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Tht' thermodynamic ioniza lion conSlanls of mela and para subslituled allyl· and p ropenyl benzoic 
ac ids wer£' detNmined poten tiomelr ically in aq ueous e thanol of varying elhanol concentra tion. The 
/)/\ va l ups increasl' wit h increasing e thanol content. The rela li ve acid s trength does not vary wi th 
cita n!!e in solvenl concentralion. The !1pK/!1 percent ETO H increases with ethanol co nt e nt of the 
medi ulll unlil 1I llIaxilllulll is reacllt'd aro und ·W weight-pcrcelll ('I hanoI. 1\ p lot of pK + log [H 20l 
vcrsus Ill(' rccipro('al or Ihe die lectri(, consla nt of the so lve nt gi ves a nearly linear relationship to 
aboul 44 weight-percelll e lhanol. ~~f() m "K val u,'s found in Ihe li terature a s imil a r linear rela tionship 
e, isls for other b,' nzoic a ('id s. W ilh th e ex('ept ion of Ill(' fl-propenylbenzo ic acid Ihe a-subs titu en l 
con s lanls of t he Hamlllett equa l ion do not ('hange g rea t ly with et h a nol ('oncentration. This behavior 
Illay Iw indicaliy,' Ihal III(' ,o lvalioll , h('11 s UIToI II Hlin!! Ihe p-propt'llyl-aciti differs frolll Ihat of olher 
1H'llzoi(' a('id~ . 

1\,.\ \Vor,\': 1\11 , 1- alld prol,en yll)(' ll wi(' acid s. ('hangc of pK wil h dieleclric co nSla nl , Hamm e ll 
Sit!IlHI constall t s. ion izatio n ('(l il s ta llt s . pK va lues in e thanol -wa te r, s igma ('o ns t an ts 
ill l't ba nol-,,,,I(' r . ,ubS lillll ('d "('nwi(' acids. 

1. Introduction 

Previous results [U have show n tha t a rela tionship 
exis ts between the reactivity and the presence of 
subs tituent groups in phenols. Th is relationship ap­
pli es to the io niza tion co nstants of subs tituted 0-

methoxyphenols (subs tituted guaiacols) as well as to 
the rate of the se ttin g reaction of 4-a ll yl-2-m ethoxy­
phenol (e ugenol) and 5-allyl-2-me thoxyphenol (chavi­
beto l) wi th zinc oxide. One of the objectives of this 
s tudy was to determine the ionization constants of 
meta- and para-allyl- and propenylbenzoic acids. These 
co nst ants were determi ned in aq ueous ethanol solu­
t ions of varying ethanol content to s tudy the effec t 
of the co mposition of the solvent medium on ioniza­
tion cons tants , relative acid strength, so lvent-so lute 
interaction, and the free energy of ionization. Data 
from this and other investigations were used to ex­
amine the validity of existing relationships between 
the dielectric cons tant of the so lvent and ionization 
constants, and to calculate ion size-parameters. 

Another aim of this study was to obtain accurate 
values for the substituent co nstants of t he Hammett 
equation for allyl (-CH2-CH=CH2 ) and propenyl 

*Tlw dellial n·'wan·h pJ'lJ~raOm ttl the '1ational Bur('au of Siandards is carried on in Co­

...,)crativil w-;th tlw COU Il('il on Dental Hcsea rch of the Americ an Denial Association: the 
\Jal iunaJ In!"1 ilutc' for DenIal Research: Ill(> Army O(,ntal Corps; the Dental S<:iences 
Division of th(' S('hotJ l (If t\c' J'I)s pace \r1 ed icine. USAF: C:6nd the Veterans Administration. 

This palwr was pre ... ented at Ih(' 152d Ilwelill).!. of Ihe American C hernieal Societ y. Nt·\\ 
YHI"k, September 19M. 

I Figures in bracket s indicate the lit e rature refe ren('es at the e nd of this paper, 

(-CH= CH-CHa) groupS. These co nstants may be 
very val uable in predicting rate or equilibrium param­
eters such as che late stability cons tant s of aromati c 
co mpounds Gp ntainin g allyl or propenyl groups. The 
results of thi s and previously publi s hed works were 
also used to calc ulate the subs tituen t co ns tants or 
various funct ional groups III aq ueous e thanol 
solutions. 

2. Experimental Procedures 

The benzoic 
were standard 
S tandards. 

2.1. Materials 

acid and potassi um acid ph thalate 
samples of the National Bureau of 

The allyl- and propenylbenzoic acids were syn· 
thesized as previousl y described [IJ. In addit ion, 
p-propenylbenzoi c acid was prepared by isomeriza­
tion from p-allylbenzoic acid. To 15 ml of a saturated 
solution of KOH in 90 percent e thanol, 0.1 g of p­
aJJylbenzoic acid was added in a 50 mt fl ask. The 
solution was saturated with argon and refluxed for 
48 hr, cooled a nd neu tralized with 6N HCl solution. 
The precIpItate was filtered , washed with water, 
decolorized with activated charcoal, and recrystallized 
repeatedly from a 30 percent etha nol-water solution. 
Yield: 0.04 g (40%) of p-propenylbenzoic acid , mp 
= 215°C. 
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2.2. Procedures 

The thermodynami c ionization constants at 25.0 
± 0.2 °C were determined potentiometri cally in an 
inert atmosphere with a carbonate-free aq ueous 
e thanol solution of sodium hydroxide in the buffer 
region where the degree of ionization is between 
25 perce nt and 75 percent. Further pH values were 
obtained in the vicinity of the end point. A Radiometer , 
pH meter with scale expander was used. Before each 
titration the ins trument was standardized with 0.05 M 
potass iu m acid phthalate (PH = 4.008) and 0.025 M 
KH 2P0 4 - Na2 HP0 4 (pH = 6.865). 

A 40 ml ethanol-water solution of the acid (2 to 
4 X 10 - 3M) was used in the titrations with the excep­
tion of p-propenylbenzoic acid, where 100 ml of a 
nearly saturated solution was employed. 

A slow stream of nitrogen or argon saturated with 
the solvent used in the titration was passed through 
the liquid in the reaction vessel for at least 10 min. 
The inert gas was also passed through the solution 
before each pH reading. All solutions were protected 
from carbon dioxide contamination by sodlum hydrox- ~ 
ide-asbes tos absorbent. Details of the experimental 
procedures are given by Brauer, Argentar, and Durany 
[1]- The precise end point was obtained by plotting 
~pH/~ ml or its reciprocal versus milliliters of NaOH ' 
added and taking as the end point the number of milli­
lite rs of NaOH at which ~pH/~ rnl is a maximum 
or ~ ml/ ~ pH is a minimum [2]- From the law of 
mass action and assuming (1) the validity of the 
Debye-Hiickel equation, (2) that the activity coeffici e nt 
of the unchan ged , undissociated acid molecule is 
unity, and (3) that the hydroxyl ion concentration 
may be neglected, the following equation that was 
employed to calculate pK values can be derived. 

CA -([Na+] + [H+]) AV[Na+] + [H+] 
pK = pH + log . . ' +---:----"-;====== 

[Na+] [H+] 1'+ BV rNa+] + [H+] 
(1) 

where CA = [HAJ + [A- l = total concentration of all 
acid species , 

[HA] ~ concentra tion of th e undissoc iated ac id , 
and 

[A - ] = co ncen t ration of anion of th e acid . 

---- -- ------

Th e constants A and B whicll are de pend e nt on th e 
;;:~ lvent compos ition were calculated from the exp res ­
,sions by Bates , Paabo, and Robinso n [3] A = 1.825 X 106 

(ET)-3/2 and B = 1.5 (78_3 /E)I /2 where T =absoJute 
te mpe rature and E = di elec tri c cons tant of the solve nt, 
~btained by int erpolation from the values given by 
Akerlof [4] . Th e calc ulations we re made using th e 
National Burea u of Standards Ol1lllitab program [5J. , 

3. Results and Discussion 

3.1. Ionization Constants 

The apparent thermodynami c pK values of benzoic 
acid and the substituted benzoic acids in 0 to 64.8 
weight percent (0 to 70 volume perce nt) aqu eo us 
e thanol so lutions (including the number of run s anJ 
the standard error of the mean of the pK values) are 
given in table 1. The pK values were corrected for 
liquid junction potential and mediu m effe c!. by graphic 
interpolation of the average values of 8 = (E j -logIllY") 
from data of Gutbezahl and Grunwald [61 and Bates, 
Paabo, and Robinson [3] where Ej is the liquid junc ­
tion potential expressed in pH units and lilY" , the 
medium effect , measures the differe nce in the standard 
free energy of the proton in water and aqueous ethanol. 
The estimated standard deviations for pK values ob­
tained during one run were about 0 .004 pK units. With 
in creas in g e thanol co ncen tration th e pK values in­
crease markedly from around 4.2 in wate r to 6_4 for 
th e 64.8 weight percent ethanol solution . As has been 
s hown by Grunwald [6] ~pK = log lilY" + log (Y 1- /YHA) 
where lilY 1/ , Y 1_ and YHA are th e degenerate ac ti vity 

coeffici ents ot the proton, anion, and undissociated 
acid referred to the infinitely dilute aqueous state _ 
Since ~pK is a function of both so lvent and acid 
structure and log YH is a function of solvent only, 
log Yr/YHA mu s t be a fun c tion at least of th e ac id 
s tructure and possibly of the solv ent. On in creasing 
the ethanol concentration th e nature of the ionization 
equilibrium is changed, parti ally because the e than ol­
solvated carboxylate moiet y diffe rs from the cor­
responding water-solvated group_ 

TABLE 1. pK Values of substituted benzoic acids in aqueous ethanol solution 
Temperature = 25.0 ± 0.2 0c. 

We ight pe rcent ethanol in so lution 
Suhstituent 

0.0 12 .2 25.2 44. 1 64.8 

II ' pKallP . S/v'~ " pKcor.c II pKapp. Sl v'~ pKcor. II pKallP . S/ v'~ pKcor. II "Kalil> S/v'~ pKm r . /I pKaPII Sl v'~ ()Kcur . 

H ydrogen . . . . . . . . . . . . . . . 17 4.210 0.002 4.210 14 4.444 0.002 4.46 16 4.9 18 0.003 4.89 8 5.692 0.004 5.55 15 6.424 0.012 6.2 1 
III-A ll yL .. 9 4.266 .004 4.266 8 4.514 .007 4.53 , 4 5.035 .010 5.01 5 5.808 .003 5.66 4 6.532 .009 6.32 
p-Allyl ........... ..... 9 4.326 .004 4.326 8 4 .563 .003 4.58 5 5.061 .007 5.04 3 5.811 .003 5.67 3 6.537 .013 6.32 
m-P ropcn yl . . . . . . . . . . . . . 5 4.248 .006 4.248 7 4.485 .007 4.50 4 4.972 .00 1 4.95 7 5.763 .008 5.62 2 6.478 .008 6.26 
p-Propcnyl ....... .. .. ....... 4 4.487 .003 4.487 3 4 .785 .039 4.80 4 5.1 54 .016 5.13 2 5.854 .014 5.71 6 6.614 .028 6.40 

S 
t.o S tandard e rro r of the mean =_. 

y~ 

~TlIx2 - (Ix)2 
Est imated s tandard dev iation = . 

n(n- I ) 

c pKcor. is corrected for Liquid ju nc tion pote nti a l a nd the medium effect for h ydrogen ion: pKcor. = pKalw . ·- 8. 

a n = n umber of runs. 
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Figure 1 shows the pK values as a function of the 
ethanol-water co mposition_ For the m- and p -allyl­
and propenylbenzoic acids , the relative acid s trength 
does not vary with solvent composition and the pK 
versus ethanol co ntent c urves have the same ge neral 
shape_ Ion solvating power is the dominant fac tor in 
the dissociation of the acids_ Increases in the ion solvat-

~ ing power should favor the creation and concentration 
of charge [7J- Kilpatri ck [8] has pointed out that es ti ­
mation of acid strength in mixed solvents such as 
water-ethanol is difficult since two bases are competing 
for the proton and two solvated protons may be formed_ 
In addition, the solvent dipoles will be orien ted dif­
ferently around the ions and solute molecules. Thus, 
it is conceivable that a local unmixing of the solvent 
may occur. 

)' 

6.6 

6.30 

6.00 

5.70 

pK 

5.40 

5.10 

o 10 15 

WEIGHT PERCENT ETHANOL 

FIGURE 1. Change of ionization constallts of benzoic acid with ' 
change in ethanol content of the solvent. 

The change in free energy, D.C, is likely to be a meas-
-; ure of the relative affinity of ion -solvent interaction 

arising mainly in the primary solvation zone. The pK 
values are directly proport.ional to the free e nergy 
change in the ionization reaction at any given tempera­
t ure. In table 2, D.C, the change in free energy of 
ionization for the benzoic acids , calc ulated from their 
pK values, are tabulated. The !:lC values increase with 

;- the increasing ethanol concentration . 
In table 3, the rates of change of pK with change in 

solvent co m position are given. The !:lpKI!:l (percent 
EtOH) increases with ethanol cont.ent of the medium 

267 - 9840- 67- 4 
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TABLE 2. dG values for the dissociation of substituted benzoic 
acids ill. aqueous ethanol solutions 

Temperature = 25 .0 ± 0.2 °C 

~G in call mole 
Wt. % Ethanol 

Su bs tituen t 

H m.Allyl p .Allyl m.Propenyi p-Propenyl 

0 5740 5820 5900 5790 6120 
12.2 6080 6180 6240 6140 6540 
25.2 6670 6830 6870 6750 6990 
44.1 7570 7720 7730 7660 7790 
64.8 8470 8620 8620 8540 8730 

TABLE 3. Rate of change of pK values of substituted benzoic acids , 
with change in solvent composition 

(Il/)I\)/ Il (p ercent EIOH) 
Su bstituent 

0- 12.2% 12.2- 25 .2 25. 2- 44.1 44.1 - 64.8 

H ydroge n . . 1.92 X 10- ' 3. 65 X \0- ' 4. 10 X 10-' 3.54 X 10- ' 
m.Allyl ...... 2.03 X 10- ' 4.0 1 X 10- ' 4.09 X 10- ' 3.50 X 10- ' 
p ·Allyl .. ... ... ... ... . . . . . ••• . . 1.94 X 10- ' 3.83 X \0- 2 3.97 X 10- ' 3.57 X 10- ' 
m.Prope nyl. . 1.94 X 10- ' 3.75 X \0- ' 4. 19 X 10-' 3.45 X \0- ' 
p .Propen yl. . . 2.43 X 10- 2 2.84 X \0- 2 3.70 X 10- 2 3.68 X 10- ' 

until a maximum is reached around 40 weight-percent 
ethanol. This maximum appears to be in the vicinity 
of the solve nt composition where the nature of the 
interaction of the binary components of the medium 
may be altered (so that the benzoate ion becomes 
more soluble in ethanol than in water) as indicated 
by the change in the slope of the pK + log [H20] 
versus the reciprocal of the dielectric constant (see 
next paragraph) and where the differential heats of 
dilution for ethanol reach a minimum [9]. 

3.2. Ion Size Parameters 

The change of free energy, !:lC, on transfer of ions 
from one solvent medium to another results from a 
change in the type of solvation shell. The electrostatic 
part of the free energy change can be estimated by 
the Born equation [10], if the ions are treated as spheres 
of finite radius r immersed in a continuum of uniform 
dielectric constant E. Plots of pK versus the reciprocal 
of the dielectric constant are not linear since the 
Born equation does not take into account the specific 
interaction between ions and the solvent which must 
contribute significantly to the nonelectrostatic part 
of the free energy change. Yas uda [11] showed that 
linearity of the pK versus liE plot is improved for 
partially aqueous solvents by the addition of a water 
concentration term to account for the variation of the 
amount of water in the mixed solvent. With the ex­
ception of media containing high concentrations of 
organic solvents the acids investigated by Yasuda 
had relatively almost the same dissociation constants 
111 vanous mixed solvents with the same dielectric 
constant. 



Shedlovsky [12] assumes that in mixed solvents, 
such as ethanol-water, on dissolving a weak organic 
acid the following compe titive r eactions take place: 

K, K2 Ka 
HA + H20 ~ HA . H20 ~ H:lO+ . A - ~ HaO+ + A-

(2) 

HA + ROH~RA ' ROH ~ROHt ·A- ~ROHt+ A­
(3) 

where K, to K,; are the corresponding mass ac tion 
constants. The overall constants for each solvent are 
KH and KII where 

(4) 

-_ ... _--

the -log Bn values for the benzoic acids are the same 
within experimental error. Unexpectedly , the ion size 
parameter for ace tic acid is 2.56 A [12] which is con­
siderably larger than the values obtained for benzoic 
acid in this study. It is concei vable that the larger 
ratio of charge to mass of the acetate ion compared to 
the benzoate ion may lead to an increase in hydration . 

I 

TABLE 4. Ion size parameters and values of - log BH for benzoic l 
acids 

1 Substituent . Ion size parameter - Log 8" 

A 
Hydroge n ......... . ...... 1.25 0.10 a 3.46 0.17 " 
m·Allyl.. .... . ...... . . . .. 1.19 0.07 3.40 0.18 
p·Allyl. ...... .... .... ..... . 1.25 0.07 3.57 0.17 
m·Prope nyl. ..... ......... 1.22 0.06 3.43 0.15 
p·Prope nyl. ........ . .... .. 1.44 0.10 4.10 0.18 

a Estimated standa rd d eviation .ca lc ul ated from the estimated variance ,of the slope of 
the pK + log [H 20J agains t l IE plot using the me thod given in rderence 22. 

b Estimated standard d t!via tion calc ulat ed from the es timated variance of the inte rce pt 
(5) us ing the method given in referen ce 22. 

Assuming that the concentrations of all the elec­
trically neutral species can be taken as their activi­
ties and that the last step in the ionic dissociation is 
controlled by simple coulombic forces , then 

(6) 

and 

(7) 

where BH and BR are empirical constants; b = e 2/EkTa 
in which e is the electronic charge, k is the Boltzmann 
constant, T is the temperature in degrees K. The pa­
rameter, a, may be interpreted as the distance between 
the centers of charge in the ion-pairs. It can be shown 
[13] that if Bn p BII and hence Kn p Kn then the ob­
served ionization constant is given by the following 
equation 

1 e2 (1) pK+log [H20]+logBH=---- - ; 
2.303 kTa E 

(8) 

thus a plot of pK + log [H2 0] against liE should be 
linear (at least in the water-rich region of solvent com­
position) and the ion size parameter, a , can be obtained 
from the slope. For acetic acid in water-ethanol, the 
linear relationship applies up to nearly 50 weight per­
cent (28 mole percent) ethanol r12]. 

On plotting pK + log [H20] versus II E for the ben­
zoic acids investigated, a nearly linear relationship 
was obtained from 0 to about 44 weight percent ethanol. 
The values of a and - log Bn (the intercept on the ordi­
nate when II E = 0) and their estimated standard 
deviations were' obtained by the method of least 
squares and are given in table 4. With the exception 
of p-propenylbenzoic acid, the ion size parameter and 

To check further validity of the pK + log [H20] 
versus liE relationship, literature values of the ioniza­
tion constant of benzoic acid in aqueous ethanol were 
collected. The values of Bright and Briscoe [13] were 
corrected by eq (1) where pH was taken as the ob­
served pH and the second term was omitted since it 
was found to be negligible. The value of [Na+] was 
0.01 molll and the [H+] terms were neglected. The 
volume percent ethanol was converted to weight per­
cent for the pK values of Bright and Briscoe [13] and I 

Tabagua [14]. The values of Grunwald and Berkowitz 
as given in reference 5 were also plotted in figure 2. 
The earlier values given in the literature [15, 16] were 
not used since it was either impossible to calculate 
the exact weight percentage of ethanol or not enough 
data were available to calculate the thermodynamic 
ionization constants. Up to about 44 weight percent 
ethanol , the thermodynamic pK values of the dif­
ferent investigators are seen to be in quite good agree­
ment despite the fact that in this work and that of 
Grunwald, glass electrodes were used , whereas 
Tabagua and Bright and Briscoe employed hydrogen- \ 
Agel and hydrogen-calomel electrodes, res pec tively. 
At concentrations exceeding 80 weight-p-ercent 
alcohol the differences in the pK values are consider­
able. A possible cause for this discrepancy is that the 
glass electrode may not always measure hydrogen ion 
activity .accurately at high ethanol concentrations. 

f4 
The nearl y linear relations hip of pK + lug [H2 0 ] ve rsus 
liE up ' to 44 weight-percent ethanol is clearly seen 
from figure 2. A similar relationship should exist for 
anisic acid (p-methoxybenzoic acid) (also plotted in 
fig. 2) the pK of which was accurately de termin ed by 
Sager and Bower [17] and ff)r the eight substituted 
benzoic acids studied by Bri~ht and Briscoe [13]. The 

. approximately linear relationship up to around 45 
weight-percent is not unexpected since the molar con­
centration of water in this region is always much 
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larger than that of e thanol. In view of the larger dipole 
moment of water compared to ethanol , prefere ntial 
hydratio n of the substituted benzoate ions should 
occur and, therefore, their effective diameter should 
be practically constant over a considerable concen­
tration range _ On increasing the e thanol concentra­
tion , substitution of water by ethanol in the solve ~t 
cloud surrounding the substituted benzoate ion takes 
place_ It would be interesting to determine if a transi­
tion fro m the hydrated ion to an ethanol solvated 
co mplex takes place around 45 weight-percent ethanoL , 

WI. % ETHANOL 

10 20 30 

5.8 L-_ ___ ---' _____ -'-_____ -' 

1.25 1.50 1.75 2.00 

F IGURE 2. Plot log pK + log rH 201 versus I/f'. 
Bellzo i<' ac id : 6 0 this st udy, () Grun wald and Ber kowi tz [61. e Bright a nd Bri scoe 113\. 

[!] Tabagua 11:n Anisit.. ac id : G) 'Sage r a nd Bowe r [1 7 1. 

3 _3_ Hammett Sigma Constants 

). A mong the linear free e nergy relationships, the 
equation fi rst proposed by Ha mmett has been very 
successful for correla ting rate and equilibrium con­
s ta nts. This eq uati on describes the e ffec t of a meta or 
para substituent on the rate or equilibrium constant 
of an aromatic s id e c hain reaction provided that the 
resonance inte rac tion be tween the subs titu e nt and 

'I the reac tion center is either s mall or proportional 
to the polar effec ts_ 

For a cid di ssocia tion equilibri a, the Hammett 
equation may be writte n 

pKo - pK = (TP (9) 

;-r where pKo and pK are the negative logarithms of the 
ionization cons tants for the corresponding unsub­
stituted co mpound and the meta or para substituted 
benze ne derivative respectively; (T is a substituent 

cons tant which is a measure of the ability of the 
substituent to donate or withdraw electrons; and p 
is the solvent-dependent reaction cons tant c harac­
te ri sti c of the reaction unde r cons ide ration _ The 
reaction con stant p has been defin ed as unit y fo r 
th e acid di ssociation equilibrium of be nzo ic ar id 
in water at 25 °C so that (T can be defined as the dif­
ference between the logarithm of the ionization con­
stant in water of the subs tituted benzoic acid and 
benzoic acid itself. 

Only limited data are available on the change of 
(T or p with solvent. For ethanol-water systems Grun­
wald and Berkowitz [6] showed that 

p = p L<' + f3 L (10) 

where pit· is the reac tion cons ta nt which by de finition 
is 1.000 for be nzoic ac ids a nd its derivatives in wate r, 
Y _ is a solvent-de pende nt ac tivity fun c ti on and the 
para meter f3 = 0.628_ By interpola tion of the da ta 
given in refere nce 6 values a t the respec ti ve weight 
conce ntrations of e thanol we re found and the cor­
responding p valu es we re calculated_ These p values 
are in reasonably good agree ment with othe r values 
give n in the literature for the e thanol concentrations 
in ves tigated [18- 20). 

It is interes tin g to note that up to 45 percent e thanol 
conte nt the product of p and E is constant within 
± 2_3 perce nt. According to Bowden [21] 

p = (A + B/E)/RT (11) 

where the consta nts A and B res pec tively describe 
the usceptibility of the reac ti on to polar effec ts inde­
pe nde nt of and depende nt on th e medium. If A is 
negligible co mpared to B/E the n p is in versely propor­
tional to E . In the 0- 45 we ight-percent e tha nol r a nge 
where the reac tion cons ta nt vari es inve rsely with th e 
dielec tri c consta nt of the medium any e ffect caused 
by pre fe re nti al solvation of the a ni on or the undi s­
socia ted acid by the two solve nts a ppears to be 
negligibl e_ 

Us ing the calculated p values, the (T values of th e 
Ha mmett equation were obtained and are tabulated 
in table 5 and plotted in figure 3. With the exception 
of the p-propenylbenzoic ac id the (T values do not 
change greatly with change in e thanol conce ntration . 

T AB LE 5. Hammell sigma cons lalll s 

Eth a nol S igma consta nt 
coneen- p :l 
t rati on 

11/ .All yl " .All yl ", .Propenyl p. Prupenyl 

Wt % 
0 1. 000 - 0.056 O.OO4 iJ - 0. 11 6 0.004" - 0.038 0.006 h - 0.277 0.023 h 

12.2 1.1 28 - .062 .006 -. 105 .003 - .036 .006 - .302 .035 
25.2 1. 266 - .092 .008 - . 11 3 .006 -.043 .002 - . 187 .0 13 
44. 1 1. 465 - .079 .003 - .08 1 .003 -.048 .006 -. 111 .009 
64.8 1. 578 - .068 .010 -.072 .0 11 - .034 .009 - . 121 .019 

liCalculated fro m p = 1.000 + 0.628 Y_. whe re Y_. which is a charac te ri s ti c paramete r 
of carboxyla te ·ca rboxyli c ac id equilibria, was obt ain ed by inte rpolation of the values given 
by Grunwald and Berkowitz 161. 

\ .~' . -5' . 
II Standard e rror of the mean I'ft!! I'''S where S;;k is the standard e rror of the mean 

p " 
for be nzoic ac id and SPI\ is the corresponding value for the substitut ed benzo ic ac id . 
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It is possible that the solvation shell surrounding the 
p-propenylbenzoic acid differs from that of the other 
benzoic acids. 

To check further the effect of solvent composition 
on a the corrected pK values of Bright and Briscoe 
[13] and p constants obtained by the equation given 
by Grunwald and Berkowitz [6] were used to calcu· 
late a for ten substituents. These data including the 
estimated standard deviation of the a values for all 
ethanol concentrations are given in table 6. Only for 
the NH2 , OH and N02 groups, where the electron 
distribution is altered because of solvation of the sub· 
stituent is the substituent constant markedly depend· 
ent on solvent. For these substituents, the dependence 
of a on solvent is of the same order of magnitude as 
that found for the p-propenyl group in this study. 

The ionization constants for benzoic acids are rec· 
ommeded for calculating primary Hammett substituent 
constants [19]. This is especially true for the p·propenyl 
group since p-propenylphenol is not very stable in 
basic media. A comparison of the secondary a con· 
stants determined previously from the pK values in 
water of guaiacol and substituted guaiacols [1], and 
the primary constants obtained from the respective 
benzoic acids are given in table 7. These values for 
the allyl groups agree within ± 0.02. For the m-propenyl 
group the a constant decreases by 0.08 when benzoic 

TABLE 6. Sigma constants for various substituents a 

Sigma cons! ants 
Wt% 

poOH m·CI p-C1 !No; h"ci;' p 
m·CHi p·CH, m-NIl , I,·NH, m-OH ETOH 

0 1.00 -0.07 
16.5 1.17 - 0.12 
34.4 1-'36 - 0.04 
44.1 .46 ~0.05 

64.8 1.58 - 0.10 
75.9 1.60 - 0.09 
87.7 1.61 - 0.14 

- 0.19 ':' 0.61 
- 0.31 - 0.42 
..,. 0.11 - 0.13 
':" 0.11 - 0.13 
- 0.08 - O . I~ 
-, 0.08 
- O.H 

- 0.74 ' 0.14 
- 0.64 -0.05 
- 0.5~ 0.05 
- 0.54 0.02 
- 0.60 - 0.08 
- 0.62 -0.08 
- 0.66 - '0.12. 

- 0.32 0.37 0.14 0.72 ~:78 
- 0.42 ........ .. .... . 
- 0.30 0. 38 ...... 1.1 3 1.04 

. - 0.29 0.36 0.30 0. 77 0.88 
- 0.35 0.33 0.27 0.75 0.85 
- 0.39 . 0.34 0.30 0. 71 0.81 
- 0.47 0.33 0.26 0.61 Q77 

93.7 1,62 
100' 1.63 .1-0. 14 ~ 0.1 4 "~'O:fh' - 0.13 - 0.48 

........... 0.82 0.90 
0.34 0\28 0.84 0.96 

Average .. , -0.09 - 0.14 - 0.29 
Estimated 0.04 0.08 0.21 

standard 
d evia-
tion. 

*From ex trapolated pK values. 

L O.63 -0.03 - 0.38 
. 0.06 0.09 0.07 

0.35 0.26 0.81) 0.87 
0.02 0,06 0.1 5 0 .. 09 

" ~ ll ncvrrec l ed pK values us ing qu inh ydro ne e lec l"rode for benzoic ac id and substitued­
benzoic acids. 

"Calculated from Bright and Briscoe [13J. 

TABLE 7. Sigma values of allyl and propenyl groups in water 

Substituent 

In-Allyl ... ... ........... ............. . 
p-All yl.. ... ... .. ... . . ... .. ... ....... . 
m-Propenyl. ...... . . : . .. .. . . . .. ..... . 
p-Propenyl. ...... ...... ... . .. ..... . 

a From benzoic ac ids. 
b From guaiacols. 

Sigma 

Primary a 

- 0.056 
-. 116 
-.038 
-.277 

Secondary b 

- 0.02 
-.10 
+.04 
+.05 

acids are used instead of guaiacols. The greatest 
change in a occurs for the p-propenyl group (a values 
are 0.05 and - 0.28 as calculated from the pK's of 
guaiacols and benzoic acids , respectively). This dif­
ference may be explained by noting that in p-propenyl­
guaiacols the propenyl group is in direct conjugation 
with the acidic OH while in the corresponding benzoic 
acid any resonance effect of the propenyl group would -
likely be transmitted to the para c arbon atom of the 
ring and the acidic OH group by induction. 

4. Summary 

The thermodynamic pK values of allyl- and propenyl­
benzoic acids in aqueous eth'anol increase with in- ! 

creasing ethanol content the pK values are dependent 
on the dielectric constant of the medium. For mixed ~ 
solvents up to 44 percent water an approximately 
linear relationship between pK + log [H20] and the 
reciprocal of the dielectric constant exists . The Ham­
mett substituent constant, a for the m - and p-allyl 
and m-propenyl groups d()_not vary greatly with com­
position of the solvent. However, for the- p~propenyl · 
group the a constant is affected by the medium. 

The authors thank Robert A. Robinson for his valu­
able suggestions and Mrs. Ruth Davenport for the 
computer programing. 
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