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ABSTRACT 

X set of eight suitably substituted primary amides of progressively weaker basicity have 
been prepared. Their ionization curves have been determined in sulphuric acids by spectro- 
photometric methods. These show good overlap and parallelism for successive indicators, 
enabling the pK values of the indicators to be deterlnined by direct stepwise comparison. 
Using these pK values and measured ionization ratios, values of a new acidity function, fI>:\, 
have been obtained for aqueous solutions up to 82% sulphuric acid. The H::\ function decreases 
much less rapidly than PI0 in this range, being nearly 3 log units less negative a t  the highcst 
acidity studiecl. The reasons for this large difference are discussed. The $I,:\ function is shown 
to be applicable to other arnides which have not been elnployed as indicators. 

INTRODUCTION 

The acidity function Ho was originally conceived by Haillinett and Deyrup (I) to 
describe the ioilization behavior of weak organic bases in concentrated acid solutions. I t  
has been assumed to be generally applicable to uncharged bases ionizing by siillple protoil 
addition, as in 

B + H C g B H C  

for \\rhich I<,,+ = a,.a,+/a,,+ is the therinodynamic equilibrium constant defined in 
terills of inolar activities. The acidity function is defined by 

Ho = -log (a,+.fB/fnEr+) = pKBrr+ - log [BH+]/[B]. 

The only well recognized exceptioils of this charge type have been carbinol and olefin type 
bases I\-hich forin carboniuin ions on protonation. These have been found to follow the 
I 5 R  (2) and HR1 (3) functioils respectively. 

Recently it has been recognized that the applicability of the Ho function is considerably 
inore limited than was a t  one tinle supposed. This question has been discussed in an 
excellent and comprehensive review by Arilett (4). The li~nited generality of the Ho scale 
has been clearly deinonstrated by the results of two recent investigations. Jorgenson and 
Hartter (3) have redeternxined the Ho scale using a set of structurally related indicators 
coinposed solely of prii-uary anilines, unlilx the original Hamnxett indicators, which 
although mainly of this type, included an N,N-disubstituted aniline as  ell as several 
oxygen type bases. Their new Ho scale shows coilsiderable divergence from that based on 
the old set of indicators (I). This deinonstrates that acidit)~ functions of the Ho type are 
strongly dependent on structural changes in the indicators, even for simple bases of the 
saine charge type. Previously (6) it has been shown that maily amides are not Ilammett 
bases, althougl~ they ionize by simple proton addition (7). This was show11 by the fact that 
slopes of their log [BI-I+]/[B] values against Ho were far froin  unit)^, as required by the 
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defining equation, and that  these deviatioils were too large to be explained by medium 
effects on thc absorption spectra used to obtain ionization ratios. 

'Thus the results of all prcvious p K  determinations on amicles, employing t!le Ho scale, 
do not yield thermodynamic equilibrium constants, but  "pK" values in the sense des- 
cribed by Xrilctt (4). These correspond n~~mcrical ly  to the IIo values of the acids in which 
the base is half-ionized. 

Therefore i n  general structure pI< correlations for ~~ical ;  bases ~ I L I S ~  be interpreted with 
caution. I n  addition, rate-acidity function corrclations such as those of Bunnctt (S), a i ~ d  
their interpretation in terms of hydration changcs (9), lose much significance in cases 
wherc it can be shown that the acidity scale used is not dpplicable to the type of substrate 
bcing considered. 

Wc have therefore investigated the possibility that  primary amides are follo~ving some 
other "general" acidity function and wish to  report values of a new acidity function, HA. 
This func-tion is based on a set of structurally related primary amide indicators and appears 
to  be generally applicable to the ionization behavior of this class of basc. I t  is consiclcrably 
different numerically to  thc Ho scale even in moderately conceiltratcd acids. 

EXPERIMENTAL 
Indicators 

The follo\ving commercially available indicators were recrystallized to constant melting point: 3,4,5- 
trimethosybenza111ide from methanol-water: m.p. 178.5-179.5 'C (lit. m.p. 176-177 "C (10)); 2,4-dichloro- 
3,4-dinitrobenzamitle fro111 aqueous ethanol; 111.p. 2G2-263 OC. \Ye are unable to find a reported melting 
point for this compound but analysis gave C, 30.18; H ,  1.01; N, 14.96; CI, 25.59. Calculated for C;HaSjCl?Oj: 
C ,  30.0; H ,  1.07; 3,  15.0; CI, 25.35. Samples of p-methosybenza~nide, m.p. 166-167 'C (lit. m.p. 103 "C (11)) 
ancl ?IL-nitrobenzamide, m.p. 140-141 "C (lit. 111.p. 141-143 'C (11)) were Icindly supplied to us by Professor 
J .  T. Ed\vard of i\/IcGill University. These were also recrystallizetl to constant melting point before use. 
The remaining indicators were prepared as follo\\~s from the corresponding carboxylic acids, \vhich are alI 
commercially available. The acid chloride was prepared by a standard method (12) and reacted lvith cold 
aclueous ammonia to  give 3,5-di11itro-4-metl1ylbe11za111ide, which was recrystallizecl fro111 aclueous ethanol; 
m.p. 189.3-190.5 'C (lit. m.p. 187 'C (13)). Calculatetl for CrHiXaO;: C, 42.7, I-I, 3.18; S, 18.7. Found: 
C, 42.6; IH,3.06; X ,  18.6. The same method was used tor 2,3,6-trichlorobenza111ide. This amicle has apparently 
not been preparecl previously; m.p. 170-171 "C. Calculated for CiHIC1:,NO: C, 37.4; H,  1.78; CI, 47.5; 
N ,  6.24. Founcl: C, 37.3; I-I, 1.45; CI, 47.48; N, 6.09. i\ ~noclilied method (14, 15) was used to prepare 
2,4,ti-trinitrobe11za111ide. This was recrystallizecl from benzene - acetone - petroleum ether;  m.p. 267.5-368.5 
"C (lit. m.p. 264 "C (15)). Calculated for C ~ H . I S . , O ~ :  C ,  32.8; H,  1.56; N, 21.87. Founcl: C, 32.75; 11, 1.50; 
N ,  22.0. Our 2-pyrrolecarbosamicle was prepared by the method of Fischer and Van Slylce (16); the product 
being recrystallizecl from water, m.p. 174.5-175.5 "C (lit. m.p. 176.5 'C (16)). Calculated for C5HGX?O: 
C ,  54.55; H,  5.45; S,  25.45. Found: C, 54.13, 11, 5.85, N, 25.25. 

Sz~lphz~iic Acids 
Sulphuric acid solutions ranging from 0.001 IV to 907, by weight were preparecl by diluting Fischer C. P. 

Reagent Grade sulphuric acid (95% 'onin.). Concentrations were determinecl by titrating \veighecl samples 
with standard sodium hydroside. 

Ll!feasurenze~~t of Ultraoiolet Spectra 
All spectra mere measured on a Bausch ancl Lomb Spectronic 505 Recording Spectrophoto~l~cter using 

1 CIII quartz cells and a thermostatically controlled cell-block a t  25&0.05 "C. Solutions of indicators \\-ere 
preparecl as clescribed previously (17). I t  has been sholvn (18) tha t  hydrolysis of the amicles is negligible 
during the time required to measure spectra. Periodic checks of solutions of various acid concentrations 
confirinecl this in the present work. 

Treal?~zent of Data 
Since all conlpounds gave clearly defined absorption peala in acid solutions strong enough to con\-ert them 

essentially to  their ionizecl forms, the \vavelengths near this peak, X B E + ~ ~ ~ ~ ,  \\-ere used to  determine ionization 
ratios. Absorption spectra of the free base forms obtained in water or dilute acicls showecl sonle absorption 
a t  this \\la\,elength but the change in t a t  X I ~ E + " ~ ~ ~  on going from essentially free base to  conjugate acicl \vas in 
every case large. Plots of 6 against IIo were examined for different X  in the region of Sigmoitl type 
curves were obtained and tha t  wavelength \\-hich gave the smoothest curve \vas chosen to calculate ionization 
ratios. These were obtained fro111 the relation 
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\\-here ETI is the absorption a t  Xtrr~~"'"" in a solution in  \vhich the  basc is completely un-ionizecl, t l ,H- is t h e  
corrcspo~itlii~g \.slue in a solution \vherc it is essentially completely ionized a n d  is thc \.aluc in a ~ o l u ~ i o ~ ~  of 
intermccliatc aciclity. I 'ali~es of e13 ancl curl+ \\ere obtainecl for individual compou~lds  a s  folio\\-s. The  >Io 
value a t  thc  inflection point of thc  above sigmoicl cur\.e was assumctl t o  correspond approsir~~atel!- to  the  
point of ZOC;;, ionization ([B] = [RI-I+]). Acid solutions ha\-ing 150 values 2 log units abo1.e ancl belo\\- this  
\.slue \yere t a l ~ c n  to  be acicls in which the  basc \\-as complctcly ui~ionizecl ancl fully ionizccl rcspcctively, ancl 
their e valucs taken a s  first approximate en a n d  ~ 1 3 1 1 ~ -  valucs. Thcsc \\.ere then ~lsct l  to  obtain approximate 
log I values. ['lots of thesc log I values against pcrccnt I-I2SO.I s h o ~ ~ c c l  good parallelism ant1 01-erlap for 
successi\.e inclicators. Thcsc \\.ere then ~lsecl in thc  stanclnrcl step\\:isc procedure t o  calculate a se t  of approxi- 
mate  pK values for the  indicators ant1 from these a f i r ~ t  approsinlate set  of amide acidity fu i~c t ion  values 
\\.as obtainecl. Since this function clecreascd less steeply t h a n  the  I-lu function, our origill;~l :~s.;uml>tions 
about  the  acids corrcsponcling to  el3 nntl eun- \\,ere in error. This  \vas particularly t h c  case on  the  strongly 
acid sick of the  50% ionization point. X c s t ,  acitls of lo\\fer and  higher acidities than  before \\-ere chosen to  
obtain en ant1 cnlp 1-alues respecti\.ely. These \\-ere chosen to  correspontl (011 t h e  lirst npprosimntc amitle 
acidity scale) to valucs f 1.5 log units about  t h e  50% ionization point. l ' l i i~s  i t  \\.as hoped to  minimize 
metlium cfiects according t o  t h e  mcthod of Stc\\rart and  Grangcr (10). Tliese ne\ir el3 ancl elrlr-- \.ulues \\-ere 
then ~ ~ s e t l  to  obtain a further  set  of log I \,slues ancl thc  \\;hole calculatio~l of p l i  a~icl  aniitle acidit!. I l~nction 
values rcpcatctl. I t  \\.as again necessary to  nlalce small corrections in the  acid concentrations u x t l  to  obtain 
tn and  t ~ r l l + .  These \yere very small in the  less concentrated acids ~ ~ s c t l  to obtain en. 'l'he \\-hole proceclure 
was reitcratecl ~ i ~ l t i l  110 further significant changes in  the  acidity function or  p K  \.nlucs \\-ere protli~cctl a n d  
t h e  acitls ~ ~ s e t l  to  obtain €13 a l~cl  enlr+ \vere a t  least 1.5 log units either side of the  p I i  value. BJ- l ~ s i ~ i p  the 
method of Ste\vart and  Granger (19) to  select the  Oyo a d  1009; ionization acitls, errors of a b o i ~ t  37; i t1 

E U  and  e13rri. can he introtlucetl b y  t h e  arbi trary choice of f 1.5 log units, if there a re  no spectral shifts pro- 
duced b y  t h e  s o l v e ~ ~ t .  Ho\vevcr, since the  a rms  of the  sigmoicl curve a re  in fact slopirlg because uf spectral 
shifts, it  is felt t h a t  introducinga possil~le error of kno\\sn magni t~~cle  is far less serio~ls  than choosing e s t r c n ~ c l y  
strong acicls to  obtain eoa- nntl thereby introducing errors of unlalown m a g n i t ~ ~ t l e .  

Plots of thc  final log I values against t h e  final acidity fullction values give straight lilies of unit slope. .All 
the  i~i t l i \ . icl~~al  values of the  amide  ncitlit). function lie closely 011 a sn~ootl i  curve nrhcn plottecl aga i l~s t  acid 
concc~i t ra t io~l .  

R E S U L T S  AxD DISCUSSION 

Selectio7z of' I7zdicator.s and ~1Ieasllr.enze~zt o f  Io~zizatio7z Ratios 
Guided by the same general criteria as Jorgenson and I-Iartter ( 5 ) ,  we have preparecl a 

set of structural1~- related primary amides of progressively weaker base strength. These are 
principally benzamides substituted in various positions of the benzene ring ~vi th  mcthoxy, 
rneth\.l, halogen, and nitro groups, chosen so that their measurable ionization ranges 
overlap as much as  possible for successive indicators. The overall range of measurable 
ionization behavior for this set extends from tj-820/, aqueous sulphuric acid. Individual 
indicators ~vere chosen on the followiilg basis. The slopes of plots of log I versus the Ho 
function were obtained for 22 primary ainides, using previousl~l reported data  (6. 17) as 
~vell as  data  obtained in the present study. Except for two widely deviating poiilts 
(0-toluamide and p-nitrobenzamide) the values of these slopes fall in the range 0.49-0.78. 
(Redetermination of the slope (0.62) for m-toluamide showed that  the previousl~- reported 
(6) value of 1.00 is incorrect.) These values are not randomly scattered ~vithin this range 
but sholv a general trend, dcpendiilg on the acidity region in which the amide ui~dergoes 
exteilsive ionization. The  most stroilgly basic anlides studied have log I versus Ho slopes 
of approxinlately 0.7-0.8, decreasing to slopes of 0.3-0.6 for the i ~ o s t  wea1;ly b a ~ i c .  I t  was 
this general trend of deviation from Ha type behavior which suggested the possibility tha t  
an amide acidity function co~ild be constructed. Eight amides were then chosen which 
had the rnost representative slopes and which gave the best overlap and parallelism of 
indicator ratio curves spanning the above acidity range. 

Ionization ratios ( I  = [BH+]/[B]) for all indicators were determined by spectrophoto- 
metric methods. The  amicles used have strong absorption maxima in the 215-260 m p  
region. On protonation the spectra undergo changes in both A,,,, and intensity as  sho~vn in 
Table I. In  some cases both the neutral molecule and the cation give well-defined peaks 
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which are separated by 25-30 mp. In other cases this separation is less, notably for the 
nitro derivatives, and in two cases the absorption of the free base appears as a shoulder 
on the side of a inore intense band occurring below 200 mp. However, in inore stroilgly 
acid solutioils where protonation has occurred, all coinpounds give well-defined absorption 
maxima. In cases where the absorption maxima of the free base (AD) and of the coiljugate 
acid (ABII-) are well defined and separated, the method of Davis and Geissman (20) has 
been   no st frequently employed to obtain log I values. This involves ~ ~ s i i l g  data obtained 
a t  both \\ravelengths. Since this was not in general the case in the present work, it was 
decided for uilifor~nity to use data obtained a t  one wavelength only, ilainely A,,,, to 
calculate I values. This nlethod gives reliable ionization ratios i f  there is a large change in 
intensit\- a t  this wavelength in going from the neutral base to the conjugate acid. This 
was the case with ever)- compound studied. The values obtained give smooth sigi~~oid 
curves \vhen plotted against acid concentration. Varying the choice of A,,+ by 5 mp 
resulted in only small changes (& 1%) in the log I values obtained. As a check, the method 
of Davis and Geissman was used where possible. The ionization curves obtained by each 
method were identical within the experimental error. In one case only, that  of 2,4,6-tri- 
nitrobenzamide, the position of the absorption maximum does not shift appreciably with 
increasing acidity. However, as the acidity is increased, the spectrum undergoes a large 
increase in intensity and a plot of intensity against acidity does give a titration-type curve. 
This is considered to be the least reliable of the indicators used. Fortunately it is the 
wealcest indicator base in the set and has therefore not been used to determine any further 
pR values. Nonetheless its ionization behavior does parallel that of the preceding indicators, 
and the base strength deterlnined for it on the basis of the I values is in good agreement 
with what would be predicted from substituent effects, as will be shown in the second part 
of this series of papers. 

The ioilization ratios for these amides in various acid concentrations are listed in 
Table 11. The values for each indicator give smooth curves wheil plotted against percent 
acid as shown in Fig. 1, with the expected progressive steepening of slopes a t  higher 
acidities. These curves are allnost linear, although linearity is not necessarily to be ex- 
pected \vhen log I is plotted against this concentratioil scale, as is customary (5). The 
parallelism between overlapping indicator curves is good and shows that Hammett's 
activity coefficient postulate (4) is valid for this set of structurally related indicators. 
This means that 

log (f.\,II+f2LJ/fAr 'f\~El+) = 0 

for two amide indicators A,, A ,  in any given solution where their log I values are both 
measurable. Thus the activity coefficient behavior of this set of alnides is reasonably 
independent of changes in structure. The relationship 

which holds for any two indicators, can therefore be reduced to 

for use in solutions where thc ionizatioil ratios of each are measurable. I-Ience the PIC,,+ 
value of any of these amides can be determined by direct stepwise coinparison providing 
the pI< \H+ value of the preceding iildicator is known. 

Con~iderafio?~ of -1Ied~1~m Efects on Indicator Curves 
The valucs of en'"' and An'"' are both affected by changes in the medi~im, independently 
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TABLE I1 

Ionization ratios* of amide indicators 

% HrSOd Log I t  

2-Pyrrolecarbosamide p-Methoxybenzamide 
4.93 -1.235 -0 934 

*Values used to calculate pK and H a  values. 
tDetelminerl at X~IT+"'"" given in Table I. 

2,4-Dichloro-3,5-dinitrobe11za1iiide 
55.59 -0,857 
58.3 -0.658 
61.53 -0.547 

of the changes produced by protonation. These medium effects arc of uncertain magnitude 
and extremely difficult to correct for adequately. Since these could substantially affect 
the slopes of ionization curves on which acidity functions are based, several methods of 
attempting to correct for these effects have been considered. Apart from the previously 
mentioned method of Davis and Geissinan (20), which leads to a partial cancellation of 
medium effects on E values, there are two other methods available. One is the well-l;nown 
isobestic point method, which has been used by I-Iammett (21), and involves shifting 
absorption curves laterally until they all intersect a t  a common point, as they theoretically 
should in the absence of nredium effects. Ionization ratios are then calculated froill E 

values based on these shifted curves. A second method has been described previously (6) 

.- - , - - -  

66.48 +O. 203 
60 . 9s +0 ,449 
73.27 +0.715 

2.4.6-TI initrobenzamide 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

G
eo

rg
e 

M
as

on
 U

ni
ve

rs
ity

 o
n 

04
/2

1/
13

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 



YATES ET  AL.: 1ONIZ:lTIOS BEIIAVIOK OF AMIDES. I 

FIG. 1. Ionization curve5 for amide indicators in conccntl-atecl sulphuric acids (for indicator n~unbers  
see 'Table 111). 

ant1 involves the assumption that  medium effects are approximatclj- linearly dcp-ndent on 
acidit).. Corrected E values are the11 obtaiiled by an extrapolation procedure. Edward and 
3[eacoclc (22) have reported substantial medium effects on the spectra of p-methoxy- 
benzamide. We have analyzed our data  for this compo~~ncl  by four different methods, 
using absorption spzctra measured in 14 different solutions in the  range 0-38% sulphurlc 
acid. The  log I values obtained have been treated by the method of least squares. T h e  
results are shown below. 
-- 

pep - 

iflethod Slope vs. HO "PK" Slope vs. El.\ pICnr~+ Rcf. 

Davis and Geissnlan 0.67 -1.79 0.99 - 1.50 (20) 
Isobesiic point 0.77 - i .77 1.08 -1.47 (21) 
Linear extrapolation 0.75 -1.68 - 
Present  neth hod 0.70 -1.71 1.00 -1.44 

(6) 

Average 0.72 -1.74 1.02 -1.47 

Although there are some large differences in individual log I values, there is reasonable 
agreement between the slopes and intercepts of the ionization curves obtained by the 
different methods. Since the differences which result are not large none of these correction 
methods was applied to the da ta  used to obtain ionization curves in the present study. All 
of these correction methods are a t  best i n a d e q ~ ~ a t e  for the following reasons. T h e  Davis 
and Geissma~z n~e thod  only gives good linear plots if Anmav and XBE+n'a' are well separated. 
This was not the case with several of the amides studied. T h e  isobestic point method 
involves arbitrariness in deciding how to shift experimental absorption curvcs to produce 
an  approximate isobestic point. Different isobestic points can be choscn, giving different 
indicator ratios. Further,  the procedure is laborious and does not give good linear log I 
plots. Application of the linear extrapolation method requires l;no~vledge of an acidity 
scale which itself is not subject to  medium effects. 

Since n~edium effects can not be eliminated satisfactorily it was decided to  limit their 
seriousness by using the approach of Stewart and Granger (19) as  described previously. 
I t  can easily be shown that  if medium effects result in errors in individual E values as  
large as 10yo, fortuitous cancellation will result in errors of only about 2-3% in the slopes 
of indicator curves obtained using the lllethocl described in this paper. In addition most 
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of the spectral ~neasure~nents were carried out in only nloderately concentrated acids ~ v l ~ e r e  
medium effects are less serious than in the concentrated range (1). 

Select io?z of Pr,imary Indicator 
In order to carry out the standard stepwise method of determining pI< values, it is 

necessary to choose a primary indicator base whose ionization behavior can be studied in 
dilute aclueous solution, where 

PI-I = pKH,+ - log [IHIn+]/[In] 

and the activity coefficients of all species involved can be talren to be approxinlately unity. 
In this way potentionletric determination of PI-I and the observable indicator ratio will 
yield a respectable thermodynamic equilibrium constant. All pI< values determined from 
this by clirect conlpariso~l will also be thermodynamic equilibrium constants, referred back 
to ideal clilute aqueous solution as standard state, as mill be an>. acidity function based on 
these values. 

In the present work we are studying ionization equilibria of primary amides. Therefore 
it is evident that  the primary indicator should if possible be an amide. The difficulty is 

0 OH 

R-C 
/ 6 + H+=R-C + 
\ 

NH2 
B 

NH? 

that amicles as a class are considerably wealrer bases than amines and it has so far proved 
impossible to find a primary amide which is strong enough to be measurably ionized in 
dilute aqueous solution. The strongest bases in this class that  we have been able to find 
are acetamide, propionamide, 2-pyrrolecarboxamide, $-anisamide, and 2-hydroxy- 
phenylurea, in order of decreasing basicity, None of these is ~neasurably ionized in the 
region accessible to accurate measurements with the glass electrode. While it is true that 
the intro;luction of electron-donating substituents would produce stronger bases, it is 
unliltely that any of the derivatives would be appreciably ionized in dilute aqueous 
solution either. I t  is lrnown that the ionization of amides is not very sensitive to substituent 
effects, particularly resonance effects (23). For example, $-methoxy substitution only 
changes the half ionization point of benzamide from 36% to 29% sulphuric acid. I t  is 
unli1;ely that even 2,4,6-trimethoxybenzamide would be sufficiently strong to ionize in 
the PI-I range. This is illustrated by considering that in the acid dissociation of beilzoic 
acids, which has a similar p value to the basic ionization of amides (24), 2,4,6-trimethoxy- 
benzoic acid has a PI<, only 0.63 log units different fro111 that of benzoic acid itself (25). 

We have therefore selected as primary indicator $-nitroaniline, which was used to 
establish the H o  scale. In this case we have assumed that  the variation of f,,+/f, for 
anlide type bases will be very similar to the variation ofJBH-+/S, for the aniline type, over a 
limited region of acidity extending from 0-2 114 sulphuric acicl. This assuinption is not 
strictly valid (6), but since the acidity region considered is narrow, it is reasonable that 
fBn+;T,/fAH+fB will not differ significantly from unity in this range. As asecondary indicator 
we have selected 2-pyrrolecarboxamide, for the following reasons. I t  is stable enough in 
dilute acids and its absorption characteristics are such that consistent and reliable log I 
values can be obtained. Its measurable ionization range overlaps considerably those of 
$-nitro- and o-nitro-aniline, as well as those of two of the more stroilgly basic amides, so 
that it can be used to bridge the pK gap between dilute solution and those acids where the 
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benzainides are appreciably ionized. The nuclear magnetic resonance (n.il1.r.) spectrum of 
this coinpound in fluorosulpl~uric acid a t  low temperatures shows that it protonates on 
the carbonyl oxygen like the other amides studied (26). 

The log I versus concentration curve for 2-pyrrolecarboxamide is reasonably parallel 
with those of the two nitroanilines as shown in Fig. 2. Thus the above assumption about 

FIG. 2. Ionization curves for (1) p-nitroaniline, (2) o-nitroaniline, (3) 2-pyrrolecarbosamide in dilute 
sulphuric acid region. 

activity coefficient behavior appears to be valid. I ts  curve is also closely parallel with those 
of p-methoxy and 3,4,5-trimethoxybenzainide as shown in Fig. 1. We have used the 
available data for $-nitro- and o-nitro-aniline (27) as well as our own data to establish 
the pI< value for this secondary indicator using Equation [I]. The results are shown in 
Table I ,  the average pIi  value for 2-pyrrolecarboxainide calculated froill a large nunlber 
of measurements in several different acids. The agreement between the values is quite 
good, giving an average value of -1.23f  0.04 for the pIC of this indicator. This value 
has been adopted as a standard for the deterinination of pI< for the remaining amide 
indicators. I t  should be noted that any uncertainty introduced by the above treatment as 
to the absolute value of this p I i  will be carried through to any pIi's or aciditj- function 
values determined from it. 

Determination of PIC Values of Indicators 
The pIC values of the other seven primary ainides have been obtained by direct stepwise 

comparison using Equation [I] and the above pIC of 2-pyrrolecarboxamide as a starting 
point. We have calculated successive pIC values from ionization ratios for each over- 
lapping pair of indicators, taking data directly from the experimental points \\illere 
possible. In a few cases interpolations have been made froin the best smooth curves 
through the experimental points. Only log I values in the range f1 .0  (corresponding to  
10-90% protonation) were used, since the experiinental uncertainty increases rapidly as 
the ionization ratio takes on very high or very low values. The individual values for a 
given indicator, obtained in each case from data in several different acids, she\\- good 
agreement. These have been averaged and are given in Table I. The eight compounds 
listed constitute a structurally uniform set of ainide indicators, suitable for obtaining 
acidity values for solutions up to 80% sulphuric acid. 
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T h e  H.4 - - l c~d i t y  Scale  in SLLIPIZILYLC d ~ i d  
\17e can now define a function, HA, in an analogous manner to  other acidity functions, 

such that  
Hi = -10s (a~+f.i/f.m+) = PIC LEI+ - log [AH+I![Al 

where pK,,,- is the thermod~lnamic dissociation constant for an amide conjugate acid. 
Values of this function have been determined from the pK  values and indicator ratios 
previously described. 'The individual HA values for a given acid concentration were 
obtained using all indicators which were measurably protonated in that  acid, again 
talcing on13 log I values in the range f 1.0. These 13, values are listed in Table 111, along 

TABLE 111 

Values of H A  in si11phuric acid solutions 
.- -- 

yo H2SO.i - HA Mean Indicators 
( )  (average) deviation* usedt 

16.11 0.78 A0.02 1 ,2 ,  3 
20.4 0.99 3 

GG. 5 3.50 2 0 . 0 1  7 :  s: 6 
70.0 3.74 A0.005 7, 8, 9 
'i3.3 4.02 AO. 005 8, 0 

*Mean deviation between H,, values obtainctl using different 
indicators. 

t H : i  cletermi~ie(l from the  following inclicator~: 1. $-~iitroaniline; 2, 
o-nitroaniline; 3,  2-pyrrolecarbouamirle; 4, p-metlioxybenzanlide; 5 .  
3.4.5-tri~nctllosybe~izamide; 0, 711-nitrohenzarnicle; 7. 3.5-dinitro-.l- 
metliylhenzamide; 8, 2.3,0-triclilornbenzamicle; 9, 2,-I-dicliloro-3,5-di- 
nitrobenzamide; 10. 2,-l,O-trinitrobe1i1i1nii~Ie. 

$Ha values for  acids more dilut? than  this a re  assumed t o  be t h e  same 
as  the Iio values of Uascombe and  Bell (27). 

with the particular indicators used for a given acid. Where more than one indicator was 
used, the HA values were averaged. The  agreement between the va111es obtained  s sing 
different indicators is good. All values of Hi fall on a smooth curve when plotted against 
percent sulpliuric acid. This curve is show~l in Fig. 3 with the Ho scale in the same acid 

c rlson. range for conlp? ' 
The difference between the two acidity functions is strilring, even a t  moderate acid 

concentrations. For example, H., is nearly 1 log unit less negative than 1 3 0  even in 50% 
sulphuric acid, this difference becoining more than 3 log units a t  the highest acidities 
studied in the present work. This llleans that  aqueous sulphuric acid can be up to  1000 
times less effective in converting a primary amide t o  its conjugate acid than it is in the 
corresponding protonation of a prinlary amine of similar pI< value. Thus the protonation 
behavior of the two t3-pes of base, although formally very similar, is considerably different 
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FIG. 3. Co~npariso~l of the H,i acidity function with HO and HR. Values of IIo talien fro~rl references 
1, 5, ancl 27, and HR from reference 2. 

quantitatively. This again stresses the fact that  acidity functions can be strongly depen- 
dent on indicator structure. The actual shape of the HA curve is roughly similar to that for 
HO but is considerably less steep outside the dilute acid range and is approximately linear 
in the 10-GOYo acid region. 

Compar i so?~  of the H..i and Ho Fll~zctions 
The reasons for the large observed differences in the ability of aqueous sulphuric acid 

to protonate primary ainides as against prilnary amines are not in~n~ediately obvious. I t  
is ~7ell recognized that the hydration requirements of the indicator species are important 
factors in determining the rate of rise of indicator acidity. This is especially true of the 
cations, rather than the neutral bases, as evidenced by the much inore rapid rise of hR 
with increasing acid concentration than that of ho, carboniuill ions being inuch less strongly 
hydrogen bonded to  solvent nlolecules than aniliniuin ions. Just  how this factor operates 
in the present case is not clear. If the two types of equilibria are written in terms of fully 
hydrated species, for the amides we have 

and for the anilines 

We call now define the nonlogarithinic acidity functions in terins of fully hydrated species 
as 

The difference between the two functions can be expressed as the ratio 

where the subscripts h refer to hydrated species. The less rapid increase of h, with acidity 
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can be attributed to the hydration requirements of the amides in several ways. If the 
change in hydration on going from a neutral amide to a inore strongly hydrated cation is 
greater than the corresponding hydration change on protonating an aniline, then 
[ ( m  - a)  - ( n  - b)] will be positive. Hence, as the acid concentration is increased, and 
the water activity is decreased, h../ho will decrease, as is observed. If an ainide conjugate 
acid is more strongly hydrated than the corresponding anilinium ion, f,,+ will increase 
more rapidly with increasing acid than f,,+. Similarly, if a neutral an~ide is less strongly 
hydrated than the corresponding aniline, f ,  will rise less rapidly than f B .  Each of these 
factors will contribute to a less rapid rise of h ,  with acid concentration, when compared 
with ho. Any or all of these factors inay undergo significant variation with changes in the 
medium but their relative importance is difficult to predict. Assuming for the inoment 
that the separation of terms in Equation [2] is valid, and that the net variation of the 
activity coefficient term is less important than that of the term in the water activity, we 
can write approximately 

Ho - HA = [ ( m  - a)  - ( n  - b)] log a,,o + constant. 

Plotting ( H o  - HA) against log a,,, should then give a curve ~vllose slope at  any point 
can be related to the net hydration changes involved in the two types of equilibria. We 
have plotted (Ho  - HA) against available water activity data (28). The relationship is 
not linear, which is as expected, since even if the above assunlptions are valid, the indi- 
vidual hydration numbers can take on different values in different regions of acidity, 
depending on the amount of "free" water available. The plot shows a steadily decreasing 
curvature as log is decreased. I t  is approximately linear over two wide regions, 
giving a slope of about 1.7 in the 30-6070 acid range and about 0.75 in 70-85% range. 
This suggests that the net increase in hydration on protonation of an amide involves one 
or two inore water inolecules than the corresponding increase on protonation of an aniline. 
Taft (29) has suggested that a hydration number of 3 for an anilinium ion is reasonable 
in view of the fact that such an ion can hydrogen bond strongly to three water molecules 
through its acidic protons. However, considering only the numbers of such protons 
available for hydrogen bonding in the various indicator species, it is difficult to see how 
[ ( m  - a )  - (72 - b)] can differ very nluch from zero. One way around this difficulty is 
to postulate the following structure for the hydrated amide cation so that its hydration 

OH, 

I I 

OH? 

nurnber can be 5 in solutions where there is sufficient water available. In support of this 
it is known that [O-H. . .O] bonds are on the average considerably stronger than the 
[N-H. . .O] type (30). Further, aldehydes (31) and ketones (32) whose conjugate acids 
have only one acidic proton, follow the HO function reasonably well. This suggests strongly 
that a protonated carbonyl group is hydrated by more than one water molecule. 
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This simple explanation of the difference between H ,  and Ho obviously leaves much 
to be desired except in a qualitative sense, since we have neglected possible variatioils in 
the log(j',,+, .fLlk,/&,, . f AH+,,) tern1 of Equation [2]. However, this term would also have to 
decrease as the water activity is decreased, to account for the observed differences in 
lzd and lzO, and would require similar kinds of h~rdration changes on protonation of a~llides 
and anilines, i.e. that (m - a )  > (n - b). 

A Iino\vledge of the activity coefficients of amides and their conjugate acids is clearly 
desirable in order to be able to assess the importance of the various terms in Equation [2]. 
We are a t  present investigating the activity coefficient behavior of some typical amides 
and their salts. We hope b>- coillparing these results with Boyd's values for typical aniline 
indicators (33) to be able to assess inore quantitatively the importance of the various 
factors involved. 

The ilpplicability of the HA4 Scale 
I t  is evident that the H., function, like any other acidity function, will be of limited 

generality. I t  is, however, importailt that it be applicable a t  least to primary amides as a 
class, in order that it nlay be used to obtain thern~odynamic pK's for other aillidcs and 
also be useful in studying reaction mechanisms. M'e have therefore tested the generality 
of H A  in the following way. Using available experimental data we have plotted log I values 
against H I  for 12 primary amides not used as indicators in the present work. Ten of these 
gave least mean squares slopes between 0.95 and 1.05 which can be considered as being 
effectively unity as required by the defining equation for HA. The mean value and devia- 
tion for all 12 was 0.97k0.06. Thus within the experimental uncertainty caused by 
n~edium shifts on the spectra to\\lards the red, which would result in slopes of less than 
unity, these amides appear to be following H.4 reasonably well. I t  would be interesting to  
test the generality of the Ha function in a similar way using representative anilines. This 
has apparently not been done. 

behavior of the individual amides and the significance of derived pK values will 
be discussed in detail in Part I1 of this series. 

Estimated .-lccl~racy of the Va l l~es  
I t  is impossible to estimate precisely the numerical accuracy of any particular H A  

value, since individual errors in determined pK values may be cumulative. Also, as 
mentioned previously, any uncertainty in the p R  of the secondary standard base will be 
carried thro~lgh to all subsequently deterinined pK's, and hence to any HAi values deter- 
mined from them. The usual estimate of the experimental uncertainty in any pI< value 
obtained by the standard spectrophotollletric technique is f 0.05 log unit. Therefore the 
H A  values should not be considered as linown to any better than k O . l  units in the lo~ver 
acidity range and probably k0 .2  units in the inore concentrated region above 60% acid. 
Nonetheless the following considerations give confidence in the reliability of the values 
within these limits. The parallelism of the indicator curves is good. These curves are 
closely spaced enough so that considerable overlap has been achieved. Hence not too much 
weight has been placed on any one indicator. The several HA values obtained for any given 
solutioil are coilsistent and all experimental poiilts fall closely on a smooth curve when 
plotted against concentration. 
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