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CONS P EC TU S

F ashioned through billions of years of evolution, biological
molecular machines, such as ATP synthase, myosin, and

kinesin, use the intricate relativemotions of their components to
drive some of life's most essential processes. Having control
over the motions in molecules is imperative for life to function,
and many chemists have designed, synthesized, and investi-
gated artificial molecular systems that also express controllable
motions within molecules. Using bistable mechanically inter-
locked molecules (MIMs), based on donor�acceptor recognition
motifs, we have sought to imitate the sophisticated nanoscale machines present in living systems. In this Account, we analyze the
thermodynamic characteristics of a series of redox-switchable [2]rotaxanes and [2]catenanes. Control and understanding of the
relative intramolecular movements of components in MIMs have been vital in the development of a variety of applications of these
compounds ranging from molecular electronic devices to drug delivery systems.

These bistable donor�acceptor MIMs undergo redox-activated switching between two isomeric states. Under ambient
conditions, the dominant translational isomer, the ground-state coconformation (GSCC), is in equilibrium with the less favored
translational isomer, the metastable-state coconformation (MSCC). By manipulating the redox state of the recognition site
associated with the GSCC, we can stimulate the relative movements of the components in these bistable MIMs.

The thermodynamic parameters of model host�guest complexes provide a good starting point to rationalize the ratio of GSCC
toMSCC at equilibrium. The bistable [2]rotaxanes show a strong correlation between the relative free energies of model complexes
and the ground-state distribution constants (KGS). This relationship does not always hold for bistable [2]catenanes, most likely
because of the additional steric and electronic constraints present when the two rings are mechanically interlocked with each other.
Measuring the ground-state distribution constants of bistable MIMs presents its own set of challenges. While it is possible, in
principle, to determine these constants using NMR and UV�vis spectroscopies, these methods lack the sensitivity to permit the
determination of ratios of translational isomers greater than 10:1 with sufficient accuracy and precision. A simple application of
the Nernst equation, in combination with variable scan-rate cyclic voltammetry, however, allows the direct measurement of
ground-state distribution constants across a wide range (KGS = 10�104) of values.

Introduction
The motions of molecules, small though they may be,

impact us in our everyday lives in significant ways. The

kinetic energy resulting from the motions of single mole-

cules with random trajectories in an ensemble is detected1

as temperature, and at the most fundamental level of life,

molecular motions are what keep biological organisms

warm and supplied with the energy essential for living.

Indeed, the collectivemotion ofmolecules can drive objects

many orders of magnitude more massive than the mole-

cules themselves into random jittering, known2 as Brow-

nian motion. In contrast to these random motions, billions
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of years of evolution have yielded highly sophisticated

biological molecular machines, for example, ATP synthase,3

myosin,4 and kinesin,5 which demonstrate exquisite control

in the relative molecular motions of their components and,

with it, the ability to do meaningful work on their environ-

ments. Having control over the motions of molecules is no

doubt imperative in order for life to function, and a signifi-

cant amount of research6�10 has been carried out in the

chemical community to design, synthesize, and investigate

artificial molecular systems that also express controllable

molecular motions. Toward this end, we have focused on

artificial molecular systems in the form of bistable mechani-

cally interlocked molecules11 (MIMs), which, by their inher-

ent nature, offer a rich platform to investigate different ways

to control12�14 the relative motions that interconvert these

bistable MIMs between their two different coconformations.15

The acquisition of control over intramolecular mechanical

motions in MIMs not only is important in the context of

understanding of how biological molecular machines work

but also has led to the invention of a variety of potential

applications.16�21

Oneof themost commonexamplesofbistableMIMscomes

in the form of redox-active donor�acceptor [2]rotaxanes

and [2]catenanes. A [2]rotaxane consists of a macrocyclic

ring mechanically interlocked around a dumbbell-shaped

component, while a [2]catenane is composed of two

mechanically interlocking rings (Figure 1A). The noncovalent

donor�acceptor interactions that occur when π-electron-rich

guests and π-electron-poor hosts (or vice versa) are brought

together in solution have been exploited22 in the template-

directed synthesis of MIMs for well over two decades. These

donor�acceptor interactions, often aided and abetted23 by

[C�H 3 3 3O] and [C�H 3 3 3π] noncovalent bonding interac-

tions, “live on” in the MIMs, and they can be nullified or even

completely inverted in many cases, by making use of redox

chemistry. The key design strategy for bistability in these

donor�acceptor redox-active MIMs relies on the incorpora-

tion of an additional recognition site in the dumbbell

(for rotaxanes) or ring (for catenanes), to which the degen-

erate ring can translocate following oxidation or reduction

of the redox-active recognition unit. These two different

translational isomers, also known as coconformations,

coexist in the ground state at equilibrium according to a

distribution that is governed by the difference in free energy

between the coconformations. The mechanistic, structural,

and electronic parameters that influence the ground-state

distribution of coconformations are someof themost impor-

tant design elements that need to be understood in order

to attain precise control over the redox-induced relative

molecularmotions that arise in thesebistable donor�acceptor

MIMs. Intimate mechanistic knowledge of the ground-state

distribution of coconformations, in particular, the ability to

measure24 their thermodynamic distribution constants, of-

fers one of the keys to controlling molecular mechanical

motions from a thermodynamic perspective and provides

one piece of the blueprint for designing a MIM to fit the

demands of a given function.

In this Account, we review the thermodynamic character-

istics that underpin a variety of bistable redox-active do-

nor�acceptor MIMs that have been undergoing develop-

ment during the past 15 years. Herein, we will (i) formally

introduce the redox-stimulated mechanism of switching, uni-

versal to all of the bistable MIMs covered in this Account,

(ii) discuss pertinent supramolecular species as model systems

in the context of their predictive and explanatory powers

regarding the ground-state thermodynamics of the bistable

MIMs, (iii) summarize the available methods for measuring

their ground-state distribution constants directly at equilibrium,

(iv) highlight theground-state thermodynamicsofa fewselected

examples of these bistable MIMs reported in the literature, and

(v) compile the binding constants of relevant host�guest com-

plexes and ground-state distribution constants for a variety of

different bistable redox-active donor�acceptor MIMs.

FIGURE 1. General mechanisms for controlled mechanical motions in
bistable, redox-active donor�acceptor MIMs. (A) Graphical representa-
tions of the two coconformational isomers present in the ground-state
distributions of [2]catenanes and [2]rotaxanes. (B) A generalized scheme
of equilibration between the GSCC and MSCC as oxidative or reductive
stimuli are applied.
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A Universal Mechanism at Work
A generalized electrochemical mechanism of switching

(Figure 1B) describes the performance of all the bistable

MIMs reviewed in this Account. The dominant translational

isomer, that is, the most thermodynamically stable one, is

typically referred to25 as the ground-state coconformation

(GSCC), while the other isomer is deemed the metastable-

state coconformation (MSCC). Oxidation or reduction of the

donor or acceptor unit encircled by the ring in theGSCC leads

to a situation where the ring's affinity for this unit is lost and in

many cases further destabilized by Coulombic forces causing

the ring tomigrate toward the alternative recognition unit. As a

consequence of the electronic nature of donor�acceptor inter-

actions, which lower26 the energy of the HOMO centralized on

the donor and raise the energy of the LUMO centralized on the

acceptor, the position of the ring can therefore be inferred by

noting any shifts in the values of the redox potentials. It is

important to note that this mechanism of switching assumes

thatonce the ring translocates to thealternative recognition site,

it is no longer influenced electronically by the oxidized or

reduced unit it formerly encircles. Consequently, the redox

potential of the second one-electron redox process typical to

these donor or acceptor units will be very close to that of the

corresponding free unit, providing a way to probe the position

of the ring after the first redox stimulus. Reversal of the stimulus

by reduction or oxidation of the redox-active site back to its

original state eventually yields the GSCC/MSCC ground-state

distribution that was present at the outset.

FIGURE 2. The redox-active donor�acceptor bistable [2]rotaxanemolecular switch 14þ. (A) Mechanism reflecting redox control over the distribution
of coconformations. One-electron oxidation of the primary benzidine recognition unit yields a species in which the secondary biphenol recognition
unit is preferentially encircled by the CBPQT4þ ring. (B) Cyclic voltammograms (0.1M TBAPF6/MeCN, 298 K, 100mV 3 s

�1) of derivative 1a as a control
and 14þ, showing the appearance of Eeq for 1

4þ in the slow-scan-rate regime.
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We now discuss a specific example of this electrochemi-

cal mechanism of switching by considering the first bistable

redox-active donor�acceptor [2]rotaxane 14þ reported27 by

us in 1994. This rotaxane is composed (Figure 2A) of the

electron-poor cyclophane cyclobis(paraquat-p-phenylene)

(CBPQT4þ) and a dumbbell containing electron-rich 4,40-
diaminobiphenyl (benzidene) and 1,10-dioxy-4,40-bipheny-
lene (biphenol) recognition units. Investigations relying

upon 1H NMR spectroscopic analysis (CD3CN, 229 K) re-

vealed that encirclement of the CBPQT4þ ring around either

the benzidene or the biphenol units is distributed in a ratio of

84:16, respectively, at equilibrium. Hence, in the case of 14þ,

the GSCC is the translational isomer in which the CBPQT4þ

ring encircles the benzidene unit. A one-electron oxidation

of the benzidene unit to its radical cation introduces a

repulsive Coulombic force, which causes the ring to shuttle

to the biphenol unit. The value of the potential of this redox

process was observed (Figure 2B) by cyclic voltammetry (CV)

to be shifted positively compared with the first oxidiation of

the control benzidene compound 1a, providing yet another

indication experimentally that the CBPQT4þ ring favors the

benzidene station in the ground state. The value of the redox

potential for the second redox process of the benzidene unit

in 14þ that furnishes the dication is almost identical to that

for 1a, an observation that indicates that the CBPQT4þ ring

must be encircling the biphenol unit predominantly, follow-

ing the first oxidation process. The return scan of the CV

shows that both of these redox processes are reversible and

reduction of benzidene back to its neutral form leads to the

original ground-state distribution.

Supramolecular Precursors as Thermody-
namic Models
In order to rationalize the ground-state distributions in the

bistable MIMs, we can turn to host�guest chemistry to provide

answers.We reasoned that the binding affinity of the CBPQT4þ

ring for benzidine-containing guestsmust be approximately an

order of magnitude larger than that for biphenol-containing

guests and that these relative differences in affinity are pre-

served in the case of the bistable [2]rotaxane. Indeed,measure-

ments of the binding constants for tri(ethylene glycol)

functionalized derivatives of benzidene and biphenol reveal28

values of 800 ( 87 and 104 ( 13 M�l, respectively. These

investigations mark the beginnings of a design strategy that

looks to the differences in binding energies between pairs of

recognition units with a particular host in order to gain pre-

dictive insight into the thermodynamic ground-state behavior

of these types of functional molecular switches.

The strategy can be generalized with the assistance29

(Figure 3) of reaction coordinate diagrams. Given a particular

ring, the free energies of binding for two different guests are

measured and compared. The difference in these binding

energies offers a reasonably quantitative prediction of the

ground-state distribution of a bistable MIM that incorporates

these recognition units. For example, if a 10:1 distribution of

GSCC to MSCC is desired, then the difference in the free energy

of binding between twodifferent guestswith a particular ring of

approximately �1.6 kcal mol�1 should be sought. Additional

noncovalent bonding interactions, other than those of the π-

donor�acceptor ilk, however, often need to be considered

when taking thesecomparisons into consideration. Inparticular,

[C�H 3 3 3O] interactions between polyethers and electron-defi-

cient (acidic) aromatic protons play an important role in organic

solvents, especially15 nonpolar ones. In some instances, these

additional interactions can increase30 binding constants by up

to two orders of magnitude. (see Table 1).31�37 The addition of

oligo(ethylene glycol) chains, however, does not always lead to

significant increases inbindingaffinities. Thebindingaffinitiesof

benzidene and biphenol with the CBPQT4þ ring are approxi-

mately the same as those of their tri(ethylene glycol) functiona-

lized counterparts. These observations point to a need for

careful scrutiny of the subtle interplay between π-associated

donor�acceptor and [C�H 3 3 3O] interactions that must be

taken into consideration when designing a bistable MIM.

Using the thermodynamic properties of host�guest com-

plexes (Tables 1 and 2)38�41 as models works well in many

FIGURE 3. Reaction coordinate diagrams of (A) pseudorotaxanes and
(B) the corresponding bistable MIMs employing the same recognition
motifs, with the relevant thermodynamic parameters ΔΔG, ΔH, TΔS,
and ΔG(KGS) defined.
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cases for predicting the ground-state thermodynamic beha-

vior of bistable [2]rotaxanes that incorporate them into their

structures. For example, consider 24þ, which is composed

(Figure 4) of the CBPQT4þ ring mechanically interlocked

around a dumbbell component incorporating TTF and 1,5-

dioxynaphthalene (DNP) donor-recognition units linked to-

gether by di(ethylene glycol) chains. The free energies of

binding (MeCN, 298 K) associated with inclusion of di-

(ethylene glycol) substituted TTF and DNP derivatives inside

the cavity of the CBPQT4þ ring were measured by ITC and

found to be �7.66 ( 0.07 and �6.26 ( 0.04 kcal mol�1,

respectively. This difference of 1.4 kcal mol�1 leads to the

prediction that in the GSCC of 24þ, the CBPQT4þ ring will

encircle the TTF unit in about a 9:1 ratio with the MSCC

where the ring encircles the DNP unit. The predictions are

indeed supported by the experimental findings.

The reason that the thermodynamics of host�guest

complexes work well in predicting the behavior in bistable

[2]rotaxanes is most likely a consequence of the flexible

nature of the dumbbell component, which leads to a very

similar set of noncovalent bonding interactions as are found

in its supramolecular precursors. When applying this pre-

dictive strategy in the case of bistable [2]catenanes, how-

ever, the geometric constraints imposed by the topologyof a

catenane in many cases influence the strengths of the

various noncovalent bonding interactions and lead to sub-

stantial differences (vide infra) in the ground-state thermo-

dynamic behavior, defying semiquantitative predictions.

The ability to measure the ground-state distributions di-

rectly, especially in bistable [2]catenanes, is therefore crucial

in order to delineate their thermodynamic behavior,which is

not so easily predicted from the analysis of analogous

supramolecular model systems.

TABLE 1. Association Constants (Ka) and Free Energies of Association
(ΔGa) at 298 K in MeCN/CD3CN of Some Donor�Acceptor Pseudor-
otaxanes Based on the CBPQT4þ Ring Employed in the Construction of
Bistable Redox-Active Donor�Acceptor MIMs

aMethod abbreviations: ITC = isothermal titration calorimetry, NMRD = NMR
dilution method, NMRT = NMR titration method, NMRCV = NMR continuous
variation method, ST = spectrophotometric titration.

TABLE 2. Association Constants (Ka) and Free Energies of Association
(ΔGa) at 298 K in Various Solvents of Some Donor�Acceptor Pseudo-
rotaxanes Based on the BDNP38C10 Macrocycle Employed in the
Construction of Bistable Redox-Active Donor�Acceptor MIMs

aMethod abbreviations: ITC = isothermal titration calorimetry, NMRD = NMR
dilution method, ST = spectrophotometric titration.
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Applying the Formula
The ability to measure the ground-state distribution con-

stants governing the thermodynamic properties of bistable

donor�acceptor MIMs directly has been a challenge in the

field from its very beginnings. Part of the reason for this

challenge is the fact that theseMIMs are singlemolecules, and

for this reason the same approaches used to evaluate the

binding constants of their supramolecular precursors cannot

be employed at the molecular level. While 1H NMR spec-

troscopy can be a valuable tool for estimating the GSCC/MSCC

ratios bymeasuring the relative intensities of respectiveproton

resonances, this approach has some fundamental limitations.

For example, a lack of sensitivity, that is, the ability to distin-

guish signals originating from theMSCC from thoseof baseline

impurities, often makes it difficult to estimate the distributions

for bistableMIMswith ratios exceeding approximately 10:1. In

addition to 1HNMR (but not exceeding its limitations), we have

employedCV tomeasure30ground-statedistributionconstants

of a number of bistable rotaxanes. This particular electroche-

mical technique has only enough sensitivity, however, to be

applied in the case of bistableMIMswith ground-state distribu-

tion constants of 10:1 or less. The point wewish tomake here

is that developing24 amethod formeasuring beyond this 10:1

range of sensitivity has been a major challenge.

Only after many years of investigating the collective

behavior of a wide variety of these redox-active bistable

donor�acceptor MIMs have we been able quite recently to

develop a method that can deliver a level of precision that

exceeds the 10:1 range of sensitivity. The key concept

behind the development of this method, which also em-

ploys CV, lies in recognizing that there are two different

kinetic regimes with respect to the shuttling of the ring that

interconvert the MSCC to GSCC and the scan rate em-

ployed in the experiment. The existence of two different

kinetic regimes is very similar conceptually to the fast- and

slow-exchange regimes that characterize dynamic 1H

NMR spectroscopy. Shuttling of the ring, which intercon-

verts theMSCC andGSCC, can also be either fast or slow on

the time scale of the CV experiment. In keeping with this

conceptual framework, we employ the terminologies

“fast-scan-rate regime” and “slow-scan-rate regime”, the

ranges of which depend on the specific kinetics associated

with shuttling motion of the ring that vary from one

bistable MIM to another. Transition from the fast-scan-

rate regime to the slow-scan-rate regime in the case of

variable-scan-rate CV can also provide quantitative infor-

mation of a thermodynamic nature, with respect to the

ground-state distributions of bistable MIMs.

FIGURE 4. Comparison between the thermodynamic parameters characterizing the TTF/DNP bistable [2]rotaxane 24þ and the corresponding
pseudorotaxanes TTFDEG⊂CBPQT4þ and DNPDEG⊂CBPQT4þ. TheΔΔG,ΔΔH, andΔΔS values obtained from the pseudorotaxanes correspondwell
with ΔG, ΔH, and ΔS values for the ground-state distribution in the bistable rotaxane.
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Consider the following analysis. We can define the equi-

librium based upon the ground state distribution between

the GSCC and the MSCC for any particular bistable MIM as

[MSCC]sFRs
KGS

[GSCC] (1)

where KGS is the ground state distribution constant govern-

ing the equilibrium between the GSCC and the MSCC. It is

important to note that this analysis is made on the assump-

tion that the unit encircled by the ring in the GSCC is the

redox-active unit controlling the switching behavior. We

recall that substantial differences in the redox potentials of

the donor or acceptor unit associated with the GSCC exist.

Therefore, the first redox potential of the recognition unit

associated with the GSCC, when encircled by the ring, is

much higher than when it is not encircled, as in the case of

the MSCC. With this knowledge in hand, consider the

following redox equilibrium:

[MSCC]( e�h[MSCCþ=�] (2)

where theplus�minussign indicates that thisequationcanbe

applied to either oxidation or reduction processes. From this

relationship, we can invoke the use of the Nernst equation:

EAp ¼ EMSCC (
RT
nF

ln
[MSCCþ=�]
[MSCC]

 !
(3)

where EMSCC is the redox potential for the electron transfer

process in eq 2, EAp is the applied potential, R is the universal

gas constant, T is the temperature, n is the number of ele-

ctrons transferred,andF is Faraday'sconstant.Combiningeq1

with eq 3,we can derive an expression for [MSCC] in terms of

KGS and the [GSCC].

EAp ¼ EMSCC (
RT
nF

ln
KGS[MSCCþ=�]

[GSCC]

 !
(4)

Under the appropriate experimental conditions, where the

scan rate is sufficiently slowsuch that at eachpoint in the scan

the redox-stimulated translational motion of the ring is

allowed to reach an equilibrium as the potential is varied,

there exists an applied potential, EAp, at which the quantity

([MSCCþ/�]/[GSCC]) is equal to unity and effectively defines

the new redox potential, call it Eeq, which can be observed in

the slow-scan-rate regime. Solving eq 4 for KGS leads to the

following expression:

KGS ¼ exp (|Eeq � EMSCC|)
nF
RT

� �
(5)

Now, we have a means of measuring the ground-state

distribution constant KGS as a function of the redox potential

FIGURE 5. Structures of the GSCC and MSCC for the neutral bistable [2]rotaxane 3. The KGS of 33 that governs the distribution was retrospectively
calculated by applying eq 5 to slow-scan-rate CV data.
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of Eeq and EMSCC for any particular bistable redox-active MIM

that obeys the proposed mechanism. In principle, the redox

potential EMSCC can bemeasured directly in the fast-scan-rate

regime, while Eeq can be obtained in the slow one. If EMSCC

cannotbemeasureddirectly, thenonecan relyontheuseofa

model compound, for example, the free ring or dumbbell

components. Furthermore, digitally simulated CVdata can be

used in comparison to the experimental data in order to

determine KGS, and the values determined from this method

are the same24 within error when using eq 5.
Let us return now to the example of the benzidene- and

biphenol-containing [2]rotaxane 14þ. In hindsight, we realize

that the CV of the bistable [2]rotaxane was recorded in the

slow-scan-rate regime. The potential of the first redox process

of the benzidene unit corresponding to Eeq is shifted by

approximately 60mV in comparison to the benzidene control

compound 1a, corresponding to EMSCC (Figure 2B). By applica-

tionof eq5, this differenceof 60mV leads to a calculatedvalue

of KGS = 10, which is in good agreement with the 84 to 16

distribution obtained from 1H NMR spectroscopy.

In order to demonstrate the general applicability of

eq 5, we turn our attention to a neutral bistable donor�
acceptor [2]rotaxane 3 (Figure 5) composed42 of the elec-

tron-rich macrocyclic polyether bis-1,5-dinaphtho[38]crown-

10 (BDNP38C10) and a dumbbell incorporating electron-

poor naphthalene diimide (NPI) and pyromellitic diimide

(PMI) recognition units. The BDNP38C10 ring encircles the

NPI unit in the GSCC and the PMI unit in the MSCC. The CV

of the rotaxane was recorded (CH2Cl2, 298 K) in the slow-

scan-rate regime. The first redox couple observed at�0.74V

involves reduction of the NPI unit to its radical anion NPI•�, a

redox process that induces translation of the BDNP38C10

ring from the NPI to the PMI unit. Compared with its free

dumbbell component, the redox potential for the first re-

duction of theNPI•� is shiftedmore negative by 90mV in the

bistable [2]rotaxane 3. Employing eq 5, we can calculate a

ground-state distribution constant KGS of 33, a value that

agrees42 well with the predicted value. It should be added

that the distribution constant for this bistable rotaxane has

never been measured directly before now.

In order to illustrate the difference between observing the

fast- and slow-scan-rate regimes and how thermodynamic

models based on the binding properties of related

host�guest compounds do not lead routinely to correct

predictions for bistable catenanes, we turn our attention to

the example of a [2]catenane 44þ composed43 (Figure 6) of

a CBPQT4þ ring mechanically bonded with a macrocyclic

polyether containing TTF and DNP recognition units. The

CVs of 44þ were first reported in the fast-scan-rate regime,

shown by the blue trace in Figure 6. As such, the shuttling of

the CBPQT4þ ring fromTTF in theGSCC toDNP in theMSCC is

slow on the time scale of the experiment. The fact that no

oxidationwave is observed aroundþ0.4V, for a process that

would provide quantitative information about the distribu-

tion constant,means that theground-statedistributionmustbe

greater than 10:1. Only recently, by accessing24 the slow-scan-

rate regime for 44þ, were we able to measure this distribution

constant. By starting out in the fast-scan-rate regime, we found

the redox potential EMSCC to be þ0.42 V. On scanning succes-

sively more slowly, we observed a new oxidation process

emerge, whose redox potential is þ0.58 V, corresponding to

Eeq. Using eq 5, we calculated the ground-state distribution

constant to be KGS = 510, which is well over an order of

magnitude larger than that predicted from the thermody-

namics of the host�guest models. The increased value of

KGS in bistable catenanes relative to their rotaxane cousins

can be witnessed in other examples. Tables 3 and 444�52

compile ground-state distribution constants for redox-active

bistable donor�acceptorMIMs, many of which have not been

defined until now, with the retroactive application of eq 5 to

their CV data reported in the literature.

FIGURE 6. Variable-scan-rate cyclic voltammograms for the bistable
[2]catenane 44þ, showing the transition from a fast-scan-rate regime
(blue trace) to a slow-scan-rate regime (red trace). The appearance of Eeq
at slow scan rates in the CV allows for evaluation of the GSCC/MSCC
ratio according to eq 5, revealing a remarkably high equilibrium
constant (KGS = 510) in favor of the GSCC.
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Reflections
As the development of bistable redox-active donor�acceptor

MIMs has progressed, a battery of techniques to predict,

analyze, and explain their ground-state distributions at

equilibrium have been harnessed. Model complexes have

proven to be crucial leads in the design of bistableMIMs, and

more recently, slow-scan-rate CVhas provided the analytical

sensitivity required to probe ground-state distribution con-

stants up to 104.

This semiquantitative treatment of the ground-state dis-

tributions of coconformations (translational isomers) is

reminiscent of the conformational analysis53 that can be

performed on multiply substituted cyclohexane rings once

the conformational free energy differences, often referred to

as A-values, between equatorial and axial substituents on a

monosubstituted cyclohexane ring are known. Although the

principle of additivity ofA-values cannot beapplieduniversally

because of the advent of additional steric (e.g., 1,3-diaxial) and

electronic interactions, the approach is generally quite highly

predictive, particularly so when allowances are made for the

exceptions. The anomeric effect that is present in many

carbohydrates54 is a good example of an electronic effect that

TABLE 3. Equilibrium Constants (KGS) Governing the Ground-State Distributions of Various Previously Reported CBPQT4þ-Based Bistable
Donor�Acceptor MIMs

aMethods: “Eqn 5”, eq 5 was applied to the slow-scan-rate CV data reported in the corresponding reference; “NMR”, KGS was measured by comparing integrals of 1H
signals for each coconformation in a slow exchange regime; “CV”, KGS was measured by comparing the integrals of the redox waves corresponding to each
coconformation in the fast-scan-rate CV.
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can more than outweigh a steric one in many instances.

Nonetheless, it is possible to analyze all the conformational

free energies for the 16 D-(R and β)-aldohexopyranoses and

thenuse this information topredict the relative free energies of

the eight D-aldohexopyranoses to discover that the threemost

stable, namely, glucose, mannose, and galactose, also happen

to be the most prevalent monosaccharides found in Nature.

These kinds of empirically based analyses not only are useful

from the practical viewpoint of the experimentalist but also

provide the vehicles for theoreticians to put their ideas to

the test. An intimate understanding of the thermodynamic

parameters that govern redox-active bistable donor�acceptor

MIMs provides one piece of the blueprint for the design of

increasingly sophisticated molecules with multiple functional-

ities, especially in devices, and will provide ameans for theory

to develop at a level of sophistication where it will be able to

TABLE 4. Equilibrium Constants (KGS) Governing the Ground State Distributions of Various Previously Reported Crown Ether-Based Bistable
Donor�Acceptor MIMs

aMethods: “Eqn 5”, eq 5 was applied to the slow-scan-rate CV data reported in the corresponding reference; “NMR”, KGS was measured by comparing integrals of
1H signals for each coconformation in a slow exchange regime; “CV”, KGS was measured by comparing the integrals of the redox waves corresponding to each
coconformation in the fast-scan-rate CV.



Vol. 45, No. 9 ’ 2012 ’ 1581–1592 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 1591

Fahrenbach et al.

predict quantitatively and with reasonably high certainty the

thermodynamic outcome that results from a particular non-

covalent bonding pattern present in a given bistable MIM.
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