentration of SbPS. they postulated

an equilibrium involving an undissociated ion-pair specieg.' At

ﬁigher concentrations the amount of ienization drops off rapidly and

the conplex becomes the predoaninant species,

SbFy + 2 BF 2 BoFy5bFg . <& aar* + SbFg (v-10)

Another demonstration that Sth acts as an acid in HF is

thevoonductiactric titration of Sh?s by watar in 1iqn1d HF performed

. by Hynan et 31.59 On gddition of watgr,.the eonductivity &ecreased,

>

paaned~through a minimunm, and then increased iéﬂ%n‘ preauaably'bc-

cause of thée following meutralization reaction ..

Bao '
Bér* . surg P 320 - 530 - Sb!s ¢ B —— a}o . sarg + P

. (Véll)

!hinialeo ahovod that aar* ard P~ ions had hishcr uobilitica'than
ehe 339 ton. ' ' ' , |

In contraat to Hyman et al.‘B pontnlgtad formation of the

'ion.pgir spocits, Gilloap;e and.Hoaa'a inroatigution;a gave no v

ier‘nnr apqctrt of )

cvidcncc for Y "specica. ; !hiy ntndiuﬁ the

sugs-nr :olutioua d tound th;t apqrt tron Sbtg.gt least one othcr'

RS

7 nniouc q:qeie £7) puunt. i.o.. 8,52?‘" o They .found " at

[ - - — - v a— - + - v - - s . ~
. Py - N o ———

2|

PO e S e

N
TR et e kg s 82 arits s
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rooa tedperature all ao'l,tx‘eto:w of Sb?sla HEP gave only twvo 19p rimongncoe.
the high field rcaosax;xco due to the solveat and a b:o;d low tiel&
reconasce dae to the anionic speciea. At lov tesperature and in more. -
concentrated sodlutiorns, ‘WOQ cav recocances vith relative areas .

1:8:2 appeared showing scme fine atnzéhxn. They have 1ntcrpr_;tad

these as arfsing froa the three different’ fluorines oo Pyasd®,
, » ' . . ‘ ) ‘
Ib .
B T P,
f & [ I ~y
M
R ! ® ) )

£

in. the sz?n ion

N
)
The conconention of this dinerjc gpecies incmsac vith iucreaaim -

Shrs conceatration by reaction of sur6 vith surs

smr5 ’ atir o> snzrn' | ‘ ) (v-u)z

In core cortentrated. oclumna. 3 16 is prodably proaent. a1 eapie

and Hoss also’ reacatmrcd tha tloctrtcal conductiyity of SOLF, -BP aolntioua °

5 .
(Figure 22) and !’m wmm thoy obtained the Laz” va.lut. 50 ohn 1 2. <
equiv"l at 0° C. ) fh& rupid decrease in- cnn&ucttvity :l.n

“he
LA

concentrated aflutiox;a cay be ne to the solvation of Sbr5 and
prohnbly other yoiqnnciw epeeiegs anch a8’ Sbgfi'z,@ u rore: H!P yai*tiu
cipgtins the solfn.tiom thg hn z!r vd.ll be | ablt to take pm in '

© the proton-tmater procm. “ uacasit: 9&:&» Yy, auo ba a-portmt»
"Ehmrcm 'cha cmmmn ol’ m cowmnt;} wx w umt

R - o —

w—-—*-‘ﬁ"' ‘-

Ia&ntn«ﬂ%?? Mshrg Wﬁﬁ-& [ ﬁrm mzﬁ wm .




81

19

by conductivity measurements and PF_. is weaker still,’

5

The acidic properties of TaF_, NbF5 and PFs'in AF have been
demonstratedgpy McCaulay et aléo by m%asuring the ability of°these

fluorides to extract m- and p-xylene from an n-heptane solution into

s

an excess of HF. The effectiveness of the extraction is in the order

-5&

TaFS> NbF5>>PF5. Clifford et al.56 have reported the

in AF,. Hatton et al.61 studied

wp, 12gy ang 182

weakly acidic behaviour of NbF5

the nuclear magnetic resonances of Ta in splutions

of pentafluorides in 48 % aqueous HF. All these solutions yield

the hexafluoride ion MF.. If these fluorides ionize to give MF

in aqueous HF solutions, they probably ionize .to a greater extent

in anhydfbus HF,

B, HAMM=TT ACIDITY FUNCTION MIZISUREMZINTS

The objective of the present work was to extend the early

measurements of Bell et al.lkand Hyman et al.15 on the H50-HF system

- up to 00 % HF and into the still more acidic SbF5-HF system.

B-1. Dilute solutions of H.0 in HF and KF in HF

The acidity?® of ‘dilute solutions of H,0 in HF Wag rein-
vestigated. The indicator 2,4,6-trinitroaniline used by Hyman et al.
is the weakest primary aniline base that has been used:fon thé Ho
"measurments. . The best value of pKBH+ for 2,4,6-trinitroaniline is

9

«10.10 determined by Jorgenson and Hartter” in the Hasou solvent

systen. It was assumed théﬁ this value ;lso applied to the HF solvent
systenm, The extinction coefficients for this indicator in EZO-HF
axe listed in Table XXII and plotted in Figure 23. The ionization

—a i o ——

Yeeady ot
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ratios were calculated and are listed in Table XXIII.

The (pKBH+ + log I) or H, values are plotted in Figure 24

,together with previous values determined Sy Hyman et al.15 and,

Dallinga et al.].'6 Values of -10.89 and -10.39 were obtained by

3

Hyman and Dallinga respectively for 100 % HF, The present data
may be extrapolated to give an apparemt value Ho = -10.96. How-
ever none of these three values rep}esent the true Ho walue

for 100 ¥ HF, Considering the extremely small value of the autoproto-

<

lysis constant for 2 HF & BZF* + F7, a. small amount of impurity

such as water will displace the equilibrihm to the left thus dimi-
nishing the acidity. The addition of the basic indicator yill also-
affect the autoprotolysis, It’is for this reason that it ig not
_ possible to obtain the Ho for 100 % AF directly. The same situation

was encountered in the previous m.easurement.s'3 for 100‘% HSO_F. The

. 3
‘_ best method to eétimate the Ho for 100 % HF would be to find the

inflection point in a plot of Ho for strong acid and strong base vs.

acid 6; base concentrations. The extrapolation method used to obtain

H, for 100 % HSO,F is not feasible for 100 % HF., This will be

3
further discussed in later section ( see section C-2),
Since 2,4%,6-trinitroaniline is the weakest of the primary

aniline bases, a new set of indicators has to be used for H,O-HF

2
in 100 ¥ BF region. Following.Gillespie and Peel's work3 in extending
the H,S04 system to Hp504-503 and to HSOBF by using nitro aramgtic
compbunds as indicators, p-nitrotoluene wés used in the present work.

Since the theory requires the behaviour of good Hammett bases to be

independent of the composition of the acid solvents, it should be

RSN

e
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expected thé? 2,4,6-trinitroaniline and p-nitrotoluene would give
a satisfactory overlap in the 100 % HF region just as in the ﬁasoh-
SOB‘system. > -

HZO-HF solutions were prepared with concentrations so dilute
that their concentrations were not measurable by weight but were
determined by the electrical conductivity. Since water in HF is
'converted to H30+F°; andvits équ;%alent conductance at infinite
dilution Ao was estimated to be 360 ohm™> cm® equiv ) from the con-
ductivity data5€ the content of water Eould be estimated from the
observed conductance of the solutions.

Tableé XXIV and XXV list the extinction coefficients of
2.4;6-trinitroaniline and p-nitrotoluene.  These are ploéted in
Figure 25. The concentrations of water as measured by the elec-
t;ical conductivity range from O.i to Z!.C)”l+ molality and are listed
in Taﬁles XXIV and XXV along with the conductivities.- The calculated
iopization ratios are listed in Tables XXVI and XXVII and are plpotted
in Figure 26. The values of &y and Cpp* 8,500 and 200 for 2,4,6-
trinitroaniline were founé in HEO-HF solutions from the level portion
in Figure 23 and in dilute solutions of AsF5 in HF in which’
the indicator‘Was full& protonated while the values? 200 and 19,200
for p-nitrotoluene were found in solutions of HEO—HF wiih concentra-,
tlons 0.5 to 2 mole % H, 0 and in NbFS-HF solutions where the indi-
cator was completely protonated A value of£fll h9 for pK of
p-nitrotoluene was obtained by overlap with 2, 4 6-:§1nitroanillne.
This value may be compared with -1I, 35 determined in the H SOu system.

Table XXVIII and Flgure 27 give the extinction coefficients of

12 b,6- trinitroanillne in solutions of the strong base KF in HF

*
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The ionigatiqn ratios and- the (pKBH+ + log I) values are listed in
Table XX IX, The H, values are plotted in Figure 28, It is seen
that KF is a syronger base tﬁ?n H20 and KF is completely ionized 20
O in HF has been estimaéed

2
to be 0,55 at 0°c by Kongpricha and Cliffordsa from the influence

in HF while the ionization constant of H

of water on the solubility of CaF, in HF ang 0.35 at 0°C by Brown-

4

steinsa from conductivity results for HZO-HF and KF<HF,

B-2. FLUOROSULFURIC ACID IN HF

Some measurements were made for HSO,F in HF using p-nitro-

>
toluene as indicator. The extinction coefficients are listed in
Tabie XXX and are plotted in Figure 29. The ionizatiop ratios
were calculated aﬁd are listed in Table XXXI, The (pKBﬁ* + log i)
values are piotted in Figure 28. It seems that HSOLF is é very

3
weak acid in HF,

B-3. _PHOSPHORUS BENTAFLUORIDE IN HF

A limited ﬁﬁaber of measurements for PF_ in HF were made

>

using p-nitrofoluene. In their freezing=-point measurements, Dean

19

et'al,” found a relatively high PF.. vapOr pressure in the solutions

3

of PF; in HF even at -83.6°C. . The actual concentration of PFg

in the present measurements must be less than the amount of EFs
. . ~ ‘. '
added as some PF5 remains in the vapor.

The extinction Eoeffiéients of p-nitrotoluene in‘PFs—H?‘
are shown in-Table XXXII and Figure 30. The'ionization ratios
and the (pKBH+ + iog I ) values are listed in Table XXXIII.
éhe.Ho';alu .which are plotted in Figure 28 show that PF is

indeed acting as an acid in HF. /

> e —— s 3



B-4, NIOBIUM PENTAFLUORIDE IN HF . /

The soludbility of NbF5

% NbF5 ) at ZS?C according to Jache and Cady.

in HF is 6.8 g/100 g HF ( 0.72 mole
63 ‘

In a search for indicators with a suitable basicity for the ;
determination of Hy acidity functions for NbFS-HF,?ghe following

indicators were tried; p-nitrotoluene ( pKBH+ = -11.35 ), p-chloro-

nitrobenzene -{-12.70), 2,4-d§nitrotoluene (-13.75), 2,4,6-trinitro-
toluene (-15.60) and 1,3,5-trinitrobenzene (-16.04). The values ‘

+ for these indicators were determ1ned prev1ously in-the . 1

3,11

3F system. It was found that all the indiqators :

"except the last two were fully prptonated even in very dilute - .

of pXBH

‘HESOQ or HSO

solutions of NbF5 in HF as shown by their extinctigﬁ ;oefficignts Z
which are listed in Tables XkXIVto XXXVI and plotted in Figure 31. .( )
5 Tables XXXVII and XXXVIII and Figure 32 show extinction coe- -
fficients of 2,4,6-trinitrotoluene ard 1,3,5-trinitrobenzene in NbFE-

HF up to its solubllity limlt The ionization ratios are listed

in Tables~(<x1x and XL and are plotted in Figu*e 33. The values

of ¢ >

5 ofiﬁhe plot of € vs. mole% NbFS at high NbFg

‘B

Pp—

for thege two indicators were found in H . O-HF and €yt from

the level port
concentrations. The (pKBH+ + log I) values and their aveiage -Ho

values are listed in Table XL and plotted in Figure zh,
From the Ho values it is seen that the acidity of Nb_F5

. . .
" solutions in HF is greater than that of PF5 in HF which .agrees

with the relative acid strengths reported by ‘McCaulay at al.6

56-58 - ' T

but not with the finding by Clifford et al. that PF5 was a stronger

acid ‘than NbFs, " The Hy value. of -13 40 for 0,02 M solutlon ) '"F:




For this purpose a Dupont 310 Curve Resolver accompanied by a Duport

-by the instrument and theq'electronibally added togetﬁer ﬁn order t

86
@

of NbF5 in HF given by Hyman et al.17 is too low.  The present

measurements show that it is no less than -15.

’l-

B-5. ARSENIC PENTAFLUORIDE IN HF

‘The so;:;;Hity of AsF

5
Cryoscopic stud‘y19 showed that Ast was moderately so6lubide in HF.

in HF has not been studied in detail.

The ‘observed extinction coefficients of 2,4,6-trinitrotoluene
and 1,3,5-trinitrobenzene in the AsFB-HF‘system are listed in Tables

XLII and XLIII and are plotted in Figure 35. It is seen that both

these two indicators are diprotonated in the solutions of AsF5 in

HF, since the positions of absorption peaks have shifte@ to shorter
wavelongth than,kmax for tho monopfoooﬁated forms and the observed
extinction coefficients are greator than the assigned €py* values

in the HSOBF system.  More convincing evidence is the shape of .
the’abSOrpti%n pegk which appears to be unsymmetric at the maximum
apsorption and nmust be cOmposed‘of two peaks arising from the mono-
and di-protonation. Figures 36 and 37 show some of these absorpe
tion curves which 1ndicate an increase in intensity of the peak from
the diprotonation. .

o e . .
The observed absorption arising from mono- and di-protonation

may be broken down into two components by using a curve resolver.

Cﬁrye Plotter was used. Standard gaussian shaped curves were gene ated

produce the observed absorptmon curves,
In the case of 2,4,6- trinmtrotoluene. the absorption spectra

may -be resolved into the peaks resulting from ‘the flrst protonqted

kY
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¥

. 5 :
nitro groeup ( 325 nm ), the second protonated qgtro group ( 300 nm )

and the unprotonated nitro group ( below 230 nm ), In order to find

P

the extinction coefficients for the second protonate§ nitro grbup“?}

_ it is necessary to subtract .the absorption of the first nitro group

from the observed absorption curve. _ Figure 38 shows two examples of

how the comp051te absorption curves may be b/o@;h~dggn into'two

compgnents. . The adjus;ed extinctionlggbffiégenté are listed in
. s /
Table XLIV. The absorption curves of'l,}/S-trinitrobenzene was

treated in the,séme way. In this case the %grsf protonation gave an
ébsorétion a£ 3OQ and the second at 280 nm. Figure 39 shows. two
examples of the analysis of the composite a?forption peaks, Table
XLV lists the adjusted extinction coefficientd.  The adjusted
extinction coeffic;enfs for both 2ﬁh,é-trinitr9toluene and 1,3,5-
trinitrovenzene are plotted in Figure 4O which éhow the typical
behaviour of the extinctlon coefficients for the protonatlon of an
aromatic nitro group.: A rapid rise in ¢ values is followed by a -
gradual decrease in the slope of.thg curves as Ast cpncgptration
is increased. ‘

The ionization r;tlos were galculated using the relaé&on—

ship

(V-13)

where cBﬁETis'thg adjusted extinction coefficient of the fuliy
. t A8
diprotonated indicator at the maximum wavelength X, ¢ is Ehe

observed adjusted extinction coefficient at the wavelength.of the

-

diprotonated indicator and cgg+ is the adjusted extinction coeffi-

“¢

b

.
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cient of the fully monoprotonated indicator at the wavelength of

the second nitro group's absorption. The vdlues of cBH+2 for
. 2

2,k,6-trinitroteluene and 1,3,5-trinitrobenzene were found to be

15,400 and 16,000 respectively in the SLF.-HF system. Their

5
+ were .found to be 2 000" and 2,500

Y

corresponding values for EBH

at the same wavelength of CBH22'

b

e values were taken at regularly spaced AsF5 concentra-
tions from Figure‘ho. The ionization ratlos.were calculateo and
ere tabulated in Tables XLVI and XLVII and are plotted in Flgure
hl.. It is &seen that the two indicators beheve quite uniformly. .
Using the overlap technlque and the pKBHEZ ef 2, h 6~ trinitrotoluene

(-18.35) as fﬁund in the SbFS-HSOBF system, the ignization constant

X prHEg for protonated 1,3,S—trinitrobenzene was found to be -18.93,

The ( pKp,+2 + log T ) values for the indicators studied in

BH

Ast-HF are llsted in Table XLVIII together the average ~Hy values.

The acidity functlons obtained from the protonatlon of the pos1t1vely

charged base BHY 1s-deﬁ1ned as H+
+2 -
. [BHZ ] ~\_¢_;///

Y H - ‘-

(V-ll)

In the measurements of the second protonation of a series of nitro
aromatic compounds in ‘oleum by Brand et al 10 and 1n the HSOBF
system by Gillespie and Peel3 it was assumed that the H, acidity

Jfunction followed closely the correspending H, scale. This appears

’

to ‘be . Justified and cen perhaps be.attridbuted to the fact

.'that the nitro groups behave independently in the polinitro indica-
tors. For this reason the acidity function values obtained from

. £




-

89

the éécond protonation of the indicators are expressed as Hp values,
The resulting H, functions for the AsFS-HF systir are plotted -in

Figure 3k, .

B-6. TANTALUM PENTAFLUORIDE IN HF

The solubility of TaFg im HF is 15.2 g / 100 g HF ( 1.1 mole¥ -
TaFS ) at 25°C‘according to Jache and Cady§3 ' :
The observed and ahjusted extinction coefficients 6f 2,4,6— -

trinitrotoluene, 1,3,5-trinitrobenzene and 2,4%,6=trinitrochloro-

benzene are listed in Tables XLIX to LI and are plotted in Figures_ . {

L2 and 43, As in the AsFﬁ-HF system, the adjusted extinction coe- S

fficients were obtained by resolving the observed ‘extinction coeffie
cients into their two components resulting.from the mono- and die

pggtvnafion. The ionization ratios were calculated at regularly

spaced TaFB_cpncentrations_énd’are listed in TablesSLII to LIV. - o
+2 + log I') values
BH} 0g 1)

are listed in Table LV along with the average -Hp values which are

‘These are plotted in Figure 44, The ( pk

%

'plotted in Figure 3k, The Syt and CBH+2 for all thesé three

indicators are found in the SbFS—HF sys tem. The pK +2 values
2

were again determined by overlap based on pKBH+2 = -18.36 for
2
2,4,6-trinitrotoluene. A‘value'of -18.89 for 1,3,5-trinitro -

benzene and -19»77 for 2,4 6—trinitrochlorobenzene were found.

The evaluatlon of pKBH+2 values is based on the equation (I—lO) R S

2 - =
. r 2 r ! -
"pKBH-f-Z - PKgt2 = log =il . 1og -l (I-10)
2 2 . .TBHT 7. rCH 1 ’

where BH® is a known indicator and CH' is a weaker base whose proto-

nation occurs at acid concentrations overlapping with those for BR*.
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In the present case, 2, L G- trlnitrotoluene is the indicator with the
known pKBHEZ value, -18,36, and '1,3,5-trinitrobenzene and 2,4,6-
trini?rochlorobepzene are indicators whose pKCHEZ values are to be
deternined. This was made simply by finding the difference of

lonization ratios at acid concentrations in which the two indicators

have protonation overlapping each other. . The two indjicators,

2,#,6—trinitrotolgene and 1,3,5-trinitrobenzene overlap wéll

v

between acid concentrations of 0.20 and 0.70 mole % TaFS." The

difference of their iOnizatiop ratios at the regularly spaced concen-

trations of mole % TaFg; 0.20, 0.25, 0.30, 0.40, €.50, 0.60 and 0.70 .

¢

,Aare—0.64,-Ou57,-0.52,-0.49,—0.48,-0.51 and—0.52. The average value'is

L L T U,
- " . .
PR
.- . - .
0 .

- 0,53 which added to’ phBH+2 value, 28,36, for 2,4,6-trinitro-
. p2
toluene gave the pK . +2 Value, -18.89, for 1,3,5- trlnltrobenzene.
‘2

The 1on1zatlon ratios difference between 1,3,5- trlnltrobenzene and

PR

2,4,6-trinitrochlorobenzene at' acid concentrations of mole % TaF ;
0.40, 0.50, 0.60, 0.70 and 0.80 are-0.82,-0.83,-0.88,-0.91 and0.99.

Bt value, -18.89
. 2 -
for 1.3,5—trinitrobenzene gave the pKCH+2 value, =29,77 for 2,4,6-
> ]

\for these pKBHEZ values.ls : 4
40,10,  The pKBH+2 value of 1,3,5-trinitrobenzene determined in T

. 2 R . ‘ -
the Kst—HF system is7-18.93 which is essentially the same as the : "

The average value is = 0. 88 which added t To~the pK

trinitrochlorobenzene.  The accuracy

value éetermined in-the‘TaFS»HF Eystem.f

B-7.* ANTTMONY PEM‘AFLUORIDE IN HF ' B S

. .As expected the strong acid SbF in BF is so acldic that two

5.
indicators, 2,4,6-tr1n1trptoluene and l,3t5-trin1trobenzene are fully

diprotonated in this acid solvents. . The observed and
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adjusted extinction coefficients are listed in Tables LVI and LVII.

These adjusted,extlnctlon coeff1c1ents are used as t¢,,+2 in calcula-

BH; <

ting. the 1on1zat10n ratios in prev1ous sections for the AsF5—HF and

B, °
'afé obtained from the monoprotonation absorption curves which are
; Co,

separated from diprotonation by resolving the observed absorptions.

Tan-HF systems. The Epgt values at the same wavelength of ¢

. Pwo' weaker indicators, 2,4,6—trinitrochiorobenzene and
l,é-dichloro~2,4q6-trinit:obenzéﬁéfﬁgre'tried in the SbFs-HF system.

?Kéir obsefveo and édjhsted extinctioélooeffioients are listed in -
Tablos.LVIII to ILXI and Figu;es/hs to 43;7 ,The absorption for
the'first oitro group occurs.at 'x = 540 nm and A = 300 nm fof

the second nitro group for 2,4 6 trlnmtrochlorobenzene. The corres-
ponding A  values for l,3-dlchloro—2¢4,6~tr1n1trobénzene are 34bnm
and 310 nm. . Figures 49 and 50 show some examples of absorﬁt;on
curves for these two indicators. . Tables LXII and LXIII list the
ionzzatlon ratios whlch are plotted in Fmgure 3} AThe“cBH+2 voiués,
’-16 000 for 2 4‘6-trin1tr0chlorobenzene and 20 OOO fof 1, 3-§iohloro-
2,h, 6—tr1nitrobenzene were obtalned from the leLel portloﬁs of the
adjusted absorption curves ( Flgures @7 and L8 D The cBH+:yq;ues,‘
'416,00 and 4,400 were obtained from the absorgtlon ourﬁes of tho i
mdnoprotoﬁated indicators at.the'watelengthlof A foor EBH22

" The pKBﬁzz value for 1, 3-d1ch%oro-2 J4,6-trinitrobenzene was obtamned
by overlap wlth 2 L, 6-trin1trochlorobenzene. A value of -20. 27 % Q 05
‘was obtalned by taking the lonlzatlon ratlo difference in the overlapplng
range.. The ( pK 32 + log I) values together with the average“vﬁc

values for the SbFs-HF system are listed in Table LXIV and plotted
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in Figure 34.

C. DISCUSSION .

C-1. Nitro aromatic indicators

It hﬁs been demonstrated that the Hammett acidity function,

Ho can.,be extended into the superacid region by.the use of a self-

3

consistent set of aromatic nitro indicators. The protonation be-

haviour of these indicators was found to be similar to that of the
’;niline'and by.the use of these‘two sets of.indfeatofs the Ho scale
has been extended from dilute solutions of acid in H,0 to the
nighly acidic SbF.-HSO,F system”''l and to the still more highly

5 3

acidic SbF5~HF system in the present work.

- +
The reference point for the present measurements was chosen

4

" to be pK + of 2,4,6—tpinitroani1ine, ~10.10. * The nitro aromatic

BH

.indicator, p-nitrotoluene has been proved to behave very simiiafly

-

‘ to the aqiline indicator, 2,4,6—trinitroani}ine ;n the previous mea*
. gﬁrements‘iﬁ H,S04 and ig the present measurements in HF, although
thé pKBH+ valu? obéaiped by ?verlap to 2,4,6-trinitroaniline differs
a little in these two solvents. A value of -11.35 was found in the
HZSd4 systeﬁ,and -11.%9 in.the HF system for pKBH+ of p-nitrotoluene,
This difference.is small dbut not negligible and may be dﬁe to solvent
effects, From the Ho functions for t%g acids in HF it can be

seen that an overlap deéermination of qhe pKBH+ values for the

weaker bases with resPect §9 p-nitrot?luene is not possible since

no acid systems with suitable aciditf range have been found between

the PF5-HF and NbF5;HF'systéms. ITherefore>the pKBH+ values for

the nitro aromatic indicators used presently are those,va;ﬁes deter- -
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mined by Giilespie and“Peellj’ll The pkBﬁE? values for the di-

protfonation %f 1,3,5-trinitrobenzene, 2,4,6~trinitr§§hlorobenzeneA

-

and 1,3-dichloro-2,4,6-trimitrobenzene were determined by overlap:
in the SbFSeHF system based on -18.35 for pKBHEZ’of 2,4,6-trinitro~-
toluene. ' '

y

The g and Cpyt ( or Epyt and > Hza for the diprotonation )
values for the nitro aromatlc pndlcators used in the present work were

determined in the HF systen #n the present work or in the HSOBF

: / :
system in the previous-measurements? They are listed in Table LXV

glong,ﬂith-fhe'px values. .

e

‘ The degree of parallelism of the ‘indicators can be tested
v}f‘ ' '

by the method of Johnson et al. 6k | who showed thdt in general one

may write log 12 =ay lglog I1 + a2 1 pKl— pK2 and H = az,lﬂl

where az 1 is the constant~that measures the degree of ﬁérallelism

of indicator 1 and 2 and should be unity for a pair of well-behaved

.

. indicators. Hl and H2 are acldity functlons deflned by indicators
1 And 2 fesPectively. The product n ay i*I indicates how the ith
indyggtor behaves with respect to the acidity funétions defined by
the first ipdicatér. Indivigqal ai,iﬁi values were oytgined from
plots of log I, vs. log I, .. The values for the protgpate@:?,h,G-.
t}initrotoluene were:determin;d'in the HSOBF system,.s}nce a sys-

»

‘tematic evaluation from the aniline 2;4;6-trinitroaniline is not
] .

possible, The values for ai i 1 and T] a; j.1 are listed in Table *
LXVI. The values of a; 4 51 are comparable to those prev1ously
9

reportedB.
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C-2. _Ho _value for 100 % HF”

}

The value of Ho for 100 % HF cannot be determined directly

becatise of its very small autoprotolysis comstant ( 9.8% % 10713

- at 20°¢C ). A very small amount of an amcidic or élbasic

mole2 gg
impurity such as water or the very small concentrations of basic
indicator used in the determination of Ho very considerably repress
the aut;protolysis and hence have a drastic effect on the value of
Ho: The qply way that Ho can be determined with any reliability is
b; interpoiation from values for more acidic and more basic solutions
where- the effects of traces of impurities or the indicator itself

4

are much smaller. Figure 52 shows H, values for solutions of

-

KF and SbFs in HF and thus represents the ﬁitr;tion curve of the
strong base KF by the strong acid SbFg.  The point of inflection
of this curve then gives the .Ho value for 100 % HF; this
was  found by t{aking the mean of the Hgy value for a
curve of acid and that for the curve of base and the average
of several such values from different low concentrations of acid
and base was taken. The average was(¥3hnd to be 215,10 * 0,05
which is much higheé éhan the.val&es obtained by direct measure-
ments in HF, -10. 90 by Hyman et al.'” and -10.40 by Dallinga et
al.lsor by -extrapolation of the data for the HZO-HF system, -11. 0
i; the present measurements. It is concluded that neither of

thesegmethods is satisfactory.
C-3." The very weak acids ﬁso,F and PF__and weak acid’NbF}_

The same difficulties, i.e. the effect of the basic indi-

'cator and possible traces of Water on the autoprotolysis of the

e v pg—
N . .
o \ oo

T it e e e .
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solvent also very considerably affect the determination of H;

values for very weak acids such as HSOBF and PF_3 The apparent

values obtained for these two acids never reach the value obtained
‘for 100 % HF, The reason for this is that they are not sufficiently
1onized to neutralize the very small concentration of F™ arising

from the ionization of the indicator and possible traces of water,
Niobium pentafluo;ide on the other hand, although a very weak acid

is apparently strong enough to neutralize the F~ from the indicator
and from traces of water and the Ho values are greater than that

for 100 % HF,

C-lt, Comparison of the strengths of acids of the HF systen

F TaF
As 5 and Ta 5

is the strongest acid based on the present measﬁremé@ts. It 4is

are relétively strong acids in HF and SbF5

concluded that the order of the acidity in the HF systen is SbF5>-

AsFg > TaFg > NoF D> pF5> RSO,F.  This is consistent with the
v

3
order Sbst> AsF5:> PF5:> HSOBF from cryoscopic and conductivity
measurements,lg’goand also the order TaF5:>NbF5:>PF5.from the
60 . ~-

"extraction study. . "

C-5. The theoretical H. values for the strong acid and base

It is reasonagble to assume that the acidityﬁof solutions
in HF is determined primarily by the concentration of H2F+ Jjust
as the acidi?y of dilute aqueous solutions is determiﬁed‘by the
concentration of HBOT Hence an assumption is madF; HOC(,[HZF+] or

Ho = - log [H2F+] + constant.. : (V-15) . -
An acid such as S’oF5 increases the conceptration of HZF+ accordiné

to the equation (V-Q).

SbF_ + 2 HF == H_JF

5 .+ Sng (VT9)

—— 1

SR S
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and a base KF decregées the concentration of H2F+ according to the
equation (V-16)

H?F+ + F- & 2 HF (V-16)

The constant in the equation (V-15) may be determined from

the concentration of H.F® and the H, value for 100 % HF. The

2
concentration of H2F+ in 100 % HF has been found to be 9,92 x 10~
52

7

mole Kgbl from the conductivity measurements” "and the Ho value, -15.10,
in the present measurements, Substituting these data into the

equation (V- 15) the following rélatibnship was obtained

B, = -~ log . HZF+ ] - 21.10 (V-17)
Using this equation theoretical Hy values for a strong acid and a
strong base may be calculated ; they are shown in Figure 52. They
were found to be very close to the measured values, The difference
may be attributed to activity effects. From the definition of Hj
given by the equation (V-18)
) # w '
ag* fB
Hoz-logho=-log( T

- ) (v-18)
BH . A ,
¥
it is seen that the difference between Ho and ay+ ( = ay gt in
. 2. ’

strong acid ag pt is equal to the stoichiometric acid concentration)

results frgg variations of the aétivity coefficients of thé species

in the protonatio§ equation with cﬁanging\acid concentrations .
B + H & BH i (V-19)

The constant 21.10 in the'quation (QTI7l was obtained in 100 % -HF,.

‘.The addition of streng acid t3 Hf will affect the activity‘ané

with inc¢reasing concentrations of'strong acid SbF5 the equation




(V-17) will become less valid, L

6-6. Ionization constants of weak acids gnd H-0 in HF

The ionization constants of the weak acids, ASF5! TaF5
and NbF5 in HF may be calculated by the use of the equation (V-17)
and the equation (V-20)
[nrz] (8,F7]
Ka = (v-20)
[ur, ]

The concentration of H2F+ may be obtained from the measured Hg

Y¥alues by using the equation (V-17) and the concentration of MFg
is assumed to be equal to that of H,F*. . It was found that the
epparent Ka decreases with decreﬁsipg HF5 concentrations and on

extrapolation to infinite dilution the values of 3 x 10‘5, 8 x 10"6

and 2 x 1071 mole Kg=' were obtained for ASF, TaFg and NbFg

respectively. The calculated Kg values are listed in Table LXVII.

The ionization constant of water in HF may be calculated .in

the same way by using the following equations

H,0 + .HF = H30+ + FT (Vv-21)
[r,0%] [F7]
Kb = (V-22)
[r,0]
2 1

A value of & x 107" mole Kg~™~ was found for Ky of H,0 in HF at
22°C.  This Kb value may be cémp&red with those calculated from

the conductivity data by using the equation

o L 4 o _ k x 1000 ‘ (V-23)

where k is the specific conductivity and 2%'5 are the ionic

Sein,

w
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mobility. Using Brownstein's conductivity da.ta52 and the ionic

o 2

mobility,”> A + = 120 and A2- = 270 ohw™ cm? equiv™y - a value
of 7 x 10~ mole Kg'l was obtained for Ky of water in HF, The
k; o* valué?was assumed to be the same as the A§+ because of the

3
radius of H,0" is close to that of K*, The calculated Ky.values

3
are shown in Table LXVIII. It is seen that the Kb value obtained
from the measured Ho values is of the samé magnitude to that from
conductivity data. They are, however, smaller than the values,

62 and 0.35 by Brownstein.52

0.55 obtained by Kongpricha and Clifford
Kongpricha and Clifford's value wag obtained by extrapolation from
data obtained on solutions with ionic strengths in the range b.64
to 0.41 and so could be inaccurate. : Brownstein's value was

obtained by comparison with electrolytes and could not be of great

accuracy.

. sk i i

-

g L b




TABLE XXII

EXTINCTION COEFFICIENTS OF 2,4,6-TRINITROANILINE

Mole% H,0

0.0174
0.1197
0.4919
0.6703
1.0645
'1.5415
1.9717
2.1333
2. 4676
‘,h.uo§7
6.9517

~

~

IN THE H,0-HF SYSTZ=HM

kmax(nm)

415
415

15

s

- ms
b5

815

his

45 °

4?5

415

1,300

2,600
3,700
% ,700

6,000

7,100 %

6,500
7,300
74900
8,500

8,400

-
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) TABLE XXIII I

IONIZATION RATIOS .OF 2,#,6-TRINI‘1‘ROANILINE IN THE

H,O-HF SYSTEM ARD THE RESULTING -Ho VALUES

0.82

£ \ -

cg = 8500 © egpt = 200 pKgy+ = =10.10
Mole% H,0 c log I ° J-ho
0.02 1400 - -0.77 10,87
0.05 1800 . -0,62 10.72
0.10 2300 <Z> -0.47 10,57
0.20 3000 -0.29 10.39
0.30 3600 -0.16 10.26
0.40 1000 -0.07 110.17
£.50 4300 ~0.01 10.11
0.60 4600 0.05 10.05
0.80 5200 0.18 9.92..
1.00 '5700 0.30 | 9.@9
1,50 6800 0.5k 9.56
2.00 7400 9,28

e m——— -

[p—
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EXTINCTION COEFFICIENTS OF 2,1{»?6-TRINITROANILINE

IN VERY DILUTE SOLUTIONS OF H,0 IN HF

-1

kxloh( ohim™Yem )

212,685
141,146
104,925
56.716
33:772
30,163
8;507
7.670
6.742
4,976

. TABLE XXIV

mx 10° A (nm)
5.91 \415
3.92 415
. 2.9 FIB
| 1.58 415
0.93 k15
0,8k 115
0.24 415.
0.21 ~ 15
0.19 ks
0.1%

L1s

€
4,500
2,600
2,700
1,100

700

700 .
600

500
600

300

| 103
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TABLE XXV
EXTINCTION COEFFICIENTS OF p-NITROTOLUENE

IN VERY DILUTZ SOLUTIONS OF H20 IN HF

kx10*( ohm~Yem™) @ x 102 S We e

201,084 5.59 360 1,000 -

132.767 \ 3.69 360 ’ 1,200
87.652 © 2.k 360 1,200
56.716 . 1.8 360 1,800
35,448 1 0.99 - 360 o 2,100
30.163 | 0.84 . 360 2,500
10.132 " 0.28 360 2,400
9.410 0.26 . 360 L 2,600
6.716 0.19 360 - 3,100
4,589 .. 0,13 360 - 4,800
1.714 0.05 360 ‘ 4,800
1.354 0.8 360 5,100
0.812 T 0Jo2 360 N 5,100

e a o A £
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TABLE XXVI.
IONIZATION RATIOS OF 2,4,6-TRINITROANILINE IN DILUTE

SOLUTIONS OF H10 IN.HF

- e

- Wk b g oy e R

o

2
, \
cg\: 8,500 /»—céH+ = 200 pKpp+ = =10.10
m x 10° R log I ~H,
0.25 550 -1.36 11.46
0.50 600 1,30 11.40
0.75 700 -1.19 11.29
1.00 ' 950 1,00 11.10
1.50 1,450 -0.75 10.85
2,00 1,900 -0.59 10.69
2.50 2,400 -0, kil 19.;4 |
3.00 2,800 -0.34 10. 44
k.00 3,600 . -0.16 . 10.26
5.00 L 250 -0.02 mwop2
6.00 4,550 -0,.0k 10,06

e ma oo

oy e ey e

s gt
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o

TABLE XXVII -

IONIZATION RATIOS OF p-NITROTOLUENE IN DILUTE

SOLUTIONS OF H,0 IN HF .
A €y z 200 Cppt = 19,200 pKBH+ = «11.35
m x 10 R~ log T ~Hg
0.05 - 4,500 0.53 , 10.82
0.10 - 3,700 3 0.65 10,70 ° |
0.25 2,950 J 0. 10.58
0.50 . 2,500 0.86 10.49 K
0.75 : 2,200 0.93 10.42 a ,
1.00 i 2,000 0.98 10.37 |
1.50 1,700 1,07 10,28
2.00 : 1,500 T 1,13 | ©10.22
2.50 1,350 . 1.19 , 10.16
3.00 1,200 1.26 A 10,09
3.50 1,150 : 1.28 10.07
k.00 1,100 1.30 . 10.05
5,00 © 1,050 1.33 10,02 , k
6.00 1,000 | 1.36 9.99 ‘
-3-. : ?{;
g{ . “ =
&% Bk
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0.8

L0

-t
wo
Q
<+
]
-0.4 ‘ : .
Q ‘ ) ‘
-0,81
Q9
p—nitrotolueﬁe
’1.2
:}'1‘6 ‘ ] T T 7 — 1T ]
o . 1 2 3 b 5 . 6
molality x 102 oflﬁao ' '
. Figure 26. Ionization ratios of indicators in dilute solutions

of HpO in HF. .



TABLE XXVIII

EXTINCTION COEFFICIENTS OF 2,4,6-TRINITROANILINE

IN THE KF-HF SYSTEM

S

?

Mole% KF

0.0253.-
0.1435
0.3922
0.4294
0.4315
0.8455
0.8535
1.2118
1,6847
1.8306
2.7950

A
m

bis
ks
kis
k15
k15

45

his
bis
s
ks

“has

ax(nm)

1,400
5,000
5,400
5,900
7,700

8,100

8,200

8,100
8,500
9,000

8,300

109
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TONIZATION RATIOS OF 2,4,6- RINITROANILINE

AND -Ho VALUES 1IN THE KF-HF SYSTEM

CB = 8500
Molé% KF

0,02
0.0k
0.06
0,08
0.10
0.15
0.20
0.30
.0.40
0.60
0.70
0.80

0.90

1600
2100
2600
3000
3400
4200
4900
5806
6400
7200

7 00

| 7600

7800

TABLE XXIX

 BH

+ = 200

log I

-0.69
-0.53
-0.43
-0.29
-0.20

-0,03

0.11 .

0.32
0.57
0.66
0.82
0.91

1.04

pK

BH

—Ho

10.79
10,63
10.53
10.39
10.30
10.13

9.99

9.78

- 9.63

9.37
9.28
9.19
9.06

+= =10.10
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Mole % HSO,F

0.1287
0.3203
0.6142
0.8678
1.1502
1.7578
2.2732

L1235

TABLE XXX

EXTINCTION COEFFICIENTS OF p~-NITROTOLUEN E

3

IN THE HSO

A

3F.}iF SYSTEM

max(nm)

368
%9

370
370

370 ,

371
371

6,800
8,600

9,000

10,400 -

11,000
11,760
14,100

19,000
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TABLE XXXI -
IONIZATION RATIOS OF p-NITROTOLUENE

. "IN THE HSO}F-HF SYSTEM

€p= 200 €pgt = 19,200 -pKBH; = «11.49
" Mole% HSO,F - e log I -H,
o;os 5400 o.k2 . 10.93
0.10 6300 0.32 11.03
0.15 6800, 0,27 11.08
0,20 7300 . 0,22 11.13
0.25 7800 | 0.18 11.17 )

0.30 8100 0.15 11,20

0.40 o 8700 0.09 '11.26 o
0.50 9100 0.05 - 11.30
0.60 9600 0,01 11.34
1,00 . 10800 -0.10 11.45
1.50 o 12000 -0.22 11,57
2,00 . 13000 -0.32 11.67

2.50 ‘ 14500 0150 11.85




Mole% PF

0.0345
0,160k
0:5521
08459

J

Mole% PF

0.02
0.06
0.10
0.20
0.30
'0.40

0.50

5

5

3]

TABLE XXXII

EXTINCTION COEFFICIENTS OF p-NITROTOLUENE

IN THE PFS-HF SYSTEM

hmax (' nm) .
370
370
370
370

TABLE XXXIII

11,800
13,400
16,300
20,100

IONIZATION RATIOS OF p-NITROTOLUENE

IN THE PF;-HF SYSTEM
= 200 . cgyt = 19,200
- . e log I-
10500 -0.03
11806 -0.25
12900 -0.31
14400 ‘@ -o.}?
15600 -0,.63
16000 ~0.69
16200 ’ ~0.90

‘pkBH+ =
-Hg

. 11.38
11.53
11.66
11.82
11,98
12,04

12:25

116
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TABLE XXXIV

118

EXTINCTION COEFFICIENTS OF p-NITROTOLUENE IN NbF_.-HF

Mole % NbF

0.0096

0.0975 °

- 071381
0.2022
0.3056
0.3516
0.5389
0.6146

5 Xmax(nm)

o

—

T 369

369

369

369
£ 369

369
369

TABLE XXXV

€ -

16,200

20,900

18,900
18,700
18,100
20,700

19,600

© 20,100

»

EXTINCTION COEFFICIENTS OF p-NITROCHLOROBENZENE

5
Mole % NoF, Ay (1)
0.0252 378
0,0928 378
0.1834 378
0.3378 378
'0.4919 378

0.5127

THE NbF_.-HF SYSTEM

378

19,000

5

IN

19,400

18,500

20,500

. 20,100

20,700




~ .
N TABLE XXXVI

!

EXTINCTION COEFFICIENTS OF 2,4-DINITROTOLUENE IN
/

Faid

THE NbF,_-HF SYSTEM .

5
Mole % NbF, ) e
0.0873 | 315 ‘ 13,200w\
0.1757 305 17,600
0.2903 : 305 21,600
.0.4152 305 | 20,700

-TABLE XXXVIX

EXTINCTION COEFFICIENTS OF 2,4,6-TRINITROTOLUENE IN

¢ THE NbF-HF SYSTEM

Mele % NbF5 hmax(nm) €
0.0227 317 2,800

- 0.0747 316 6,600
0.1117 - 317 7,300
0.1497 ’ . =7 10,100
o.1839 ‘ '315° ' 9,600
0.22k N, . 316 : 9,900
0.3097 _ 315 9,800
0.3484 : ‘ 315 | 10,300
0.5181 ' | l315. ‘ 12,200

0. 6479 _ 315 11,900 .

- g wem
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1 TABLE XXXVITI
EXTINCTION COEFFICIENTS OF 1,3,5-TRINITROBENZENE IN .

THE NOF_-HF SYSTEM

A A N e L ARy

5
Mole % NbF5 )“gnax(nm) €
0.0242 310 _ 2,500
0.1095 _ 3oé 4, 400 g
0.1512 ‘ 305 5,900 ‘ ‘
0.2274 303 ' 8,800
0.3082' 299 8,400
0.3434 300 9,700
0.5205 N 294 : 9,900
0.5619 297 - 11,100 '
i
|
'3
1
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TA

BLE XXXIX

IONIZATION RATIOS OF 2,4,6-TRINITROTOLUENE IN

NbF
THE 5
CB = 2100
Mole %‘NbF5

‘0.0S
0.10
0.15
Q.20

0.25 1

TAB

-HF SYSTEM

pg* = 10,600

4,400
6,600
8,400
9,400

0,200

1E XL

.,
-

pRyg+ = =15.60

log I

0.43
-0.05
-0.L46
-0.78

~1.31

IONIZATION RATIOS OF 1,3,5-TRINITROBENZENE IN

THE NbF
£p = éOOQ
Mole % NbFg
0.05
0.10
0.15
0.20
0.25
0.30

o0.ko

5 cHF SYSTEM

[ + = 10,700

BH
€
2,700
4,400
6,006"\\

7,200

8,200

. 9,000

9,800

-

pKgp+ = -16.04"
log I

1.06

0;42

10,07

-0,17

" L0.40

“o. él

"oo 91*

A

e

k1

{
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0.75

0.5C

0.25

-+

-. O 0.1

0.2 0.3 0.4 0.5
Mole % NbF5 :

Ionization ratios of 2,4,6-trinitrotoluene

(0) and I,B,S-triqitrobengéne (4) in the

NbFg~HF system. - -




TABLE XLI

-H, VALUES FOR THE NbFssHF SYSTEM

Mole % NbF

5 2,4,6-trinitro- 1,3,5-trinitr9-
to;qene benzene

Vs, ¢ ) ‘
0.05 -—. 15,17
0.10 15.65 15.62
0.15 16.06 15.97

~

o.go‘ 16.38 16.21
0.25 | 16. Lk
0.30 16.65
0.40 16.98

“o o

125

Average

15.17
15.64
16,02
16.30
16,44
16.65
16.98

-3 ™ r
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15

SbF

i

0 0.2

Figure 34.  The -H, acidity functions in the MNFg-HF

o4
Mole % MFs "

- system.

T
0.6

0.8




Mole % AsF

0.0418
0.1023
0.1532
0.2673
0.3117
0.3671
0.5215'
0.7343
10,9909

5

TABLE XLII

EXTINCTION COEFFICIENTS OF 2,4,6-TRI-

NITROTOLUENE IN THE AsF.-HF SYSTEM

5

xmax(nm)
- - 308

ok
295
294
294
292
295 - .
293 ‘
293

12, 400
14,600
15,000,
16,000
17,300
19,700

19,100

19,100 ~

i8,hoo
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TABLE XLIII : f

EXTINCTION COEFFICIENTS OF i,},s-TRINITRo- - ﬂ - -
BENZENE IN THE NbFg-HF SYSTEM c R
Mole % AsF5 . }‘max(nm) € |
0.1039 ‘ 288 12,000
0.1625 ’/~ .. 280 15,000 '
0.2482 ] 280 14,200
0.2513 280 . 17,400 ;
0.4016 280 16,100 z
0.5205 280 17,700 .
0.7925 . 280 ' 19,200 . ]

©
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Mole % AsF

0.0418
0.1023
o.1532
0.2673
0.3117
0.3671
0.5215
0.7343
0.9909

5

ADJUSTED EXTINCTION COEFFICIENTS OF 2,4,6-

TABLE XLIV

TRINITROTOLUENE IN THE ASFS-HF SYSTEM

. e

‘Xﬁax(nm)

202
290
293
290
290
290
1290
290
290

6,800
10,400
10,600
12,400
14,000
15,800
15,400

15, 400

15,000

.33

T it spann b en A,

[ S
B . N
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Mole % AsF

0.1039
0.1625
0,2482
0.2513
0.4016

0.5205

0.7925

<

 TABLE XLV

ADJUSTED EXTINCTION COEFFICIENTS OF 1,3,5-

TRINITROBENZENE IN THE AsF5-HF SYSTEM

5

kmax(nm)

285
280
278
- 278
278
278
278

6,100
9,100

9,630

11,400

11,600
13,000

16,000

135
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Mole

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40

137

TABLE XLVI
IONIZATION RATIOS FOR THZ DIPROTONATION OF

2,4,6~-TRINITROTOLUENE IN THE Ast—HF SYSTEM

epgt= 2,000 cpgs2 = 15,400 pkBH%Z = -18.36

% AsF5 € log I
8,000 | : 6.09

10,000 -0.17

11,300 -0.36

. 12,100 0,49

13,000 -0.66

13,600 . -0,81

14,400 1,09

14,800 ' -1.33




Mole ¥ AsF

0.05
0.10

0,15

0.20

0.25

0.30

. 0.k0

0.50
0.60

0.70

TABLE XLVII

IONIZATION RATIOS FOR THE DIPROTONATION OF

1,3,5~-TRINITROBENZENE IN THE Ast-HF'SYSTEM

CBH+ = 2, 500

5

CBH'Zi-Z = 16,000

5,000

6,400

7,600

8,900

9,800
10,600
1é;ooo
13,100
14,100

14,900

K 2 = -18.93
p BHg

log I

0.64
0.39
0.22

0.05

-0.07

70.18
-0,38
-0.56
-0.79

-1.05

138
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0.8 | - -
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) . Mole % A_st"a_
Figure 41, Ionizatdon ratios of 2,f&\,ﬁé-t;:ini‘.,trotoluene(O)
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TABLE XLVIII

-H, VALUES FOR THE Ast—HF SYSTEM

Mole% AsFg 2,4,6-trihitro-
- toluene
0.05 18.2?. .
0.10 18.53
0.15 -18.72
0.20 18.85
0.25 19.02
v0.30 19.17
0.40 ;
0.50
0.60
0.70

N

1,3,5-trinitro-
benzene
18,29
18.54
18.71
18,88
19.00
19.11
19.31
19.49
19.72
19.89

Average

18.28
18.54
18.72
18.87
219,01
19.14
19.31
19.49
19.72
19.89

<
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TABLE XLIX
OBSERVED AND ADJUSTED EXTINCTION COEFFICIENTS®

OF 2,4,6-TRINITROPOLUENE IN THE Ta?snﬂF SYSTEM

Mole% Tan Observed Adjusted -
)‘max(nm) € kmax(nm) ‘ ¢

0.0562 , 315 s 11,200 307 5‘, 400
0.1989. 308 12,500 300 7,000
0.2712 297 15,300 293 10,100

. 0.6284 : 294 15,500 290 11,600
0.7332 296 16,700 290 13,600
0:8515 - - 293 *’17_,700 290 14,600
1. 1682 | 293 20,000 2881 15,500
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TABLE L - %
» ’;5 ,‘
OBSERVED AND ADJUSTED EXTINCTION COEFFICIENTS ;
OF 1,3,5-TRINITROBENZENE IN THE TaFg-HF SYSTEM '
Mole% ‘I‘a:.F5 Observed : Adjusted
}‘max (nm) € hmax (nm) €
0.0785 294 9,300 285 4,800
0.1533 294 . 9,200 285 4,800 -
0.2657 287 11,500 , 282 5,200
0.3050 287 14,600 280 7,200
0.4932 285 13,900 " 280 " 8,400
.,...-"
0.5789 . 285 15,600 280 9,300
0.8072 283 18,100 280 12,000
0.9157 284 18,700 280 12,800
’ ‘\
) \ ‘ ! -
\\ & ». -
. \
\\\\ /' *
\\ v\\
B ’ f \\\ y
B



TABLE LI
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OBSERVED AND ADJUSTED EXTINCTION COEFFICIENTS

OF 2,4,6-TRINITROCHLOROBENZENE IN THE TaFg-HF SYSTEM

Mole% Tan‘
0.1191
0.2217
0.3871
0.5282
0.6392 |,

L 0.7974

‘ Obsérved

lmax(nm) €
328 6,800
325 9,600
323 110,300
321 10,200
320 12,700
320 16,200
315

115,300

Adjusted

)N (nm) €
max

313 - 2,600
310 . 3,000
307 3,600
205 4,200
305 5,600

T s A

e
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TABLE LIL

IONIZATION -RATIOS \FOR THE DIPROTONATION OF

2,4,6-TRINITROTOLUENE IN THE TaF5 -HF SYSTEM

egpt = 2000 °BH§2 = 15,400 pKBH§2 = «18.36
Mole % TaFS € logl -
10.05 . 5,500 0.52
of10 ",300 0.32
0.15 " 7,000 7 ol2s
0.20 . 7,600 0.15
0.25 8,300: 0.05
0.30 8,900 -0.03
0.40 : 10,100 -0.18
0.50 B 11,200 | -0.3k4
0.60 - 12,400 -0.54
0,70 . 13,200 T 0.7

s

~ 1k6

i B3

3
e -
~ et b L T
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TABLE 1LIII ‘

IONIZATION RATIOS FOR THE DIPROTONATION OF

.lJB,S—TRINITROBENZENE IN THE T;FS—HF SYSTEM

cpyt = 21500 CBHEE = 16,000 prHzg = -18.93
Mole % TaFg c log I
0.10 2,800 1.65
1 0.15 3,600 1.05
0.20 ", koo 0.79
0.25 5,100 0.62
’ 0.30 5,800 0.49
0.40 6,900 . o.31b
0.50 é,abo 0.14
0.60 .”é,soo -o.oé o
0.70 10,700 -0.19
0.80 11,800 -0.35 '
0.90": 12,700 w049 .
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TABLE LIV

JONIZATION RATIOS FOR THE DIPROTONATION OF

2,4,6-TRINITROCHLOROBENZENE IN TaFS—HF

“BH
Mole % TaF

0.20
0.25
0.30
0.40 |
0.50
0.60
0.70
0.80.
0.90

1.00

+ = 1,600

5

CBHEE = 16,000 pKBng = -19.76
€ }og I

1,800 1.86

2,000 1.54

2,200 1.36

2,600 . 1.13

3,000 0.97

3,600 0.85

3,900 0.72

4,300 0.6

4,700 0.56 : -
5,100 . 0.49 S

J
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o
0.8l 2, 4,6-trinitrotoluene
0.4}
Q »
:) 1,3,5-trinitrobenzene 1
o : '
~ "oolt'
]
"0.81
—1.; ;o ,rm
! J.
3 'r *
K]
<
A 1 ] | » . A L] + J T i
o . 0.2 0.4 0.6 0.8 . - 1.0 °
Mole ¥ TaFg . S ' )
Figure 4, Ionization. rgtios of nitro matic indicators’ o ' {
" in '_fhe. fTiiFs—HF syst-em. / ij . ‘
: ;}' :;
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TABLE LVI

°

6BSERVED AND. ADJUSTED EXTINCTION COEFFICIENTS

OF 2,4,6-TRINITROTOLUENE IN THE SbFB"HF SYSTEM

_ Mole % SbF , Observedc
max

0.0573 294 _ 18,800
0.0783 292 20,800
0.2079 292 20,400
0.2967 | 289 20,000
0.6052 286 20,900

TABLE LVII

Adjusted
A max ¢
290 15,000
290 15,400
290 15,300
» 288 15,400
15,600

285

OBSERVED AND ADJUSTED EXTINCTION COEFFICIENTS

OF 1,3,5-TRINITROBENZENE IN THE SbFs-HF SYSTEM

Observed Adjusted

Mole % SLF; M nax £ M pax >
o/ok65 - -283 19,800 280 16,000
018891 - 279 18400 278 15,800
0.4983 275 . 18,300 273, 16,100 -
1.1206 ' 274 191g99w/‘1/’é73 16,300'
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TPABLE LVIII
OBSERVED EXTINCTION COEFFICIENTS OF 2,4,6-

TRINITROCHLOROBENZENE IN THE SbF5-HF SYSTEM

"o

Mole % SRy Mg (0) c
8.0345 320 : 13,700
0.1288 : ©301 13,100
0.1513 . 310 13,800

" 0.3769 . T 208 18,600

| 0.U361 . 286 15,700
0.5517 . . - 297 17,700
0,5906 | 301 | 17,400
0.8563 : | , 284 '- 19,500

© 1.1403 . 291 . 19,300

‘1l2k11 290 18,100

152
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OBSERVED EXTINCTION COEFFICIENTS OF 1,3-DICHLORO-

TABLE LIX -

2,4,6-TRINITROBENZENE IN THE SbFs-HF SYSTEM

Mole % SbF

© 0.1066
p.1€21
0.1706
0.2748
0.3293
_0,4250
0.4780

0.7196" -

0.9259
1,1856
1.7186

5

327
32h

322

318

317

316
316
315
315
315
‘315

€

13,500

" 18,800

16,600
16,700
19,}00
18,000
22,900
25,300
19,800
25,600

25,600
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3
ADJUSTED EXTINCTION'COEFFIQIENTS FOR THE DIPROTONATION OF

"y

2,4,6-TRINITROCHLOROBENZENE IN THE SbF5—HF SYSTEM

Mole % SbF5

0,0345
0.1288
0.1513

1.2411

TABLE 1X .

xmax(nm)

315
300
305
295

285’

295
295
297
290
2?0

290"

6,700

9,900

"11,000

16,400

12,200

.-14,890

17,000

16,000

16,400

16,400
16,000
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TABLE IXI

e

ADJUSTED ' EXTINCTION .COEFFICIENTS FOR THE DIPROTONATION

OF 1,3-DICHLORO-2,4,6-TRINITROBENZENE IN THE SbF5~HF SYSTEM

Mole % SOF

0.1066
0.1621
0.1706
0.2748'-
0.3293
0.4250
0.4780
0.7196
0.9259
1.1856
11,7186,

5

max

320
‘315
315
315
313
A3
213
310
- 310
310_'
-~ 310

(am)

c

8,000
11,200
10,400

12,400

-15,000

1A;doq
17,600
20,200

15,600

20,400

20,400
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28 b
(a) 0.1066 mole % SbF .
(v) 0,1706 = "
0.229% .
" () 3293
(4) 0.4780 "
) 1.1856
201. |
16]
-12-‘ ’
8
b |
0 i 1 * + A 2 B - [N |

350 "% (am) 300 ‘ 250
Fighre S0. Absorption spectra of 1,3- dichloro-z h &~ trinitro~ :
benzene in the SbF5-HF system.
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IONIZATION RATIOS FOR THE DIPROTONATION OF 2,4 6-

. TABLE IXII

TRINITROCHLOROBENZENE IN THE SbFs-HF SYSTEM

€nyt = 1,600

BH

Mole % SbF5

0.05
0.10°
0.15
0.20
0.25
0.30

0.40

cBHg

v

7,000
9,000
10,600
11,900

13,000

13,600 °

15,200

+2 = 16,000

log 1.

0.22
-0.02

-0,22

~0.%0

'0058
-0.69

-1,23

BHEZ = -19.76

- 162
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TABLE LXTII
IONIZATION RATIOS FOR THE DIPROTONATION OF 1.,3-DICHLORO-

2,4,6-TRINITROBENZENE INTHE SbF-HF SYSTEM

- Cppt = 4,400 ' céHEF = 20,400 pKBHEE= -20,23

Mole %. SbF T e log I o

0.05 : : 7,000 0.7 ¥

0.10 : 8,200 0.51

0.15 . ' 10,200 : 0.25

0.20 11,600 | 0.09

0.25 . ' | 13,000 - +0.07
‘ 0.30 . 14,000 -0.18 )

0.40 - 15,900 * 0.5

0.50 - 17,400 -0.64

0,60 o 18,600 . - -0.90
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2,4, 6-trinitrochloro-

benzene

Qv

ki
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~ . TABLE LXIV

-H, .VALDES FOR THE SbFﬁ-HF SYSTEM ¥

Mole % SbF5 2,b,6-trinitro- l{B-dicﬁiorof Average
chlorobenzene 2,4,6-trinitro- :
' . benzene

0.05 9.5 19,52 - 19.53
0.10. 19.78 - 19072 19.75

" 0.15 19.98 - ’ 19.98 19.98
0.20 20,16 20,14 T . 2015
,.%.25 . 20,34 ' 2'0.39 ' . 20.32
6.30 . 20.45 _ _26.41 , . 420,43
0.k 20,64 . 20.68
0.50° \ 20,87 . 20.87

0.60 - . 22,13 ' a1a3

ey
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TABLE LXV

VALUES FOR THE NITRO

CB , CBH+ AND pKEH+

AROMATIC INDICATORS IN THE MFB-HF SYSTEM

Indicator - £ Cpyt ’ ,»‘pKBH+‘
(2,4,6-trinitrotoluene)H” Z,bOO " "15,400 18.36_
. (1,3,5-trinitrobenzene)” 2,500 16,000 18.93

(2,4,6-triﬁitrochlor6—

’ benzene)H+ L -+ 1,600 ' 16,000 19,76
(1,3-dichloro-2,4,6-tri- ]
nitrovenzene)®' . 4,400 . 20,400 20,23
TABLE 'LXVI

. %,
EVALUATION OF OVERLAP OF NITRO AROMATIC INDICATOR IN

TEE HF SOLVENT SYSTEM. . .

(4

INDICATOR | ai,i-l IX ai,i-l
(2,4,6-trinitrotoluene) H* 0.97 0.97
(1,BlSrtninifnoben@ene)H+ 0.88 0.85

(2,4,6-trinitro§hloro—

benzene)H" S ' " 0.92 0.78
(1 ,3-&161116,1‘0-2‘1}_,‘6 "‘.tri'- -
"* nitrobenzene)H' " 0.99 0.77

. : .
/\ - .
3 .
. L . - - 3 . - - .
. - . .

"
R T —

. e e "
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\ ’ . - ‘ - e Ho = -15.10 % 0,05

-
.

- 10

167

22

204

167

* o,

144

127

075 , o050 o5 . O 10,25 £ 0.50 0.75
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Figure 52. -Ho'vélqgs of KF-HF 'and SbFg-HF. ko)-.éxperimenﬁal
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'TABLE LXVII

IONIZATION CONSTANTS OF WEAK ACIDS

Molality ofoF5

0.025 -
0.05
0.075
0.10‘
9.125
0.15

Extrapolated to

m=0 OfMF5'

=3
As 5

9.12 x 107
15.13 x 1675
33.47
34,69

52,88

x 16~
X 1092
X 10;5

80.23 x 10~

3 x 1077

TABLE LXVIIIX

168

IONIZATION CONSTANT 6F WATER IN HF-

m of HZO K%
0.025 0.036

* 0.05 "0.064
0.10 - 0.050
0.i5 - 0.056
0.20.

~

-

O;ng ;

-

&t m=0% v 0,038

m of H.,O °

2
. 0,036

0.053
0.079
0. 3
0.182

L T0.232°

1. £foﬁ'§$e present measurements, 2. frbh

a

:
IN HF
Ka

T4F, NbF

1.15 x 107 0.k x 10710
1.52 x 1077 1.80 x 1073°
1.5% x 10~  8.5% x 10°+°
1.45 x 107 25,6 x 107%°
2,11 x 1077 58.7"x 10°19
2.91 x 1070 81,7 x 10710
8 x 10~8+. ___2 x 10711

T~
Kb,

0.068

0.076
. .0.05k4

0,087 -

0.094 ,

0,097

e T :

0,068 - :

'%oﬁ@ﬁqtivity daia.?z




. CHAPTER VI

DISCUSSION .

A. THE HAMMETT ACIDITY FUNéTIONS IN SUPERACID MEDIA

The measurements of the Hammeté acidity function Hj have
been extended to MFS-HF systems, Due to the lack of sufficlently
weakly basic indicators, the most highly acidic System which has been

studied in the present work is 0.60 mole % SbFBZin HF with Hy = -21.13

which is more acidic than the most highly ac}dic system, .7 mole %

_ SbF5-3303 in HSOBF, measured previously‘.3 The previous qualitative

suggestioh‘that the SbFS-HF system has very high acidié& has thus .
. . *
been confirmed. The <Ho values given by Siskip et al.Z# from the

study of the rate of protonation of deuterium seem not entirely

unjustifiedy they.saye a value of 24,3 for lO.moie % SbF.-and 18.5

5

for TaF. solution which they stated t6 be 10 mole ¥ TaF. but mﬁst in

5 5
fact have been a’ 1.1 mole %. TaFé saturated solution. The -Hb value,
15.1 for 100 % HF 1ndicates that its acidity is very close to that
of 100 % HSOBF 15.07 and is rather greater than the value for 100 %
H soa, 11.93. Moreover ‘the increase in acidity on adding strong
Lewis acids is_much more. rapid for the HF system than for the HSO3F ;

system, Thiésis essentially a consequence of the smaller Kap vale“j"

for HF The <Hop curve 1ncreases pidly as the concentration of

.strong’ base,»KF in HF-or XSO in HBOEF decreases and passes through

’

an inflection point at 100 % HA and continues to go up with increasing

concen;;atlon of stropg acid, SbES in HF or SbF5~3803 =

of increase near the-pure.solvent is dependent upon the magnitude uf *"

P

. .t ’. . i 6‘.
. . oot o X 9’~ . . Y )
v - . ’ . Ky M . LN .
T oA s A
. v * i - .
.

in HSO F. The rate




. highly buffered and the change in Ho in the vicinity._of 100 % acid is

L Tiﬁﬂthe )3 owﬂésoq $$$tem4chan895 much-m°re aPidlY with. in°rea5*n8

) . : 170.

the K, value of the solvent. HF, having a smaller Kap than HSO;F

has a sharper increase in acidity as the concentration of the strong

<

base decreases, This is due to the small concentration of. HZF or

E” in HF.' The addition of strong acid or strong base will drasti-

cally increase HyF* or F- concentratien. In the Hgsou or HSOzF
system, the relatively -extensive self-dissociation makes these systems

much” smaller than in HF, o

-

- Meagurements could not be made on mofe concentrated solutions

‘o? SpF5 in HF or more highly acidic -wystems because of»the lack of .

weaker nitro aromatic indicators than the weakest presently used,

B. AbIDITY FUNCTIONS OTHER THAh Ho__

The lrmited avdilability of suitably weak nitro aromatic

b Y

indicators necessitates the erploration of other sets 6f indicators. .

V

“The acldity functions defined by different indicators are not iden-

¢

tical to the Ho function. Most acidity function measurements have'

been made with aniline indicatorsy; however, there is no reason to

Y.

‘assume that Ho scaieliﬁfbetter_than'any other similarly determined

acidity scales. As a'result-of theviargelaccumulation of data on -

{

"the Hy function for various acid mixtures this scale is often used

as a<re£erence system for comparison with other acidity functions.

A Tﬁé'ﬁo acidity function,es'based on the- ionization of a

!

group of 15 , N-dialkylnitroanilines and N-alkylnitrodiphenylamines

!

‘ {acid concentration'than<60és tge Ho function.‘, The behaviour of this‘

A N .t ) ’{
ST T Yt e and the wedkest indi~ 3

v
.
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cater, N-methy%-a,a',4,4‘-tetrenitrodiphenylamine.has pKBH+ value
of -10. 56 _
The H pcidity function, as developed by Hinman end Lang,66\;” '
is based upon the protonation behav1our of a series.of alkylated
indoles whose pKBH+ values range from 0 30 for 1,2-dimethylindole
‘to 6. 31 for tryptamine. The behav1our of Hy acldity function
is very similiar to that of the Ho scale. ' :
The H acidity function proposed by Yates et al. 67 68 is
based on the bebaviour of a group .of amides.  This aci@ity function
:changes less répidly with increasing ecid éoncentration than Hp

scale does. The pKBH+ values range from -1.23 for 2-pyrrolecar-

boxamide to -4.08 for'2.4,6-trinitroeenzam1de.
2

The H i y function is based on the protonation behaviour
.6 T -~ -

of ketones, a series of benzophenones, ranging from pKBH+ = =3,34
for 2,2' 4,4'-tetramethoxybenzophenone to pKBH* = -6 88 for b-

nitrobenzophenone. The behaviour of HB is similar to that of Ho

-

below 60 % H sou.
" The second oldest acidity function HR’ developed by Deno.

et al, 7 is based on an overlapping series of triarylcarbinols whose
) values range from 0. 82 for U,4 4"-trimethoxytriphenylcarbinol
to «16.27 for b 4' 4"-trinitrotriphenylcarbinol. It differs fronm

those pre;ionsly discussed in that the reaction 'is not the addition

'1' of a proton &o neutral base, it is rather aa loss of water

(csx )coa . H:\-(csa 2,60+ av_zo“ _ é.VI-i)"’

The nrogress of the reac%ion bbing observed is ‘the. conversion of

“altw -
R
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vater to oxonium ion which depends on the acid concentration. The
H, function is defined as

R Y .
. - log [R"] , (VI-2)

R [ ROK]

* .. . .

" .which can be.rewritten in the form

HR=pK

£

H, = lo + 208 + lo
R= T8 8T TR €80 - (VI-3)

where R is an arylcarbinol and ap o

is the activity of water. If

2
one defines a function Hé P
. . . l'.R+] v .

! = : - - -lln
HR ' pkpt . = leg " rom] log aHZO - (Vi-4)
then ) .
: fron- ' '
BY = - log ag+ For ‘ . . (VI-5)

which is of similar form to the Hy acidity function or eny other'
géidit& funetions p}eviouslb‘@entiqned. It Qas found that the
aiylda{binol based function Hé increased more rapidly with iecregs:
ing ggid-cdncentfatidn éhan ali ether acidity functions.

The redox acgﬁity function R;(H) which is obtained from
E M F. measurements ‘was first measured in H soh system by Michaelia
,an Granick7 and 1ater by Strehlow and Wend¢?2 The measurements

yere made‘in a celm with a forrocene / ferriciniﬁm redox electrode-

[ 2
.

Pt, 2( g, 1 atm.) ' aq. Haso,*, Ferrocene,?erricinium l Pt
: . ¢ v:.e)

N

The redox acidity function RO(H) is defined as A

Ei‘:“”

‘.

aocm
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R

where m§ is the potential in a given médium and E% is the standard

potential of H, electrode. '

Various acidity functions for the aqueous H,SO, systen are

shown in Figure 53. Many other aqueous acid solutions also have been

studied} for example, Ho for solutions of HCl HBP04 and toluene-
66

sulfonic a.01d73 HI for aqueous solutions of HC10,," H, for HCl -

solu.tions?bf H, or H! for HClOk and HNOQ 75 D, for D,0-D soh using

R R 3 2
a series of aniline indicators used for the H, measurements?6 "
Ro(H) for the aqueous HF system7? 78 and anhydrous HF?9 and Hy

for the H,Se0,-H,0 systenc?.

To extend the present moasurements of Ho functlons to higher
' ooncentratlons of SbF5 in HFt it might be poo81ble to use another
type of base such as.a ketone. The series of ketones used, by Levy
et al. 35 mlght be worthwhile trying.- They determined the basicity

- constants of a setried of halogen substituted acetones by the nmr

method. These constants range from pKBH+ = -7.5 for acetone to

pK + ==17 for 1,1,3,3-tetrafluorocacetone. Less basic ketoneé‘are

BH
available such as 1,}pdichloro-l,l}3,3-tetraf1uoroaoetone,pentachloqo«

acetone, hexafluoroaoetone and hexachloroacetonéa

The application of the Ro(H) scale to the aqueoue HF system

77,78

" was first made by Vaillant ot i and to ashydeous HF

79

by Menard et al.. Their results for aQueous HF are plotted in

N
Figure 5# together with the correspondlng Hy valugs for comparisosm
79

The Ro(H) for anhydrous EF, obtained by Meﬁard et al ’ was not in

_faot for 100 % 0 but a solution of 0.1 H KF; and in.Figure Sk values

¢ 3. o -

. ;‘for Bo(D and By for anhydrous are not given - The BXtenBi°n °f .

-t
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the RKo(H) measurements -to the hmghly acidlc SuHF -HF system has not

5

been made.  However Masspn et al;sl have performed a potentiometric

acid-base titration in anhydroes HF by using quinones as indicators,
Thelr results were expressed in terms of ba51c1ty .constant pKp or
acidlty constant pKa ( with pKp + pKa = pKi , Ky is the ionic
constant fér H' + = HF ) fo;'bgses or acids in ﬁF based on pKb

= 0 for i M KF solution in HF., - .They found ‘ that HSOBf vas.a

_ very weak acid in HF ( pKy, = 2.5% ), that TaF was a weak acid

5

( pKb = 6:28 ) and that SbFg was a moderately strong acid ( pK =

9.63 ). The yresult for SbFS is in.contrast to the present measure-
ments and conductivity of‘cryoscopic studies in Which‘SbFs—was

found to be a strong acid in HF,

C. THE SIGNIFICANCE OF ACIDITY MEASUREMENTS

The results of the exploration of superacids have beeg 7
extensively appiied‘in both oeganic ahd.iﬁorganic chemistry.
One of the eariieet applicatione is the protonation studies in
SbEs:HSO3F med?um; 'For'example, ﬁhetobﬁervef?on of the proten

nmr spectra of conjugate -acids of some carboxylic acids at low

temperature.led to the identification of two isomefs, (I)82 aﬂd"
83,84 '

(II) gor conjugate acid of acetic acid. T e
1‘ .l., l.&"..’ .t' . i f
C< : Gﬁjc\< . :

» . : 1. . . " -
w0 Wt
( I ) .fiﬂf - :Qﬁ_' ( I 7"

A still mqre important amplication of superacids is

176.
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és solvents in the preparations of new cations such as carbonium

'ions or polycations. . These cations are highly ‘electrophilic

species and c?n only be obtained as stable species in solvents of
o 3

very low basicity and in the presence of anions of very low basicity,

that is, the anions of very strong acids such as SOjF', Sng or

SbaFil. For example t-butanol is completely converted to the
trimethyl carbonium ion in HSOBE-SbFis.SO2 at -60°C
( CH, ),COH + 28" = ( cH, ).c* + H, 0ot . (VI-9)
3 )3 = G550 3 =
Other oxamples are halogen cationms, such as I;, ;, ClF BrF;
+2 +2

etc., cations of sulfur, ‘selenium and tellurium such as Sh » Sep T,

Teua etc., and catlons of rare gas fluoride, such as KrF' s X ;;

. Xer eto., )
2 I2 + 8 06F2 ( in HSO F ) - 2 I2 + 2_SOBF, (VI-10)
. 4 se + GFZ{ in HSO:,)F) > Seu .+ 2 SO,F (v'):rll)

SbF. —HF o

——2-—-9 KeF*SbFy © C(vIa2)

" The chemistrj of superacids has been extensivel& inves-
1 atéd., In the . future more new reactions, and specxeg_may be
discovered by further studies u51ng superacid systems as reaction
media, The search for still more acidic media continnes, and

) P

.th;B/eculé//br example, lead to the production of stable solutions

. of'-such interesting species as H . H; v CHY dnd c235 which ————

.’although they are in prlncipie possible --—-have not yet been

observed, except possibly as ungtable intermediates%l becausei

-4

:all preseﬁtly available media are too basic. : W

PR
R
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_ A._INTRODUCTION

The . experimental data obtained by the absorption methdd of
determining Ho can be treated in several different ways. The method
used in this thesis was to plot the observed extinction coefficients and
then to Fead off from a smooth curve drawn through these points values .
of the extinction coefficients at selected concentrations. Values of Ho
" were then calculated at these concentrations using equation (I-8). An

alternative method is to calculate an Ho value from each of the observed

extinction coefficients and then to obtain smoothed Ho values from a curve

fitted to the Ho values by a least square method. The purpose of this
appendix is to present the results of ;ome:calculations of Ho values using
this alterqetive method and to compare these with those given in the |
main body of the thesis. |

'B. THE LEAST SQUAREs;mETH""""“” B

The relationship betwe

he Hamiett acidity function Ho (y) and

ed to have the form of a

the cgncehtratidn of acid of base x is a

second order parabola,

" 2 oo
y= ao—"* alx +ajx” - - 1)

3)

.
s A WY E Y R P P Al Shh e b g |



R

~

] 4 . i
184 .
b .jf °
e g o L1 |
) Fpl(x? ¥ N ) (&) :
- . « 2 . M . 4
-3 [ X X - R S
2 > 2 ¥
Py =it LE ¥ _Lxl, [ m
2 . , s 2 (x N ) . N (5) :
2 { x] :
(x"1- .
N : !
where the bracket 11 1s the sum. g: and N 1is the.number of data points.
. . . w - i=1 : .
The coefficlents c; were calculated from the formula - '
' N ~ . .
AR T L RE ' © .
0 . e N . ' . .
[P ] = &2
e le 1 Pote)
-} S . . 3
ey = @0y 1 _ £§1q§€xil Yy S . .
- Lo B ¢) N
(P01 ¥ 42 : |
i y 1 » 1g;ffgffi) . ’
. NMUA s 2 . 1%1(#2(-"1) Yy, L .
2 < , . N . . . (8') .
[P/ P, 0 ] . X2 A
. 2 i=l _,2 (xi) . )
- :/_. * M . . N
."The sample standard deviation is given by, K‘
‘2 ; —-_——- ’ , 1 . - .
.S T3 % (yjt vy ) -N, .(9)“,

1=l R

where ( Yy - yi ) is the devdation betwecn the observed values and the

values fitted by the besc curves, oo .o : '
Q.. s
ot . . \

c. RESUL’I‘S AND DISCUSSION

-

Several 8y3tem9'wete aelected for treatment by this method. ‘Tﬁe o
calculations aré shpwn'in Tablp jVII-l)-to_(VIIeQ). The first step is
t& find the orthogonal fupctions}F&(x) yging the equations. (3) to (5).

.
oy
;

-
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’ ‘The\nggsri?di values of ¢%(xi) were then calculated and were used to -
find the coefficients cy using the equations (6) to (8). The next step
is to substitute»fhej?& and'ci into the least squares fitted equation
(2) from which.the'fiffednvalues y' (Ho) were calculated. These Ho

values are plotted in Figures 55 to 58 together with the wvalues given
in this thesis. . "

The sample standard deviation cdlculated by equation (9);were
_ found to be 0.04, 0.69, 0.03 and 0.04 respectively for the H O-HF KF-.
HF, AéFSJHF and SbFS-HF aystems., ‘Another quantity, ],;y |, the
absolute magnitude of the greatest deviation between the observed values
and the fitted values, . is more indicative of the error in Ho and was
found to be 0.25, 0.36, 0.16 and O. 24 respectively for the above four
systems, )

o

. It yill be seen from Figures 55 to 58 that the Ho values obtained
by the method described in’ the appendix do not differ significantly from
. those pbtained by the method used in the main body of the thesis. It~
was therefope not considered worthwhile to apply this alternative method
to all Experimegtal-dara in the thesis. " o

i
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