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in o-Dichlorobenzene and in Chlorobenzene1 

M. L. Junker and W. R. Gilkerson* 

Contribution from the Department of Chemistry, University of South Carolina, 
Columbia, South Carolina 29208. Received May 21, 1974 

Abstract: The conductances of dilute solutions of tri-«-butylammonium picrate in o-dichlorobenzene solvent with added ac-
etonitrile, acetone, pyridine, and pyridine A'-oxide have been measured at 10, 25, 35, and 45°. Similar measurements were 
carried out for the same salt in chlorobenzene solvent with added acetonitrile, acetone, pyridine, pyridine A'-oxide, tetrahy-
drofuran, and triphenylphosphine oxide at 10, 25, and 45°. Values of cation-ligand association constants, K\ +, are derived 
from these data for each ligand at each temperature, and enthalpy and entropy changes are calculated for the association 
process for each ligand in the two solvents. The values of K1

 + are almost identical for each ligand in the two solvents. The 
enthalpy changes in each solvent become more exothermic as ligand hydrogen-bonding basicity increases. Values of AS"3 in 
each solvent increase as ligand polarity (^) increases. These results are discussed in terms of an ion dipole model for cation-
ligand association. 

A variety of techniques is furnishing increasing informa­
tion about various aspects of specific ion-solvent interaction 
in solution. Ion-molecule association in the gas phase stud­
ied by mass spectroscopic techniques2 yields thermodynam­
ic data for the formation of the first solvation sheath about 
an ion in the absence of bulk solvent. Enthalpies and free 
energies of transfer3'4 of salts from one polar solvent to an­
other give information about the interactions of the ions, 
not only with the solvent molecules in the first solvation 
sphere but also with more distant solvent molecules as well. 
Magnetic resonance techniques have shed light on the num­
ber of solvent molecules in the first solvation sheath, the ki­
netics of exchange of molecules in this region with those in 
the bulk,5 and the composition of the first solvation sheath 
as the bulk solvent composition changes in mixed solvent 
systems.6 

Studies of ion-molecule association in relatively poor sol­
vents7-10 lead to information which bridges the gap between 
the areas covered by the information that may be obtained 
from the studies mentioned above. Studies in this laborato­
ry have focused on the formation of 1:1 cation-molecule 
complexes 

M* + L =5^ ML* K1* = [ML+]/[M+][L] (1) 

in relatively poor solvents. Displacement of one ligand Li by 
another L2 on the cation M + 

ML1
+ + L2 =*=* ML2

+ + L1 K = Kl*(2)/Kl*{l) (2) 

then is a measure of the specific solvating ability of L2 rela­
tive to that of the first ligand under conditions where the 
surrounding solvent remains essentially the same and it is 
inferred that the disturbance of any specifically solvating 
solvent molecules is held to a minimum in the exchange 
process. The information that can be gained from these 
studies bears not only on the effects of variation in the 
structure of L (polarity and basicity)9,11 and of M + (ionic 
radius),7,12 but also on the effects of bulk solvent on specific 
ion-molecule interaction and should aid in correlating in­
formation gained from the gas phase studies of ion-mole­
cule association with the information contained in the ther­
modynamic quantities related to ion transfer from one sol­
vent to another. 

A recent report from this laboratory13 dealt with the ef­
fects of changes in temperature on the association of tri-n-
butylammonium cation (Bu 3 NH + ) with triphenylphos­

phine oxide (Ph3PO) and a series of alcohols and ethers in 
o-dichlorobenzene solvent (DCB). Values of AS° obtained 
in this study gave indications of being highly dependent on 
the nature of the ligand for the relatively sterically unhin­
dered ligands Ph3PO, methanol, and tetrahydrofuran 
(THF). Trends in the values of AS° indicated that there 
might well be a dependence on the polarity of the ligand. 
Such a dependence, if established, would have strong impli­
cations concerning the nature of ion-ligand interaction in 
solution. 

Accordingly, this is a report of a determination of the 
thermodynamic quantities AH and AS for reaction 1 for a 
series of ligands of varying polarity and basicity associating 
with Bu 3 NH + in two solvents, DCB and the less polar chlo­
robenzene (CB). Association constants were determined at 
several temperatures and values of AH and AS were calcu­
lated from van't Hoff plots of log K vs. the reciprocal of the 
temperature. 

Our experimental approach is based on the measurement 
of the increased conductivity observed when added Lewis 
base molecules capture cations from a salt highly associated 
into ion pairs. The salt tri-n-butylammonium picrate was 
selected because it is soluble in poorly solvating solvents and 
is only slightly dissociated into free ions in DCB (A^iss = 3 
X 1O -10 M~] at 25°).14 The solvents were selected on the 
basis of their ease of purification, limited solvating power 
for cations, and differing dielectric constants. The ligands 
examined in this study were acetone (Me2CO), acetonitrile 
(MeCN), pyridine (Py), pyridine TV-oxide (Py-O), Ph3PO, 
and THF. These were selected for their range in polarity 
and basicity, and minimum structural steric hindrance to 
complex formation. 

Experimental Section 

o- Dichlorobenzene (Dow Chemical Co.) was filtered through a 
5 X 30 cm column packed with alumina (Alcoa grade F-20) and 
then distilled on a 4 X 40 cm column packed with glass helices 
under reduced pressure (bp 43° (3 Torr)). The middle fraction was 
then stored in glass containers over fired alumina. Prior to use the 
solvent was filtered through a 2 X 30 cm column packed two-thirds 
with fired alumina and packed one-third with molecular sieves 
(Linde type 4A). The specific conductance of the solvent was 5 X 
1O-12 mhos cm -1. Chlorobenzene (Columbia Organic Chemicals) 
was handled in the same manner as o-dichlorobenzene except that 
the chlorobenzene was distilled at atmospheric pressure (bp 131.5° 
(760 Torr)). The specific conductance of the solvent was 3 X 1O-'2 

mhos cm-1. 
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Figure 1. Ratios R for BujNHPi in DCB as a function of added aceto-
nitrile. The salt concentrations are: at 10°, (O) 0.179 mM and (•) 
0.178 mM; at 25°, (O) 0.168 mM and (•) 0.174 mM; at 34.95°, (O) 
0.16OmM and (• ) 0.158 mM; at 45.6°, (O) 0.174 mM and (•) 0.155 
mM. 

Acetonitrile (B & A label Allied Chemical Co., Reagent Grade) 
was stored over molecular sieves (Linde type 4A) and was distilled 
using a 2 X 15 cm Vigreux column (bp 81° (760 Torr)). A middle 
fraction was then collected. Acetone (Columbia Organic Chemi­
cals) was first distilled on a 2 X 30 cm Vigreux column; a middle 
fraction was then stored over molecular sieves (Linde type 4A). 
Prior to use this portion was distilled on a 2 X 15 cm Vigreux col­
umn (bp 57° (760 Torr)). A middle fraction was then used. Pyri­
dine (Matheson Coleman and Bell, Reagent Grade) was refluxed 
for 2 hr over barium oxide and then distilled on a 2 X 1 5 cm Vi­
greux column (bp 115-116° (760 Torr)). A middle fraction was 
taken for use. Triphenylphosphine oxide (Columbia Organic 
Chemicals) was dissolved in a minimum amount of hot ethanol, fil­
tered through a glass frit, and crystallized out of cooled ethanol so­
lution by the addition of a minimum amount of distilled water. 
This procedure was repeated four times and the product was dried 
and stored under vacuum (mp 154-155°). Pyridine A'-oxide (Co­
lumbia Organic Chemicals) was distilled on a 2 X 15 cm Vigreux 
column, under reduced pressure, and a middle fraction was ob­
tained which was water white. Upon transferring this portion to 
another flask, the liquid solidified evolving a great deal of heat. 
This resultant solid was then sublimed (65° (1 Torr)) with steam 
heat onto an acetone-Dry Ice cooled cold finger, under reduced 
pressure. Tetrahydrofuran (B & A label Allied Chemical Co., Re­
agent Grade) was first treated to remove peroxides by refluxing for 
0.5 hr with Cu1Cl and then distilling on a 2 X 15 cm Vigreux col­
umn at 760 Torr (bp 65.5°), taking a middle cut. This portion of 
THF was then refluxed 0.5 hr over calcium hydride followed by 
distillation on a 2 X 15 cm Vigreux column at atmospheric pres­
sure. 

Tri-rt- butylammonium picrate was prepared as before.14 The 
salt was then recrystallized from a minimum of hot ethanol after 
filtering through a glass frit. This was repeated four times. The salt 
(mp 106.5°) was then dried and stored under vacuum. 

The salts and solid ligands were weighed in a nitrogen-filled dry 
box. The concentrations of the solutions were determined by 
weight. A dilute stock solution of electrolyte in o-dichlorobenzene 

io2 [M.JCO] 

Figure 2. Ratios R for BusNHPi in DCB as a function of added ace­
tone. The salt concentrations are: at 10°, (O) 0.20OmA/ and ( • ) 0.190 
mM; at 35°, (O) 0.194 mA/ and ( • ) 0.188 mM; at 46.12°, (0)0.190 
mA/ and ( • ) 0.178 mA/. 

was prepared. A portion was put in the conductance cell. Another 
portion was used to make up a concentrated ligand solution which 
is then titrated into the solution in the conductance cell. The meth­
od used in the preparation of solutions for chlorobenzene is altered 
from that for o-dichlorobenzene. A stock solution of ligand in sol­
vent was prepared. A portion was placed in the conductance cell. 
Another portion was used to prepare a concentrated electrolyte ti-
trant solution. 

All measurements were carried out in oil-filled constant-temper­
ature baths to minimize conductance leakage. The temperatures 
were determined using a thermometer calibrated by N.B.S. and all 
were maintained within ±0.01° except for the 10.0° bath which 
was maintained to ±0.05°. 

The conductance bridge has already been described.15 The un­
certainty in the conductance measurements was about ± 1 % for the 
least conducting solutions, salt in chlorobenzene, and in other cases 
was about ±0.1% or less. 

The cell used to determine conductance was of the Kraus-Erlen-
meyer type with bright platinum electrodes. The cell constant was 
determined both by comparison measurements based on 0.01 
Demal solutions of potassium chloride in water16 and by a method 
by Fuoss17 which is based on direct measurements of the conduc­
tance of tetrabutylammonium tetraphenylborate in o- dichloroben-
zene solutions. The cell constant was 3.067 X 10"2 cm"1 . 

The density of o-dichlorobenzene was measured at 10.0° with a 
25-ml volumetric flask. Water was used as a calibrating liquid. 
The uncertainty in the density is ±0.05%. The densities of o-di­
chlorobenzene and chlorobenzene at other temperatures were 
taken from Timmermans' compilation.18 

Results 

o-Dichlorobenzene Solvent. Values of the molar conduc­
tance, A, at various molar concentrat ions, c, of the salt 
B u 3 N H P i at 10, 25, 35, and 45° in the presence of added 
acetone, acetonitr i le, pyridine, and pyridine TV-oxide a re 
listed in Table V of the microfilm edition of this journal . 1 9 

The rat io R is defined as ( A L / A ) 2 , where A is the molar 
conductance of the salt in the absence of ligand, and AL is 
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Figure 3. Ratios R for BusNHPi in DCB as a function of added pyri­
dine. The salt concentrations are: at 10°, (O) 0.200 mM and (•) 0.211 
mM; at 25°, (O) 0.181 mM and (•) 0.180 mM; at 35.05°, (O) 0.186 
mM and (•) 0.188 mM; at 46.06°, (O) 0.181 mM and (•) 0.183 
mM. 

the molar conductance of the salt solution with a ligand 
concentration [L]. Figures 1 through 4 show the ratio R as 
a function of ligand concentration for the ligands acetoni-
trile (MeCN), acetone (Me2CO), pyridine (Py), and pyri­
dine TV-oxide (PyO) at 10, 25, 35, and 45°. The increases 
are large; for a 0.01 M ligand solution, the increases in con­
ductance range from 63% for acetonitrile at 45° to 3000% 
for pyridine N-oxide at 10°. It has been previously 
shown9,1214 '20 that conductance increases occurring upon 
the addition of Lewis bases such as those used here to solu­
tions of Bu3NHPi in DCB are due to the association of the 
cation with a molecule of Lewis base to form a 1:1 cation-
ligand complex, eq 1. 

A l O - 4 M solution of Bu3NHPi in DCB is only slightly 
dissociated into free ions 

Bu3NH*, Pi" BUoNH* + Pi- (3) 

K0 = [Bu3NrT][Pi-I^V[BU3NHPi] 

Here [Bu3NHPi] is the molar concentration of ion pairs 
whose activity coefficient is taken to be unity, and y ± is the 
mean ionic activity coefficient, taken to be given by a form 
of the Debye-Huckel limiting law.21 The Shedlovsky con­
ductance equation,22 which may be used to represent the 
conductance when ion pair association is large,21 may be 
put into the form 

K = (AS/A0)2cy±
2/(l - AS/A0) (4) 

The factor AS / A0 is y, the fraction of free ions, and S is 
the Shedlovsky function,22 correcting A for ion atmosphere 
effects. S and y ±

2 are both very close to unity at the ion 
concentrations we deal with here. Formation of ion triples 
and higher aggregates than ion pairs is known to be unim­
portant in DCB for the salt concentrations used here. Mak­
ing the assumption that the limiting molar conductance of 

Figure 4. Ratios R for Bu3NHPi in DCB as a function of added pyri­
dine JV- oxide. The salt concentrations are: at 10°, (O) 0.199 mM and 
(•) 0.208 mM; at 25°, (O) 0.199 mM and (•) 0.196 mM; at 46.42°, 
(O) 0.190 mM and (•) 0.192 mM. 

the tertiary ammonium salt in which the cation is com-
plexed with ligand is the same as that of the uncomplexed 
salt, it has been shown9-23,24 that for the kind of salt-ligand 
systems we deal with here, the conductance ratio R = 
( A L / A ) 2 is to a good approximation equal to the apparent 
ion pair dissociation constant K of the salt in the presence 
of ligand divided by that, K0, in the absence of ligand. 

R = (AL/A)2 = K/K0 (5) 

When ligand is added to the salt solution, one or more 
complexes may form between ligand and the salt species 
present, eq 6. 

BH* + L BH*, L K1* = [BHL*]/[BH*][L] (6a) 

BH*, L + L =*=̂  BH*, L2 (6b) 

K2* = [BH*L2]/[BHL*][L] 

Pi- + L ^ * Pi-, L /C1- = [PiL"]/[Pi-][L] (6c) 

BH*, Pi" + L = ^ BH*, L, Pi" (6d) 

K1 = [BHLPi]/[BHPi][L] 

An expression has been derived825 for the ratio KfK0 in 
terms of the equilibrium constants in eq 6. 

KfK0 = (1 + Kf[L] + 

KfKf[Lf) (1 + /T1-[L])Z(I + /CP[L]) (7) 

Slight upward curvature can be noted in the case of each 
ligand, Figures 1 through 4, indicative9 that more than one 
ligand is reacting with the cation, eq 6b, or another is inter­
acting with the anion, eq 6c. For the Lewis bases used as 
ligands here the latter alternative has been shown to be un-
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Table I. Ligand Association Constant with Bu3NH+ in DCB 

Ligand 

MeCN 

Me2CO 

Py 

PyO 

10° 

347 
350 
353 
363 

2040 
1870 

91,000 
94,000 

25° 

ATi+. M" 1 

236 
242 
248 
250 

1120 
1130 

52,000 
53,000 

35° 

196» 
193» 
197 
200 
800^ 
830<* 

25 
25 

55° 

155° 
159b 

150= 
149« 
540* 
550= 

,300^ 
,100^ 

" Actual temperature 34.95°.° Actual temperature 45.65°." Actual 
temperature 46.12°. d Actual temperature 35.05°. ' Actual tem­
perature 46.06°. ! Actual temperature 46.41 °. 

important.9 If the types of reactions represented by eq 6c 
and 6d are unimportant, then eq 7 reduces to 

K/Ka = 1 + X1
+[L] + X1

 + X 2
+ [ L ] 2 (8) 

Since K/KQ = R, then eq 8 can be rearranged to 

(R - 1)/[L] = K{ + .K1
+X2

+[L] (9) 

Plots of (R — 1)/ [L] vs. [L] were made for each of the lig-
ands at each temperature. The intercepts as [L] —- 0 were 
taken to be values of K \ +. The slopes of these plots are not 
listed because approximations made in the derivation of eq 
9 and the experimental uncertainty make interpretation of 
these values in terms of K 2+ of doubtful validity. 

Two titration experiments were carried out in each case, 
and the two values of K\ + determined as outlined above at 
each temperature are listed in Table I. It can be seen that 
the reproducibility of the values of K1

 + determined here is 
better than ±5%. Several of the values of AT1

 + , Table I, at 
25°, may be compared with values previously reported for 
this solvent. Ralph14 found AT 1

+= 1370 M~x for pyridine 
compared with the value 1120 M~] found here, and Ralph 
found, for MeCN, AT, + = 212 M - 1 while a mean value of 
239 M~] is found here. Ralph used a slightly different 
method to determine the values of Kt

 + in DCB than that 
used here in DCB; apparent values of ion pair dissociation 
constants for the salt were determined by measuring the 
conductivity at various salt concentrations in each of several 
solvent mixtures of DCB and ligand. This method is used 
here to determine values of AT1

 + in CB (see below). Ezell 
reported" a value of AT, + = 49,000 M~l for PyO while 
that found here is 52,000 M~l. In view of the reproducibili­
ty of the values of AT1

 + by different investigators using 
somewhat different methods of determination, it is believed 
that the absolute values of K\ + reported in Table I are un­
certain by ±10%. 

The thermodynamic quantities AH° j and AS" 1 for the 
formation of the 1:1 cation-ligand complex, eq 6a, were 
evaluated by a least-squares fit of the equation 

1OgX1
+ = (AS°j/2.303i?) - (&H°1/2.303R)(1/T) (10) 

assuming both AH°1 and AS° 1 are constant over the 
range of temperature studied here. These results along with 
their probable errors are listed in Table II. 

Chlorobenzene Solvent. Values of A at various concentra­
tions C of Bu3NHPi in pure CB, and in solutions of CB and 
the ligands acetonitrile, acetone, pyridine, pyridine N-
oxide, tetrahydrofuran, and triphenylphosphine oxide at 10, 
25, and 45° are listed in Table VI of the microfilm edition 
of this journal.19 

Chlorobenzene has a dielectric constant of 5.6227 at 25° 
while that of 0- dichlorobenzene is 10.0628 at this tempera­
ture. At a given salt concentration in the range of 1 0 - 4 M 

Table II. Thermodynamics of Association with Bu3NH+ in DCB 

Ligand 

MeCN 
Me2CO 
Py 
PyO 
THF« 
Ph3PO» 

Ai/i°, kcalmol"1 

- 4 . 0 1 ± 0.04 
- 4 . 3 2 ± 0.06 
- 6 . 3 0 ± 0.12 
- 6 . 4 3 ± 0.08 
- 4 . 8 2 ± 0.26 
- 6 . 5 8 ± 0.17 

A5°i, cal deg - 1 mol"1 

- 2 . 5 4 ± 0.14 
- 3 . 5 6 ± 0.21 
- 7 . 1 7 ± 0.39 

0.04 ± 0.26 
- 6 . 3 8 ± 0.86 

3.30 ± 0.58 

ML° 

3.97 
2.85 
2.15 
4.24 
1.65 
4.30 

" Reference 13. In the interest of internal self-consistency, values 
of Ki+ for these ligands were recalculated from Flora's conductance 
data using the same procedure as in this work. This resulted in 
values of ATi+ slightly different from those reported in ref 13, and 
thus small differences in the values of A//° reported in ref 13 (— 4.84 
± 0.24 for THF and -6.56 ± 0.20 for Ph3PO) and here. Similar 
differences may be noted in the values of AS0 reported there 
(-6.40 ± 0.8 for THF and +3.37 ± 0.6 for Ph3PO) and here. 
h Reference 26. 

formation of ion triples can compete with ligand-cation 
complexation in CB 

BHPi + BH+ ^ = (BH)2Pi+ (11a) 

BHPi + Pi- -=== BH(Pi)2" (lib) 

in the formation of new conducting species.14,29 Earlier it 
was believed that the effects of triple ions in the determina­
tion of AT1

 + values were not serious in the case of tertiary 
ammonium salts such as Bu3NHPi.24 A series of experi­
ments using PyO as the ligand titrating solutions of 
Bu3NHPi in CB at 10° show that as the salt concentration 
is increased the slopes of R vs. [L] become smaller.30 Ac­
cordingly the titration method used to determine the ratio 
AT/AT0 is inappropriate for CB. The method developed by 
Ralph,14 alluded to above, was adopted for these experi­
ments. Here the product A0AT ' /2 is determined at a number 
of concentrations of ligand in CB by the method of Fuoss 
and Kraus.29 The conductance of salt in each ligand-CB 
solvent mixture is measured as a function of salt concentra­
tion. At concentrations of Bu3NPHi in CB of the order of 2 
X 1O-4 M, the free ion concentration is so small (A < 0.1 in 
the solutions here) that ion atmosphere effects are negligi­
ble. Fuoss' equation for the conductance in such a system30 

reduces to eq 12 

AC 1 / 2 = A0X
1 n + AC (12) 

where A is a constant characteristic of salt and solvent. The 
intercept as C - * 0 of a plot of AC 1 / 2 vs. C then yields 
values of AoAT' /2 corrected for effects due to ion triples. 

Figure 5 shows such a plot for Bu3NHPi in pure CB at 
10, 25, and 46.4°. The average values of A0A" 1 ' /2 at each 
temperature are (1.27 ± 0.05) X IO"5 at 10°, (2.26 ± 0.04) 
X 10-5 at 25°, and (4.84 ± 0.02) X 10~5 at 46.4°. These 
values were used to calculate the ratios R = KfK0 for the 
ligands in CB. The present data at 25° are not in agreement 
with those reported by Ralph.14 Ralph found A0AT0

1''2 = 3.0 
X 10 - 5 at 25°, compared with the value 2.26 X 10 - 5 found 
in this study. The latest data, the results from three runs at 
25° and two runs each at 10 and 46.4°, are self consistent in 
that the average values at the three temperatures fall on the 
same straight line in a plot of log A0AT0

1/2 vs. \/T. The 
value of A0ATo1/2 at 45° was obtained from this graph by in­
terpolation. 

Figure 6 shows plots of AC 1 / 2 vs. C for Bu3NHPi in CB 
at 10, 25, and 45° in the presence of added acetonitrile. The 
intercepts as C -»• 0 are taken to be values of A0AT1/2 for 
the salt at various ligand concentrations. The values of R at 
each ligand concentration were then calculated by dividing 
the square of the intercept in the presence of ligand by the 
square of the intercept in the absence of ligand. These 
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Figure 5. Fuoss-Kraus triple-ion plots for BusNHPi in CB. Open, 
filled, and half-filled circles represent repeated runs. The squares rep­
resent data at the two lowest concentrations reported by Ralph (ref 
14). The dashed line passes through Ralph's data points at the higher 
salt concentrations. 

values of R at the three temperatures are plotted vs. ligand 
concentration, Figure 7. There is an increase of the slopes of 
these plots at higher ligand concentrations. A plot of the 
function (R — I)/[L] vs. [L] was made, Figure 8, and the 
intercepts, taken to be values of K \ + for acetonitrile, are 
listed in Table III. Conductance data for each of the other 
ligands were treated in the same manner. Plots of (R — 
I)/[L] vs. [L] for each of these ligands were prepared. The 
values of A"i + obtained from these graphs are listed in 
Table III. It is believed that the uncertainty in these values 
of Â i + is of the order of ±10%. There are large discrepan­
cies between the values of K\ + reported here and those re­
ported earlier from this laboratory for the ligands Py14 and 
Ph3PO." These discrepancies are not due to differences in 
the conductances of the salt solutions in the presence of lig­
and; these are the same within experimental error. The dif­
ferences are in the conductancies of the salt in pure solvent 
in the absence of ligand. Values of AC111 (~AoAT'/2) plot­
ted Vi-. [L] for the present work are shown in Figure 9, com­
pared with past results for Py14 and Ph3PO." In the case of 
Py as ligand Ralph used the same method as that used here 
to obtain values of A0A"1/2 at different pyridine concentra­
tions. Ezell used the method of adding Ph3PO to salt solu­
tion (that used here in DCB solvent) to determine the 
values of AC1/2 plotted in Figure 9. The differences ob-

Table III. 

Ligand 

Ligand Association Constants with Bu3NH + 

10° 25° 

in CB 

45° 

MeCN 
Me2CO 
Py 
PyO 
THF 
Ph3PO 

Kl+, 
404 
402 

2560 
136,000 

234 
1,830,000 

M-
290 
270 

1380 
76,000 

149 
920,000 

168 
166 
600 

32,400 
80 

368,000 

< 

Figure 6. Fuoss-Kraus triple-ion plots for Bu3NHPi in CB in the pres­
ence of added acetonitrile. The numbers on the right-hand side in the 
figure are concentrations of acetonitrile in units of centimolarity (1O-2 

M). 

served in conductances of the salt in solvent alone then will 
be ascribed as due either to trace impurities in the solvent 
or to impurities in the salt in the earlier experiments. 

The thermodynamic quantities AH° and AS° for cation-
ligand complex formation were calculated just as they were 
in DCB solvent (above) and appear tabulated in Table IV. 

Discussion 

Few thermodynamic studies of ion-molecule association 
in solution have been reported. Arnett31 has employed titri-
metric calorimetry to determine the enthalpy of reaction of 
various ligands with Na+ in acetone at 25°. While the heats 
observed by Arnett, et al., are small, they fall in the same 
sequence as those reported here for the ligands common to 
the two studies; Arnett found the enthalpies to decrease in 
the order MeCN > Me2CO > THF > Py. Izatt, Christen-
sen, and coworkers32 have carried out a calorimetric study 
of the interactions of a series of uni- and bivalent metal cat­
ions with a polycyclic ether in aqueous solutions. The au­
thors remarked that the magnitudes of the thermodynamic 
quantities are strongly dependent on the solvent. The ther­
modynamic quantities for the reactions studied here show 
relatively small changes upon changing the solvent from o-
dichlorobenzene to chlorobenzene. Specific effects due to 
hydrogen bonding were certainly present in the systems 
considered by Izatt and coworkers and are absent in the sys­
tems considered in this study. 

Table IV. Thermodynamics of Association with Bu3NH+ in CB 

Ligand AH°i, kcal - 1 mol~ AS°i. cal deg - 1 mol" 

MeCN 
Me2CO 
Py 
PyO 
THF 
Ph3PO 

- 4 . 5 1 ± 0.28 
- 4 . 5 2 ± 0.07 
- 7 . 4 3 ± 0.19 
- 7 . 1 0 ± 0.18 
- 5 . 5 0 ± 0.17 
- 8 . 2 2 ± 0.18 

- 3 
- 4 

- 1 0 
- 1 
- 8 
- 0 

95 
03 
62 
55 
56 
33 

± 
± 
± 
± 
± 
± 

0.95 
0 
0 
0 
0 
0 

24 
62 
59 
57 
59 
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Figure 7. Ratios R for Bu3NHPi in CB as a function of added acetoni-
trile. The ratios were calculated from the intercepts on the ordinate 
axis of the graphs in Figures 5 and 6 as described in the text. 

Figure 9. The conductance function AoA'1/2 (or Ac'/2) for Bu3NHPi in 
CB as a function of added Ph3PO or Py; a comparison of present re­
sults with earlier results. For Ph3PO the open circles represent values 
of X0K'/2 (this work), left-hand ordinate, vs. [L] = 1000 X [Ph3PO]; 
right half-filled circles are values of Ae '/2 j n 0.135 mA/ salt solutions 
reported by Gilkerson and Ezell (ref 11). The right half-filled circles 
represent values of A0Af1/2 with pyridine as ligand (this work), right-
hand ordinate, vs. [L] = 100 X [Py] while filled circles represent re­
sults reported by Ralph and Gilkerson (ref 14). 

4 5 6 7 

- A H f / k c a l mol*1 

Figure 10. Enthalpies of association of Bu3NH+ with Lewis bases in 
DCB, AH° i vs. hydrogen bonding enthalpies, AH° f. 

and Lewis bases in CCl4 reported by Taft and coworkers,33 

eq 13. Arnett and Schleyer have carried out extensive stud-

P-FC 6 H 4 OH + L =F=*= ^ - F C 6 H 4 O H . . . L (13) 

Figure 8. The function (R 
tion for Bu3NHPi in CB. 

10 2 [MSCN] 

I)/[L] plotted vs. acetonitrile concentra-

A strong correlation had been noted recently9 of values of 
ATi+ with values of ATf, the equilibrium constant for forma­
tion of hydrogen-bonded complexes between p-fluorophenol 

ies of the thermodynamics of this reaction.34 A comparison 
of values of AHai for association of Bu3NH+ with the 
Lewis bases used in this study in DCB solvent with the 
values of AH°f, the enthalpy changes for the same ligands 
forming hydrogen-bonded complexes with p-fluorophenol, 
is shown in Figure 10. Values of AH°i in CB solvent yield a 
similar diagram. The correlation of enthalpy changes for 
the two different processes is good. The absolute magni­
tudes of the enthalpy changes for the two different pro­
cesses are very similar, but this is thought to be fortuitous. 
Evidence has been presented23 that association of Bu3NH+ 
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Figure 11. Free energies of association of Bu3NH+ with Lewis bases in 
DCB at 25°, AG" \ vs. ligand dipole moment. 

with ligands of the type considered here involved displace­
ment of at least one solvating solvent molecule S from the 
cation by the ligand, eq 14. The equilibrium constant for 

BH*, S + L =5=^ BH*, L + S (14) 

this reaction is given by A:Ls = -Ki + [S], where [S] is the 
molar concentration of solvent. The entropy change for this 
reaction might be expected to be approximately zero; no 
changes in charge type occur, no changes in the number of 
kinetic species occur and the ligands are relatively sterically 
unhindered. If this were the case then for the reaction cor­
responding to eq 1, AS 0 , = -(R In [S])(I + Td In po/dT) 
where p0 is the solvent density. This expression yields a 
value of AS°, = -3 .11 for DCB at 25° and would change 
slightly with a change in solvent. The entropy changes ob­
served here in cation-ligand complex formation, within ±5 
eu of - 2 eu in DCB and within ±5 eu of - 5 eu in CB sol­
vent, are consistent with the view given above that the in­
coming ligand is displacing a relatively tightly bound sol­
vent molecule. Values of AH0, then would represent the 
differences between two larger energies of interaction, with 
the implication that the enthalpy of interaction of Bu 3 NH + 

with either DCB or CB is significantly larger than is the en­
thalpy of interaction of p-fluorophenol with carbon tetra­
chloride. 

The lack of correlation of log KJ with aqueous pKa 

values of the ligands has already been noted,11 and is con­
sistent with the observations of Taft and Schleyer35 and of 
Arnett36 concerning the lack of correlation of the energetics 
of hydrogen bond formation with those of proton transfer. 

At one time there appeared to be a correlation of the 
values of the free energy of cation-ligand complex forma­
tion with ligand dipole moments." The free energy changes 
obtained in this study in either DCB solvent or CB solvent, 
when plotted v.?. ligand dipole moment indicate a trend to 
more negative values as ligand moment increases but the 
data points are badly scattered; such a plot is shown in Fig­
ure 11 for DCB solvent. Values of AH°, for either solvent 
show more scatter and no trend whatsoever when plotted vs. 
ligand dipole moment. In contrast, the entropy changes, 
AS° i, for cation-ligand complex formation show a clear 
trend to increase as the ligand moment increases; plots of 
AS° i vs. ^L for both DCB and CB solvent appear in Figure 
12. It appears that changes in the free energies of cation-
ligand complex formation are dominated by changes in the 
enthalpies of complex formation, and that these latter quan­
tities are determined by structural factors which are not re­
flected in molecular dipole moments. A better under­
standing of the role that molecular structural changes play 
in the strengths of intermolecular interactions of the kind 
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Figure 12. Entropies of cation-ligand complex formation, A5°\ vs. lig­
and dipole moments. Filled circles, DCB solvent. Open circles, AS° ] — 
10 eu for CB solvent. 

discussed here must await development of approaches to 
theoretical calculations of the energies as a function of dis­
tance and orientation for the relatively large polyatomic 
molecules and ions such as those we consider here. 

The correlation, such as it is, between changes in entropy, 
AS° i, and dipole moment, Figure 12, can be interpreted in 
terms of the crude electrostatic model of cation-dipole in­
teraction proposed earlier,1 '.12,14,37 eq ^ w h e r e AG%i is 

AG" = AG0
 h + AG° (15) 

the electrostatic portion of the free energy change corre­
sponding to eq 14 and AG" ch is that portion of the free en­
ergy change due to short-range forces not represented by 
the ion-dipole model. AG° ei is taken38 '39 '12 to be given by eq 
16, where r\_ is the distance separating the charge on the 

AG°el = -[NZeZ^)(V-Jr1? - ns/rs (16) 

cation from the center of the ligand dipole in the complex, 
rs is the corresponding distance for the solvent molecule, 
and ee is the effective dielectric constant modifying the ion-
dipole potential energy of interaction. The thermodynamic 
quantities become40 AS° el - AG°ei(a In it/dT) and AH° e\ 
= AG°ei(l + Td In te/dT). It is not known a priori wheth­
er to take ee to be small ( M .0 as in vacuo) or to be equal to 
e, the bulk dielectric constant of the solvent. The factor d In 
et/dT is zero for ee = 1 and is -0.0037 deg - 1 for DCB at 
25°. The contribution of AH° e] to the overall enthalpy 
changes for the reactions considered here may be seen to be 
small if ee is equal to the bulk dielectric constant; however, 
AS° ei does make a sizable contribution to the overall entro­
py change if this is the case. On the other hand, if ce is more 
nearly that in vacuo (t0 = 1) then a In ee/aT = 0 so that 
AS0 e, = 0 and AH° e, = AG°e,. The facts that AG° does 
not change much as solvent dielectric constant changes, and 
that the values of AS° 1 in DCB and in CB are not constant 
and are roughly proportional to the ligand dipole moments, 
are taken to indicate that ce lies somewhere between the 
vacuum value and the bulk dielectric constant of the sol­
vent, and that ee is some function of the bulk value of e so 
that (a In ee/dT) is nonzero. Then 

AS°el = -(NZeZ^)(IiJr1? - Ms/rs
2)(3 In zJdT) (17) 

and if /• L does not change much for the series of ligands 
considered here, then AS°ei will be approximately linear in 
ML, with a positive slope. The number of disposable parame-
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ters in the equation corresponding to the model, eq 17, are 
too great to make further quantitative comparison of model 
and experiment profitable. 

When studies of the thermodynamics of ion-molecule as­
sociation reactions in low-dielectric solvents were first un­
dertaken in this laboratory,13 it was expected that values of 
AS0 for unhindered ligands would be constant for eq 1 and 
zero for eq 13, so that values of AG° would be almost equal 
to AH°. It is found here that values of AH° \ are related 
most closely to short-range effects of the same nature as 
those operating in the formation of hydrogen bonds. The 
small changes in AS° i that do occur with ligand appear to 
give some information on the nature of the electrostatic por­
tion of the ion-ligand interaction as modified by surround­
ing solvent. The variations of AS° \ with ligand dipole mo­
ment are in accord with the model of cation-ligand interac­
tion proposed earlier12 to account for the changes in AG° 
with cation radius for a series of alkali metal cations asso­
ciating with Ph3PO in THF solvent. 

The strengths of the interactions of Bu 3 NH + (or /?• fluo-
rophenol) with the variety of Lewis bases examined here are 
not simply related to observables such as ligand dipole mo­
ment, but are more complex in nature and will require a 
more detailed understanding of the electron distributions in 
base and in cation (or acid) in order to appreciate the ef­
fects structural changes have on these binding energies. 
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