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It is demonstrated that our reported equilibrium treatments
that take into account ion-paired guest and non-ion-paired
complexes can be applied to competitive complexations.
Satisfactory results were obtained for a system with two
cationic guests [N,N′-dimethyl-4,4′-biyridinium bis(hexafluo-
rophosphate) (1) and dibenzylammonium hexafluorophos-
phate (2)] having a common counterion and a single neutral
host dibenzo-24-crown-8 (3), even though for this system
one exchange process is slow and the other fast on the1H
NMR time scale. The competitive complexation protocol
presented here provides a convenient method for the deter-
mination ofKapKipd (the product of the ion-pair dissociation
constant of the guest salt and the association constant for
the host with the resultant free cation) for new systems from
ion-paired guests that form complexes that are not ion paired.

Applications of ionic compounds in supramolecular chemistry
can be dated to Pederson’s discovery of the alkalai metal
templated synthesis of crown ethers.1 Paraquat derivatives2 and
secondary ammonium salts3 are two types of the most commonly
used guests in supramolecular chemistry. Ion pairing has been
a subject of much recent interest in supramolecular chemistry.4

Our group demonstrated that the concentration dependence of
the association constant of a slow-exchange system, dibenzo-
24-crown-8/dibenzylammonium salts, in low dielectric constant
solvents can be attributed to ion pairing of the salts and the
dissociated nature of the complex.5 Later we demonstrated that
analogous paraquat-based fast-exchange host-guest systems
which exhibit variations in the apparent association constant

(Ka,exp, defined below) with concentration involve dissociated
complexes, while those whoseKa,expare invariant with concen-
tration involve ion-paired complexes.6 The study of ion pairing
in competitive complexation is important because many com-
plicated supramolecular systems contain more than two ionic
species.7 Some examples include self-assembly of pseudoro-
taxanes and pseudopolyrotaxanes,7a acid-base controlled mo-
lecular shuttles,7b photoinduced electron-transfer triads,7c and a
molecular elevator.7d Here we report a successful application
of our equilibrium treatments to a competitive complexation
system involving two guests,N,N′-dimethyl-4,4′-biyridinium bis-
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(hexafluorophosphate)8 (1) and dibenzylammonium hexafluo-
rophosphate9 (2), and one host, dibenzo-24-crown-8 (3), both
of whose 1:1 complexes are not ion paired.5,6 This serves as a
further test of these treatments and provides a convenient method
for the determination ofKapKipd, the product of the ion-pair
dissociation constant and the association constant for the host
with the resultant free cationic guest, for ion-paired guests that
form complexes that are not ion paired through use of competi-
tive complexation systems.

The association constants for 1:1 host-guest complex forma-
tion in the literature are generally not explicitly defined, but
since the units are M-1, it is assumed that they are of the form

where [Complex]) [Host]c ) [Guest]c, [Host]uc ) [Host]0 -
[Complex], and [Guest]uc ) [Guest]0 - [Complex]. Here the
subscripts “c” and “uc” denote complexed and uncomplexed
species, respectively.

The following treatment is based on the assumptions that (a)
the monocationic or dicationic guest exists in solution as a
monomer, G+X- or G2+2X-, which is predominantly ion paired,
(b) upon dissociation of the guest salt, it is the free monocation
G+ or dication G2+ that forms the complex, which is not ion
paired, and (c) there are no other species present in the solutions.

For a dicationic guest G12+2X- and host H we derive

Equation 1 can be rewritten as10

For a monocationic guest G2+X- and the same host H we
derive

For the competitive situation involving both guests G1
2+2X-

and G2
+X- with the common host H, the free counterions X-

arise from dissociation of both guest salts and also from both
complexation processes. That is, the extent of complexation of
both guests is reduced relative to simple binary complexations
not only by the competitive binding of the other guest, but also
because of increased concentration of the common counterion
as a result of the dissociation of the guest salts and their
competitive complexation. The effect on the dicationic guest
will be greater because the extent of complexation depends on
the square of the concentration of the anion (eq 1), while the
complexation of the monocation depends only on the first power
of the anion concentration (eq 3). From eqs 2 and 3, we derive
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2+X- but without its complexation by the crown ether can be shown not
to significantly alter the mathematical analysis under certain plausible
conditions (see the Supporting Information). Another possibility is that
ionization yields only G12+X- and not G1

2+ and that complexation of
G1

2+X- to form HG1
2+X- occurs, this being the only complex that exists;

this situation corresponds exactly to the complexation of dibenzylammonium
salts with dibenzo-24-crown-8, i.e., the formation of a free “cation” that is
complexed as a non-ion pair, as previously reported.5 This possibility can
be ruled out, since the equations for that situation5 are not obeyed by the
1‚3 system. Other more complicated possibilities include the latter scenario
augmented by ionization of G12+X- to G1

2+, with either no complexaton
of the latter or additional complexation of the latter free dication; the
mathematical treatments of these scenarios are complex and not readily
solved in closed form. Therefore, in accord with Einstein’s statement that
“Everything should be made as simple as possible, but not simpler.” (http://
www.fys.ku.dk/∼raben/einstein/) and the fact that eq 2 provides a reasonably
satisfactory fit of the rather extensive data for1‚3 over a broad range of
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Ka,exp) [Complex]/[Host]uc[Guest]uc

G1
2+2X- y\z

Kipd,1
G1

2+ + 2X-

G1
2+ + H y\z

Kap,1
HG1

2+

Kipd,1 ) [G1
2+][X -]2/[G1

2+2X-]

[G1
2+] ) Kipd,1[G1

2+2X-]/[X -]2

Kap,1) [HG1
2+]/[H][G 1

2+]

Kap,1) [HG1
2+][X -]2/Kipd,1[G1

2+2X-][H]

Ka,exp,1) [HG1
2+]/[G1

2+2X-][H] ) Kap,1Kipd,1/[X
-]2 (eq 1)

Ka,exp,1
0.5 ) [HG1

2+]0.5/[G1
2+2X-]0.5[H]0.5 )

Kap,1
0.5Kipd,1

0.5/[X-] (eq 2)

G2
+X- y\z

Kipd,2
G2

+ + X-

G2
+ + H y\z

Kap,2
HG2

+

Kipd,2 ) [G2
+][X -]/[G2

+X-]

[G2
+] ) Kipd,2[G2

+X-]/[X -]

Kap,2) [HG2
+]/[H][G 2

+]

Kap,2) [HG2
+][X -]/Kipd,2[G2

+X-][H]

Ka,exp,2) [HG2
+]/[G2

+X-][H] ) Kap,2Kipd,2/[X
-] (eq 3)
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and

In the present study with paraquat guest1, dibenzylammo-
nium guest2, and dibenzo-24-crown-8 (3) as the common host
[HG1

2+] ) [1]c, [HG2
+] ) [2]c, [G1

2+2X-]o - [1]c ) [1]uc,
[G2

+X-]o - [2]c ) [2]uc, and [H] ) [3]o - [1]c - [2]c ) [3]uc,
and eq 4 can be rewritten as

For solutions with various concentrations of guests1 and2 and
host3, a plot of [2]c/[1]c

0.5 vs [2]uc[3]uc
0.5/[1]uc

0.5 should yield
a straight line with the slope ofKap,2Kipd,2/Kap,1

0.5Kipd,1
0.5 and

an intercept of zero based on eq 6. This slope is also equal to
Ka,exp,2/Ka,exp,1

0.5 based on eq 5.
Our previous study of complexation of paraquat guest1 with

dibenzo-24-crown-8 (3) showed thatKap,1 ) 106 ((42) M-1

andKipd,1 ) 4.64 ((1.86)× 10-4 M2 in acetone-d6.6

Ka,exp,3‚2 values (Table 1) were calculated on a point-by-point
basis fromKa,exp,3‚2 ) [3]c/{[3]uc[2]uc}. Ka,exp,3‚2 varied up to
3.7-fold and decreased when initial concentrations of1 or 2
increased, in accord with eq 3. A log-log plot of eq 75 for the
complexation between dibenzylammonium salt2 and crown
ether3 in acetone-d6 is shown in Figure 1. The slope, 0.998, of
the best fit line at low concentrations of host3 is very close to
the ideal value, 1, for the case where the complex is 100%
dissociated andKap,2[3] , 1. The slope, 0.534, of the best fit
line at high concentrations of3 is close to the ideal value, 1/2,
for the case where the complex is completely dissociated and
Kap,2[3] , 1. From the intercepts of these two lines,Kap,2 and
Kipd,2 were calculated to be 123 ((21) M-1 and 3.03 ((0.74)
× 10-2 M, respectively, in acetone-d6.11 In less polar 3:2 CDCl3:
CD3CN we previously foundKap,2 ) 5.6 ((0.6) × 102 M-1

andKipd,2 ) 2.6 ((0.7) × 10-2 M.5 These data indicated that
the association constant for the complex is more sensitive to
the polarity of the solvent than dissociation constant of the guest
salt. Previously it was observed that PF6 salts were generally
the most dissociated so dissociation constants of PF6 salts are
relatively less sensitive to the polarity of the solvent than those
with other counteranions.5,12

For the study of competitive complexation of guests1 and2
with host3, nine solutions were prepared with the constant initial
concentration of paraquat1 and varied initial concentrations of
secondary ammonium salt2 and crown ether3. The percentage

of complexed paraquat1 was calculated based on chemical shift
change of H1 (fast exchange),6 while the percentage of com-
plexed dibenzylammonium salt2 was calculated based on
integrations of peaks corresponding to H2 of complexed and
uncomplexed species (slow exchange)5 (Table 2). On the basis
of these data, a plot of eq 6 for this competitive complexation
was made (Figure 2). The intercept of the plot is zero within
experimental error, while the slope, 16.5 ((1.0) M-0.5, agrees
with the value ofKap,2Kipd,2/Kap,1

0.5Kipd,1
0.5, 16.8 ((3.3) M-0.5,

calculated from the results of individual complexations between
3 and 1 and between3 and 2. Stated another way, from our
knowledge ofKap,2 and Kipd,2 from Figure 1 and the slope of
Figure 2 we calculateKap,1Kipd,1 ) 5.11 ((1.07)× 10-2 M; the
directly measured value was 4.92 ((3.92) × 10-2 M.6 This
study provides a further test of these equations and demonstrates
that they are also appropriate for competitive complexations of
two ion-paired salts with a common counterion that both produce
non-ion-paired complexes.

(11) According to eq 7,5 the intercepts of the two lines in Figure 1 give
log(Kap,2Kipd,2

0.5) ) 1.33 ((0.12), Kap,2Kipd,2
0.5 ) 21.4 ((1.0) M-0.5 and

log(Kap,2
0.5Kipd,2

0.5) ) 0.286 ((0.015),Kap,2
0.5Kipd,2

0.5 ) 1.93 ((0.07). From
these valuesKap,2andKipd,2 were determined. Errors are based on errors of
the intercepts.
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1530-1536. Nelson, S. F.; Ismagilov, R. F.J. Phys. Chem. A1999, 103,
5373-5378.

[HG2
+]/[HG1

2+]0.5 )

(Kap,2Kipd,2/Kap,1
0.5Kipd,1

0.5){[G2
+X-][H] 0.5/[G1

2+2X-]0.5}
(eq 4)

Ka,exp,2/Ka,exp,1
0.5 ) Kap,2Kipd,2/Kap,1

0.5Kipd,1
0.5 (eq 5)

[2]c/[1]c
0.5 )

(Kap,2Kipd,2/Kap,1
0.5Kipd,1

0.5){[2]uc[3]uc
0.5/[1]uc

0.5} (eq 6)

[3]c/[2]uc
0.5 ) Kap,2Kipd,2

0.5[3]uc/(1 + Kap,2[3]uc)
0.5 (eq 7)

FIGURE 1. Log-log plot of eq 7 for the complexation between
dibenzylammonium guest2 and dibenzo-24-crown-8 host3 in acetone-
d6 at 22°C.

TABLE 1. Ka,exp,2 Values at Different Initial Concentrations for
the Complexation between Guest 2 and Host 3 in Acetone-d6 at 22
°C

[2]0

(mM)
[3]0

(mM)
% 3

complexeda
[2]c or [3]c

b

(mM)
[2]uc

c

(mM)
[3]uc

(mM)
Ka,exp,3‚2
(M-1)

6.00 6.00 0.544 3.27 2.73 2.73 437
6.00 3.00 0.633 1.90 4.10 1.10 421
3.00 1.50 0.482 0.723 2.28 0.777 409
3.00 2.00 0.469 0.938 2.06 1.06 428
3.00 1.00 0.523 0.523 2.48 0.477 444
3.00 0.500 0.544 0.272 2.73 0.228 438

12.0 1.20 0.623 0.747 1.13 0.453 147
3.00 6.00 0.337 2.02 0.977 3.98 521
3.00 3.00 0.431 1.29 1.71 1.71 444
6.67 20.0 0.289 5.77 0.895 14.2 454
6.67 18.3 0.310 5.67 0.997 12.6 450

10.0 30.0 0.292 8.77 1.23 21.2 336
10.0 27.5 0.314 8.64 1.36 18.9 335
10.0 25.0 0.335 8.39 1.61 16.6 313
10.0 22.5 0.371 8.35 1.65 14.2 357
10.0 20.0 0.401 8.03 1.97 12.0 339
10.0 8.00 0.644 5.15 4.85 2.85 373
1.50 0.500 0.397 0.199 1.30 0.301 507
1.33 0.670 0.369 0.247 1.08 0.423 539
1.00 1.00 0.282 0.282 0.718 0.718 545
2.40 0.600 0.459 0.275 2.12 0.325 399
2.25 0.750 0.440 0.330 1.92 0.420 409
2.00 1.00 0.391 0.391 1.61 0.609 398

a Calculated from integrations of peaks of aromatic protons of complexed
and uncomplexed3. b “c” means complexed.c “uc” means uncomplexed.
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It should be noted thatKap,2Kipd,2/(Kap,1/Kipd,1)0.5 is a constant
in the competitive situation, even though individuallyKa,exp,2

and Ka,exp,1 have different values at different initial host and
guest concentrations. This provides a new and very facile
method for the determination ofKap,1Kipd,1 values, which are
more difficult to determine, since in a fast-exchange system such
as 1‚3 the chemical shift changes at different initial host and
guest concentrations would have to be obtained for determina-
tions in the normal way. Here from a plot of eq 6 by using
integrations of peaks corresponding to complexed and uncom-
plexed states of2‚3, a slow-exchange system, the value of

Kap,1Kipd,1 for the fast exchange system can be easily obtained
from the slope ifKap,2Kipd,2 is known.

In summary, we demonstrated that our equilibrium treatments
of individual complexations involving ion-paired mono- and
dicationic guests with neutral hosts in formation of non-ion-
paired complexes are also appropriate for competitive com-
plexation studies. The research presented here provides a
convenient method for the determination ofKapKipd for new
systems from ion-paired guests that form complexes that are
not ion paired through use of competitive complexation studies.

Experimental Section
3 was purchased and used as received. All other compounds were

prepared by literature procedures.13 All solutions were prepared as
follows. Precisely weighed amounts of dried compounds were added
into screw cap vials. Acetone-d6 was added with to-deliver
volumetric pipets. Then specific volumes of each fresh solution
were mixed to yield the desired concentrations. For example, to
prepare a solution of 1.00/2.00/2.00 mM1/2/3, 0.500 mL of 3.00
mM 1, 0.500 mL of 6.00 mM2, and 0.500 mL of 6.00 mM3 were
added into a screw cap vial with 0.500 mL to-deliver pipets.1H
NMR data were collected on a temperature-controlled 400 MHz
spectrometer. Acetone-d6 was chosen as the solvent because all
compounds used here have good solubilities in it. Error bars were
calculated by using a(5% deviation in percent complexation.
Linear regressions were performed with the entire error range
(abscissa and ordinate) at each data point; standard errors in both
the intercept and slope coefficients based on regression were used
to determine errors in association constants of host-guest com-
plexes and dissociation constants of salts.
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TABLE 2. Percentages of Complexed Guests 1 and 2 at Different
Initial Concentrations for the Competitive Complexation by Host 3
in Acetone-d6 at 22 °C

[1]0

(mM)
[2]0

(mM)
[3]0

(mM)
fraction1

complexeda
fraction2

complexedb

1.00 2.00 2.00 0.366 0.289
1.00 2.00 4.00 0.541 0.441
1.00 2.00 8.00 0.719 0.683
1.00 4.00 2.00 0.311 0.215
1.00 4.00 4.00 0.485 0.416
1.00 4.00 8.00 0.678 0.633
1.00 8.00 2.00 0.247 0.172
1.00 8.00 4.00 0.404 0.302
1.00 8.00 8.00 0.567 0.501

a Based on chemical shift changes of H1 and∆0 ) 1.32 ppm.6 b Based
on integrations of peaks corresponding to H2 of complexed and uncomplexed
2.5

FIGURE 2. Plot of eq 6 for the competitive complexation of paraquat
guest1 and dibenzylammonium guest2 by dibenzo-24-crown-8 host
(3) in acetone-d6 at 22°C.
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