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T he di ssocia tion co nstant of the protonated fo rm of tri s(hyd roxymeth yl)aminomethane has been 
measured at 25 °C in water·metha nol so lve nt s containing 30, SO, 70, and 90 wt pe rcent methanol by 
means of potentiometric titrations. The so lu bilit y of tri s(hydroxymethy1)a minomethane at 15. 25. 
and 35 °C in wa te r·methanol so lvents contain ing from 0 to 100 pe rcent methanol has been determined. 
The res ults are d iscussed in te rm s of free e nergies of tra nsfer and " medium effec ts" for hydrochloric 
ac id, tri s(hyd roxymeth yl)aminomethane, and tri s(hydroxyme th yl)aminomethane hydrochloride. 
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1. Introduction Th e in crease ttl free e nergy corres ponding to th e 
reaction: 

T he dissociation of an acid of the charge type 
A + BO, such as the ammonium ion or the protonated 
form of tri s(hydroxymeth yl)aminome th ane, 

is a process in whi ch a solvated hydroge n ion and an 
u ncharged bas ic molecule are prod uced from a posi-

is: 

(2) 

J. tively charged acid ion. The process in aqu eo us solu­
tion can be characterized by a di ssociation constant , 
wK : 

the free energies of the reactants and the products 
bein g meas ured in their standard states in water. At 
25°C, therefore, i:::..wCo is 46.07 kJ mol- I. 

If the di ssociation constant is determined in another 
solvent medium , 50 wt percent water-me thanol, for 
example, we have: 

wK = !!!:H+ . mB. (YH+ ' Y6) 
mBH+ w I'BH + 

(1) 

where wI' designates an activity coeffi cien t. For 
aqueous solutions, it is convenie nt to refer these 
ac tivity coeffi cie nts to the hypothe ti cal molal s tandard 
state in water; thus the activity coe fficients a pproach 
unity as the aqueous solution becomes more dil ute. 
The s ubscript w indicates thi s choice of the s tandard 
state. 

In aqu eous solution at 25 °C, - log wK for the pro­
tonated fo rm of tris 3 has been found [1, 2] 4 to be 8.072. 

1 Gu es t worke r (1965- 66), on leave from th e Un ive rs ity of Be rn , Sw it ze rl and. 
2 Present address: Department of C he mis try, Sta te Unive rs it y of New York al Bing­

hamton, Binghamton, Ne w York 1390l. 
3 ft is conven ien t 10 lise " tris" as an abbrev ia tion for t ris(hydroxymeth yl)aminomethane. 
• Fi gures in brackets indicate the lite ra ture refe re,nces at the end of thi s pape r. 

(3) . 

where the s ubscript s de notes th at the actI vI ty coeffi· 
cients are referred to the hypo th eti cal molal s ta nd ard 
state in thi s solvent and approach unity as the solution 
becomes more dilute without change in the composi· 
tion of the solve nt. It has been found [3 J that - log 
J( = 7.818 for the protonated form of tri s at 25 0 C in 
50 percent methanol. The reaction is : 

BH++ S~ SH++ B 

where S is a solvent molecule and SH+ a solvated 
hydrogen ion. It is not necessary at this point to dis -
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tinguish between solvation by water and by methanol 
molecules . The free energy chan ge corresponding to 
this reactio n is 44.62 kJ mol- I. 

The two processes, one in aqueous solution and the 
other in 50 percent me th anol, can be regarded as a 
si ngle tran sfe r process 

BH+(s) + H+(w) + B(w)-,> BH+(w) + H+(s) + B(s), 

in whi c h th e proto nated form of tri s is transferred 
from 50 percent me thanol to water and solvated hydro­
gen ions and tri s molecules are transferred in the 
opposite direction. The change in Gibbs free energy 
when this process occurs is the difference be tween the 
separate free energy changes, or ~mCo=- 1.45 kJ 
mol- I. Th e subscr ipt m is used to indi cate that th e 
process is a " medium effect ," being the composite 
effect of transferring three species from one solve nt 
medium to anoth er. As each s pecies is in its s tandard 
state in each solve nt , the free energy change is not 
co ncen tra tio n -depe nd en t. 

It is co nveni ent to define medium effects for each 
species se parately, 

(4) 

so that 

~mC o = RT (In mYB + In mYH + - In mYBH+). (5) 

This can be ex pressed in terms of the pK values: 

1')( - PwK = log mYB + log mYH+ - log mYBH +· (6) 

Hereafter, the terms tlmCT will be termed "free ener­
gies of transfer ," and the quantities mYi will be desig­
nated " medium e ffects." 

Of these three medium effects, two are concerned 
with the transfer of charged particles from one solvent 
to another of different dielectric constant (E). The 
Born equation [41: 

(7) 

should , therefore, give a t leas t an approximation to 
the energy of transfer of an ion from water (Ew= 78.3) 
to 50 percent methanol (Es = 56.3): 

tl Co = G~l - C~l=- --- -Ne 2 (1 1) 1 
m I s I W I 2 E s Ew ri (8) 

where the superscript eL indicates that the calcula­
tion is based on electrostati c considerations alone. 
The useful application of eq (8) requires that the radius, 
ri , of the ion be known. 

The radius of the tri s cation was es tim ated [3] from 
atom models to be about 4 A so that , from eq (8), the 
transfer of a tri s cation from water to 50 percent 
methanol is accompanied by an increase in electro­
stati c free energy of 0.87 kJ mol- I. There is some 
difficulty in ass igning a radius to th e solvated hydrogen 
ion , but it was estimated [3J that the radius is about 

2.8 A. Hence the transfer of hydrogen ion from wate r 
to 50 percent methanol involves an increase of 1.24 
kJ mol- l in free e ne rgy. 

We now have 

BH+(s)+ H+(w) + B(w)~ BH +(w) + H+(s) + B(s) 
H+(w) ~ H+(s) 

BH+(s) ~ BH+(w) 

and hence, 

- 1.45 kJ moi- I 

+ 1.24 kJ moi- I 

- 0.S7 kJ moi- I 

B(w)-,> B(s) , tlmc o=- 1.82 kJ mol- I. 

Th ese results suggest, therefore, that there is a rather 
large effect, amountin g to about 2 kJ mol- I, accompany· 
ing the tra ns r e r of a mole of the neutral tri s molec u les 
between water a nd 50 perce nt me thanol. A more 
refined treatment by Hepler [51 of a variable di electric 
constant in the close vicinity of an ion rei nforces th e 
existe nce of thi s large transfer energy te rm for th e 
un c harged base. 

In th e earli er s tudy [31 of the pK of protonated tri s 
at several te mperatures in 50 wt percent me thanol , 
the discrepancy of about 2 kJ mol- I between the cal· ", 
c ulated and "observed" free energies of dissociation 
was attributed to a "basicity effect" ()f the solvent , 
which was thought to be s uperim posed on the medium 
effects calculated from electros tati c considerations 
alone. This view was taken in the belief that the me· 
dium effect of an uncharged species would be so small 
as to be unable to account for the differences observed 
between the experimental and calculated free e nergies 
of dissociation. 

In the present work, the free energy of transfer and 
the medium effect for the free base have been deter· 
mined and found to account reasonably well for the 
" basicity effect" identified in the prior investigation . 
These conclusions are based on measurements of the 
solubility of tri s in water and in water-methanol 
solvents and upon a determination of the pK of pro- \ 
tonated tris at 25°C in 30, 50, 70, and 90 wt percent 
methanol. 

2. Outline of Present Method 

The condition for equilibrium between solid tri s 
and its saturated aqueous solution is : -< 

(9) 

where m w is the molality of the saturated solution and 
wY is the activity coeffi cient of tris at thi s molality 
relative to unity in the s tandard state in water. The 
condition for equilibrium between solid tri s and it s \~ 
saturated solution in a water· me thanol mixture is: 

G (solid)= wCo+ RT In mY· sY· Tns , (10) 

where ms is the molality of the saturated solution in the 
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mixed solvent a nd sY is the activity coeffi cie nt of tri s 
at thi s molality rela ti ve to unity in the standard state 
in the mixed solvent. The proof of eq (10) is given in 
the append ix to thi s paper. 

It fo ll ows fro m eq (9) and (10) that 

(11) 

and hence that the medium effect, mY , can be obtained 
from the ratio of the so lubilities of tri s in water and in 
the mixed solvent , provided that sY/wY is unit y. The 

, latter condition will hold to a good ap proximation if th e 
(- solu te is only sli ghtly soluble in each solvent medium. 

Thi s would be true, for example, for silver c hloride 
in water and water-methanol mixtures, for in dilute 
soluti ons wyand sY are, in the main, ex press ion s of 
th e Debye-Hu c kel (interioni c) forces, a nd these be­
co me more nearl y negligible as the solution becomes 
more dilute. A fo rtiori , thi s is tru e of the ratio In wY/sY. 
Although tris is unc harged , it is very soluble, espe­
cially in water, and it might seem that this condition 
would not ap ply. It has, however, been shown [6] that 
the ac tivity coeffi c ie nt of tri s does not depart much 
from unity even in concentrated solution s. Similar 

I data are not available for water-methanol mixtures, but 
there is no reason to beb eve that sY will de part muc h 

>, from unity in these solve nts_ As will be shown later, 
In w / lns is large, a nd it wou ld require values of sY very 
different from unity to re du ce mY to a negligi ble quan­
tity. In the absence of a ny proof that that sY is mark­
eol y differe nt from unity, it will be ass um ed that Inw/ lns 

gives an approximation to th e medium effect , mY. In 
I order to ob tain valu es of mY , the solubility of tri s in a 
f numbe r of wate r·me thanol mixtures has been meas­
I ured at 15, 25, and 35°C and the results are reported 
> in thi s paper. 

Equation (6) can be recast as follows : 

PsK - PwK = log mYB + 2 log mYHCI - 2 log mYB .HCI 

( 
(12) 

[' Th e terms on th e left and the firs t term on the right are 
obta ined from measure ments to be described later in 
thi s paper. The term in mYHCI corres ponds to the free 

~ energy change in the transfer of hydrochloric acid 
from water to a water-methanol mixture and can be 

l obtained from t he standard emf of the cell with hydro­
ge n a nd sil ver-silver chloride electrodes in water and 
in the water-me thanol mixtures, de termined by e mf 
meas ure me nts of solutions of hydrochloric acid: 

Pt; I-h , HCI in water or water-methanol , AgCl; Ag. 

'.) Values of these s ta ndard electro motive forces have 
been ta bulated [7 1. Accordin gly, th e remai ning term 

, in eq (12), mYB .HCI, the medium effect for the tran sfer 
of tr is hyd rochloride from water to water-methanol 
mixtures can be calculated and compared with similar 
free e nergy cha nges for other salts . 

3. Experimental Procedures 

3.1. Dissociation Constants 

The dissociation constant of the protonated form of 
tri s was determined in 30, 50, 70, and 90 wt perce nt 
me thanol at 25 °C by potentiometric titration. The cell : 

Glass electrode; HCl (0.01 m) in water-methanol , 
AgCl; Ag 

was set up and its emf (EtJ measured when the silver­
silver chloride electrode had come to equilibrium. A 
soluti on consi stin g of (0.01 In HCl + 0.1 In tris) in the 
same water-me thanol mixture wa~ the n added in 
meas ured amounts and the emf (E 2 ) meas ured after 
each addition. Under these conditi ons of co ns tant 
chloride conce ntration and co nstant total ionic 
s tre ngth (but varyi ng ratio of tri s to tri s h yd~ochlorid e), 
the electrode co mes to equilibrium qu ickly [8 , 91. The n, 

(13) 

whe re k = (RT In 10) /F and th e primed quantiti es 
refer to the initial solution to which no tri s had been 
added. A number of de termin ations of PsK can be 
made, one corres ponding to each addition of the 
(HCI + tri s) solution. The last te rm of eq (13) should 
be negligible for solutions of these low ioni c s trengths 
and we can write: 

:.:: 
:J 

0-

f 0 
:.:: ., 
0-

50 tOO 

WT. PERCENT METHANOL 

FI GURE 1. Difference between the pK value in water-methanol 
mixtures and in water (PsK - pwK), fo r three acids. 

o. Protonated form of tri s(hydroxy methyl)aminome thane. 
e. A mmonium ion. 
0 , o-Chloroanilinium ion. 
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This neglect of the activity coefficient term in eq (13) 
appears justifiable because , omitting this term, we 
find PsK = 7.825 in 50 percent methanol. This value 
compares well with PsK = 7.818 obtained earlier [3] 
using an emf method in which the activity coefficient 
term was eliminated by extrapolating the data to zero 
ionic strength. 

The results of these potentiometric titrations are 
given in table 1. They are compared, in figure 1, with 
similar data for the ammonium ion [10] and the 
o-chloroanilinium ion [l1J. It is apparent that the 
effect of solvent composition on psI( is specific to each 
acid, but there is a general resemblance between the 
three curves insofar as the effect of adding methanol 
to the solvent medium is concerned. Addition of 
methanol first reduces the value of PsK. A minimum 
is reached between 60 and 80 percent methanol, after 
which PsK rises to high values when the methanol 
content is large. There is evidence, for two of the acids, 
that the value of PsK in solvents of high methanol con­
tent can exceed the pK value in water; this is probably 
true also for the ammonium ion. 

TABLE 1. Values of PsK for the dissociation of the protonated form 
of tris(hydroxymethyl)aminomethane in water-methanol mixtures 
at 25°C 

Wt percent 
methanol 

o 
30 
50 
70 
90 

PsK 

a (8.072) 
7.940 
7.825 
7.855 
8.462 

"For this value of PwK, see ref. [lJ and [2]. 

3.2. Solubility 

PsK-PwK 

-0.132 
- .247 
-.217 
+.390 

Tris is a very soluble substance which readily super­
saturates; moreover, its solubility is highly tempera­
ture-sensitive. Solubility measurements were, there­
fore, made in a constant temperature bath. The 
solutions were shaken at frequent intervals, but 
vigorous shaking was avoided. The solutions were 
analyzed by acidimetric titration at intervals of 24 hr. 

TABLE 2 . Solubility of tris(hydroxymethyl)aminomethane in water­
methanol mixtures at 15, 25, and 35°C 

Wt per-
cent 15°C 25 °C 
meth-
ano l 

5 Cf 5 

0 4.593 0.001 5.780 
10 3.940 .001 5.092 
20 3.363 .002 4.450 
30 2.845 .004 3.821 
40 2.382 .004 3.223 
50 1.920 .005 2.622 
60 1.455 .001 2.009 
70 1.022 .001 1.440 
80 0.6727 .0007 0.9359 
90 .3700 .0003 .5368 

100 .2 186 .0001 .2918 

S = sol ubilit y in moles per kilogram of solvent. 
(j = standard dt:v iation. 

35 °C 

o· 5 Cf 

0.008 7.261 0.004 
.003 6.550 .010 
.010 5.827 .003 
.027 5.087 .003 
.027 4.366 .003 
.002 3.610 .004 
.011 2.813 .001 
.003 2.503 .006 
.0007 1.356 .OOB 
.0006 0.8443 .0021 
.0007 .4266 .0007 
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TABLE 3. Medium effects and free energy changes in the transfer of 
tris(hydroxymethyl)aminomethane from water to water-methanol 
solvents 

WI per-
cent 15°C 25°C 35 °C 

meth-
anol 

log m)'B t.mG~ log mYB ~mG; log mYn .6mC~ 

10 0.066, 0.36, 0.0550 0.31. 0.()44; 0.26" 
20 .135 .74,; .114 .65, .095, .56" 
30 .208 1.15 .180 1.03 .154 .90!! 
40 .285 i37 .254 1.45 .221 L30 
50 .379 2.09 .343 1.96 .303 1.79 
60 .499 2.75 .459 2.62 .412 2.43 
70 .653 3.60 .604 3.45 .549 3.24 
80 .834 4.60 .791 4.52 .729 4.30 
90 1.094 6.04 1.032 5.89 .935 5.52 

100 1.322 7.29 1.297 7.40 1.231 7.26 

Values of ~mC~ are expressed in kJ mol-I. 

The solutions were assumed to be in equilibrium with 
the solid phase if no change in concentration was 
found over a period of 72 hr. The equilibration time 
was between two and three weeks. 

Table 2 gives the solubilities (in moles per kilogram 
of solvent) at 15, 25 , and 35 DC. Table 3 records the 
medium effect, log mYB, calculated from these solu­
bility values with the aid of the equation: 

10gmYB = log mw/ms 

and also the corresponding free energy changes, 
LlmC~ = RT In mYB' From the temperature coefficient of 
the free energy change, it is possible to calculate the 
enthalpy and entropy changes accompanying the trans­
fer process. Values of LlmH~ and LlmS~ are given in 
table 4. These were calculated by assuming that over 
this 20°C temperature range: 

LlmG~ =A + BT + CP. (16) 

TABLE 4 . Enthalpy and entropy changes in the transfer of tris­
(hydroxymethyl)aminomethane from water to water-methanol 
solvents at 25°C 

Wt percent t.mH~ t.mS~ 
methanol 

10 1.9 5 
20 3.4 9 
30 4.6 12 
40 5.5 14 
50 6.5 15 
60 7.4 16 
70 B.8 18 
80 9.0 15 
90 13.6 26 

100 7.9 2 

t.mH~ is given in kJ mol- I and ~mS~ in J deg- I mol-I. 

Then, it can be shown that: 

(17) 

and 

(18) 

.J 
I .. 

< 



for the e nth alpy a nd e ntropy changes at the middle 2,..------------,------------, 
te mperature (To= 298.15 OK ), whe re g" g2, and g3 are 
the values of .1mC~ at 15, 25, and 35°C, respectively. 

4. Discussion 

We now have the three quantities necessary to cal­
c ulate log mYB. HCI by means of eq (12) . Values of 

I (PsK - PwK) are given in table 1, log mYB appears in 
table 3, and 2 log mYHCI is calculated from the stand ard 
potentials of cells contammg hydrochlori c acid 
[7 , 12] . All of these values are collected in table 5 
along with log mYB. HCI calculated with the aid of eq 
(12). The latter have also been expressed in te rm s of the 
free ene rgy of transfer of tris hydroc hloride from water 
to water-me thanol. Table 5 also co ntains values of 
log mYLi CI for the transfer ofl ithium chloride from water 
to water-me thanol [13] . It can be seen, es pecially if 
the data are plotted as in fi gure 2, that the energies of 

(' transfe r betwee n water and water-methanol solve nts 
of th e same co mposition are similar for lithium c hloride 
a nd for tri s hydrochloride. 

> 

TABLE 5. Medium effects invo lved in the dissociation of protonated 
tris(hydroxymethyl)aminomethane in water-methanol so lvents at 
25 °C 

WI percent 30 50 70 90 
meth anol 

PsK - PwK .. . ....... .... ... .... - 0.132 - 0.247 -0.217 + 0.390 
log mYB .. . ... . ...... . ............ .180 .343 .604 1.032 
log mYIlCI . .. .. ........... ..... .. . .162 .268 .456 0.920 
log mYB.HCI .. . ......... ...... .... .319 .563 .867 1. 240 
log mYLiCI . .. .. . ... ... ....... .. ... .361 .620 .936 1.369 
t. Co (kJ mol- I) . ....... . .. 3.64 6.43 9.90 14.16 

m n .lie l 

Th e pres ent picture of the transfer process is dif­
fere nt from th at discussed earlier [31, as shown by the 

I following resume of the fre ( energies of transfe r (in 
kJ mol- I) from water to 50 percent methanol: 

;..... 

E 
0> 
o 

50 100 

Wt PERCENT METHANOL 

FI GURE 2 . Medium effe cts for the transfer of electrolytes/rom water 
to water-methanol solvents. 

I NaC I. 2 LiCI, 
3 Tris' HCI, 4 HCL 

The s mall diffe re nce be tween the two values given 
for th e ene rgy of process (i) ari ses from th e diffe re nce 
be twee n th e valu es of PsK recorded .in table 1 a nd that 
give n earli er [3 1. As a lready indi cated, the calc ulations 
of th e earli er s tudy gave only the free e nergy of tra ns­
fer of the solvated hyd roge n ion (1.24 kJ mol- I) and that 
of the B · H+ ion (0.87 kJ mol- I) for th e transfer from 
water to 50 percent methan ol. Th erefore, for the co m­
parisons shown above we have also used eq (7) to 
calculate a va lue of 1.91 kJ mol- I for the transfe r of a 
mole of chloride ion from wate r to 50 percent meth a nol, 
assuming a radius of 1.81 A for thi s ion. The calc u­
lated values for the processes (ii) and (iii) accordingly 
become - 2.78 and 3. 15 kJ mol- I. 

t.mco 

Ref This 
3 paper 

L (i) B· He l (s)+ Hel (w) + B (w)~ B· He l (w) + Hel (s) + B (s) - 1.45 -1.41 
(ii) B· He l (s) ~ B · He l (w) - 2.78 (-6.43) 

(iii ) He l (w) ~ 

(iv) B (w)-' 
(v) " Bas icity efTecl" 

Although specific interactions and selective sol va-
~ tion might be expected to have a stronger influence 

in solutions of hydrochloric acid than in solutions of 
tri s hydrochloride, it is in terestin g to note that the 
transfe r free e nergy for hydrochloric acid com puted 
from purely e lectrostati c cons iderations is close to 

~ the experimental value give n in th e last column. while 

~ 

I 

289-015 0-68- 3 145 

He l (s) 3.1 5 3.06 
B (s) 1.96 

(- 1.82) 

- 1.45 - 1.4 l 

th e differences for tri s hvdroc hloride are co nsiderable. 
In the earli er work , no ~ttempt was made to estimate 
the free energy of process (iv). Instead, the discrepancy 
be tween the known value for process (i) and the sum 
of the calculated energies of processes (ii) and (iii) was 
attributed to a basicity effect (v), considered to be 
superimposed on the elec trostatic energies , calcu-



lated from the Born model , eq (7). A more detailed 
analysis based on the concept of a variable dielectric 
constant in the vicinity of the ion affects the numerical 
values of the transfer energi es but does not change 
the conclusions [3] . 

In thi s paper, howe ve r, we have described how 
transfer e nergies for tris can be de termined experi­
me ntally by means of solubility measurements. The 
value of 1.96 kJ mol- I in the above tabulation , there­
fore , is an ex perime ntal quantity . Furthermore, the 
e ne rgy of transfer of hydrochloric acid, 3.06 kJ mol- I, 
has bee n derived from e mf measurements. The approx­
imate agree ment with the value of 3.15 kJ mol- I cal­
culated by means of the Born equation, assuming a 
reasonable value of the ionic radius, suggests that the 
electros tati c effec t is the main one in this instance. 

The value of - 6.43 kJ mol- I for the transfer energy 
of tris hydrochloride has not been derived by independ­
e nt means but is based on the experimental values for 
processes (i), (iii) , and (iv). The pertinent relationship 
among these quantities is se t forth in eq (12). The di s­
cre pancy be tween the two values for the tris.H+ ion 
ari ses from the fac t that Wgodhead e t al. [3], ascribed 
a reaso nable value of 4 A to the radius of the tri s 
cation and assumed that the electros tati c effect, as 
ca lculated by means of eq (7), gives a comp le te ac­
count of the transfer process. It is now found that the 
energy of transfer of tris hydrochloride from water to 
50 percent me thanol is 3.7 kJ mol- I larger than that 
so calculated. 

>­
E 

'" o 

O~ __ ~~ __________ -L ________________ __ 

0.01 0.02 

liE 

0 .03 

F IGU RE 3. Medium effects for the transfer from water to water­
methanol solvents, as a function of the reciprocal of the dielectric 
constant of the medium. 

O. J:ris(h yd roxymel hyl)aminomelhane h ydroc hloride . 
• , I ri s(hydroxymet hyl)aminomet hane. 
D, Hydrochlori c acid. 

Figure 3 is a plot of log mY for three transfer proc­
esses from water to water-methanol against the re­
ciprocal of the di e lectric consta nt of the solvent. 
According to eq (7), two of these should be strai ght 
lines; it is c urious that the bes t approximation to a 
straight line is found fo r the nonelec trolyte, tris. 
Ne vertheless , up to a solvent co mpos ition of 70 percent 

methanol , the plots for hydrochloric acid and tris hydro­
chloride are almost lin ear and therefore satisfy one 
requirement of eq (7). Accord in g to this equation , how- I 

ever, if we take 1.91 kJ mol- I for the e nergy of transfer 1 

of the chloride ion from water to 50 percent methanol , J 
th e radius of th e cation is given by the eq uation: 

I 
(19) 

or 

(19a) j 

if r+ is expressed in A and ~mr;~ in kJ mol- I, and the I 
transfer process occurs between water (Ew = 78.3) and 
50 0 percent me thanol (Es = 56.3). 

Akerliif [J3] has determined log mY for the transfer ~ 
of potassium ch lorid e, sodium chloride, and lithium 
c hloride and , if hi s data for th e transfer of these salts 
from water to 50 perce nt me thanol are used values 
of r + = 0.40 , 0.44 , and 0.67 A are obtained ' for the 
potassium, sodium , and litrium cations, respectively, 
ass uming a radiu s of 1.81 A for the chloride ion. Sim­
ilarly, from the values of ~mCo for tri s hydroc hloride 
and hydrochloric acid, we find r+ = 0.77 and 3.02 A for 
protonated tri s and hydroge n ions, respectively. Of'­
these fi ve cationi c radii _ only one, that of the hydrogen 
ion, is reasonable; the others are muc h too small. 
The anomaly is all the more c uriou s because there is 
every reason to believe that the Debye-Hti ckel theory 
gives the correct values of th e activi ty coe fficients sY 
in 50 percent methanol jus t as it does for water as ' 
solvent , provided that the macroscopic dielectric con­
stant is used in th e De bye-Huckel eq uation and a 
reasonable value of the ion -size parameter is intro­
duced. The use of the macroscopic dielec tri c constant, 
therefore, explai ns the concentration dependence of 
the activity coeffi cient in both solve nt medi a but fails 
to account for the energy of tr ansfer fro m one solven t 
to the other. 

The standard state used in thi s disc ussion is that for 
the molal scale of concen tration, both in water and in 1# 
water· methanol. It is possible that th e standard state 
on. the mole-fractio n scale would be a better choice. 1 
Equations fo r the conversion from one scale to the 
other can be found elsewhe re [14J; the energy of 
transfer of the hydrogen ion from water to 50 perce nt / 
methanol is lower by 0.61 kJ mol- Ion the mole-frac­
tion scale than on the molality scale, and the same 
is true of the chloride ion. Thus the e nergy of transfer 
of hydrochloric acid is 1.84 kJ mol- Ion the mole-fraction 
scale and 3.06 kJ mol- I on the mol ality scale. Never­
theless, the adoption of the mole-fraction scale does I 

not lead to a more reasonable SBt of ionic radii. 
It is c lear that there are diffi c ulties in reconcilin g the 

transfer processes with a purely elec trostatic theory. 
Nevertheless, if the experimental findin g that the 
transfer process for tri s hydrochloride is about eq ual 
in magnitude to that for lithium chloride is accepted, 
the diminution in the value of pK of the tri s cation on 
addition of me thanol (except for those solutions very 
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high in me thanol co nte nt) is seen to be due to the muc h 1.6r----------,....--------­
highe r tran sfe r e ne rgy of tri s hydroch loride (or lithium 
c hlorid e) over th a t of hydroc hlori c acid. Assuming 
th at th e tran sfe r e ne rgy of tri s hydroc hloride is iden· 
ti cal with that of lithium chlorid e and using values of 1.4 

, the la tte r ta ke n from th e work of Akerliif [13], pJ( 
values of th e protonated form of tri s can be calc ulated. 
Figure 4 compa res s uch calculated values with th e 
observed. 1.2 
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FI GURE 4. Comparison of experimental and calculated values of 
(p.,K - PwK) in water-methanol mixtures. 

__ ________ ______ __ .: ~~I~~i~:d., al. .0 Proto nated tri s(hydroxvmethyl)aminomethane . 
O . Ammon ium ion . 

( A s imilar calculation can he m ade for the dissocia­
I tion con s tan l of the ,il mmonitlm ion ; this has been 

meas ured in wat e r-methanol mixtures [10, 15]. a nd 
I the e ne rgy of transfer of un c harged a mmonia can be 

calcula ted from th e kn ()wn a mmonia vapor press ure 
over th e solUlions [10. 16]. Again assumi ng that the 

~, e ne rgy of transfe r ()f ammonium c hlorid e is equal to r that of lithi um c hloride, th e co mpari son s how n in 
f fi gure 4 is obtained . It is ev id e nt that thi s approxi· 

mation gives a good accoun t of the experimen tal 
findin gs . 

Finaily , a co mment on the hi gh value of the e nergy 
of tran sfer of the neutral tri s mo lecule from water to 
water-methanol is in order. The tri s mol ec ul e has three 
hydroxym ethyl groups . the hydroxyl radi cals be in g 
te rmin al. Th e molecule , th e refore. has hydrophili c 
c ha racte r. From th e kn own vapor press ures ()f a m­
mo nia over wa te r and 50 percen t me th a nol [10. 16]. 
it is poss ibl e to s how t ha t the med ium e ffect for am­
monia is log mY = 0.]31 or t:.m(;o= 0.75 kJ m()I- I. Th e 
tran sfe r e nergy of tri s is thu s nea rl y three tim es as 
large as that for a mm onia in 50 perce nt methanol. 

Fi gure 5 is a plot of th e activity coe ffi c ie nts of 
t e trapropylamm on ium Auorid e [17] and te tra(2-
hydroxye th yl) ammonium Au oride [18] in aq ueous 
so lution aga ins t the slJ uare roo t of the molality. The 

Y 
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FIGURE 5. Activity coefficients in aqueolls solution as a function of 
the square root of the molality. 

O . Tetrapropylammonium Auoride. 
• . Tf'lra (hy<iroxyelhyl jammOllium fluoride. 

co ntras t is remarkable. Th e tetraalkylammonium 
halides have many properties wh ich are difficult to 
ex plain , but it has been s uggested [18]. very rea~0I1-
ab ly, that t he tetra(hydroxypthyl)ammonium ion. 
(HO C H2 • CH2 )4N+. because of it s four hydroxyl 
gro ups, can readi ly e nter into the cluster struc ture of 
water. On the co ntrar)i. the tetrapropylammonium ion , 
(CH 1CH2 C H2 )4N+, with it s four termina l methyl 
groups, is hydrophobic a nd so less s uit ed for par· 
ti c ipatio n in th e water s tru ctu re. Thus the (HOCH2_ 

C H2 )4N+ ion is in a state of lower free energy than 
th e (CH 1C H2 C H2 )4N+ at the sa me concen tra tion . In 
th e sa me way, the tr is molecule . (HOCH2 hC, NH 2 • 

because of its three hydroxyl groups, can easily par­
ti c ipate in th e water s tructure , and is, in aqueous 
so lutio n , in a state of comparatively low free e nergy. 

As me thanol is added to the so lvent. the amount 
of water struc ture is dimini s hpd , simply beca use there 
is less water to form s truc ture. Consequently. in 
wate r-m et ha nol solve nts the tri s mol ec ul e finds less 
solve nt s tru c tu re in whi c h to accommodate it self a nd 
is in a s ta te of hi ghe r free energy. This is equ a ll y tru p 
of th e tri s ca ti on. It is thus evident. a t leas t qua lit a­
tive ly. wh y both tris a nd its hydroch loride have hi gh 
e ne rgies of transfe r into water-methanol so lve nt s. 

5. Appendix 

The proof of eq (10) necess itates a more compli cateu 
notat ion than has been used in th e res t of thi s paper. 
Th e fre e energy of a (none lec trol yte) solute in a mixed 
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solvent can be measured relative to the hypothetical 
standard state in that solvent: 

(20) 

and the condition for equilibrium between the solid 
and its saturated aqueous solution is: 

C (solid) = wco+RT In ~Y' Inw' (27) 

where Ins is the molality of the solution , sCo is the free Hence, 
energy of the solute in the s tandard state in this solvent 
mixture , and ~y is the activity coefficie nt of the solute In mw/ ms = In mY + In ;y/::;y, (28) 
referred to the standard state in thi s solvent. 

The free energy could , however, be referred to the which is sometimes abbreviated to: 
hypothetical standard state in water as solvent: 

(21) 

where wGo is the free energy of the solute in the stand­
ard state in water and ~y is the activity coefficient of 
the solute in the mixed solution (s) but referred to the 
standard state in water (w). 

We now consider the limit when ms~ 0 and ~y~ 1. 
Under these circumstances, 

(22) 

This is an expression for the free energy c hange in 
transferring the solute from water to the mixed solvent 
in the limit of extreme dilution when the concentration 
effects on the free energy change are absent. It is , 
therefore, the free energy change for the transfer from 
one hypothetical standard state to another, where also 
concentration effects are absent. Consequently, 

LimlnJy=lnmy, (23) 
ms~O 

from which follows the important relation: 

\~y= mY' ~Y' (24) 

Equation (24) is sometimes abbreviated to: 

(25) 

but when this is done care should be taken to note that 
here wy is an ac tivity coefficient in the mixed solvent 
relative to the standard sta te in water, whereas in 
eq (1) wY designates an activity coefficient in aqueous 
solution relative to the standard state in water. 

We next consider the equilibrium between a solid 
and its saturated solution. The condition for equilib­
rium between a solid and its saturated solution in a 
mixed solvent is: 

G(solid) = wCo+ RT In mY';Y' ms (26) 

(29) 

which is eq (11). It should be noted that wY is now 
used, as in the body of the text, to denote an activity 
coefficient in aqueous solution relative to the standard 
state in water. 
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