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6 6 
AA multi-electron switchable molecular 
shuttlee based on a naphthalene-bisimide 
rotaxane. . 

"The"The evolution of molecules - a minute-by minute account" 

STACYY GILBERT 

6.11 Introductio n 

Twoo different motions are distinguishable in rotaxanes: the circumrotation movement, where 

thee macrocycle turns about the thread axis and the translational movement, where the ring 

movess along the dumbbell shaped molecule (see also Chapter 1). Both motions can be very 

suitablee in the construction of artificial "molecular machines". ' ' ' Since a few decades sev-

erall  research groups have taken up the challenge to induce such movements of the macrocy-

clee in a controlled manner. In two - station rotaxanes the macrocycle has the possibility to 

residee on station 1 or station 2 depending on the affinity of the ring for each of the stations. 

stationn 1 stationn 2 

stationn 1 station 2 

Figur ee 6-1. Translational movement in a two-station rotaxane. 
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Differentt external stimuli can be used to change the binding properties between the 

singlee parts of the rotaxane and thereby cause the translational motion of the macrocycle. 

Thiss type of motion is usually called "shuttling", because the macrocycle can move forward 

andd backward upon addition of photons, electrons or chemicals again and again.5'6 The 

changess of the oxidation state of one of the binding sites in multi-station rotaxanes can be 

performedd electrochemically or by combining photoexcitation with addition of an external 

electronn donor or acceptor molecule, as was demonstrated already in many Balzani and Stod-

dartt shuttles.1J'8-9'10 

Rotaxaness which can be subjected to fast and reversible shuttling were also studied in 

ourr group. One such system (rotaxane 6.1, see Figure 6-2) consisting of a linear thread with 

ass potential binding sites: succinic station (succ) and 1,8-naphthalimide stopper (ni) substi-

tutedd with two bulky and slightly electron donating tert-butyl groups (see also Chapter 1) and 

aa benzylic amide macrocycle (the same as in Chapters 3, 4 and 5 of this Thesis) was investi-

gatedd very extensively by Dr. Sjors Wurpel, Sandro Fazio and Dhiredj Jagesar. The mecha-

nismm of the naphthalimide shuttling is shown in Figure 6-3 on page 149. 

Figuree 6-2. Naphthalimide rotaxane 6.1 (n/-rotaxane) and thread 6.2 (n/'-thread). 
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Thiss system was the first in which the translational motion of the macrocycle along 

thee thread has been induced by light and electrochemical stimuli over a rather large distance 

off  ca. 1.5 nm with a rate constant greater than 10 s" (depending on solvent and conditions 

off  the experiment).1 ' In contrast, the previous light driven molecular shuttles needed sev-

erall  minutes or hours to move along the thread and they could be switched only once.7'13 

Inn 6.1 the macrocycle resides in the neutral state preferably on the succ station. How-

everr after reduction performed electrochemically or by reaction with an external donor (e.g. 

DABCO)) after photoexcitation, the ring shuttles to the reduced naphthalimide chromophore. 

Thee process is reversible, because after spontaneous recombination of the radical cation of 

thee electron donor and the naphthalimide radical anion, or reoxidation (in the case of the elec-

trochemicall  stimulus), the starting conditions are restored, and the whole system is reset. The 

macrocyclee then shuttles back to the succ station. The forward shuttling can be induced again 

byy applying electrons or photons, so that the system can be switched many times. 

rr D D ~\ CC ) "e 

vv  D + D+ y 

Figur ee 6-3. Shuttling cycle of the rotaxane 6.1 (n/'-rotaxane) driven by electrochemical or 
photochemicall redox processes.12 

Inn order to construct a similar type of molecular shuttle we decided to change the 

monoimidee group in the thread into a bisimide motif. We expected that introduction of the 

N,N'-l,4,5,8-naphthalene-bisimidee instead of 1,8-naphthalimide could lead to different driv-

ingg forces for shuttling, since the charge density distribution is expected to be different in 

naphthalenee bisimide from that in monoimides. The naphthalene-bisimide (nbi) station can 

bee reduced to its radical anion or to its dianion. 
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Figuree 6-4. Charges on the oxygen atoms in the mono- and bis-imides (AM1-calculations), 
plainn - neutral state, italic- radical anion, bold - dianion. 

Simplee AMI calculations gave some idea of the charge density distribution in naph-

thalenee mono- and bis-imide in the neutral and reduced states (see Figure 6-4). As expected, 

forr the bisimide electron density on the oxygens increases less in the radical anion state than 

forr the monoimide. But in the dianion of the bisimide the charge density on oxygen is a littl e 

higherr than in the radical anion of the monoimide. 

Thus,, we expect that the affinity of the macrocycle to the one electron reduced nbi is 

smallerr than to the naphthalimide radical anion (ni) in the previously studied shuttle 6.1. 

However,, after the second reduction of the bisimide to its dianion we expect that the macro-

cyclee should possess stronger affinity to the bisimide than to the radical anion of nbi or even 

ni,ni, so that the translational movement of the macrocycle along the thread should take place 

moree easily. 

Too check our hypothesis we decided to synthesize a two station rotaxane shuttle, 

wheree one of the stations is redox- and photoactive and one and two electron reduction should 

bee possible. Different symmetrical rotaxane systems with naphthalene-

bisimide14'15'16'17'18,199 or perylenebisimide20'21,22,23 motifs incorporated between two C12 

aliphaticc chains were first considered (see 6-3, 6-4 and 6-5 in Figure 6-5). However, due to 

thee very poor solubility of the products and intermediates, it was impossible to isolate them 

fromm the reaction mixtures and obtain them in a pure form. 
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Figur ee 6-5. The target structures with different imide stations: (6.3) naphthalene- (6.4) ben-
zophenone-- and (6.5) perylenebisimide. 

Thereforee we synthesized an asymmetric rotaxane 6.6 shown in Figure 6-6 (for details 

seesee Chapter 2), which consists of: the succinic station-l(succ) and the naphthalene-bisimide-

station-22 (nbï) situated close to the stopper. Between the two binding sites twelve CH2 groups 

weree incorporated. It was already documented by *H NMR and absorption and fluorescence 

experimentss on «/-rotaxane 6.1 and «/-thread 6.2 that the benzylic amide macrocycle resides 

inn the neutral state preferably on the succ station connected via four hydrogen bonds 

betweenn the isophthalimide groups on the ring and two succinamide carbonyls on the thread. 

Byy analogy we expect that the succ station is favored in the nbi system, too. In the neutral 

statee napthalimide and naphthalene-bisimide are poor hydrogen bond acceptors and therefore 

inn non-hydrogen-bond-disrupting solvents the rotaxane minimizes its energy by adopting the 

co-conformationn shown in Figure 6-6. 
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Figur ee 6-6. Chemical formulae of the nb/thread 6.7 an the nbi rotaxane 6.6 in the preferred 
groundd state conformation, where the benzylic amide macrocycle resides on the succ sta-
tion. . 

Photoexcitationn of the nbi station in the presence of an electron donor or electrochem-

icall  reduction of the naphthalene-bisimide chromophore generates its radical anion. The ring 

couldd in principle move rapidly to the nbi'. If the simple model, in which the activation 

energyy of shuttling is determined mostly by the breaking of the hydrogen bonds to the succi-

namidee station, the rate of shuttling in nbi-rot 6.6 should be similar to that in «('-rot 6.1 

becausee the depth of the product well does not play an important role (see Figure 6-7). Of 

course,, if the product well is not deep enough, shuttling may occur but will  not be productive, 

becausee a thermal equilibrium wil l be reached with most of the molecules in the sacc-co-con-

formation. . 
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Figur ee 6-7. Schematic energy curve for the shuttling in 6.6. 

Afterr further reduction the dianion of nbi is generated. ' Since naphthalene-

bisimidee dianions possess much stronger hydrogen bond accepting properties than the neutral 

orr one electron reduced forms, the macrocycle will move to the two electron reduced nbi sta-

tion.. However, after reoxidation, the radical anion is restored, which might cause the motion 

off  the macrocycle to the succ station. Upon the second reoxidation the starting conditions are 

restoredd and the macrocycle moves back to the succ station. Crucial here is that like in the 

naphthalimidee rotaxane, the novel naphthalene-bisimide system can be pumped again and 

restoredd many times. 

Inn this Chapter we mainly describe electrochemical experiments: cyclic voltammetry 

andd spectroelectrochemistry which demonstrate shuttling in this novel, interesting system. 

Ann attempt was made to study the shuttling process using time resolved optical absorption 

spectroscopyy using the same approach as was used by Dr. Sjors Wurpel. Unfortunately, it 

turnedd out that the reaction of the triplet excited naphthalene-bismide with 1,4-

diaza[2.2.2]bicyclooctanee (DABCO) did not result in a clean formation of the radical anion. 

6.22 Results and Discussion 

6.2.11 Structur e 

Thee 'H NMR spectra in deuterated chloroform show that the preferred co-conformation in 

solutionn is the one with the ring residing on the succ station. X-ray crystal structures of the 
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modell  succinamide rotaxanes show that the succ station is a very good binding site for the 

benzylicc amide macrocycle which is evidenced by two sets of bifurcated hydrogen bonds be-

tweenn the isophthalimide groups on the macrocycle and two succinamide carbonyls.12'27,24 

] HH NMR spectra show an upfield shift of A8 = -1.45 ppm for the methylene protons (Hd and 

He,, see Figure 6-6 for labels) of the succinamide station relative to the same signals in the 

threadd 6.7 due to binding of the macrocycle to the succ station. The shielding is a result of 

thee effects of the aromatic rings of the p-xylylene residues. A similar shift of ca. -1.45 ppm 

wass found in w'-rotaxane 6.1. ]H NMR spectra were recorded in CDC13. Also the difference 

inn chemical shift for Hb and Hg between 6.6 and 6.7 is the same (AS = -0.2 ppm) as between 

6.11 and 6.2. The signals for rotaxane are upfield in comparison with thread. The chemical 

shiftss of the resonances of the naphthalene-bisimide unit (H; and H:) and N-methylene groups 

(Hhh and Hk) are virtually identical in the thread 6.7 and the rotaxane 6.6. However, signals 

forr succinamide protons Hc and Hf are shifted upfield (A5= -0.2 ppm) in rotaxane 6.6 in com-

parisonn with its thread 6.7, while in rotaxane 6.1 the signals for succinamide protons Hc and 

Hff are shifted downfield (A5 = +0.2 ppm) in comparison with its thread 6.2. It should be noted 

thatt the position of amide (NH) protons is known to be variable as a function of pH, temper-

ature,, concentration, etc. We conclude that the lH NMR data prove that the macrocycle in 

rotaxanee 6.6 resides on the succinamide station, essentially in the same way and to the same 

extentt as in 6.1. 
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Figur ee 6-8. 1H NMR spectra (400 MHz) of thread 6.7 (upper) and rotaxane 6.6 (lower) in 
deuteratedd chloroform at room temperature. Capitals indicate macrocycle protons and lower 
casee letters indicate thread protons. See Figure 6-6 for labels used. 
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6.2.22 Photophysic s 

6.2.2.11 Spectral characteristics 

Thee photophysical properties of phthalimides, naphthalimides, peryleneimides and many of 

theirr dimeric and bisimide analogs have been described.28'29'30 These units have often been 

incorporatedd in electron donor-acceptor systems.14'15'16'17'18'19'30'31'32 

Thee high molar absorption coefficient of the first absorption band at 380 nm (e = 

278000 M" cm" ) in dichloromethane and the mirror image shape of the fluorescence band 

(Figuree 6-9) indicate that the n-n* state is probably the lowest singlet excited state (S0-Sj 

transition)) in the naphthalene-bisimide thread 6.7. The molar absorption coefficient of the 

firstfirst absorption band at 380 nm for the rotaxane 6.6 is 32400 M'cm"1 in dichloromethane. 

Thee similar shape of the absorption spectra of 6.7 and 6.6 and the similar values of the molar 

absorptionn coefficients for the thread and rotaxane indicate that the macrocycle does not 

affectt the photophysical properties of the nbi station. Similar conclusions were drawn in the 

casee of «/-shuttle 6.1.26 

Alsoo in benzonitrile rotaxane 6.6 possesses the same photophysical properties as 

threadd 6.7. This suggests that also in this solvent the macrocycle does not influence the naph-

thalene-bisimidee chromophore, because it resides in the neutral state on the succ station. 

3000 400 

Wavelengthh (nm) 

500 0 

33 3 
31 1 

<' ' 
CD D 

CD D 
D D 
en n 

600 0 

Figuree 6-9. Electronic absorption and scaled emission spectra (excitation at 360 nm) of 
threadd 6.7 in dichloromethane at room temperature. 

Thee low solubility of thread 6.7 and rotaxane 6.6 in polar solvents such as acetonitrile caused 

difficultiess for a quantitative measurement of absorption spectra. Therefore the dichlo-

romethanee solutions of the compounds of interest were prepared to determine the molar 
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absorptionn coefficients. The UV absorption spectrum of the thread 6.7 shows an intense, 

short-wavelengthh band (X - 238 nm) and a structured band at lower energies with three char-

acteristicc maxima at 342 nm, 360 nm and 380 nm in dichloromethane solution, with absorp-

tionn coefficients (e) of 13900 M ' W 1 at 342 nm, 23000 M ' W 1 at 360 nm and 27800 M' 

^m"11 at 380 nm, respectively, which is in accordance with the data reported by Politi et ai, 

Barross et al and Alp et al. for derivatives of naphthalene-bisimides carrying different N,N-

aryll  or N,N-alkyl substituents.28,33,34 

Thee fluorescence (emission) spectrum of thread 6.7 upon excitation at 360 nm in the 

samee solvent, dichloromethane, shows three maxima at 420 nm, 405 nm and 386 nm, with 

ann intensity ratio of 0.53:1.2:1, respectively. 

AA near mirror image appearance of the absorption and emission spectra exists irre-

spectivee of the excitation wavelength used, which confirms the existence of only one fluo-

rescentt state. The absorption and emission spectra of these chromophores show resolved 

vibrationall  structures, typical for rigid molecules. 

Inn general, solvent variation seems not to have a significant influence on the absorp-

tionn and emission spectra (the spectra were measured in acetonitrile, dichloromethane, ben-

zylcyanidee and benzonitrile). Naphthalene-bisimides undergo efficient intersystem crossing 

too a close lying n-ic*  triplet state, therefore the singlet state lifetime is short and the fluores-

cencee quantum yield is low. ' * ' ' 

Thee fluorescence quantum yields for different naphthalene bisimides derivatives is in 

thee range of 0.002-0.006 in acetonitrile.33 For naphthalene-bisimides with n-butyl or n-

dodecyll  symmetric alkyl chains, their fluorescence lifetimes are short, ca. 14 ps and 18 ps 

wass found for N,N'-dibutyl- or N,N'-didodecyl-1,4,5,8-naphthalene-bisimides in acetonitrile 

solution,, respectively.34 Fox and Green reported fluorescence lifetimes for N,N-didodecyl-

1,4,5,8-naphthalene-bisimidee of ca. 20 ps. 

Inn order to determine the fluorescence lifetimes of the nbi thread 6.7 and the rotaxane 

6.6,, the fluorescence decay traces were measured at 420 nm (Xex = 325 nm) in acetonitrile 

usingg time resolved fluorescence (Single Photon Counting setup) and fitted by iterative 

reconvolutionn using the FluoroFit program (PicoQuant). The nbi-thresid and the nbi-rotaxane 

componentss were identified in traces obtained with the smallest available 5 ns time window. 

AA fluorescence lifetime of around 22 ps in acetonitrile was found for the naphthalene-

bisimidee thread 6.7 (with almost monoexponential fluorescence decay), which is in good 

agreementt with the literature data.33,37 The fluorescence decay of the rotaxane 6.6 was found 

too be significantly nonexponential (see Figure 6-10) but it also occurs on a ps timescale. 
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Itt is unlikely that the rotaxanation influences the excited state of nbi because in the 

solutionn the conformers where the macrocycle resides on the succ stations are favored. The 

macrocyclee is too far away from the photoactive chromophore to change its photochemical 

properties.. Therefore the long component of the fluorescence of 6.6 may be caused by small 

butt highly fluorescent impurities or aggregation. 

c c 
CD D 

"a a 
CD D 
N N 

n n 
E E 

500 0 

nbARott 6.6 
nöAThreadd 6.7 
laserr pulse 

600 0 
Timee (ps) 

700 0 800 0 

Figuree 6-10. Fluorescence time traces of nö/-thread 6.7 and nb/'-rotaxane 6.6 recorded at 
4200 nm,(Xex = 325 nm) in acetonitrile. 

Thee most probable explanation for the low fluorescence quantum yield of bisimide in 

threadd 6.7 is the fast intersystem crossing to a triplet level, as proposed for 1,8-naphthalim-
36 6 ide.~~ The existence of an upper triplet n-7t*  state (T2) close in energy (AE = ca. 2 kcal/mol) 

too the singlet XC-TC*  state of 1,8-naphthalimides was also suggested. Since the fluorescence 

quantumm yield, Of is so low, we can assume that in the case where other decay pathways are 

absent,, the intersystem crossing yield of thread 6.7 is close to unity (0.99 in acetonitrile). 
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Tablee 6-1. Photophysical properties of threads 6.7 and 6.2 in acetonitrile. Xm a x
a b s , absorption 

maximum,, emax , molar absorption coeffcient, * f fluorescence quantum yield, TP radiative 
lifetime,, xf, fluorescence lifetime, kr, radiative rate constant, xT, triplet state lifetime, Es, singlet 
energy,, ET, triplet energy. 

W a D S ( n m ) ) 

emax(M-1cnr1) ) 

* f f 

xr(ns) ) 

tf(ns) ) 

kr(108s"1) ) 

-CTT (US) 

E1/2
redd (V) vs. SCE 

E ss (kcal/mol) 

ETT (kcal/mol) 

threa dd 6.7 (niw-thread ) 

380 0 

27800a a 

0.00633 3 

3.7e e 

0.022b b 

2.7e e 

3.3C C 

-0.788 (I reduction); 
-1.311 (II reduction) 

75 5 

4837,f f 

threa dd 6.2 (nrthread) 26 

353 3 

13100 0 

0.15 5 

10.7e e 

1.6 6 

0.9 9 

43.9 9 

-1.166 (I reduction) 

79 9 

51.7 7 

ainn dichloromethane e 
bfromm SPC (Time Resolved Fluorescence) experiments 
cfromm transient absorption experiments 

estimatedd as Of = tf/Tr = 0.006 and the rate of fluorescence as kr - l /Tr = 2.7X108s"' 
fforr N,N*-didodecyl-l,4,5,8-naphthalenebisimide in acetonitrile 

Thee energy of the lowest singlet state (Es) obtained from the intersection of the 

absorptionn and emission spectra is ca. 75 kcal/mol. The value is lower than that for the naph-

thalimidee analogues, where the transition energy for the first transition (JC-TC*) is ca. 79 

kcal/mol.28 8 

Thee fluorescence quantum yield is related to the fluorescence lifetime (xf) and the 

radiativee lifetime (xr), which gives Of = Tf/xr = 0.006 and it is in agreement with the 

literature28'33(seee Table 6-1). 

Thee emission spectrum of bisimide thread 6.7 (see Figure 6-9) shows a very weak and 

veryy broad structureless tail, which can be tentatively ascribed to excimer-like emission. 

However,, the lifetime of the singlet excited state (ca. 20 ps) is too short to allow excimer for-

mation.. Ground state aggregation of 1,4,5,8-naphthalenebisimides, as well as 1,8-naph-

thalimidess is known to occur.38'25,29,39'30 So the broad emission in this case must stem from 

directt excitation of a ground state dimer/trimer, etc. 
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6.2.2.22 Triplet-triplet transient absorption 
Inn Figure 6-11 the transient absorption spectrum upon 355 nm laser excitation (fwhm = 7 ns) 

off  nbi-thread 6.7 in dichloromethane is shown. The solution was carefully degassed with 

freeze-pump-thaww cycles (at least 3 cycles). The excited state absorption spectrum displays 

threee intensive absorption maxima at 390 nm, 460 nm and 480 nm, which all decay following 

thee same kinetics. The spectrum can be attributed to the triplet state of the naphthalene-

bisimidee chromophore with an apparent decay time of TT = 3.4 u.s in dichloromethane. The 

decayy at 484 nm is monoexponential when using low laser power (ca. 1.5 mJ/pulse) on a 

dilutedd sample. However, the decay of the excited triplet becomes non-exponential when 

usingg higher laser energy or less diluted sample due to the competing (diffusion controlled) 

triplet-triplett annihilation process. 

4500 500 550 

Wavelengthh (nm) 

600 0 20000 4000 6000 8000 

Timee (ns) 

Figur ee 6-11. Left: triplet-triplet absorption spectrum of 6.7 in dichloromethane obtained by 
3555 nm laser flash photolysis.The first spectrum was taken 40 ns after the exciting laser 
pulse.. The time increments between the successive spectra are 250 ns. Right: decay at 453 
nmm with a mono-exponential fit (xT = 3.4 u.s). 

6.2.33 Photoreduction 

Reductionn of naphthalimide rotaxane compound 6.1 studied previously was accomplished 

nott only electrochemically, but also photochemically as described in the Ph.D. thesis of Dr. 

Wurpel.. 1,8-Naphthalimide derivatives are very suited as electron acceptors in their excited 

triplett states, which are formed with high quantum yield. Knowing already the photophysics 

off  naphthalene-bisimide derivatives from our experiments and the literature, we decided to 

applyy the same procedure to our novel rotaxane 6.6. 

Too create a reversible system, a stable radical anion and cation are essential and the 

lifetimee of the photochemically generated radical ions should be longer than the time which 

iss necessary for the macrocycle to perform its translational movement. To satisfy these 
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demands,, we applied the general idea to create the radical anion of the naphthalene-bisimide 

fromm its excited triplet state. The radical anion can also be created from the singlet excited 

state,, e.g. using biphenyl as a donor. However, the short lifetime of the singlet state requires 

aa high concentration of the electron donor and charge recombination in a radical ion pair pro-

ducedd in an overall singlet spin state is bound to be faster. 

Basedd on the experiments performed on naphthalimide rotaxane 6.1, where different 

electronn donors were tested, we decided to use l,4-diazabicyclo[2.2.2]octane (DABCO). In 

polarr solvents, where Coulombic interactions can be neglected the driving force, AGET, for 

electronn transfer is: 

AGETT = e(E 1/2 2 '1/2 2 
red d )-Eoo(Tl ) ) Equatio nn 6-1. 

Usingg E00(T.) = 2.1 eV,37 from Table 6-1 and E1/2
0X = +0.57 V (the oxidation poten-

tiall  of the electron donor, DABCO) and the reduction potential of the electron acceptor, nbi 

iss E1/2
red = -0.62 V vs. SCE (-0.68 V vs. decamethylferrocene/decamethylferrocenium (DM-

Fc/DM-Fc+))) from cyclic voltammetry (see section 6.2.4), it follows that electron transfer is 

thermodynamicallyy favorable for the rotaxane 6.6, having a AGET = -0.91 eV. This driving 

forcee makes electron transfer fast provided that there is sufficiently large electronic interac-

tionn between the donor and acceptor groups. 

Whenn reacted with nbi*, DABCO is expected to be converted to a stable radical 

cationn with a low molar absorption coefficient, particularly at the wavelength where nbi' 

absorbs,, so that it does not interfere with the monitoring of the changes in the nbi' absorption 

thatt are expected to result from hydrogen bonding of the ring to the nbi' station. 

5000 600 

Wavelengthh (nm) 

5000 600 700 

Wavelengthh (nm) 

800 0 

Figur ee 6-12. Transient absorption spectrum of thread 6.7 (left) and rotaxane 6.6 (right) in 
benzonitrilee in the presence of 10 mM DABCO obtained by 355 nm laser flash photolysis. 
Thee first spectrum was taken 40 ns after the exciting laser pulse. The time increments 
betweenn the successive spectra are 1 us. 
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Surprisingly,, using the same procedure that was successful for naphthalimide rotaxane 6.1, 

wee were not able to obtain the transient absorption of the radical anions of the naphthalene-

bisimides.. Due to the poor solubility of the rotaxane 6.6 in acetonitrile most experiments 

weree performed on the benzonitrile sample solutions. For naphthalimide rotaxane 6.1, the 

photochemicall  formation of its radical anion was successfully performed in a series of alkyl 

nitriless as well as benzonitrile. 

Thee transient absorption spectra recorded in benzonitrile by excitation of thread 6.7 

withh 10 mM DABCO (shown in Figure 6-12) differ significantly from those of naphthalene-

bisimidee radical anion from the literature and from that generated by us electrochemically 

(seee section 6.2.5). 

Thee spectra possessed well structured intensive bands at 406 nm, 477 nm, 543 nm, 600 

nmm and less intensive bands at 670 nm and 750 nm. The bands at ca. 400 nm, 543 nm and 

6000 nm certainly do not originate from the radical anion. In fact, these peaks might corre-

spondd to bands of the dianion. Amazingly, only a rise of the photochemically generated spe-

ciess (the color of the solution became pink) occurs over time, but a decrease in the intensity 

wass not observed during flash photolysis. 

Itt should be noted that in the transient absorption measurements, the "probe only" I() 

spectrumm is recorded only before the series of pump/probe (I(At)) spectra. Thus, if a perma-

nentt photoproduct is formed this wil l appear in the "transient" spectra. When the spectra at 

increasingg delay time are measured consecutively, the amount of photoproduct appears to 

increase,, as it is seen in Figure 6-12. 

Thee species produced in this way are quite stable, because we were able to record the 

absorptionn spectrum via steady state absorption measurements for several hours after excita-

tion.. However, upon aeration the solution became colorless and shows the ground state spec-

trumm identical to the starting sample. 

Inn the case of rotaxane 6.6 again the transient absorption spectrum in the presence of 

100 mM DABCO differs from the spectra of the radical anion and the dianion generated elec-

trochemically.. It is also different from the transient absorption of the corresponding thread 

6.7.. The structured transient spectra possess bands with maxima at 406 nm (the most inten-

sive),, 486 nm, 532 nm, 576 nm, and less intensive bands at 642 nm and 717 nm. Again the 

obtainedd species are very stable, the pink solution only becomes colorless after aeration. The 

absorptionn spectrum of the oxygenated solution shows the same structure as the ground state 

absorptionn spectrum. 
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Thus,, clean formation of the radical anion of the naphthalene-bisimide chromophore 
fromm its excited triplet state in the presence of 10 mM solution of DABCO in benzonitrile, 
benzylcyanidee or acetonitrile does not occur. It seems that the electron transfer mechanism 
iss different than expected and than it was evidenced in the case of the naphthalimide rotaxane. 

Inn the meantime a more promising way to create the naphthalene-bisimide radical 

anionss and the dianions has been realized. We succeeded to generate the reduced species 

electrochemicallyy by using cyclic voltammetry and spectroelectrochemistry, which will be 

documentedd in the next sections. 

6.2.44 Cycli c voltammetr y 

Inn cyclic voltammetry experiments, a potential is applied to the system, and the faradaic cur-
rentt (the current due to a redox reaction) is measured. The current response over a range of 
potentialss (a potential window) is determined, starting at an initial value and varying the 
potentiall  in a linear manner up to a pre-defined limiting value. At this potential the direction 
off  the potential scan is reversed, and the same potential window is scanned in the opposite 
directionn (hence the term cyclic). 

Cyclicc voltammetry experiments were very useful in investigations of shuttling in the 
naphthalimidee (ni) based rotaxane.26 It is known that the radical anion of 1,8-naphthalimide 
iss a much stronger hydrogen-bond acceptor than the neutral species. Thus, after reduction of 
thee ni station in the naphthalimide rotaxane the radical anion of ni becomes the preferred 
bindingg place for the macrocycle and in this way the translational motion of the macrocycle 
fromm succ to ni' occurs. 

Inn the «/-thread 6.2, the CV shows that the reduction process is almost reversible (AEp 

== 80 mV). The reduction peak is located at -1.33 V vs. Fc/Fc+ in tetrahydrofuran which cor-
respondss to the conversion of naphthalimide to its radical anion, the corresponding oxidation 
peakk is located at -1.25 V (see Figure 6-13). In «/-rotaxane 6.1 the reduction potential is 
shiftedd slightly to more positive values. The first reduction peak is Ec = -1.29 V. The reduc-
tionn process is irreversible in contrast to the reduction process of thread 6.2. A new oxidation 
peakk is localized at much more positive potential Ea = -1.04 V (AEp = 0.25 V) (Figure 6-13). 
Thiss behaviour indicates that after reduction the conversion of m'-rotaxane to a novel species 
takess place. The novel species is then oxidized, and the «/-rotaxane in neutral state is regen-
erated.. This situation is also visualized in the "square scheme" (photoreduction cycle) in 
Figuree 6-3 on page 149. After reduction, the macrocycle moves from the succinic station to 
thee reduced naphthalimide radical anion. Hydrogen bonding stabilizes the reduced form of ni 

stationn resulting in the observed shift in the reoxidation peak. However, the reoxidation 
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restoress the starting conditions, so that the macrocycle shuttles back to succ station. Redox 

activee host-guest complexes involving up to three hydrogen bonds to similar naphthalimide 

motifss typically give stabilizations of ca. 0.2 V.26 
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Figuree 6-13. CV of n/'-rotaxane 6.1 and n/'-thread 6.2 relative to Fc/Fc+ (+0.46 V relative to 
SCE)) in THF solution (scan rate = 1 V/s). 

Inn order to investigate the redox properties of nbi-thread 6.7 and «£>/-rotaxane 6.6 we 

decidedd to perform similar cyclic voltammetry experiments as previously done with m-rotax-

anee 6.1. The measurements (performed at the University of Bologna) were carried out in THF 

(supportingg electrolyte: tetrabutylammonium tetrafluoroborate, working electrode: platinum 

disc,, 125 |0.m diameter). 0.5 mM solutions of the naphthalene-bisimide thread and rotaxane 

att scan rate v = 1 V/s at room temperature displayed the CV curves shown in Figure 6-14. It 

iss visible that both «^/-centred reduction processes are shifted in the case of rotaxane 6.6 

towardss less negative potentials with respect to the thread 6.7 as it was it the case of «/-rotax-

anee 6.2 and «/-thread 6.1. Interestingly, the shift is much larger in the case of the second 

reduction.. For the rotaxane 6.6 and the thread 6.7, the first reduction potential is located at 

E] / 2
r edd = -0.68 V and -0.72 V, respectively vs. DM-Fc/DM-Fc+, which corresponds to the 

conversionn of the naphthalene-bisimide to its radical anion (Figure 6-14 (a) v = 1 V/s). 

Thee second reduction potential is located atE]/2 = -1.03 and -1.25, for the rotaxane 

6.66 and the thread 6.7, respectively. 
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Tablee 6-2. Reduction potentials of the thread 6.7 and rotaxane 6.6 relative to DM-Fc/DM-Fc+ 

(+0.066 V relative to SCE). 

E1/2
rea(l)/V V 

E1/2
red(ll)/V V 

threa dd 6.7 

-0.72 2 

-1.25 5 

rotaxan ee 6.6 

-0.68 8 

-1.03 3 

Forr thread 6.7 as well as rotaxane 6.6, both reduction processes are essentially revers-
iblee (AEp = 80 mV). 

Thee difference in Ep (I) of the nbi-thiead and nZ?*-rotaxane is not very large (40 mV), 
similarr to that between the mono-imide-thread and rotaxane studied previously in THF, 
whereass for the second reduction the difference between thread 6.7 and rotaxane 6.6 is much 
biggerr (230 mV). 

Ass the scan rate is increased (Figure 6-14 (c) v = 100 V/s), a small peak is observed 
(seee arrow in Figure 6-14 (c)) following the second reduction peak at a potential close to that 
off  the second reduction of 6.7. At low temperature, T = -55 C, v = 1 V/s, a broadening of the 
secondd peak is observed (Figure 6-14 (b) v = 1 V/s). The small peak observed in some curves 
att high scan rate and the broadening at low temperature could correspond to the reduction of 
nbi'nbi' to nbi while the macrocycle resides on the succ station. 

AA further confirmation that the observed changes of the CV behaviour of the nbi group 
inn the rotaxane 6.6 are due to the interactions with the macrocycle, is the fact that when the 
potentiall  scan also includes the irreversible two-electron reduction of the macrocycle, an oxi-
dationn peak close to that observed in the thread is observed in the reverse scan. This is 
expectedd if the interaction between macrocycle and reduced nbi is responsible for the 
observedd shift of reduction processes involving the latter moiety: once the macrocycle is irre-
versiblyy reduced (irreversibility is due to some chemical reaction, like protonation, involving 
thee reduced isophthaloyl amide groups), it cannot any longer interact with reduced nbi and 
suchh a group would behave as in the thread. 
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Figur ee 6-14. CV curves of rotaxane 6.6 and thread 6.7 (0.5 mM in THF), supporting electro-
lyte:: 0.05 M tetrabutylammonium tetrafluoroborate. Working electrode: platinium disc (125 

11 V/s and T = , (b) v = 1 V/s, T = , (c) only rotaxane 6.6, v = HMM diameter), (a) v : 
1000 V/s, T = . 

Hydrogenn bonding of the benzylic amide macrocycle to the reduced naphthalene-bisimide 

motiff  gives the explanation for the origins of the CV curves (also confirmed by computer 
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simulations,, see below). As shown before, the shuttle in the neutral state adopts the succ co-

conformation.. After reduction, the macrocycle shuttles from the succinamide station to the 

naphthalene-bisimidee chromophore due to the increasing hydrogen-bonding ability of naph-

thalenee bisimide in its reduced state. In this oxidation state, succ-6.6' and nbi-6.6' co-con-

formationss seem to be present, however the equilibrium is toward the nbi' (Figure 6-15), 

whichh is similar to the naphthalimide shuttle, where the equilibrium was far toward the ni' 

station.. In the case of 6.6 only one peak is observed, which corresponds to the reduction of 

nbi-6.6'nbi-6.6' to nbi-6.6 . The latter co-conformer is more easy to reduce than succ-6.6' one. As 

longg as nbi-6.6' is reduced conversion of succ-6.6 " to nbi-6.6' tries to restore the equilibrium 

betweenn the two-mono-reduced co-conformers untill all molecules are doubly reduced. 

Alsoo in the doubly reduced state an equilibration between co-conformers with the ring 

onn the succ and the nbi2' station is in principle possible, but in this case the nbi2' station is 

highlyy preferred. As expected, the hydrogen bonds stabilize the dianion more strongly than 

thee radical anion. Hydrogen bonding to the macrocycle amide protons stabilizes the increased 

electronn density on the naphthalene-bisimide, so that more positive potentials must be 

reachedd before the oxidation of the dianion occurs, which results in the bigger shift observed 

inn the second reoxidation peak. Therefore the macrocycle moves faster to the two electron 

reducedd nbi station, which possesses much stronger hydrogen-bond accepting properties than 

thee neutral, or radical anion species of nbi. After reoxidation of the dianion, the macrocycle 

shuttless partly back to the succ station, and the situation, where the nbi' station is only 

slightlyy more preferred than the succ one is restored. Further reoxidation of the radical anion, 

regeneratess the starting conditions and the macrocycle moves again to the succ binding site. 

Thiss behaviour is well visualized by the electrochemical reduction scheme, for a redox-

switchedd binding process whereby the reversible translational isomerism equilibria for each 

oxidationn state are connected via the electron-transfer steps ' in Figure 6-15. 

AA computer simulation of all CV results was performed at the group of Prof. dr. 

Paoluccii  and coworkers at the University of Bologna in order to extract quantitatively the 

underlyingg kinetics of the phenomena described above. From this simulations the data com-

piledd in Figure 6-15 were obtained as a "best fit" , but it should be realized that in several 

respectss such fittings can only be approximate and that the results depend strongly on the 

(veryy reasonable) reaction scheme adopted. 
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succ-6.6 succ-6.6 

EEV9V9
SUC0SUC0 = - 0.68 V 
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nbnb'' = - 0.98 V 
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KmHH = 3x103 

nbi-6.6 nbi-6.6 

Figur ee 6-15. Electrochemical reduction cycle of rotaxane 6.6. Equilibrium constants given 
weree derived by Prof. dr. F. Paolucci and coworkers at the University of Bologna from simu-
lationn of the CV curves. 

6.2.55 Spectroelectrochemistr y 

Inn m'-rotaxane 6.1, a clear spectral shift of the absorption band of the ni' anion to shorter 

wavelengthh occurs when the macrocycle makes hydrogen bonds to the carbonyl groups of the 

imidee anion. 

Spectroelectrochemicall  experiments performed on the naphthalene-bisimide system, 

providee definitive evidence that rotaxane 6.6 possesses a different behaviour upon the first 

andd the second reduction than the corresponding thread 6.7. The radical anions of bisimides 

exhibitt intense visible and weaker near-IR absorption bands corresponding to their D0 -» Dn 

transitions.. Radical anions and dianions of 6.6 and 6.7 indeed show the electronic absorp-

tionn spectra characteristic for the radical anion or dianion of nbi (Figure 6-16). However, in 

thee rotaxane all peaks are somewhat shifted in comparison with the thread. In the case of ni-
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rotaxane,, it was experimentally evidenced that the spectral difference between its radical 

anionn and that of the thread arose from the macrocycle residing on the reduced ni station. 

Ass expected, the electronic absorption spectra of the neutral molecules are the same 

forr thread 6.7 and rotaxane 6.6 indicating that the succ station is the preferred binding site for 

thee macrocycle in the neutral state. However, upon one electron reduction, the Amax = 745.5 

nmnm of the lowest energy absorption feature of rotaxane 6.6" is shifted about 18 nm to shorter 

wavelengthh in comparison to that of thread 6.7", where the A,max = 763.5 nm. Absorption 

bandd maxima of thread and rotaxane and shifts are summarized in Table 6-3 and Table 6-4. 

Thee spectrum of the rotaxane monoanion (shifted by 18 nm) is somewhat broader than 

thatt of the thread. This could suggest that the migration of the macrocycle from succ to nbi' 

hass occurred only partly and a substantial fraction of the SMcc-co-conformation remained. 

Thee shift of the "red band" of 6.6 " is ca. 9.5 nm to shorter wavelength in comparison with 

6.72".. These results are in agreement with CV experiments and with our predictions based on 

thee «/-system. Once again it was proven that the macrocycle resides preferable on the reduced 

nbinbi station, which is "more attractive" upon the second reduction. 

1.0--

0.8--

0.6--

0.4--

0 .2--

0.0--

threadd neutral 
 rotax neutral 
threadd anion 
rotaxx anion 
threadd dianion 
rotaxx dianion 

300 0 400 0 500 0 600 0 700 0 8000 900 
Wavelengthh (nm) 

Figur ee 6-16. Electronic absorption spectra of neutral species, electrochemically generated 
radicall anion and dianion of the thread 6.7 and the rotaxane 6.6 in THF. The spectra were 
correctedd for the variations in baseline and for a small contamination of the spectrum of the 
threadd dianion 6.72" by the mono-anion 6.7" and scaled to a maximum intensity of 1 for the 
mostt intensive absorption. 

Becausee the conversion of nbi to nbi' and nbi could be monitored quantitatively, the 

absorptionn coefficients of the latter species could be derived (see Table 6-3). 
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Tablee 6-3. Absorption maxima and molar absorption coefficients of the radical anion (nbi') of the 
rotaxanee 6.6 and the thread 6.7. Electronic absorption spectra were measured in THF. 

radica ll  anio n 
(nbt) (nbt) 

6.6_ _ 

6.7_ _ 

AA shift (nm) 

^^ (nm) 
EE (M_1cnf1) 

479 9 
(26700) ) 

474.5 5 
(30000) ) 

+4.5 5 

A2(nm) ) 
e(M-1crrf 1) ) 

612 2 
(8000) ) 

609 9 
(7400) ) 

+3 3 

XX33 (nm) 
e(M'1cm"1) ) 

674 4 
(2500) ) 

684.55 (2500) 

-10.5 5 

X4(nm) ) 
e(M-1cm1) ) 

745.5 5 
(4200) ) 

763.5 5 
(5000) ) 

-18 8 

Tablee 6-4. Absorption maxima and molar absorption coefficients of dianion (nbi2^ of the rotaxane 6.6 and 
threadd 6.7. Electronic absorption spectra were measured in THF. 

dianio n n 
(nbP) (nbP) 

6.6* * 

G.7G.722--

AA shift (nm) 

k^k^ (nm) 
ee (W1cm'1) 

402.5 5 
(19400) ) 

399 9 
(16400) ) 

+3.5 5 

A.2(nm) ) 
E(W1cnT1) ) 

422 2 
(25700) ) 

422 2 
(23900) ) 

0 0 

^3(nm) ) 
e(M-1cm-1) ) 

509 9 
(2500) ) 

516.5 5 
(4800) ) 

-7.5 5 

X4(nm) ) 
e(M-1cnrf1) ) 

548.5 5 
(6800) ) 

557.5 5 
(6500) ) 

-9 9 

XX55 (nm) 
e(M-1cm"1) ) 

595.5 5 
(12000) ) 

605 5 
(11300) ) 

-9.5 5 

6.33 Conclusion s and futur e perspective s 

Itt is obvious that the macrocycle shuttles already to the one electron reduced naphthalene-

bisimidee station, which was proven spectroelectrochemically and evidenced by cyclic vol-

tammogramss of rotaxane 6.6. The shift to less negative potentials in the CV of the rotaxane 

inn comparison with the thread and the blue shift of absorption bands of /i/?/-rotaxane 6.6 in 

electronicc absorption spectra of radical anion and dianion are evidences for the translational 

motionn of the ring. 

Thee mechanism of deactivation of the excited triplet in the presence of DABCO is not 

clearr at present. Unfortunately, it was impossible to obtain a significant amount of the radical 

anionn form of the naphthalene-bisimide, instead a large amount of photobyproduct was pro-

ducedd as it was shown by flash photolysis spectra of thread 6.7 and the respective rotaxane 

6.66 in the presence of DABCO. Further experiments should be performed to find a more suit-

ablee electron donor, probably weaker than DABCO, e.g. N,N-dimethylaniline. 
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Sincee aromatic mono- and bis-imides as the redox active groups in the thread give many pos-

sibilitiess to monitor the movement of the macrocycle spectroscopically and electrochemi-

callyy it would be interesting to incorporate other imide chromophores like: pyromellitic- or 

benzophenone-- mono- and bisimides in the thread. 

Figur ee 6-17. 0 -0 distances in some pyromellitic, benzophenone and naphthalene monoim-
idee or bisimides (the fumaric motif is shown for comparison). 

Placingg such chromophores in the central position of the thread as the potential binding sta-

tionn for the macrocycle might give different binding modes depending on the O-O distances. 

Thee hydrogen bonding patterns should be different for different redox active motifs, and fur-

therr the shuttling of the macrocycle over the less bulky bisimide groups could become pos-

sible. . 

Fivee ring imide type systems, e.g. benzophenone-bisimide, give additional possibili-

tiess to be reduced not only with one or two electrons, but even with three electrons. In this 

wayy the generation of a trianion could be performed. Incorporation of this kind of units could 

bee very interesting from the electrochemical point of view, and we expect that it would have 

ann influence on the kinetics of such rotaxanes. Driving forces for shuttling of the macrocycle 

wil ll  depend strongly on the reduced hydrogen bonding acceptor station and the amount of 

electronss involved in the electrochemical reaction. Trianion stations should be more favora-

blee than dianion, radical anion or neutral ones for the macrocycle by analogy to our experi-

mentss performed on bisimide-systems. Different charge density distribution on the oxygen 

atomss is expected for the station reduced with one, two or three electrons. Such systems 

wouldd be of course more complicated, but at the same time more interesting. The threads with 
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pyrromellitic-bismidee and benzophenone-bisimide groups have already been synthesized at 

ourr group and further investigations will be carried out. 
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