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nium and hydroxide ions. 
We describe the solvent coordinate that 

stabilizes ions, AE, as an electric field be- 
cause it arises primarily from long-range 
electrostatic interactions. Local properties 
that we examined, such as ion coordination 
number and the presence of specific hydro- 
gen bonds, fail to account for the bond-desta- 
bilizing fluctuation in our simulations. Fur- 
thermore, the stabilization of ions indicated 
in Fig. 2, B and C, is diminished substantially 
when we artificially remove outer coordina- 
tion shells of the ions. Thus. AE does not 
arise from a few nearby water molecules. 
Instead, it is analogous to the collective co- 
ordinates that others have imagined for elec- 
tron transfer (10) and for acid-base proton 
transfer (33-36). As in Marcus's theory of 
electron transfer, it is a rare solvent fluctua- 
tion that drives the motion of charges. In 
detail, however, AE differs from the previ- 
ously defined coordinates, namely the solvent 
polarization field and the energy gap between 
diabatic bonding states. AE involves only the 
energy required to transfer protons adiabati- 
cally. The second component of the reaction 
coordinate that we identified, the hydrogen 
bond wire length 1, is also analogous to a 
coordinate in these theories, namely the dis- 
tance between ions. But in the case of auto- 
ionization, the appropriate separation coordi- 
nate describes the hydrogen bond wires that 
link the ions, rather than simply describing 
the distance between them, emphasizing the 
importance of connectivity in the hydrogen 
bond network. 

We conclude that the dynamics of both 
electric fields and hydrogen bonding play 
important roles in the autoionization mecha- 
nism. Rare electric field fluctuations drive the 
dissociation of oxygen-hydrogen bonds. Ions 
produced in this way usually recombine 
quickly because the solvation fluctuation 
vanishes within tens of femtoseconds. But 
when such a fluctuation is coincident with 
breaking of the hydrogen bond wire (a pro- 
cess normally occurring about once every 
picosecond), rapid recombination is then not 
vossible. It is with this coincidence of events 
that the system crosses a transition state. This 
scenario implies the existence of many short- 
lived hydronium and hydroxide ions in water. 
Decay of this transient population over -100 
fs is an interesting and, in principle, observ- 
able signature of the dynamics revealed by 
our simulations. 
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Photoinduction of Fast, 
Reversible Translational Motion 

in a Hydrogen-Bonded 
Molecular Shuttle 

Albert M. Brouwer,' COLine Frochot,' Francesco G. Gatti: 
David A. Leigh,'* Loic Mottier,' Francesco Paol~cci,~ 

Sergio Roffia,' George W. H. Wurpell* 

A rotaxane is described in  which a macrocycle moves reversibly between two 
hydrogen-bonding stations after a nanosecond laser pulse. Observation of 
transient changes in  the optical absorption spectrum after photoexcitation 
allows direct quantitative monitoring of the submolecular translational process. 
The rate of shuttling was determined and the influence of the surrounding 
medium was studied: A t  room temperature in acetonitrile, the photoinduced 
movement of the macrocycle t o  the second station takes about 1microsecond 
and, after charge recombination (about 100 microseconds), the macrocycle 
shuttles back t o  its original position. The process is reversible and cyclable and 
has properties characteristic o f  an energy-driven piston. 

Analogic molecular versions of some of the 
fundamental components of machinery from 
the macroscopic world are currently being 
targeted as prototypical structural units for 

devices that could function through mechan- 
ical motion at the molecular level (1-5). A 
common design feature behind such struc- 
tures is that the architectures are chosen so as 
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Scheme 1. Transla- 
tional submolecular 
motion in a stimuli- 
responsive molecular 
shuttle: (i) The macro- 
cycle initially resides 
at the preferred (green) 

power 

station; (ii) a reaction 
occurs (red +blue) (ii) 
changing the relative 
binding potentials of 
the two stations such 
that (iii) the macrocycle "shuttles" to the now-preferred (blue) station. In the special case that the 
reverse reaction (blue + red) now occurs (iv), the components return to their original positions. Such 
cyclable, externally driven, mechanical motions with a "power stroke" and a "recovery stroke" are 
reminiscent of the workings of a simple piston (inset). 

to restrict the degrees of freedom of submo- 
lecular components such that they can only 
move with respect to each other through dis- 
crete, large-amplitude internal motions, pref- 
erably under external influences. In rotax- 
anes, molecules where a macrocyclic "bead 
is locked onto a linear "thread by bulky 
"stoppers" (6). such controlled dynamic be- 
havior occurs if the macrocycle can be in- 
duced to move from one initially favored 
position ("station") on a thread to a second 

translation of the macrocycle between two 
stations takes place after photoexcitation with 
a laser pulse (Scheme 2) (14). The submo- 
lecular motion is fast (-1 FS; previous light- 
driven shuttles generally function on the time 
scale of minutes to hours) (10, IZ), fully 
reversible, and, remarkably, can be observed 
directly by following transient changes in the 
optical absorption spectrum. After charge re- 
combination, - 100 p s  later, the macrocycle 
shuttles back to its original site. The whole 

site where preferential binding of the macro- process is cyclable and reminiscent of the 
cycle results as a consequence of some exter- workings of a piston, where a powered stroke 
nil stimuli [a responsive "molecular shuttle" (during which mechanical work can be per- 
(7-14), Scheme 11. formed) is followed by a recovery stroke that 

Here we report an example of a hydrogen- returns the system to its starting position 
bond (H-bond)-assembled rotaxane in which (inset, Scheme 1) (15). 

The molecular shuttle 1 consists of a ben- 
'Laboratory of Organic Chemistry. University of Am- zylic amide macrocycle mechanically locked 
sterdam. keuwe khtergracht 129, N L - 1 0 1 8 ~ ~  Am- oito a thread, 2, featuring two potential H- 
sterdam Netherlands. ZCentre for Supramolecular 
and M~cromolecular Chemistrv, of bonding stations-a succinamide (strcc) site 
Chemistry. University of warwick: coventry C V ~  7AL, and a 3,6-di-lert-butyl-1.8-naphthalimide (rti) 
UK. 'Dipattimento di Chimica "C. Ciamician," Univer- unit-separated by a C,, alkyl spacer (Fig. 
sita degli Studi di Bologna. V. F. Selmi 2. 40126. 1b.1 succinamide ,,,,its have ~ - b ~ ~ d - ~ ~ ~ ~ , , ~ -  - .  
Bologna, Italy. 

ing sites in identical positions to dipeptides, 
'To whom correspondence should be addressed. E- 
mail: David.Leieh@Warwick.ac.uk and fred@ore.chem. and, in nonpolar solvents, threads containing 

" - 
uva.nl such motifs template the formation of benzyl- 

Scheme 2. A photo- 
responsive, H-bond- 
assembled, molecular 
shuttle 1. Before the 
355-nm laser pulse, 
the translational co- 
conformer succ-1 is 
predominant because 
the n i  station is a poor 
H-bond acceptor (K,, 
< 0.01). After pho- 
toreduction by an ex- 
ternal donor (D; 
DABCO, TMPD, or bi- 
phenyl), the equilibri- 
um between succ-1-' 
and ni-1-' changes 
(K,,, > 1500) because 
ni-' is a powerful H- 
bond acceotor and 

ic amide macrocycles about them to give 
rotaxanes in five component "clipping" reac- 
tions (16). Thus, treatment of 2 with 10 
equivalents each of xylylene diamine and 
isophthaloyl dichloride (CHCI,, Et,N, 4 
hours, high dilution) led to the formation of 
the [2]rotaxane 1 in 59% yield. 

X-ray crystal structures (17) of model 
succinamide rotaxanes show the sttcc station 
to be an excellent fit for the benzylic amide 
macrocycle binding sites, held in place by 
two sets of bifurcated H-bonds from the 
isophthalamide groups of the macrocycle to 
the two succinamide amide carbonyls. In the 
neutral state, naphthalimide is a poor H-bond 
acceptor (I#), and therefore in solvents that 
do not disrupt H-bonds, the rotaxane must 
minimize its energy by adopting the co-con- 
formation (19) and H-bonding motif shown 
as succ-1 in Scheme 2. As a radical anion, 
however, naphthalimide has a greatly en- 
hanced H-bond-accepting affinity (18) and 
the photo- or electrochemically reduced form 
of the rti station can therefore bind strongly to 
the benzylic amide macrocycle. This differ- 
ential binding potential provides a driving 
force for it to shuttle down the thread from its 
original position (Scheme 2). 

Confirmation that the equilibrium (K,) 
lies almost completely toward strcc-1 in the 
neutral rotaxane was provided by a variety of 
spectroscopic and physical methods. The 'H 
nuclear magnetic resonance (NMR) spectrum 
of 1 in d,-MeCN (Fig. 2) shows an upfield 
shift of 1.2 parts per million for the methyl- 
ene protons (H, and H,,) of the succinamide 
station relative to the same signals in 2 due to 
binding of the macrocycle (the shielding is 
caused by the field effects of the aromatic 
rings of the xylylene residues). In contrast, 
the chemical shifts of the resonances of the 
naphthalimide unit (Hi and Hi) and N-meth- 

Y 
back-electrdn transfer 
is slow (spin forbidden). Because the absorption maximum (A,,,) of ni-1-', i.e., the time taken for light-induced shuttling of the macrocycle (-1 
ni-1-' is located at shorter wavelength than that of succ-1-', the sum of the ps, MeCN). After charge recombination (-100 (~s. MeCN), the macrocycle 
absorptions shifts to the blue. The rate at which the absorption shifts (k,,,) shuttles back to its original position. Cycling of this process at lo4 times per 
is related to the rate of change in the relative populations of succ-1-' and second generates -10-l5 W of mechanical power for each shuttle. 
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Fig. 1. Chemical formu- 
lae of molecular shuttle 
1, shown in i ts  preferred 
(succ-1) co-conforma-
tion in non-H-bond-
disrupting solvents, and 
thread 2. The Letters 
identify nonequivalent 
'H environments. 

Fig. 2. 'H NMR spec- A 
tra (400 MHz) of (A) 2 
and (0) 1in d,-MeCN 
at 329 K (1 is only 
sparingly soluble in 
d,-MeCN at 298 K). 
The letters correspond ito the assignment of 
the resonances shown 
in Fig. I. 

ylene group (H,) are virtually identical in 1 
and 2. Similarly, the infrared (IR) spectrum 
of 1 in MeCN shows no changes in the CO 
stretch vibrations of the naphthalimide moi- 
ety compared with 2. Comparative NMR 
shielding effects on model rotaxanes and cy- 
clic voltammetry (CV) studies both show that 
K,, < 0.01 for 1 in a range of solvents (CV 
suggests a K, as low as lo-* in tetrahydro- 
furan at 298 K) (20). 

Translocation of the macrocycle between 
the succ and ni stations in the reduced rotax- 
ane was demonstrated by spectroelectro-
chemistry. After electrochemical reduction 
[dimethylformamide (DMF), 298 K] of 1and 
2, the absorption maxima characteristic of the 
naphthalimide radical anions were found at 
415 and 422 nm, respectively (Fig. 3). The 
shorter wavelength absorption of the naptha- 
lirnide radical anion reflects increased polar- 
ity of its environment (as observed for the 
thread in various solvents, see below), and 

the difference in the ~zi-' absorption wave- 
length of 1 and 2 is consistent with H-bond- 
ing of the macrocycle to the ni-. station in the 
reduced form of 2. In the CV experiments, 
reoxidation of nip' to ni occurs at a much 
more positive potential in the rotaxane 2 than 
in the thread 1 (20). The difference in the 
oxidation potentials of 1 and 2, 0.48 V, is 
remarkable [redox-active host-guest com-
plexes involving up to three H-bonds to 
similar naphthalimide units typically give 
stabilizations of around 0.2 V (18, 21)] and 
provides a direct measure of the intercom- 
ponent binding energy in structure ni-1-' 
(Scheme 2). This value, 11.2 kcal mol-', is 
the equivalent of four strong or three ex- 
tremely strong H-bonds (OCNH . . . O=CNR 
H-bond strengths are in the range 2 to 5 kcal 
mol-') (22). Molecular modeling shoas that 
such multipoint H-bonding cannot arise fiorn 
simple folding and requires the macrocycle to 
physically shuttle down the thread from the 

Wavelength (nrn) 

Fig. 3.Electronic absorption spectra of electro- 
chemically generated I-'and 2-' in DMF at 
298 K (corresponding to the largest charge 
before the isosbestic points were lost). The 
spectra were normalized to the intense absorp- 
tion peak in the visible part of the spectrum. 

succinamide station to the reduced naphthalim- 
ide unit to bind efficiently. Model rotaxanes in 
which the thread amide groups are methylated 
(so that all of the H-bonds to the ni-' station 
must come from the macrocycle), or cannot 
fold for steric reasons, display similar behavior 
to 1 (23). The CV data show that the cocon- 
former equilibrium in the reduced form of 1lies 
almost completely toward ni-1-' (K,,, > 1500, 
Scheme 2). 

Reduction of the naphthalimide station 
could also be achieved with photoinduced 
electron transfer, initiated by a nanosecond 
laser pulse, and, remarkably, the changes in 
the nip' absorption spectra can be used to 
measure directly the rate at which the mac- 
rocycle shuttles along the thread. 

After photoexcitation, the ni chromo-
phore in thread 2 or rotaxane 1 undergoes 
intersystem crossing to the triplet (T) state 
in high yield (Eq. 1) (24). The triplet spe- 
cies have strong absorption bands (25) and 
are readily observed in transient absorption 
experiments. Upon reduction of the triplets 
by an electron donor [D, for example, 1,4- 
diazabicyclo[2.2.2]octane (DABCO, 1 to 
10 mM)], contact radical ion pairs are 
formed. As a result, the ni T-T absorption 
decays more rapidly and a sharp absorption 
around 416 nm rises together with weaker 
bands around 490, 730, and 820 nm. These 
new absorptions are characteristic of a 
naphthalimide radical anion and consistent 
with the spectroelectrochemical results. 
Because back electron transfer is spin for- 
bidden and thus slow, the ion pair can 
efficiently dissociate (Eq. 2) and the naph- 
thalimide radical anion absorption can thus 
be observed for >I00 p,s as it decays by 
charge recombination (Eq. 3). The photore- 
duction quantum yield is -20%. 

ni + 'ni* + 'ni* ( 1 )  

3ni* + D + '(ni-'D+') +ni-' + I)+' 
(2) 

ni-' + D" -+ ni + D (3 
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Fig. 4. Contour plots 430 When 1 was photoreduced in the presence of 
of 100 transient ab- ::g, ;;j DABCO in alkylnitriles of different polari- 
sorption spectra of (A) - . ties, the shift rate indeed followed the pre- 
2 and (B) 1 in PrCN 420: 
with 10 mM DABCO, 2 . dicted trend (Fig. 5): k,,,, = 1.35 X lo6 s-' 

taken with 100-ns in- in MeCN (E = 37.5), 0.45 X lo6 s-' in EtCN 
crements after the la- - (E = 27.2), and 0.21 X lo6 s-' in PrCN (E = 
ser pulse. Optical den- 410 23.3). Similarly, with 3% aqueous MeCN, the 
sity decreases from rate increased by a factor of 1.5 compared 
maximum (red) to 0 with anhydrous MeCN. 
(blue). The absorption 400 ~ M J  - 
maximum of ni-' is in- ,, * * to H-bonds are electrostatic in nature, and the 
dicated by the black ltme (w) Time (PI free energy of binding of the macrocycle to a 
dots and remains con- station should be inversely proportional to the 
stant in thread 2, whereas it shifts to shorter wavelength for the shuttle 1. dielectric constant of the surrounding medium. 

Therefore, a plot of In k,,,, versus 1 1 ~  should 
DABCO was chosen as the electron donor apparently caused by the translation of the yield a linear relation. As demonstrated in Fig. 
because it has a kinetically stable radical macrocycle along the thread to its new equi- 6A, this is indeed the case. By measuring k,,,, 
cation with a relatively weak absorption that librium position, K,,. If so, then the rate at at different temperatures in PrCN and applying 
does not obscure the absorption band of nip'. which the new equilibrium is established Eyring's transition state theory, the barrier AGS 
The radical anion absorption around 416 nm photochemically (that is, the rate of photo- for the photoinduced translational process in 1 
shows a decay that can be fitted to a second induced shuttling, k,,h,t,,,n,, Scheme 2) could be determined. A straight line fit of In 
order rate law. Most probably, nip' is con- should be related to the rate at which the k,,,, versus T-I (Fig. 6B) yielded AGf = 
verted to ni upon bimolecular charge recom- absorption maximum shifts. This correlation 10.2 + 0.7 kcal mol-' at 298 K. Similar bar- 
bination with a donor radical cation. The was used both to establish the kinetics of the riers have been determined by NMR measure- 
recombination rate is similar for 1 and 2 (k = shuttling process and to provide further evi- ments [AG$,,,, = 12.4 + 0.3 kcal mol-' (ll)] 
9 + 2 X 10, M-I s-' ). After charge recom- dence that shuttling is, indeed, the process and quantum calculations [AGS,,,, = 11.67 
bination (about 100 ps) the system returns to occurring in 1. kcal mol-' (27)] for a rotaxane with two gly- 
the ground state and can be pulsed again, We define the separation between the ab- cylglycine H-bond-accepting stations (which 
giving the same results. sorption maxima of free and complexed has a similar binding motif to succinamide) 

During the lifetime of the naphthalimide naphthalimide radical anion as AX. Because separated by a 14-atom spacer. 
radical anion, the position of its absorption AX is -5 nm and the absorptions have a Intramolecular motions after photoexcita- 
maximum located around 416 nm stays con- full-width at half-maximum (FWHM) > 25 tion of organic (28) and organometallic mol- 
stant for the thread (2) (Fig. 4A). In the nm, a coalesced band is observed character- ecules (29) rarely exceed about 1 A (30), as 
corresponding rotaxane (I), however, a blue ized by its maximum A,,,. As the relative opposed to -15 A in the present case. The 
shift of several nanometers occurs on a mi- intensities of the underlying bands change in rate of photoinduced shuttling for 1 lies on 
crosecond time scale (Fig. 4B) with the mag- time, A,,, will also change. A,,, is linearly the microsecond time scale and can be under- 
nitude of the photoinduced shift correspond- correlated to the intensity changes of the stood by the ease with which the macrocycle 
ing well to the difference in absorption max- separate bands when AX is small compared can be dissociated from its initial binding site 
ima for I-' and 2-' measured spectroelectro- with the width of the separate bands (26). and the distance it has to travel to the second 
chemically (Fig. 3). Remarkably, the tran- Because that is the case here, the measured station. The rate at which the process can be 
sient nature of the blue shift of the naphtha- shift rate of the radical anion absorption max- cycled depends on the rate of charge recom- 
limide radical anion absorption maximum is imum (k,,,,) equals the rate at which the bination of the rotaxane radical anion. The 

equilibrium for the reduced state is estab- energy available for the shuttling motion 
lished. Because this lies almost completely upon reduction of ni (power stroke) is about 
toward ni-1-', the rate observed is the rnac- 4.3 kcal mol-I (based on the difference in 

41 6 roscopic rate for the translation of the rnac- oxidation potentials of ni-' in 2 versus I), and 
rocycle along the thread. Indeed, plots of in the reversed direction (recovery stroke), 

p 414 A,,, versus time for 1 show perfect monoex- another 6.9 kcal mol-I (based on K,) is 
c - ponential behavior (Fig. 5). released. If the shuttle is pumped by a laser at - If, as expected, the rate-determining step the frequency of its recovery stroke (lo4 S-I), 
dE 412 for the translational process involves the the molecular "machine" thus generates 

breaking of the H-bonds between the macro- -lo-'' W of mechanical power per mole- 
410 cycle and the succ station, then the macro- cule. By comparison, the linear biological 

41 6 cycle should shuttle more slowly in solvents "motor" kinesin carries out mechanical work 

414 with a lower dielectric constant (E) (11). of (48 pN X nm) at 100 steps per second, 
41 2 
41 0 

0 2 4 6 8 1 0  Fig. 6. The dependence of k,,,, on (A) the 
Time (bs) l 4 K 1  :fq---'q relative rounding dielectric medium constant, and (B) E,  temperature. of the sur- 

Fig. 5. Changes in the absorption maximum Error ban indicate the 95% confidence 
(A,,,) of ni-' with time, formed after photo- ' 

3 13 
limit. 

excitation of (A) 1 and (B) 2 in the presence of 
10 mM DABCO measured in butyronitrile (A), 

- 
propionitrile (O), and acetonitrile (0). For clar- 
ity, half of the data points are omitted. The 12 30 40 10 3.2 3.4 3.6 3.8 
data for 1 were fitted to a weighted monoex- 
ponential function to obtain k,,,. I/E (10'~) T-' (loi3 K') 
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generating 4.8 X 10-l8 W per molecule (31). 
The reason that the synthetic system can do 
more work than the biomolecular one is that 
kinesin uses adenosine triphosphate as an 
energy source, which upon hydrolysis releas- 
es -12 kcal mol-', whereas the present shut- 
tle uses a 355-nm photon of 81 kcal molp'. 

Tuning of the binding properties of the 
macrocycle and/or stations, and the photo- 
physical properties of the active chro-
mophore, may allow the use of light of a 
longer wavelength, faster switching times, 
and/or more powerful and efficient analogs to 
be produced. Practical applications of such 
light-induced mechanical motion at the mo- 
lecular level might involve the rearrangement 
of the structure of surfaces or the "fetching- 
and-carrying" of molecules or clusters of at- 
oms between specific locations (for example, 
across membranes). 
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New methods for retrieving tropospheric ozone column depth and absorbing 
aerosol (smoke and dust) from the Earth Probe-Total Ozone Mapping Spec- 
trometer (EPITOMS) are used to follow pollution and to determine interannual 
variability and trends. During intense fires over Indonesia (August to November 
1997), ozone plumes, decoupled from the smoke below, extended as far as India. 
This ozone overlay a regional ozone increase triggered by atmospheric re- 
sponses to the E l  Niiio and Indian Ocean Dipole. Tropospheric ozone and smoke 
aerosol measurements from the Nimbus 7 TOMS instrument show E l  NiAo 
signals but no tropospheric ozone trend in the 1980s. Offsets between smoke 
and ozone seasonal maxima point to multiple factors determining tropical 
tropospheric ozone variability. 

Smoke and excess tropospheric ozone, both 
by-products of biomass burning, have long 
been observed over large regions of the tropics 
with satellites (1-3), aircraft, balloons, and 
ground-based instrumentation ( 4 4 ) .  Ozone 
forms as a result of biomass burning because 
combustion products are ozone precursors in 
the atmosphere: nitrogen oxides, carbon mon- 
oxide, and hydrocarbons. Other combustion 
products lead to the formation of aerosol parti- 
cles, including soot, that make up smoke. The 
highest smoke aerosol and tropospheric ozone 
amounts occur over southern Africa and the 
adjacent Atlantic (2, 5, 7), where a strong 
ozone, biomass-burning link has been con-
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f m e d  by airborne and ship-based measure- 
ments (5, 8-11). However, other observations 
(12) and some models (13-15) point to large- 
scale dynamics and lightning as prominent fac- 
tors in tropical tropospheric ozone distributions. 

Since late 1996, with the launch of Earth 
Probe-Total Ozone Mapping Spectrometer 
(EPITOMS) (16), real-time processing of ab- 
sorbing aerosol (smoke) and tropospheric 
ozone has enabled daily tracking of these 
pollutants at l o  latitude by 1.25' longitude 
resolution. The first exceptional ozone epi-
sode detected by EPITOMS occurred during 
the 1997 El Nifio-Southern Oscillation 
(ENSO) and Indian Ocean Dipole (IOD) 
events, when drought over Indonesia was 
followed by large fires. Here, we use clima- 
tological indices to show that ozone varia-
tions during this time resulted from perturbed 
dynamics, as well as from more active pho- 
tochemistry (1 7-21). Comparison of the EPI 
TOMS record with data from the Nimbus 
7ITOMS instrument that operated from 1979 
to 1992 (7)  shows similarities to data from 
1997 and allows determination of seasonal 
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