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The conductivity of dilute aqueous solutions of bis[tri(4-methylphenyl)phos-
phine]iminium chloride, [{(4-MePh),P},N]Cl, has been investigated at 25, 45 and
60°C. At 25°C the molar conductivity increases with increasing concentration up to
the saturation concentration, viz. ~1.9x107> mol dm. At 45 and 60 °C the solubility
of the salt is sufficient to allow distinct maxima in the conductivity plots to be
detected at ~1.2x1073 and ~1.9x1073 mol dm~3, respectively. This conductivity
behaviour is independent of pressure up to 1200 bar at 45°C. A dimerization model
due to Mukerjee et al. has been tested but an interpretation based upon a multi-step
formation of small cation-cation aggregates is favoured.

Solubility studies of salts of cations containing several phenyl groups show that the
free energy of transfer, AGy,,, from H,0O to D,0 is positive. No obvious relations
between solute-solvent interactions, as viewed by AG,,, and tendency of associ-
ation, as based upon the conductivity plots, could be established.

The concept of ionic association provides a simple method
of dealing with the situation which arises when ions of
opposite sign are close together.! Due to electrostatic at-
traction between the cation, A*, and the anion, B™, ion
pairs, AB, are formed.? At higher concentrations the ion
pairs may further associate to quadrupoles, (AB),, and to
larger aggregates, (AB),.> The various types of species and
their individual concentrations will often influence the be-
haviour and the reactivity of an ionic reactant in a given
solvent.*®

It has become evident in recent years that other species
may be present in electrolyte solutions. Apart from the
disputed triple ions, A,B* and AB;,%’ dimeric species de-
rived from ions of similar charge, A2*, and B3~, may also
be present in finite concentrations. Lange and Herre® origi-
nally proposed the existence of picrate dimers, Pi™, in
order to explain the results of cryoscopic and conductivity
studies of aqueous solutions of NaPi. More recent measure-
ments of transference numbers for solutions of KPi in water
accord with this proposal.® Although pairing of anions may
in principle be as feasible as pairing of cations,'®? it is the
latter type of pairing which has received most attention.
This is primarily due to the fact that cation pairing has been
considered for a long time as a possible preaggregation step
in the micelle formation of amphiphilic ions.” Cation-ca-
tion association of non-amphiphilic ions was first proposed
by Wen and Saito' to explain the apparent molar volumes
of R;N* bromides in concentrated aqueous solutions. The
concept of attractive interaction between ions of like
charge has since been supported by several studies.!>®

However, based on an intuitive understanding of the
interaction between ions of similar charge, it is puzzling
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that such a pair should show a net stabilization at short
distance. Furthermore, since experiments leading to con-
clusive evidence are most difficult to design and perform,
this type of pair formation has not gained general accept-
ance. Broadwater and Evans' studied aqueous solutions of
the dibromide of the bolaform cation, [Bu;N-(CH,),
NBu;J**, a probable model for Bu,N* pairs. They con-
cluded that all experimental results could be rationalized by
the usual association model without invoking paired ca-
tions. Since cation-cation association of R,N* salts seems to
take place only in highly concentrated aqueous so-
lutions,'>!® this class of solute-solvent systems will not be
ideal for this kind of study. Hemmes'? has concluded, from
a simple sphere-in-continuum model, that dimerization of
ions of like charge is favoured by large ions and by low
permittivity of the solvent. Although viscosity studies may
be a valuable approach in the search for dimeric species in
solvents of low to medium permittivity,” it is most difficult
to prove unequivocally the presence of aggregates of this
kind in solutions which contain a considerable fraction of
the usual cation-anion pairs. For conclusive evidence one
thus has to examine systems in which other types of aggre-
gates are absent, i.e. dilute solutions in solvents of high
permittivity.

Previous studies on bis(triphenylphosphine)iminium
chloride, [PNP]CI, have revealed unexpected solution
properties in aqueous solution.? From a structural point of
view the cation does not resemble the usual associating
solutes.”? Nevertheless, a satisfactory interpretation of
the various experimental results can apparently only be
arrived at when some type of association is taken into
account.?* In contrast to R,N* salts,'>!¥ [PNP]Cl seems to
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start to associate in very dilute solutions, i.e. 107 —107°
mol dm™*.2'** The rapid and most accurate conductivity
technique can therefore be applied.?*? This class of solute-
solvent system appears to be well suited for further studies
to establish the association pattern and the forces respon-
sible for the association.

In an attempt to increase the probability of cation-cation
association, the six phenyl groups in the [PNP]* cation
were exchanged with 4-methylphenyl groups. The methyl
groups will increase the size of the ion and were hoped to
enhance its hydrophobic character. As might be expected,
the solubility of bis[tri(4-methylphenyl)phosphine]iminium
chloride, abbreviated [(tol;P),N]Cl, in water is significantly
lower than that of [PNP]Cl. The poor solubility,
~1.9%107* mol dm™3 at 25.0°C, reduced the number of
experimental methods available for the study of this salt.
This paper reports on the conductivity of aqueous solutions
of [(tol;P),N]Cl at 25, 45 and 60°C, at 45 °C at pressures up
to 1200 bar. Studies of [PNP]* halides in methanol** have
revealed that these salts behave as well-dissociated electro-
lytes in this solvent. Conductivity studies of [(tol;P),N]Clin
methanol, in which the salt is very soluble, have therefore
also been performed. To further elucidate the solvent ef-
fects upon the solution properties of salts of cations con-
taining several phenyl groups, the solubility of several salts
of this type has been measured in water and in heavy water
in order to determine the free energy of transfer between
the two solvents. Since D,O is usually considered to be
more structured than H,O, effects arising from the struc-
ture of the solvent are expected to be enhanced in D,0.7%

Experimental

Materials. [(tol,P),N]Cl was synthesized from tri(4-methyl-
phenyl)phosphine (22 g) and the corresponding amounts of
hydroxylamine hydrochloride and chlorine gas in 1,1,2,2-
tetrachloroethane, as described by Ruff and Schlientz? for
[PNP]CIL. After the solvent had been removed the residue
was dissolved in hot benzene, from which the salt precip-
itated upon cooling (ethyl acetate, which is recommended
for [PNP]Cl at this stage in the purification process,? could
not be used owing to the considerable solubility of the
product in this solvent). The salt was further crystallized
from hot water of pH 7 to 8, from a methanol-diethyl ether
mixture and from hot benzene. From methanol-diethyl
ether mixtures a methanol solvate was obtained. The salt
was dried to constant weight at 1 mmHg at ~40°C. At
higher temperatures the salt slowly acquired a yellowish
colour, presumably due to some decomposition. The yield
of purified product was only 3.3 g (~20%), m.p. 199-
203 °C (dec.). Purification was continued until reproducible
conductivity data were obtained for several samples puri-
fied differently.

The identity of the compound was confirmed by an X-ray
diffraction study.” The P-N-P bond angle, 139.1°, and the
P-N bond lengths, 0.1585 nm, are as observed in numerous
[PNP]* salts.*= The equivalence of the phosphorus atoms
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was confirmed by P NMR; their chemical shift was 20.2
ppm relative to H;PO, dissolved in methanol.

[(tol;P),N]Br, m.p. 207-211°C, and the bromides, io-
dide+s and perchlorates of [PNP]*, Ph,As*, Ph,P* and
Ph;PMe were prepared from aqueous solutions of the chlo-
rides and a large excess of the corresponding potassium
salts.* The salts were carefully washed with warm water to
remove traces of chlorides, crystallized several times from
organic solvents and dried in vacuum to constant weight
prior to use.®

Conductivity water was supplied from a Fi-streem distill-
ation apparatus. Special care was taken to reduce and
stabilize its conductivity (1.1x107® S cm™' at 25°C and
1.9x107% S cm™' at 60°C). At 45°C the conductivity was
determined up to 1200 bar, and the conductivity of water
ranged from 2x107 S cm™" at normal pressure to 10x107¢
S cm™' at 1200 bar. Methanol (Merck p.a.) was used as
received and had a conductivity of 0.9x107¢ S cm™'. D,O
(99.8 %; Norsk Hydro A/S) was used without further puri-
fication.

Conductivity measurements. The conductivity cell for the
measurements at normal pressure was made from a 250 ml
Erlenmeyer flask. The platinum electrodes were coated
with platinum black as described by Ives and Janz.* The
cell, tested and calibrated as previously described,* had a
cell constant of 1.187 cm™' and was accurate to 0.1 %.
The high-pressure conductivity equipment has been de-
scribed by Hgiland.>” The conductivity cells for this part of
the study had cell constants of ~20 cm™!, determined to an
accuracy of within 0.2 %. The density of water at 45°C at
various pressures was taken or was extrapolated from the
work of Chen et al.* Tables of conductivity data together
with derived parameters at different concentrations and
pressures are available from the authors on request.

Solubility measurements. The molar solubilities in H,O and
D,0O were determined by U.V. spectrophotometry. A Per-
kin Elmer 555 spectrophotometer was used. Saturated so-
lutions were prepared from slightly overheated solutions,
equilibrated under constant shaking for one week at
25.00 (2)°C and then left for two days prior to separation
and measurement. When necessary, the saturated solutions
were diluted by weight. The molar absorptivities were de-
termined for methanolic solutions. A small shift, up to ~2
nm, of the absorption peaks on going from methanol to
water for some of the cations was neglected. Concentra-
tions, on the molar scale, were calculated using the follow-
ing densities of the solvents: Methanol, 0.7900 kg dm™3;
H,0, 0.988 kg dm~3; and D,0O, 1.105 kg dm™.*

Results

Conductivity data. Fig. 1, lower curve, shows the molar
conductivity of [(tol;P),N]Cl in water at 25.00 °C plotted vs.
the square root of the concentration. The upper curves in
Fig. 1 show the corresponding conductivity plots at 60.00°C
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Fig. 1. The molar conductivity of [(tol;P),N]CI (O) and of
[PNPICI (O) at 60°C (upper part), and of [(tol;P),N]CI at 25°C
(A) (lower part) plotted vs. the square root of the molarity. The
dotted lines are values calculated according to a dimerization
model (see text).

for [(tol,P),N]Cl (squares; this study) and for [PNP]CI (cir-
cles; from Ref. 21). The upper concentration limits for
[(tol,P),N]C1 are determined by the solubility, viz.
~1.9%1073 and ~1.5%1072 mol dm™ at 25 and 60°C, re-
spectively. The dotted curves at 60 °C are values calculated
according to a dimerization model due to Mukerjee et al.*
and will be discussed below.

The molar conductivity of [(tol;P),N]Cl was also deter-
mined in methanol at 25.00°C. In contrast to the conduct-
ivity plots in water (Fig. 1), this plot is linear within experi-
mental error up to ~3.5x107% mol dm™ with a slope of
1.97 S dm’ mol~*2. The slope calculated from Onsager’s
limiting law is slightly larger, viz. 2.22 S dm” mol 2
Linear A-c'? plots in methanol have previously been ob-
served for [PNP]* chloride, bromide and iodide.* From an
extrapolation according to the Fuoss-Onsager equation*’ a
A, of 80.4(3) S cm? mol™! for [(tol;P),N]CI in methanol at
25.00°C was found. The corresponding value for {[PNP]CI
is 83.5(2) S cm? mol ™.

The peculiar form of the conductivity plots for
[(tol;P),N]Cl in water makes extrapolation to infinite dilu-
tion impossible. The conductivity of water prevented re-
liable measurements being made below 1x107* mol dm™.
Assuming the ratio between the limiting ionic molar con-
ductivity of [PNP]* and [(tol;P),N]* in water and methanol
to be equal, one arrives at a A, for [(tol;P),N]Cl in water at
25.00°C of 90.6 S cm? mol™!. Provided the temperature
dependence of Ay([(tol;P),N]*) is as for A([PNP]*), one
may estimate A, for[(tol,P),N]Cl at 60°C to be approxi-
mately 165.2 S cm? mol~!. These two values seem to be of
the right order of magnitude seen in relation to the conduc-
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tivity plots shown in Fig. 1. The decrease relative to the
corresponding values for [PNP]CI, i.e. 92.2(3)* and 168.5
S em? mol~!,?! accords with expectations based upon the
size of the two cations.

Fig. 2 shows the conductivity plots for [(tol;P),N]CI at
45°C determined at pressures from 1 to 1200 bar. The
drawn line links the experimental points at normal pres-
sure. The uncertainty in A is only ~0.2% at the highest
concentrations but increases to as much as ~5 % for the
lowest. From the data for [PNP]CI* and the assumptions
mentioned above. A, at 45.00°C can be estimated as
133.0 S cm? mol~! at 1 bar. This value appears reasonable
seen in relation to the A-c'? plot in Fig. 2.

The change in the molar conductivity with increasing
pressure is within only some few per cent. In the case of the
most concentrated solutions, for which this change is out-
side the experimental error, the molar conductivity seems
to increase slightly on going from 1 bar to 300 and 600 bar.
For higher pressures a small decrease is observed. The
observed pressure effect can presumably be attributed to
hydration effects of the chloride ions.*

The conductivity plots in Figs. 1 and 2 show distinct
maxima at ~1.2X107> mol dm~3 at 45°C and ~1.9x1073
mol dm~? at 60 °C. In the case of [PNP]Cl in water at 25, 45
and 60°C the increase in A with concentration was not
sufficiently large to create distinct maxima in the conduct-
ivity plots.?!'* Such maxima have previously been reported
for surfactants with rather low critical micelle concentra-
tions*** and for some associating bile salts.?*** No similar
conductivity behaviour has been observed in the extensive
studies on Ph,M* salts (M =P, As and Sb) in aqueous
solution.*™-%0

Solubility data. Table 1 summarizes the results obtained
from the solubility study at 25.00°C. From the saturation
concentrations, cg,, the standard free energy of solution,
AG,,, can be calculated from eqn. (1)
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Fig. 2. The major conductivity of [(tol;P),N]CI plotted vs. the
square root of the molarity at 45°C at various pressures.
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Table 1. ., maximum solubility (c) in HO and D,0 at 25.00°C and the free energy of transfer, AGy,,,, for transfer from H,O to

D,O for various salts of ions containing pheny! groups.

Salt Amax/ MM Csat H,O/mol dm—3 Csat D0/ mol dm—3 AGns/ kdJ mol ™!
[(tol,P),N]Br 264.0 1.8x107* 1.7x107 0.28

[PNPIBr 266.3 2.9%x1073 1.7%x1073 2.52

[PNP]I 266.5 9.9%x1075 6.1x10°% 2.39

Ph,Asl| 263.5 2.8x1073 2.6x1073 0.36

Ph,AsCIO, 263.7 6.8x1075 5.9%x10°° 0.70

Ph,PBr 268.2 5.4x1072 3.4x1072 2.10

Ph,PI 267.9 2.6x1073 1.5x1073 2.80

Ph,PCIO, 268.1 9.6x10°° 7.7x10°% 1.08

Ph;MePI 266.3 3.7x1072 3.0x1072 0.92

AGg = —RTInK,, (1) in the molar conductivity with increasing concentration.

where K, is defined as K, = (¢, Xf.)?, and f., the mean
ionic activity coefficient, is calculated from eqn. (2).'

1 172

log f2 = —A T

+ 0.30 Al 2)
A in eqn. (2) is the Debye-Hiickel constant® and [ is the
ionic strength.

Admittedly, the extensive association that seems to take
place in aqueous solution may invalidate the use of the
Debye-Hiickel limiting law. The salts selected for the solu-
bility study, however, are only slightly soluble in H,O and
D,O. Since the deviations from ideality in these two sol-
vents are probably equal and small, the free energy of
transfer, AG2,,, from H,O to D,O can be calculated by
eqn. (3).

AGg,s = AGg(D,0) — AG5(H,0)
= —RTIn [Ksp(Dzo)/Ksp(HZO)] (3)

The calculated values for AGy,,, are listed in Table 1, last
column. The error in the relative differences in AG,;,, will
probably be negligible.

For all salts examined, AG 2, for transfer from H,O to
D,0 is positive, i.e. D,O is a less favourable solvent than
H,O. For some of the salts, e.g. the bromides and iodides
of [PNP]* and Ph,P*, the free energy of transfer is from 2
to 3 kJ/mol™!, which is extraordinarily large compared to
values for other types of salts.” Generally, the sign and
magnitude of AGg,, is as for several planar non-electro-
lytes.>

Discussion

Evans et al.* have discussed the various factors affecting
the concentration dependence of the molar conductivity in
terms of (1) interionic effects, (2) cation-anion association,
(3) dimerization, aggregation or micellation, and (4) viscos-
ity effects. These authors concluded that only some form of
aggregation of ions of like charge could explain an increase
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The argument is based upon the reasonable assumption
that a pair will be smaller than the sum of two individual
ions. The effective gain in the molar ionic conductivity for
the dimers, or for larger aggregates, can then be deduced
from Stokes’ law [eqn. (4)]

A = 0.820 z/r, 4)

where z is the effective charge, r; is the effective radius of
the species in A (107'°m), and 7 is the viscosity of the
medium in poise. Due to this gain in conductivity, the slope
of the A-c" plot will be smaller than calculated from Ons-
ager’s limiting law. The slope alone, however, may not be a
reliable criterion for the absence or presence of dimers
derived from ions of like charge; numerous cases are
known of slopes significantly different from the calculated
one without any evidence of pair formation.”® Further-
more, sizable formation constants for associated species
derived from dimers and counterions, [AZ*B~] or [A*B37],
will counteract the anticipated gain in conductivity due to
cation-cation or anion-anion pairing. Recently, Perie and
co-workers® have shown from a study on Ph,PCl in water
that a slope in reasonable agreement with the calculated
one may still be observed when some pairing of the Ph,P*
ions takes place, provided the ionic transference numbers
are sufficiently concentration-dependent. A maximum in
the conductivity plot, however, as observed by Evans et
al.® in the case of the bile sait sodium taurodeoxycholate
and [(tol;P),N]Cl (Figs. 1 and 2), is a clear indication of the
formation of dimers or larger aggregates of ions of like
charge which in dilute solution do not associate signif-
icantly with the counterions.

Mukerjee et al.** have similarly proposed a dimerization
model to explain the positive deviation from the Onsager
slope in conductivity plots of some amphiphilic salts. These
authors assumed that the solution contains a mixture of the
dissociated salt and a dimer, with concentrations deter-
mined by an equilibrium constant, K, for the dimerization
process [eqn. (5)].

K
2A" +2B == [2 AP* +2B- (5)



The conductivity contributions from the monomers and the
dimers were taken to be additive, and the mixture effect
was neglected. Based upon these assumptions, they pro-
posed an equation for the molar conductivity of the so-
lution.®

In this study a similar equation has been tested in an
attempt to account for the conductivity behaviour of
[(tol;P),N]Cl. When the total concentration of the mono-
mer is ¢ and the concentration of the dimer is ac, a being
less than 0.5, the dimerization constant for the equilibrium
in eqn. (5) is

a
Ko = (1-2a)%c

(6)
The molar conductivity of the mixture is then given by
eqn. (7)

A=A (120) + Aa @)
where A’ and A’’, the molar conductivities of the 1:1 and

the 2:1 electrolyte, respectively, can be expressed by the
Onsager equations' [eqns. (8) and (9)].

8.204x10° 82.50
A=Ay~

(ET v Ny + T](ST)IQ] [C(1+a)]l/2 (8)

5.602x10°  q* .
@7 (1 + Ve )

A"=(m+m—[

123.75

_+_ —_—
()"

q* in eqn. (9) is given by

] X [c(1+a)]*? 9)

L 20N+ N) 0
T T3+ 29)
while vy is an effective size parameter for the mobility of the
dimer. yA{ will then represent the molar conductivity of the
dimer at infinite dilution. The ionic strength of the solution
is given by c(1+a). Eqn. (7) can be rearranged to give

A = A, + Ba + Cla(1+c)]"? + DaJa(1+c)]"? (11)

in which B, C and D are functions of A, and y only. When
A, is known, eqn. (11) may in principle be solved for a
and vy.

To test whether this equation could account for the maxi-
mum in the conductivity plot at 60°C, dA/dc was calculated
and attempts were made to find values for a and y that
could lead to dA/dc = 0 at c,y,, equal to 1.9% 107> mol dm>.
This was not found to be possible for physically reasonable
values of y and a. The dotted curves in Fig. 1 represent
calculated conductivity plots for K, =10 and y=1.8 (I)
and for K, =10° and y = 1.4 (II). Apparently, the dimer-
ization hypothesis may in some cases lead to an absolute
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maximum in A-c"? plots. Examination of eqn. (11) shows

that this will require K, to be fairly high, presumably larger
than 103. The magnitude of (A,—A,) Will obviously de-
pend on the y value. For K, =3X103, an absolute maxi-
mum will appear even when y=1.3.

The results shown in Fig. 2 suggest that an increase in
pressure does not introduce significant changes in the asso-
ciation pattern. This must imply that the volume change in
the association process is small. A similar conclusion was
arrived at from volumetric studies of [PNP]CI in water.”
Since the volume change in the dimerization process ap-
pears to be negligible, one may conclude from Stokes’ law
that a reasonable value for y in eqn. (6) will be approxi-
mately 1.4 provided the monomer and the dimer can be
assumed to be ideal spheres. This latter assumption, how-
ever, is indeed a crude one when considering the structure
of the [(tol;P),N]* cation.*

The present results show that a distinct maximum in the
A-c'? plot may be explained by dimerization. The calcula-
tions illustrate, however, that such a maximum will only
occur at rather low concentrations, less than ~5x1074M.
The data for [(tol;P),N]Cl cannot therefore be quantita-
tively accounted for by the Mukerjee model.”’ An alterna-
tive model for the association process in dilute solutions
may rather involve a multi-step equilibrium cation associ-
ation in which the general step is described by eqn. (12).%

[(n—1AJ"D* + A* = [n AJ* (12)

The equilibrium constant for the formation of the
n-mer may be denoted by K,,. The steep increase in A for
[(tol;P),N]ClI in water (Fig. 1) must then imply that for
some value of n larger than 2, K, will be much larger than
K, _,. The formation of large aggregates, like micelles, has
to be associated with counterion binding, causing a net
decrease in the molar conductivity. Aggregates or oligom-
ers with n in the range 3-5 therefore seem necessary in
order to be able to explain the present observations. It may
also be mentioned that for concentrations higher than c,,,,
the slope of the A-c'? plots is about twice the theoretical
Onsager slope for the hypothetical 2:1 electrolyte. This
observation strengthens the suggestion that higher aggre-
gates than the dimers are present in this concentration
range.

Regardless of the size of the aggregates in the dilute
aqueous solutions of [(tol;P),N]CIl, some types of attractive
forces between the cations have to be sufficiently strong to
overcome the Coulombic repulsion. According to
Hemmes," K, [eqn. (5)] will increase with the third power
of the interionic distance. A cation of radius 0.575 nm
would be sufficiently large to dimerize in water with a
resultant decrease in free energy, i.e. K> 1. The ionic
radius of the [PNP]* cation is of this order of magni-
tude.’** The radius of the [(tol,P),N]* cation is some 18 %
greater,” which will cause an increase in Ky, by a factor of
1.6."2 It is apparent that other attractive forces have to be
involved to explain the extent of association of [PNP]CI

767



PALMESEN AND SONGSTAD

and [(tol,P),N]Cl in dilute aqueous solution. There are
numerous reports in the literature that show that water
cannot be treated as a continuum dielectric at all interionic
distances.>’

Dimers and other types of aggregates seem only to be
formed in aqueous solutions from ions with sterically
screened charges.®® This is as expected from Coulombic
considerations. It is notable, however, that only ions with
several phenyl groups form aggregates in dilute so-
lutions;**'¢1721% 1arge R,N* cations form aggregates only
in very concentrated solutions.'*'>!® Apparently, when ag-
gregation of ions of like charge is considered, an effective
screening of the ionic charge by large alkyl groups is not
sufficient. Desnoyers et al.”® have argued convincingly that
this difference is due to the ability of the phenyl groups to
act as hydrophilic groups rather than hydrophobic.*’ Due to
interaction between the hydrophilic ions and the surround-
ing water molecules, the water molecules close to two
adjacent ions of similar charge will be oriented in such a
way that they will interact and thus promote pairing.**
The hydrophobic R,N* ions will also stabilize the bulk
structure of water.**® The ion-water interaction, however,
will not be sufficient to create the necessary cosphere over-
lap in dilute solutions. The hydrophilic character assumed
for phenyl groups, and thus for ions with several phenyl
groups,*® would be caused by the rather large polarizability
due to the & electrons and delocalized charges on them
induced by the large electronegativity of the adjacent
heteroatoms (P and As) bearing the positive charge.®

The cosphere model seems to provide a feasible explana-
tion for the ability of Ph,P* (Ph,As*) to form dimers in
dilute aqueous solutions.*® This ability seems to increase
tremendously from Ph,P* to [PNP]*,** an increase which
can hardly be due to the two extra phenyl groups. Presum-
ably, the weaker positive charge on the P atoms in the
[PNP]* ion® will increase the polarizability of the phenyl
groups and thus make the & electrons more disperse. Dis-
persive forces are often considered as a possible driving
force for the aggregation of highly polarizable species. Ad-
ditionally, a bent structure of the [PNP]* ion combined
with the P>* — N® — P charge distribution will create
some amphiphilic character which will enhance the ability
of this ion to aggregate.

From a comparison with previously reported results for
[PNP]CI (Fig. 1) it is evident that the six methyl groups in
[(tol;P),N]CI cause a considerable increase in the associ-
ation. As viewed by the difference in solubility of these two
salts in water (Table 1), the methyl groups will retain their
hydrophobicity when linked to the phenyl groups. Further-
more, the methyl groups will increase the size of the cation
and thus the screening of the cationic charge. The weak
donor properties of the methyl groups may also lead to a
slight increase in the electron density of the phenyl groups.
The structural data® and the *'P NMR shifts for the two
cations, however, do not indicate that the P-N-P part of
the cation is seriously influenced by the methyl groups. The
exceptional ability of the [(tol,P),N]* ion to aggregate in
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aqueous solution can presumably be explained by the hy-
drophilicity of the aryl groups, which causes the appropri-
ate ordering of the solvent molecules,*® and the hydrophob-
icity of the methyl groups, which strengthens the solvent
cosphere in the vicinity of the aggregates. Detailed studies
of aqueous solutions of (4-MePh),P* salts, particularly of
the type described by Perie ef al.,*® may confirm this con-
clusion. The entropy change related to the release of struc-
tured water from around the isolated chains has usually
been considered as the unique driving force for the self-
assembly of amphiphiles in aqueous solutions. In this re-
spect, a destructuring effect of the phenyl groups may be in
contradiction to a hydrophobic association phenomenon.
However, as recently illustrated by Evans and Ninham,*
the major driving force in the aggregation of amphiphiles is
the energetics of transfer of the non-polar groups from the
polar solvent.

The results of the solubility study (Table 1) indicate that
the hydrophobicity of the solutes is among the factors
which may explain the association of these ions. AG,,,, for
transfer from H,O to D,O illustrates a destabilization of
this class of salts when the structure of the solvent is en-
hanced. It is notable, however, that no correlation can be
found between the solute-solvent interactions, as measured
by AG,.., and the tendency of the various salts to associ-
ate. It seems reasonable to relate the positive AG,,, to a
structure-breaking effect of the phenyl groups. In contrast
to the alkanes, the size and rigidity of the phenyl groups do
not allow for a stabilizing clathrate formation.** The rigid
structure of the cations will limit their ability to separate
the non-polar parts of the ions from the solvent. An oppo-
site effect of the methyl groups may therefore be the cause
of the small AG,;,, for [(tol;P),N]Br and Ph;MePI as com-
pared to salts of cations containing only phenyl groups. The
irregular differences between salts of the same cation seem
to imply that other effects have to be taken into account.

Irrespective of effects due to the anions as shown in
Table 1, AG,, appears to be smaller for Ph,As™* salts than
for Ph,P* salts. The trend in the data seems to indicate that
Ph,As* salts discriminate less between H,O and D,O than
Ph,P* salts. This may partly be due to the slightly larger
size of the Ph,As* ion® and the lower electronegativity of
As*.% It is tempting to conclude that the known discre-
pancies arising from the use of extrathermodynamic as-
sumptions based upon Ph,AsBPh, and Ph,PBPh, "% may
have their origin in the weaker Ph,As*-water interactions.
Furthermore, Ph,As* ions may prove to dimerize less read-
ily than Ph,P* ions.

The importance of the structure of the solvent when
aggregation of ions of like charge is considered is further
substantiated by the results of the conductivity studies in
methanol. Although a linear A-c'? plot may not be an
absolute criterion for the complete absence of this type of
aggregation,™ there is no evidence of any kind that
[(tol;P),N]* ions form aggregates in this solvent. This ob-
servation seems to confirm the conclusion by Abraham et
al.® that “solvophobic solvation” in methanol is much



smaller than the corresponding hydrophobic hydration in
water.

Conclusion

[(tol;P),N]CI has been shown to associate extensively in
dilute aqueous solution. The general association pattern
and the forces involved are comparable for [(tol,P),N]Cl
and [PNP]CI. The effect of the methy! groups is essentially
one of increasing the screening of the ionic charges and the
hydrophobicity of the cation. This study seems to confirm
that significant positive deviation from the Onsager slope in
conductivity plots for dilute solutions is due to formation of
dimers and small cation aggregates. The small or negligible
counterion association allows the aggregates to be detected
by conductivity measurements.

An examination of the reported data leads to the conclu-
sion that larger aggregates must also exist. A multi-step
equilibrium process, with some degree of cooperativity in
an early stage of the growth, seems to be the best model for
the observed association. In qualitative terms, the associ-
ation pattern seems reminiscent of current descriptions of
the self-association of bile salts.™!
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