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Introduction

The rational design of functional mechanically interlocked
molecules[1] is predicated on a precise understanding of the
strengths of the noncovalent bonding interactions that exist
between the matching components. Accurately quantifying
the strengths of these interactions allows the design of
highly programmed molecular structures with desired prop-
erties—for example, bistability, electronic, mechanical, and
so forth—from simple experiments carried out on these
matching components in solution prior to incorporation into
the final molecular structures. For example, the equilibrium
populations of the co-conformers[2] of bistable [2]rotaxanes
remain consistent across solution, self-assembled monolay-
ers (SAMs), and device environments,[3] and can be predict-
ed from simple isothermal titration calorimetry measure-
ments on the corresponding pseudorotaxane components in
the solution phase.

The ability to correlate device performance using the
power of template-directed synthesis and the precision asso-
ciated with physical organic chemistry is presently one of
the fundamental goals in molecular electronics. In the
course of our research efforts to identify suitable recognition
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units for matching rings along the rod sections of the dumb-
bell components in new bistable rotaxanes for incorporation
into molecular electronic and molecular logic devices,[1d, 4]

we conducted various binding studies between a neutral
host, dibenzo[24]crown-8 (DB24C8), and a dicationic guest,
N,N’-dimethyl-4,4’-bipyridinium (paraquat) bis(hexafluoro-
phosphate), in acetone using both 1H nuclear magnetic reso-
nance (NMR) and ultraviolet/visible (UV/Vis) spectroscopy.

In general, ion-pairing effects can be important factors in
host–guest association processes.[5] However, a detailed
quantitative treatment of these effects for specific host–
guest systems is rarely undertaken, because of the prolifera-
tion of simultaneous equilibria that have to be taken intoACHTUNGTRENNUNGaccount.

For example, solutions of paraquat bis(hexafluorophos-
phate) in [D6]acetone have been previously modeled to con-
tain only two states, that is, the dication and the neutral mol-
ecule.[6] It was assumed that the paraquat monocation—
which is bound to only one PF6

� counterion—is not present
in [D6]acetone.[6] The association between DB24C8 and par-
aquat in [D6]acetone was also reported to be strictly of a 1:1
stoichiometry.[6] Unbound paraquat in [D6]acetone was pre-
sumed to be fully ion-paired, whereas the DB24C8/paraquat
1:1 complex was assigned to be fully dissociated, that is, it is
a dication. No singly charged host–guest complexes were in-
cluded in the treatment.

In this paper, we present UV/Vis and NMR experimental
evidence that contradicts these conclusions in many respects.
Firstly, we show that all three possible forms of paraquat
exist in acetone solution. In fact, the previously overlooked
paraquat monocation is the most abundant species present
at total concentrations typically used for host–guest binding
studies. Secondly, we have obtained experimental evidence
for the existence of a DB24C8/paraquat complex with 2:1
stoichiometry. Thirdly, our quantitative analysis of the nu-
merous equilibria associated with the simultaneous forma-
tion of different complexes shows that the different species
of paraquat have approximately identical affinities for
DB24C8. This observation implies that the same extent of
ion-pairing is being observed for paraquat, both when it is
unbound in solution, and when it is bound to the crown
ether. The most abundant host–guest complex is the
DB24C8/paraquat monocation (1:1), just as the most abun-
dant species present in solutions of unbound paraquat in
acetone is singly charged. Thus, in the particular case of

DB24C8/paraquat binding interactions, ion-pairing does not
strongly influence or “drive” the formation of host–guest
complexes as was proposed previously.[6]

Computational Methods

Complex simultaneous equilibria : The mathematical formalism used in
our analysis to describe a complex mixture at equilibrium is a modifica-
tion of the algorithm EQUIL.[8] It applies to an arbitrary binding (com-
plexation) model, regardless of the number of participating molecular
species, the number of steps in the reaction model, or the stoichiometries
of the molecular complexes. Full mathematical details of this mathemati-
cal formalism are included in the Supporting Information.

Briefly, the theoretical model for the chemical shift of each particular ar-
omatic proton is represented by Equation (1), in which d

ðXÞ
obs is the experi-

mentally observed chemical shift of proton X in the given solution mix-
ture, nX is the number of distinct molecular species (both free in solution
and bound in complexes) in which the particular proton appears, d

ðXÞ
i is

the intrinsic chemical shift of proton X in the ith molecular species, and
cðXÞi is the concentration of this molecular species at equilibrium. Equa-
tion (1) expresses the fact that the NMR chemical shift is an intensive
physical variable. The intrinsic chemical shifts d

ðXÞ
i were treated as adjust-

able model parameters. All equilibrium constants appearing in each mo-
lecular mechanism were also treated as adjustable parameters. In Equa-
tion (1), these equilibrium constants are implicitly contained in the equi-
librium concentrations cðXÞi . The equilibrium concentrations cðXÞi were
computed by a general numerical method described in the SupportingACHTUNGTRENNUNGInformation.

d
ðxÞ
obs ¼

XnX

i¼1

d
ðXÞ
i cðXÞi =

XnX

i¼1

cðXÞi ð1Þ

Statistical analysis and model discrimination : The software programACHTUNGTRENNUNGDynaFit[9] was used in all quantitative analyses. Experimentally observed
chemical shifts were subjected to nonlinear least-squares regression using
Equation (1) as the fitting model. Signals for all protons were combined
and analyzed simultaneously in a global fit.[10] The fitting algorithm was
either Reich�s modification[11] of the Levenberg–Marquardt algorithm,[12]

or the globally convergent differential evolution algorithm as described
by Price et al.[13] Nonsymmetrical confidence intervals for optimized
model parameters—equilibrium constants and chemical shifts—were esti-
mated at the 95% confidence level by using the profile-t method of
Bates and Watts.[14] Model discrimination analysis was based on the
second-order Akaike information criterion (AICc).[15]

Results

UV/Vis spectra of DB24C8/paraquat charge-transfer com-
plexes : UV/Vis spectra of DB24C8/paraquat mixtures in
acetone contain a characteristic charge-transfer (CT) band
associated with the electronic interaction between the aro-
matic rings on the host (H) and guest (G) molecules. When
paraquat bis(hexafluorophosphate) ([GX2]o) is held at
1.02 mm, increasing amounts of DB24C8 ([H]o) initially
result (Figure 1, top) in the appearance of a CT band at
393 nm. As the [H]o concentration is increased further such
that [GX2]o is in excess, the absorption lmax hypsochromical-
ly shifts to 378 nm. This effect is best observed when the ab-
sorbances at various wavelengths are plotted (Figure S1 in
the Supporting Information) as a function of [H]o. The ab-
sorbances at 350, 365, and 375 nm increase disproportionate-
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ly relative to those at 393 or 405 nm. In contrast, when [H]o

is held constant (1.01 mm) and [GX2]o is increased to being
in excess, only the 393 nm CT complex is observed
(Figure 1, bottom). Because this second blue-shifted absorb-
ance is only observed when [H]o is in large excess with re-
spect to [GX2]o, we attribute this phenomenon to the forma-
tion of DB24C8/paraquat complexes with 2:1 stoichiome-
tries.

A Job plot[16] constructed from the UV/Vis data, through
observation of the intensities of the CT bands at 378 and
393 nm, showed skewing along the DB24C8 mole fraction
axis towards 0.67, suggesting the formation of 2:1 (DB24C8/
paraquat) complexes in solution. The 3D absorbance surface
(Figure 2) suggests a stoichiometry greater than 1:1. There is
also a hypsochromic shift of the absorbance which we as-
cribe to the formation of a 2:1 complex.

Determination of paraquat ionization constants : When
paraquat bis(hexafluorophosphate) is diluted progressively
in [D6]acetone, the resonances of both aromatic protons
shift (Figure 3 A,B) downfield by approximately 0.1 ppm in
the 1H NMR spectrum. The reverse is true (Figure 3 C,D)
when additional hexafluorophosphate counterions—as the
tetrabutylammonium salt, Bu4NPF6—are added to a solution
of paraquat in [D6]acetone. We interpret these changes in
chemical shifts to be a consequence of altering the relative
abundances of the three different states of paraquat,
namely, the neutral species, and the mono- and dications.
We have utilized this behavior to determine the equilibrium
constants for the ion-pairing processes in solution.[17]

The paraquat dilution and counterion titration data in
Figure 3 were fitted to a mathematical model corresponding
to the ionization model shown in Scheme 1, in which G2+

represents the paraquat dication, N+ is the tetrabutylammo-
nium cation, and X� is the hexafluorophosphate anion. The
equilibrium constants Kdgxx, Kdgx, and Kdnx are binary (step-
wise) dissociation constants of the appropriate complex.
This system consists of three component molecular species
(G2+ , N+ , and X�) and the three molecular complexes they
form (GX2, GX+ , and NX). The system of simultaneous

Figure 1. UV/Vis spectra of DB24C8/paraquat mixtures. Top: Hypsochro-
mic shift of charge-transfer absorbance when [DB24C8]o is in excess in
comparison with [GX2]o. Bottom: Only 393 nm charge-transfer absorb-
ance is observed when [GX2]o is in excess compared with [DB24C8]o.

Figure 2. Three-dimensional UV/Vis Job plot of DB24C8/paraquat mix-
tures revealing both a skewing of the maximum absorbance towards 0.67
mole fraction of DB24C8, as well as a hypsochromic shift of the absorb-
ance lmax ; both features indicative of the presence of 2:1 DB24C8/para-
quat complexes.

Scheme 1. Simultaneous binding processes occurring in a solution of par-
aquat bis(hexafluorophosphate) (GX2) and tetrabutylammonium hexa-
fluorophosphate (NX).
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nonlinear algebraic equations that describe the composition
at equilibrium under any given set of total concentrations of
components was automatically derived by the softwareACHTUNGTRENNUNGDynaFit;[9] the details of the mathematical formalism are de-
scribed in the Supporting Information.

The best-fit values of the equilibrium constants for step-
wise dissociation, as determined by the least-squares fit of
chemical shift data in Figure 3, are Kdgxx = (10.6�1.9) mm

and Kdgx = (0.6�0.2) mm ; the best-fit value of the dissocia-
tion constant for Bu4NX was Kdnx = (11.1�2.7) mm—see
Table 1, which also lists the 95 % confidence intervals. We
used the best-fit numerical values of the paraquat dissocia-
tion constants to simulate the relative abundance of all
three species at equilibrium, at various total concentrations.
The results show (Figure 4) that all three states—neutral
molecule and the mono- and dications—are significantly
populated in host–guest binding experiments under typical
experimental conditions, with total paraquat concentrations
approximately in the 1–30 mm range. In fact, the monocat-
ion (GX+) is the most abundant species at total concentra-
tions between 0.5–20 mm. The DynaFit[9] script that was
used for this numerical simulation is listed in the Supporting
Information.

The experimental data shown in Figure 3 were also fitted
to the single-step ionization mechanism, GX2ÐG2+ +2X�,
originally proposed by Huang et al.[6] As measured both by
the AICc

[18] and by the visual examination of the residuals of
fit, the single-step ionization model failed to describe our
data adequately. The results of an attempted fit to the
Huang et al.[6] single-step ionization model are shown in
Figure 5. The residuals are distinctly non-random, especially
at relatively high concentrations of added counterion (Fig-
ure 5 C,D, inset). We are obliged to conclude that the previ-
ously proposed[6] single-step dissociation mechanism for par-
aquat dissociation in acetone is in conflict with our experi-
mental data.

NMR spectroscopy of DB24C8/paraquat complexes : Para-
quat, DB24C8, and Bu4NPF6 were mixed in [D6]acetone at
various total concentrations, and the chemical shifts of all

Figure 3. Least-squares fit of paraquat chemical shifts to reaction mecha-
nism shown in Scheme 1. Left-hand panels (A, C): downfield aromatic
proton Ha ; right-hand panels (B, D): upfield aromatic proton Hb. Upper
row (panels A, B): concentration of paraquat was varied in the absence
of additional Bu4NPF6. Bottom row (panels C, D): concentration of addi-
tional Bu4NPF6 was varied, while the concentration of paraquat was held
constant at 0.714 mm (*), 1.429 mm (~), 2.143 mm (&), 3.036 mm (!), and
4.0 mm (^). The smooth curves represent the best-fit model generated
from mechanism B, defined by a system of simultaneous nonlinear alge-
braic equations [Supporting Information Eqs (2)–(4)]. Data shown in all
four panels were analyzed simultaneously (global fit[10]).

Table 1. Best fit values, formal standard errors, and confidence intervals
(“low”, “high”, at the 95% confidence level) of adjustable model param-
eters determined by DynaFit[9] from experimental data shown in
Figure 3.

Parameter Fitted Std. Error Low95% High95 %

Kdgxx
[a] [mm] 10.6 1.9 7.7 17.4

Kdgx
[a] [mm] 0.60 0.21 0.25 1.16

Kdnx
[a] [mm] 11.1 2.7 7.2 21.7

d[b] Ha
ACHTUNGTRENNUNG(G2+) [ppm] 9.461 0.003 – –

d[b] Ha
ACHTUNGTRENNUNG(GX+) [ppm] 9.415 0.006 – –

d[b] Ha
(GXX) [ppm] 9.298 0.003 – –

d[b] Hb
ACHTUNGTRENNUNG(G2+) [ppm] 8.919 0.004 – –

d[b] Hb
ACHTUNGTRENNUNG(GX+) [ppm] 8.866 0.006 – –

d[b] Hb
(GXX) [ppm] 8.770 0.002 – –

[a] Stepwise (binary) dissociation constants appearing in Scheme 1.
[b] Intrinsic chemical shifts of paraquat aromatic protons in all three pos-
sible species (neutral molecule GX2, monocation GX+ , dication G2+).

Figure 4. Mole-fraction distribution of paraquat species in acetone. The
solid mole-fraction curves were simulated by using the software Dyna-
Fit,[9] while assuming that the dissociation constants Kdgxx and Kdgx

(Scheme 1) have the numerical values listed in Table 1. The dashed mole-
fraction curves were simulated while assuming that the dissociation of
paraquat proceeds in a single step and is characterized by the total stabil-
ity constant reported by Huang et al.[6]
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four aromatic protons were determined for each ternary
mixture. Four series of experiments were performed, each at
a different total concentration of the counterion,
[Bu4NPF6]o =1, 6, 12, and 24 mm. Within each series, the
total concentrations of paraquat and DB24C8 were varied
such that the sum of concentrations remained the same,
[GX2 +DB24C8]o =12, 9, 6, and 3 mm. The mole fractions in
each series were CDB24C8 =0.1, 0.25, 0.5, 0.75, and 0.9. Each
sample was prepared in duplicate, giving a total of 40 inde-
pendent chemical shift measurements for each of the four
protons. The complete data set contained 153 data points.
The standard deviations of chemical shifts from the replicat-
ed measurements ranged between 0.001 and 0.006 ppm and
the median standard deviation from all replicates was
0.002 ppm. The numerical values of all chemical shifts are
listed in the Supporting Information and displayed graphi-
cally in Figure 6.

Considering the binding steps displayed in Scheme 2,
there exist exactly 26 possible pathways or mechanisms for
DB24C8 and paraquat—in any of its three states—to form
either 1:1 or 2:1 complexes. We have used the DynaFit soft-
ware[9] to construct all 26 mathematical models correspond-
ing to each binding mechanism, and performed the least-
squares fit (Figure 6) of the chemical shift data to all of the
theoretical models in turn. We also considered the DB24C8/
paraquat complexation mechanism previously proposed by
Huang et al.[6] Finally, we included three degenerate fitting
models, in which the numerical values of certain pairs of
equilibrium constants were forced to be identical. The com-
plete list of all 30 binding mechanisms that we examined is

given in Table 2 and in the Supporting Information. Model 1
in Table 2 is the previously proposed model,[6] while models
27–30 are the three degenerate models.

In the first-pass model discrimination analysis, we exam-
ined three independent characteristics of each candidate fit-
ting model in order to decide whether or not to accept a
given model for further consideration.

Figure 5. Least-squares fit of paraquat chemical shifts to the single-step
dissociation mechanism (GX2ÐG2+ +2X�) proposed by Huang et al.[6]

See legend to Figure 3 for other details.

Figure 6. Least-squares fit of paraquat and DB24C8 chemical shifts. A)
upfield proton (Hb) on paraquat; B) downfield proton (Ha) on paraquat;
C) upfield proton (H2) on DB24C8; D) downfield proton (H1) on
DB24C8. Horizontal axis: mole fraction of DB24C8. *: [Bu4NPF6]o

= 1 mm, [GX2 +DB24C8]o =12 mm ; ~: [Bu4NPF6]o =6 mm, [GX2 +

DB24C8]o =9 mm ; &: [Bu4NPF6]o =12 mm, [GX2 +DB24C8]o =6 mm ; !:
[Bu4NPF6]o =24 mm, [GX2 +DB24C8]o =3 mm. In each series of data
points, the mole fraction of DB24C8 was 0.1, 0.25, 0.5, 0.75, and 0.9.
Data shown in all four panels (153 chemical shifts) were analyzed simul-
taneously (global fit[10]). The smooth curves represent the best-fit model
curves generated from the reaction mechanism model 29 in Table 2 (see
also Scheme 2). The 95% confidence intervals of equilibrium constants
appearing in model 29 are listed in Table 3.

Scheme 2. All possible simultaneous binding processes occurring in a so-
lution of paraquat bis(hexafluorophosphate) (GX2), tetrabutylammonium
hexafluorophosphate (NX), and dibenzo[24]crown-8 (H).
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Firstly, we computed the Akaike weight[15] of each model,
as a statistical probability (between zero and one) that the
given model is the “true” model. The Akaike weight takes
into account not only the residual sum of squares for each
model, but, importantly, also the number of adjustable
model parameters; models containing larger numbers of ad-
justable parameters—in this case dissociation constants and
intrinsic chemical shifts—are disadvantaged in the computa-
tion of the Akaike weight. The Akaike weights for each
model are summarized in Table 2.

As a second criterion for model acceptance, we examined
the statistical uncertainties of the adjustable model parame-
ters, as measured by their formal standard errors. If any fit-
ting model produced extremely large uncertainties in adjust-
able parameters, such that the formal standard error of any
parameter appeared nominally larger than the best-fit value
of the parameter itself, we rejected the model as over-para-
meterized. Failing this criterion is represented by a minus
sign in the column labeled “errors” in Table 2.

Thirdly, we examined the best-fit values of intrinsic chem-
ical shifts, treated as adjustable model parameters, to see if
they fall within a physically plausible range. For some
models, the nominal values of the intrinsic chemical shifts of
the aromatic protons were essentially indeterminate, for ex-
ample, larger than ten or smaller than one. If so, the given

model was excluded even if the formal standard errors of all
model parameters were relatively small.

The three columns labeled “Passx%” in Table 2 indicate
whether or not the candidate fitting model passes all three
acceptance criteria simultaneously. If the Akaike weight of
the given mechanism was larger than 0.01, representing at
least 1 % statistical probability of being the “true” model,
and if the model passed the two remaining criteria, low stan-
dard errors and physically plausible chemical shifts, we
placed a plus sign in the column labeled “pass1%”. Similarly,
we placed a plus sign in the column “pass5%” or “pass10%” if
the Akaike weight was larger than 0.05 and 0.10, respective-
ly, provided the remaining two model-acceptance criteria
were also satisfied.

The results summarized in the last three columns of
Table 2 show that only two models (models 15 and 29) out
of 30 possible candidate mechanisms passed the model-ac-
ceptance test at greater than 10 % probability level. Howev-
er, the only difference between these two mechanisms is
that in one case (model 15) there were four independent dis-
sociation constants assigned to four different binding steps,
whereas, in the other case (model 29), there were two pairs
of degenerate equilibrium constants assigned to the same
four steps.

Table 2. First-pass model discrimination analysis for 30 possible DB24C8/paraquat binding mechanisms.

Model Kdgxx
[a] Kdgx

[a] Kdgxxh
[a] Kdgxxhh

[a] Kdgxh
[a] Kdgxhh

[a] Kdgh
[a] Kdghh

[a] Weight[b] Errors[c] Shifts[d] Pass1%
[e] Pass5%

[e] Pass10%
[e]

1 + n/a + 0 + +

2 + + + 0 + +

3 + + + + 0 + +

4 + + + 0 + +

5 + + + + 0 + +

6 + + + 0 + +

7 + + + + 0 � �
8 + + + + 0 � �
9 + + + + + 0 � �

10 + + + + + 0 � �
11 + + + + + + 0 � �
12 + + + + 0 � �
13 + + + + + 0.018 + + +

14 + + + + + 0 + +

15 + + + + + + 0.101 + + + + +

16 + + + + 0 + +

17 + + + + + 0 + +

18 + + + + + 0 + +

19 + + + + + + 0.010 + + +

20 + + + + + 0 � �
21 + + + + + + 0 � �
22 + + + + + + 0.044 � �
23 + + + + + + 0 � +

24 + + + + + + + 0.005 � �
25 + + + + + + + 0.251 � �
26 + + + + + + + 0.024 � +

27 + + + + + + + + 0 � �
28 + + = Kdgxh + + 0.064 + + + +

29 + + = Kdgxh =Kdgxhh + + 0.471 + + + + +

30 + + = Kdgxh =Kdgxhh + + =Kdgxh =Kdgxhh 0.010 + + +

[a] Dissociation constants for host–guest binding steps shown in Scheme 2. The plus sign indicates that the given step was included in the given binding
mechanism. [b] Akaike weights (see text for details). [c] A plus sign indicates that formal standard errors of all adjustable model parameters were smaller
than the parameter value itself. [d] A plus sign indicates that all adjustable intrinsic chemical shifts were within physically realistic bounds. [e] For an ex-
planation of the plus signs see text.
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To gain yet further insight into the nature of the binding
mechanism, we determined the non-symmetrical confidence
intervals,[14] at the 95 % likelihood level, of all equilibrium
constants appearing in the top six candidate models
(models 13, 15, 19, 28, 29, and 30 in Table 2). These are all
models for which the Akaike weights were greater than
0.01. The results are summarized in Table 3, which lists not
only the confidence intervals but also the second-pass model
discrimination analysis in terms of Akaike weights for each
of the six second-pass models.

The most plausible model (Akaike weight 0.70) is
model 29, in which the monocation and the electrically neu-
tral paraquat molecule both bind to the crown ether with
1:1 and 2:1 stoichiometries. Additionally, model 29 stipulates
that both the monocation and the electrically neutral para-
quat molecule have exactly the same binding affinity as
measured by the 1:1 and 2:1 dissociation constants. In order
of the Akaike weights, that is, the statistical probabilities
that the given model is the “true” model, this mechanism is
again followed by model 15, in which the four dissociation
constants are treated as independent parameters, but other-
wise it is identical to model 29.

From the point of view of model discrimination, as it re-
lates to confidence intervals for model parameters, it is im-
portant to note that the confidence intervals for two pairs of
equilibrium constants appearing in model 15 (namely Kdgxh/
Kdgxxh and Kdgxhh/Kdgxxhh) overlap, and therefore are essential-
ly identical within the 95 % likelihood level. Thus, consider-
ing this numerical equivalence of both Kdgxh/Kdgxxh and
Kdgxhh/Kdgxxhh pairs, model 15 in fact reduces to model 29.

It is also important to note that the 95 % confidence inter-
vals for certain equilibrium constants appearing in Table 3
are essentially identical irrespective of the postulated mech-
anism. For example, the equilibrium dissociation constant
for the 1:1 host–guest complex formed by the paraquat
monocation, Kdgxh, falls between 0.7 and 0.9 mm (at the 95 %
confidence level) for three of the six mechanisms. In
model 13, the range of plausible values is somewhat larger,
but still relatively small, Kdgxh = (0.6–1.2) mm. Only in the

borderline over-parameterized
model 15 does the confidence
interval widen to Kdgxh = (0.7–
3.2) mm. However, this some-
what wider range is still com-
patible with estimates of Kdgxh

generated from all five remain-
ing models.

Discussion

Ionization of paraquat in
[D6]acetone : The ionization of
paraquat in [D6]acetone was
previously studied by Huang
et al.[6,19] who elected to use a
simplified mathematical model

based on the assumption that only two states of paraquat
were present in [D6]acetone, namely, the neutral molecule
and the fully ion-dissociated dication. In our work, we have
chosen a fully general numerical model for the statistical
analysis of our experimental data, avoiding the involvement
of any simplifying assumptions or restrictions on the total
number of either component species or the molecular com-
plexes they form.

We have analyzed the changes in the chemical shifts of
the aromatic protons as the populations of the three states
of paraquat—the neutral, mono-, and dicationic species—
were methodically altered. These changes in chemical shift
can be observed (Figure 3 A,B) by simply diluting paraquat
in [D6]acetone. Preliminary statistical analyses of the dilu-
tion data showed that the dilution experiment alone does
not provide sufficient information about the two stepwise
dissociation constants, Kdgxx and Kdgx in Scheme 1. Only a
perturbation (Figure 3 C,D) of the paraquat–counterion
system, obtained by adding additional hexafluorophosphate
salt, allowed us to determine the numerical values (Table 1)
of both dissociation constants.

Our physical model of the stepwise ionization of paraquat
is also supported by the best-fit value of the dissociation
constant for Bu4NPF6. According to our regression analysis,
this dissociation constant is Kdnx = (11.9�2.5) mm. Goldfarb
et al.[20] determined the association constant of Bu4NPF6 in
acetone at 25 8C from conductivity measurements as KA =

1/Kd = (78�4) m
�1, which corresponds to Kdnx� (12.8�

0.7) mm. Within the associated formal standard error, this
value is essentially identical to the value of Kd determined
in our work from 1H NMR spectroscopic data. The close
agreement between Kd for Bu4NPF6, determined experimen-
tally in our work (11 mm), and the corresponding value
(12.8 mm) previously reported in the literature,[20] suggests
that either the mean activity coefficients are close to unity,
or that any discrepancies between concentrations and activi-
ties can be neglected, within the experimental error, in the
concentration range used in this study (see the Supporting
Information). In any case, the close agreement between our

Table 3. Second-pass model discrimination analysis for six possible DB24C8/paraquat binding mechanisms
and the corresponding 95% confidence level intervals for equilibrium constants.

Model 13 Model 15 Model 19 Model 28 Model 29 Model 30

Kdgxxh
[a] [mm] 0.6–1.2 0.4–1.0 0.4–0.6 =Kdgxh =Kdgxh =Kdgxh

Kdgxxhh
[a] [mm] – 5.0-19.3 5.9-14.9 – =Kdgxhh =Kdgxhh

Kdgxh
[a] [mm] 0.6–1.2 0.7–3.2 – 0.7–0.9 0.7–0.9 0.7–0.9

Kdgxhh
[a] [mm] 2.4–6.7 2.5-13.8 – 3.5–4.8 5.5–9.5 5.6-12.8

Kdgh
[a] [mm] – – 0.1–0.2 – – =Kdgxh

Kdghh
[a] [mm] – – 3.1-18.5 – – =Kdgxhh

nD
[b] 153 153 153 153 153 153

nP
[c] 15 20 20 14 18 26

SSrel
[d] 1.21 1.08 1.12 1.21 1.10 1.00

DAICc
[e] 6.3 3.1 7.7 3.9 0 7.9

weight[f] 0.03 0.14 0.02 0.10 0.70 0.01

[a] Dissociation constants for host–guest binding steps shown in Scheme 2. [b] Number of data points.
[c] Number of optimized model parameters. [d] Relative sum of squares (lowest value among all models is set
to unity). [e] Difference second-order AICc (lowest value among all candidate is set to zero). [f] Akaike
weight.

www.chemeurj.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2009, 15, 106 – 116112

J. F. Stoddart, P. Kuzmič et al.
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experimentally determined value for the dissociation con-
stant of Bu4NPF6 with the published value lends strong sup-
port to other aspects of our paraquat dissociation model,
namely, the numerical values of the ionization constants
Kdgxx and Kdgx in Scheme 1.

Huang et al. have argued in their original report,[6] as well
as in a more recent publication,[19] against the presence of
the paraquat monocation in [D6]acetone. In both reports, it
is argued that, under the typical experimental conditions
used in host–guest complexation studies ([GX2]0<30 mm),
paraquat in [D6]acetone exists predominantly as the fully
ion-associated neutral molecule. Presumably, paraquat sheds
its counterions only in the presence of the crown ether com-
plexation agent, resulting in doubly charged pseudorotaxane
complexes.[6,19] Our experimental data, the best-fit ionization
model shown in Figure 3, and the attempted fit (Figure 5) to
the single-step ionization mechanism proposed by Huang
et al. clearly contradict this hypothesis. In fact, from the
data presented in Figure 3, we have determined experimen-
tally that the paraquat monocation is the most highly popu-
lated species, existing at total concentrations ranging from
[GX2]0 =0.5 mm to [GX2]0 =20 mm (see Figure 4). Given this
result, it seems reasonable to expect that the monocation, as
the most abundant species of paraquat, would participate, to
at least some degree, in the formation of host–guest com-
plexes. Indeed, in our DB24C8/paraquat complexation stud-
ies, we have shown that the paraquat monocation is signifi-
cantly involved in host–guest complexation.

Mathematical modeling of complex simultaneous equili-
bria : Considering that paraquat in acetone undergoes step-
wise dissociation (GX2ÐGX+ +X�ÐG2+ +2X�) and allow-
ing for up to 2:1 host–guest complexation stoichiometry—in-
volving each of the three separate forms of paraquat (GX2,
GX+ , and G2+)—leads to 26 unique complexation mecha-
nisms. It has been pointed out[19] that “the mathematical
treatments of these scenarios are complex and not readily
solved in closed form.” In fact, a mathematically more pre-
cise statement would be that no closed-form (algebraic)
mathematical treatment can exist at all, in principle, for any
of the 26 possible complexation mechanisms generated from
Scheme 2. In other words, no single “fitting equation” or
“binding isotherm” can ever be derived for any of these 26
binding mechanisms.

For this reason, we have entirely abandoned the tradition-
al algebraic treatment of host–guest complexation equilibria,
and have chosen instead a fully general numerical, or itera-
tive, method. The classic computational algorithm EQUIL[8]

solves a complete system of simple nonlinear algebraic equa-
tions, each one representing the mass balance for one partic-
ular constituent (component) molecular species. This ap-
proach allows any arbitrary binding mechanism to be treat-
ed mathematically. Many similar computational algorithms
have been described in the literature[21] on complex chemical
equilibria. We chose the particular algorithm EQUIL[8] be-
cause it is conveniently implemented in the software pack-
age DynaFit.[9] This tool allowed us to specify each theoreti-
cal fitting model, not as a set of simultaneous nonlinear

equations, but rather as a set of chemical equations entered
as text; for example, G.X.X<==>G.X+X<==>G+X+X
for stepwise paraquat dissociation, or G.X+H<==>

G.X.H+H<==>G.X.H.H for the simultaneous 1:1 and 1:2
binding of DB24C8 to the paraquat monocation. The Dyna-
Fit package[9] automatically derives each underlying mathe-
matical model.

Molecular mechanism of DB24C8/paraquat complexation :
A necessary prerequisite for the study of DB24C8/paraquat
complexation was to establish independently the paraquat
counterion dissociation mechanism, as well as the numerical
values of the relevant dissociation constants—Kdgxx and Kdgx

in Scheme 1. We accomplished this task by conducting a
series of NMR experiments, in which either the total para-
quat concentration or, in addition, the counterion concentra-
tion was varied. In this way, we were able to control the
mole fractions of the three paraquat species present in
[D6]acetone (see Figure 3).

We have used the same “counterion-perturbation
method” in our host–guest complexation investigations. We
created ternary mixtures of host, guest, and counterion—as
the tetrabutylammonium salt—and recorded the 1H NMR
chemical shifts of all four aromatic protons in the DB24C8/
paraquat system. In fact, the global fit[10] of chemical shifts
for all four aromatic protons, combined together and ana-
lyzed as a single data set, proved to be the key to a success-
ful model discrimination analysis. In our preliminary studies,
when the chemical shifts for each proton were analyzed sep-
arately, no model discrimination was possible, because there
was not enough information—in the information–theoretic
sense[15]—about the underlying model. We note that other
workers studying DB24C8/paraquat complexation[6,19] use
NMR chemical shift data for only a single proton resonance.
The experimental data and the best-fit complexation model
(model 29 in Table 2) are shown in Figure 6.

Of the 30 candidate binding models listed in Table 2, sev-
eral complexation mechanisms describe our experimental
data approximately equally well, at least as measured by the
second-order AICc.

[15] See also Table 3 for a list of these six
most plausible models. However, no theoretical model for
any observable physical phenomenon can ever be ultimately
proved as the “true” or “final” model. Indeed, the ultimate
goal of the model-building exercise is to exclude from fur-
ther consideration all those theoretical models that clearly
contradict the available experimental data. By this measure,
we consider our having reduced the comprehensive list of
all 30 complexation models to a handful of closely related
candidates as a considerable success.

More specifically, we were able to exclude as clearly im-
plausible the DB24C8/paraquat complexation model previ-
ously proposed by Huang et al.[6,19] Their proposed model
has the following important characteristics : 1) in solutions of
paraquat in [D6]acetone—in the absence of the crown ether
host—paraquat exists exclusively in one of two forms, either
as a fully associated neutral molecule or as a fully dissociat-
ed dication; 2) only the paraquat dication binds to the
crown ether host; and 3) no other molecular species are

Chem. Eur. J. 2009, 15, 106 – 116 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 113

FULL PAPERSupramolecular Chemistry

www.chemeurj.org


present in solution. The least-squares fit of our counterion-
perturbation data to a mathematical model derived from
these assumptions is shown in Figure 7. Even without con-
ducting any rigorous statistical analyses—for example, by
comparing the AICc value for the competing models—we
see in Figure 7 that the “best-fit” model and the experimen-
tal data clearly disagree. It follows that the previously pro-
posed mechanism of DB24C8/paraquat complexation[6,19]

has now been invalidated by our experimental counterion-
perturbation study.

We have also attempted to perform a model-discrimina-
tion analysis of the previously published chemical shift
data.[6] We found that these data are indeed fully compatible
with the single-step mechanism for paraquat dissociation
and with the hypothesis of “counterion-driven” host–guest
complexation.[6] As the authors correctly state in a subse-
quent publication,[19] their simplified mathematical model
provides a “reasonably satisfactory” fit.

We explain the discrepancies in the mechanistic conclu-
sions drawn either from the published chemical shifts or
from our own data as arising from several contributing fac-
tors.

Firstly, the authors[6] analyzed only the chemical shifts re-
corded for a single proton, whereas we have analyzed glob-
ally[10] the chemical shifts for all four aromatic protons com-
bined. Indeed, certain subsets of our own experimental
data—but only when analyzed separately for each proton—
do conform perfectly well to the previously published sim-
plified mechanism.[6] In our hands, global analysis was the
key to successful model discrimination.

Secondly, the authors[6] performed their binding study in
the absence of any added counterion (as Bu4NPF6), whereas
we have purposely modulated the relative abundance of par-
aquat species by employing the counterion-perturbation
method. The multiple paraquat species (Scheme 2), both un-
bound in solution and bound in variously charged pseudoro-
taxanes, became experimentally detectable only when per-
turbed in this systematic way.

Finally, we used rigorous statistical model discrimination
techniques[15] to assess the validity of each of our 30 candi-
date models quantitatively. Without using such quantitative
assessments of model validity, any notion of a “reasonably
satisfactory” agreement[19] between the data and the model
remains purely subjective.

It is worth noting that according to our statistical model
discrimination analysis, the paraquat dication (G2+) is not
involved in the two most-plausible binding models
(models 15 and 29 in Table 2). This situation contradicts
chemical intuition, since one would assume the two positive
charges on this guest molecule would increase its affinity for
electron-rich hosts. However, G2+ is a very minor species
under the conditions of our investigation (see Figure 4 for
the distribution of all three species), and therefore the data
do not contain much information with regard to G2+�s bind-
ing with DB24C8. However, while our data does not explic-
itly support the involvement of G2+ , its participation in
host–guest complexation cannot be excluded by our data
either. This caution on our part is signified by the question
marks in Figure 8. In order to assess the involvement of the

Figure 7. Least-squares fit of paraquat and DB24C8 chemical shifts to the
1:1 complexation model proposed by Huang et al.[6] See legend to
Figure 6 for other details.

Figure 8. Graphical representation of the complexation and ionization
equilibria involved in the DB24C8/paraquat system. The numerical
values are association constants (m

�1) that were established in this study.
The question marks identify binding steps that can neither be confirmed
nor excluded, given the limitations of the available experimental data.
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paraquat dication definitively in complexation with
DB24C8, further experiments would be required. We per-
formed preliminary simulations using the software package
DynaFit,[9] with the aim of determining the optimal experi-
mental design for such additional studies. Based on these
preliminary results, a significant number of additional NMR
spectra would have to be recorded, specifically at low total
concentrations of paraquat ([GX2]o<1 mm, preferably be-
tween 0.05 and 0.5 mm). In this particular concentration
range, the mole fraction of the paraquat dication G2+ is rel-
atively high (see Figure 4), and therefore its complexation
characteristics could be studied. Unfortunately, at total con-
centrations below 1 mm, the sensitivity of the NMR detec-
tion method significantly deteriorates. In order to continue
our investigations, it may be necessary to use another detec-
tion method.

Conclusions

We have deployed both theoretical methods and experimen-
tal techniques that go beyond those previously employed[6]

to study the host–guest complexation system between para-
quat bis(hexafluorophosphate) and dibenzo[24]crown-8. On
the theoretical and computational front, we have imple-
mented a general mathematical formalism for the modeling
of simultaneous equilibria[8] that does not require us to
make any simplifying assumptions. Using this numerical, as
opposed to an algebraic, approach and suitable software
tools that implement it,[9] we were able to build 30 different
mathematical models for DB24C8/paraquat complexation
and compared their relative merits in fitting them to the ex-
perimental data. Our model selection strategy was based on
rigorous information–theoretic measures of model adequacy,
namely, the second-order AICc.

[15] The nonsymmetrical con-
fidence intervals of model parameters[14] also played an im-
portant role in model selection, as did the global fit[10] strat-
egy of pooling the chemical shifts of all four aromatic pro-
tons.

On the experimental front, we employed the “counterion
perturbation” method, using an additional counterion (as
the ammonium salt) to shift purposely the equilibria involv-
ing paraquat, and the corresponding host–guest complexes,
in either direction. In this way, we were able to detect un-
ambiguously the presence of both 1:1 complexes and of 2:1
(host/guest) complexes in solution. The formation of 2:1
complexes in solution is reminiscent of the 2:1 “taco” com-
plexes that have been reported previously to exist in the
solid state.[6,22] The 2:1 complexes are formed more weakly
(binary association constants ~100 m

�1) than the 1:1 com-
plexes (binary association constants �1000 m

�1).
Both the paraquat monocation and the neutral molecule

form their complexes with approximately identical binding
affinities toward the crown ether. See the numerical values
of the dissociation constants in Table 3. It follows that the
same extent of ion-pairing must exist for paraquat, either
unbound in solution or bound to the crown ether. The rela-

tive magnitude of the equilibrium constants summarized in
Table 3 suggests that the most abundant host–guest complex
is the DB24C8/paraquat monocation, just as the most abun-
dant species of unbound paraquat in [D6]acetone is singly
charged. Thus, in the particular case of DB24C8/paraquat
binding interactions, ion-pairing does not influence or
“drive” the formation host–guest complexes, as was previ-
ously assumed.[6]

Experimental Section

Chemicals were purchased commercially and used without further purifi-
cation. Paraquat bis(hexafluorophosphate) was prepared according to lit-
erature procedures.[7] NMR spectroscopy was performed on a Bruker
DRX500 (500 MHz) or an Avance 600 (600 MHz) spectrometer at ambi-
ent temperature (22 8C). The reported chemical shifts are measured rela-
tive to the residual solvent peak in [D6]acetone (d=2.05 ppm). Solutions
for NMR spectroscopic analysis were obtained as follows. A stock solu-
tion of tetrabutylammonium hexafluorophosphate was prepared by
weighing out a precise mass into a Corning 5630 volumetric flask, and
subsequently adding deuterated solvent to the graduation line. Two sepa-
rate stock solutions of paraquat bis(hexafluorophosphate) and DB24C8
were then prepared by weighing out a precise mass of each compound in
separate volumetric flasks, and then adding the previously prepared solu-
tion of tetrabutylammonium hexafluorophosphate in deuterated acetone
to the graduation line. Precise combinations of each stock solution were
then added directly to 7” NMR tubes with Fisherbrand Finnpipette II
single-channel pipetters. This protocol produced solutions containing
well-defined concentrations of paraquat bis(hexafluorophosphate) and
DB24C8 at different constant concentrations of tetrabutylammonium
hexafluorophosphate for NMR spectroscopic analysis and subsequent an-
alytical data processing.
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