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Extrathermodynamic Relationships for lon-pair Equilibria in Media of

Low Dielectric Constant

By Geoffrey C. Greenacre and Ronald N. Young,* Department of Chemistry, The University, Sheffield S3 7HF

The enthalpy and entropy changes for the interconversion both of the tight and loose ion-pairs of a wide variety
of carbanions are related by the equation AH = «aAS + B where « and B are constants characteristic of the solvent

and the cation.

TrE thermodynamics of the interconversion both of the
tight and loose ion-pairs of the alkali-metal salts of 1,3-
diphenylpropene and several of its derivatives have been
investigated for a wide variety of ether solvents.l—3 It
was observed that the mole fraction of the loose ion-pair
was increased by lowering the temperature, by sub-
stituting a lighter alkali-metal cation, and by employing
an ether whose oxygen atom is less sterically hindered.
The influence of substitution of the anion can be inter-
preted qualitatively in terms of a combination of con-
formational, steric, and inductive effects. These systems
based on the diphenylallyl structure appear to conform
to the relationship AH = «AS +- 8. A survey of the
literature has shown that ion-pairs of a wide variety of
other unrelated carbanions also obey this relationship.

EXPERIMENTAL

Tetrahydrofuran (THF), ¢is-2,5-dimethyltetrahydrofuran
(DMTHF), and an equimolar mixture of ¢is- and #vans-
DMTHF were rigorously dried under high vacuum over

1 J. W. Burley and R. N. Young, J.C.S. Perkin II, 1972, 835.
2 J. W. Barley and R. N. Young, J.C.S. Perkin II, 1972, 1006.

A simple electrostatic treatment gives a qualitative explanation of this effect.

sodium—potassium alloy. The capacitances of a cell con-
taining a parallel-plate condenser were determined when
filled with these solvents, using a Wayne-Kerr B642 Uni-
versal Bridge. A Townson and Mercer Minus 70 bath was
used to thermostat the cell. For THF the capacitances
were plotted against the dielectric constants obtained by
Szwarc ¢ for the temperature range 22 to —49 °C. A linear
equation was obtained, correlating cell capacitance with the
dielectric constant of the solvent. This enabled the experi-
mental capacitances to be converted into dielectric constants
for all three solvents, with an error of 40.02 (Table 1).
Graphs of In D against In T were plotted to determine values
of din D/dIn T at 250 K. The temperature dependence of
dielectric constant can be represented by the equation
D = m|T + ¢, where m and ¢ are constants, also given in
Table 1.

RESULTS

Extensive data on the thermodynamics of the intercon-
version both of tight and loose ion-pairs exists in the litera-

3 G. C. Greenacre and R. N. Young, J.C.S. Perkin II, 1975,
1661.

4 C. Carvajal, K. J. Tolle, J. Smid, and M. Szwarc, J. Amer.
Chem. Soc., 1965, 86, 5548.
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ture only for the solvents THF and 2-methyltetrahydrofuran
(MTHF). Plots of AH versus AS are shown in the Figure
[(a) and (b), respectively]. Similarly, (c) in the Figure repre-
sents data in DMTHF. The least-mean-square line is
drawn on (a) in the Figure for the sodium salts only; in (b)
separate least-mean-square lines are drawn for the lithium
and sodium salts. The results plotted in these diagrams
were obtained by a variety of physical techniques, and in
most cases the authors did not quantify their errors. In our
experience, using visible absorption spectrophotometry, the
errors were usually 4-89,. This is approximately the
scatter of points about these lines. In (b) it is clear that the
sodium and lithium salts must be represented by different
straight lines, the lithium line being the steeper. There is
some suggestion that the points in (a) may behave similarly.
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TasLE 1
Temperature ¢ dependence of dielectric constant ®
THF

TIK 2952 2884 283.7 279.2 269.0 262.7 256.2
D 7.52 7.70 7.84 8.01 8.32 8.62  8.85
T/IK  250.7 245.7 238.7 233.7 228.7 224.2

D 9.11 9.32 9.65 9.88 10.11 10.35

D = 2700/T —1.676 dinD/dIn T = —1.183

Equimolar cis- and trans-DMTHIEF

TIK 296.5 284.0 277.2 272.2 268.2 262.2 253.2
D 5.39 5.71 5.92 6.05 6.17 6.37  6.68
T/IK 2440 233.7 2242

D 6.99 7.41 7.81

D = 2 220/T —2.100 din D/dIn T = —1.302

cis-DMTHF

T/IK 3022 296.2 295.7 288.2 2829 277.2 2717
D 494 5.03 5.06 5.21 5.30 5.43 5.62
T/IK 265.2 256.0 250.2 245.2 243.2 233.2 226.7
D 5.75 6.03 6.21 6.37 6.54 6.79 7.07
T/K 221.2 215.2 207.7

D 7.30 7.52 7.90

D = 2020/T —1.875

@ Temperatures recorded to -4-0.2K.
determined to +4-0.02.

din D/dIn T = —1.279
b Dielectric constant

Caption and references to Figure :—

(a) Plot of thermodynamic parameters for ion-pairs in THF:
O Li salts, @ Na salts, and ( salts of other cations. Point
1 = Na 1,3-diphenylallyl,! 2 = Na 1,3-diphenylallyl,! 3 =
Na 2-methyl-1,3-diphenylallyl,> 4 = Na 1,3-diphenyl-2-t-
butylallyl,® 5 = Na 2-methyl-1,3-di-p-tolylallyl,® 6 = Na 1,2,3-
triphenylallyl,® 7 = K 1,3-diphenylallyl,! 8 = K 1,3-diphenyl-
butenyl,! 9 = Sr 1,3-diphenylallyl,® 10 = Ba 1,3-diphenyl-
allyl,® 11 = Li. 1,1-diphenylhexyl,® 12 = Li fluorenyl,® 13 =
Na fluorenyl,® 14 = Na acenaphthylene,” 15 = Na biphenyl,*®
16 = Na naphthalene,® 17 = Na naphthalene,® 18 = Na 1,5-
di-t-butylnaphthalene,’® 19 = Li methylenephenanthrene,!!
20 = Na methylenephenanthrene,!® 21 = K methylene-
phenanthrene,!! 22 = Cs methylenephenanthrene.1!

(b) Plot of thermodynamic parameters for ion-pairs in MTHF:
@ Li salts and QO Na salts. Point 23 = Li 2-methyl-1,3-
diphenylallyl,? 24 = Li 1,3-diphenyl-2-t-butylallyl,® 25 = Li 2-
methyl-1,3-di-p-tolylallyl,® 26 = Na 1,3-diphenylallyl,! 27 =
Na 1,3-diphenylbutenyl,! 28 = Na 2-methyl-1,3-diphenylallyl,?*
29 = Na 1,3-diphenyl-2-t-butylallyl,® 30 = Na 1,2,3-triphenyl-
allyl,® 31 = Li fluorenyl,® 32 = Li 9-hexylfluorenyl,? 33 =
Li methylenephenanthrene,!! 34 = Li biphenyl-2-ylmethyl,1?
35 = Na anthracene.?

(c) Plot of thermodynamic parameters for ion-pairs in DMTHEF:
Point 36 = Li 1,3-diphenylallyl,! 37 = Li 1,3-diphenylallyl,*
382 = Li 1,3-diphenylbutenyl,! 39 = Li 1,3-diphenylbutenyl,?
40 = Li 2-methyl-1,3-diphenylallyl,® 41 = Li 1,3-diphenyl-2-t-
butylallyl,? 42 = Li1,2,3-triphenylallyl,® 43 = Li 1,3-diphenyl-
allyl,* 44 = Li 1,3-diphenylbutenyl,! and 45 = Li biphenyl-4-
ylmethyl,1?

¢ Interconversion of two different tight ion-pairs

5 R. Waack, M. A. Doran, and P. E. Stevenson, J. Amer.
Chem. Soc., 1966, 88, 2109.

¢ T. E. Hogen-Esch and J. Smid, J. Amer. Chem. Soc., 1966,
88, 307.

? A. M. Hermann, A. Rembaum, and W. R. Carper, J. Phys.
Chem., 1967, 71, 2661.

8 Y. Karasawa, G. Levin, and M. Szwarc, J. Amer. Chem. Soc.,
1971, 93, 4614.

% N. Hirota, R. Carraway, and W. Schook, J. Amer. Chem.
Soc., 1968, 90, 3611.

1 A. Crowley, N. Hirota, and R. Kreinlick, J. Chem. Phys.,
1967, 46, 4815.

11 D. Casson and B. J. Tabner, J. Chem. Soc. (B), 1969, 572.

12 T, L. Chan and J. Smid, J. Amer. Chem. Soc., 1968, 90, 4654.

13 Unpublished results from this laboratory.
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DISCUSSION

The association of ions to form ion-pairs was first pro-
posed by Bjerrum, but a satisfactory mathematical
treatment was not produced until later. One of the
more successful treatments is that due to Denison and
Ramsey.’® By considering the solvent as a continuous
dielectric they deduced the formula

AGdis = AGodis —I— L82/47T€0Da (1)

where L is Avogadro’s constant, D the dielectric constant,
a the interionic separation, AG°;s the non-electrostatic
free-energy for dissociation of the ion-pair, and ¢, is the
permittivity of a vacuum.

Recognising that ion-pairs exist in both tight and loose
forms, and designating the free energies of dissociation
respectively as AGg and AG, the free energy for the con-
version from tight to loose ion-pairs, AGy, is given by
(AGy — AGy). If the interionic separation of a tight-ion-
pair is a; and that of a loose ion-pair 4; then substitution
in equation (1) yields AGy = AG’ + p/D where p =
(Le?/4ney)(1/a — 1ja) and AG' = (AG® — AG®). Let-
ting AH’ and AS’ be the non-electrostatic enthalpy and
entropy, it follows that

AHy = (/D)1 + din D/din T) + AH'
ASy1 = (p/DT)(dln D/dIn T) + AS’

Using the relationship D = m/[T 4 ¢ (where m and ¢ are
constants) then

AHyp = pc|D? + AH’ (2)
ASa = —pm|DPT® 4 AS' (3)

Denison and Ramsey studied the dissociation of several
perchlorate salts in ethylene chloride and concluded that
it was not necessary to include a non-electrostatic con-
tribution to the entropy and that the non-electrostatic
enthalpy was only some 109, of the observed enthalpy
change. In the case of ion-pair equilibria it is instructive
to consider two hypothetical limiting cases: (a) AH' =0
and (b) AS’ = 0. Four systems were selected whose
points lay close to the least-mean-square lines of Figures
(a), (b), and (c). Using the experimental enthalpies,
entropies, and a mean temperature (250 K) equations (2)
and (3) were solved for p and AS’ for case (a) and for p
and AH’ for case (b). The resulting values are sum-
marised in Table 2.

Table 2 shows that the assumption AH’ = 0 is un-
realistic as the resulting values of ASy and AS’ are im-
possibly high. In addition, the mean value of p is 1.4
MJ mol* which would require a; to be less than 1 A. In
contrast, case (b) yields values of AHg and AH’ which
are physically attainable, together with a mean value of
¢ of 0.14 MJ mol™ corresponding to interionic separations
in the range 2—7 A. The relative magnitudes of AH’
and AH, contrast sharply with the corresponding para-
meters obtained for dissociation by Denison and Ramsey.
One difference is that the present systems all contain an
anion which cannot truly be regarded as spherical. How-

1 N. Bjerrum, Kgl. Danske Videnskab., Mat-fys, Medd., 1926,
Vol. 7, No. 9.

and
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TaABLE 2
Comparison of experimental and calculated
thermodynamic parameters *

Experimental case (a) case (b)
values calculation calculation
~ ~ — ) ~ )
— AHespy, — ASexpt —ASa —AS’ —AHy —AH’
26 100 671 —571 4 22
28 105 865 — 760 3 25
12 63 371 —308 2 10
30 127 517 —390 7 23

AHg = po/D? and ASq = — pm|D2T?
* Units of enthalpy kJ mol™ and entropy J mol? K1

In case (a) AH’ was assumed to be zero allowing the calculation

of p and hence ASg. In case (b) AS’ was assumed to be zero

allowing the calculation of p and hence AHy.
ever, ion-pair equilibria provide a much more severe test
of the simple electrostatic treatment since large vari-
ations in the thermodynamic parameters are generated
from small changes in small interionic separations. It is
clear that the greatest weakness of this treatment is the
assumption that the solvent behaves as a continuous di-
electric medium. The electrostatic model does not
allow for specific solvation effects. In the case of the
bulky ions which form the phenyltrimethylammonium
perchlorate ion-pair studied in chloroalkanes by Denison
and Ramsey, such specific effects are likely to be much
less significant than in the cases of ion-pairs of the small
and highly polarising alkali-metal cations in ethereal
solvents.

Differentiation of equation (2) yields

dAH;,y —2pc dD | dAH’' _ 2pcem

ar +ar = e AR @)

dr D3 -
Similarly, from equation (3)
dASf,/] _ 21701% AC’p
aT ~ T T T (5)
Dividing (4) by (5),
dAH b1
WSy (6)

The wide range of systems shown in Figures (a), (b), and
(c) conform, within experimental error, to the equation
AH = «AS - p where « and $ are constants whose
values are listed in Table 3. Subject to the ultimate

TABLE 3
Least-mean-square experimental values of « and B
o/ K B/k]J mol™
THF Na 248 0.4
MTHF Na 198 0.7
Li 301 3.0
DMTHF Li 206 —L7

adequacy of the equation D = m|T + ¢ the mean experi-
mental temperature [equation (6)] can be identified
with «.

In accordance with this, « reflects the ease of the con-
version of tight to loose ion-pairs, those systems requiring
the lowest temperatures to effect this change having the
smallest values of «.

[5/1498 Received, 29th July, 1975]

18 J. T. Denison and J. B. Ramsey, J. Amer. Chem. Soc., 1955,
77, 2615.



