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4 4 
Photoisomerizationn of rotaxanes based 
onn the fumaramide template. Part 2. 
ExcitationExcitation using triplet sensitizers. 

lmlm Laboratorium des Künstlers 
"Wenn"Wenn man ganz genau weifi, was man machen will, wozu soil man es dann über-
haupthaupt noch machen ? Da man esja bereits weifi, ist es ganz ohne Interesse. Besser ist 
eses dann, etwas anders zu machen. " 

PABLOO PICASSO (Graphikmuseum Pablo Picasso, Munster) 

4.11 Introductio n 

Inn the previous Chapter, we discussed the photoisomerization of threads and rotaxanes based 

onn the fumaric and maleic amide motifs upon direct irradiation into their singlet excited 

states.. Only very short-lived intermediates could be observed in femtosecond time-resolved 

absorptionn experiments. Apparently, the photochemistry of this class of molecules can be 

characterizedd as "ultra fast". Unfortunately, in photochemistry "ultra fast" is not always asso-

ciatedd with "ultra efficient". The quantum yield of photoisomerization proved to be rather 

low,, which means that nonproductive radiationless decay processes are more efficient than 

thee desired formation of the photoisomers. Moreover, from a preparative point of view, the 

directt irradiation does not offer an ideal way of converting one isomer selectively into the 

other.. Because of the large overlap of the absorption spectra, photostationary states contain-

ingg similar quantities of both isomers are obtained after prolonged irradiation, regardless of 

thee excitation wavelength chosen. 

Inn this Chapter, the alternative route of isomerization via the triplet excited state is 

explored.. The time-resolved experiments reported in Chapter 3 have given no indication that 

thee triplet state is populated by intersystem crossing from the initially excited singlet state. 

Transientt absorption changes with nanosecond or longer lifetimes could not be detected in 

thee spectral range 350-850 nm. This negative result does not by itself exclude that the T( state 

iss formed, but taking into account the very short lifetimes of the excited singlets it must be 

consideredd highly unlikely. In many conjugated olefins, intersystem crossing is not observed 
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966 I CHAPTER 4 

becausee it is slow due to the normally large Sr T[ energy gap, and unable to compete with 

thee fast Si-So decay.1 

Thee triplet states of substituted olefines can, however, be populated easily using so-

calledd triplet sensitizers - molecules which are excited, undergo intersystem crossing, and 

thenn transfer their triplet energy to the substrate of interest.2 

S(ensitizer)) + hv -» 1S* -> 3S* Equation 4-1. 

3S** + R(eactant) -» S + 3R* Equation 4-2. 

Inn practice, one wil l try to use conditions which allow selective excitation of the sensitizer in 

thee presence of its substrates. For olefinic substrates one can take advantage of the relatively 

largee Sr T j energy gap by using a sensitizer with a small S,-T| energy gap, which absorbs at 

longerr wavelength than the olefinic substrate, yet has a higher triplet energy. 

Thee compounds studied in this Chapter are the same as those studied in Chapter 3. 

Theirr structures have been given in Figure 3-1. 

Seminall  studies of the sensitized photochemistry of conjugated olefins, notably stil-

bene,, but also others, including diethyl fumarate/diethyl maleate, were performed in the 

1960ss by Hammond and coworkers.3 Based on their results, we may anticipate that sensitized 

isomerizationn can be more efficient than direct irradiation (in terms of the quantum yield) and 

hass the potential of selectivity if the triplet energies of the isomer pair of interest are suffi-

cientlyy different. In the following, an overview wil l be given of the general features of the 

triplett state isomerization of stilbene-like systems, largely based on the original experimental 

resultss for stilbene as a prototype molecule. 

Whereass the electronic structures of the lowest singlet excited states of conjugated 

olefinss tend to be complicated by a mixing of configurations, the lowest triplet states can nor-

mallyy be described rather cleanly by a simple HOMO-LUMO 71-71* excitation. Even if low 

lyingg singlet n-n* states exist (which may be the case in the fumaric/maleic systems), the 

largee exchange splitting wil l make the n-n* configuration the dominant contribution to the 

T]]  wave function. 

Thee photoisomerization of stilbene through the triplet excited state can be sensitized 

byy energy donors able to provide at least 61 kcal/mol (in the case of unsubstituted stilbene). 

Suchh sensitizers transfer energy to both E and Z-stilbene. Since triplet energy transfer can 

onlyy occur by an exchange mechanism,2 an encounter complex must be formed first. Gener-

ally,, the energy transfer process wil l generate the triplet species in a geometry not too differ-
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entt from that of the initial ground state species. Local minima corresponding to the E and/or 

Z-isomerss in many cases exist on the potential energy surfaces of the triplet states. Because 

thee central double bond is strongly weakened by excitation (in contrast to the ground state 

singlee bonds which attain more double-bond character), twisting is easy, and a twisted (per-

pendicular)) species may be an energy minimum (P state) as well.4'5 In any case, the decay to 

thee ground state is most favorable at this point, where the Tj and S0 surfaces are closest. 

1s*— — 

sensitizerr E Z 
Figuree 4 - 1 . Energy diagram for sensitized selective E—> Zisomerizat ion (see text). 

Inn the absence of side reactions, the efficiencies of the processes E* —> Z and Z*  —> 

EE should add up to 100%. The branching from P* to the two isomers usually will produce 

roughlyy similar amounts of each. Thus, if intersystem crossing of the sensitizer and energy 

transferr occur without loss, photoisomerization quantum yields near 50% are to be expected. 

Forr stilbene in benzene, quantum yields of 48% and 41% have been reported for the E —>Z 

andd Z—> E reactions, respectively (sensitizer: benzophenone). 

Somee sensitizers, e.g. benzophenone, indeed have almost quantitative yields of their 

triplett states. The lifetime of most organic triplet species in deoxygenated solutions is of the 
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orderr of several microseconds. This leaves ample time for efficient energy transfer when the 

ratee is nearly diffusion limited. For example, if ket = 109 M's"1 and the concentration of the 

olefin,, c = 10~3 M, the efficiency of energy transfer is already 50% even if the sensitizer life-

timee is only 10 s. 

Whilee for stilbene the ratio of E and Z isomers at the photostationary state is ca. 1, 

whenn using acetophenone, benzophenone or thioxanthone as sensitizers with triplet energies 

abovee 64 kcal/mol,3 a more interesting situation arises if the triplet energies of the E and Z-

isomerss are quite different, and sensitizers can be found which have a triplet energy in 

betweenn that of the isomers: 

ET
EE < ET

sen s < ET
Z Equatio n 4-3. 

Thee only available energy transfer pathway for the triplet sensitizer is donation of the energy 

too the £-isomer (see Figure 4-1). This will decay via the twisted intermediate, forming the Z-

isomerr with a certain efficiency. The Z-isomer wil l accumulate in the reaction mixture, 

becausee it is not "activated" by the sensitizer. When the concentration of the £"-isomer 

becomess too low to quench S* during its lifetime, a photostationary state wil l be reached 

containingg a large excess of the Z-isomer. For example, (94.7 % of Z-stilbene is present 

inn the photostationary state obtained using benzil as a sensitizer in n-heptane solution (ET = 

544 kcal/mol)/ Also diethyl fumarate can be effectively converted to its Z-isomer. When 

usingg benzophenone (ET = 69 kcal/mol) as a sensitizer in benzene solution, (96.8  0.1)% of 

diethyll  maleate was found at the photostationary state.3 

Inn order to push the conversion to the Z-isomer to its limit , it is important to maximize 

thee sensitizer lifetime. Thus, careful deoxygenation is needed. 

4.22 Synthesi s and analysi s 

Thee fumaric threads and rotaxanes and their derivatives were synthesized via routes shown 

inn Figure 3-2 (Chapter 3).6'7'8 

Initially ,, Dr. C. Frochot in our laboratory used ' H NMR spectroscopy to determine the 

E/Z-isomerE/Z-isomer ratios in the isomerization mixtures. Several characteristic signals are suitable for 

thiss purpose, in particular those of the hydrogens attached to the C=C bond. HPLC analysis 

withh a diode array UV-Vi s absorption detector, however, is much more sensitive than NMR, 

especiallyy for the monitoring photoisomerization at low conversion. In Chapters 2 and 3 opti-

mizedd conditions have been described for HPLC analysis of mixtures of all £/Z-isomer pairs 

underr investigation. In all cases reversed phase HPLC using a C18 column (SupelcosilTM 
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LCI8)) with mixtures of water and acetonitrile as eluents allowed good separations. In the 

workk described in this Chapter, it was necessary also to separate the sensitizer, which in many 

casess is present in a relatively large amount, from the threads or rotaxanes of interest. Rep-

resentativee chromatograms of E-3/Z-3 threads and E-S/Z-S rotaxanes are shown in 

Figuree 4-2, which demonstrate that a sensitizer such as benzophenone (Bp) does not interfere 

withh the HPLC determination of EIZ ratios. 
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Figuree 4-2. Analytical reversed-phase HPLC chromatograms of E-3/Z-3 (left) and E-8/Z-8 
(right)) isomers irradiated with 355 nm in the presence of benzophenone (Bp). For detailed 
descriptionn see also Chapter 2. 

4.33 Photochemical experiments 

Thee "ideal" sensitizer should absorb at a longer wavelength than the molecules of our inter-

est,, that means above 320 nm (see Chapter 3). In particular a sensitizer with significant 

absorptionn at 355 nm is desirable, since 355 nm is also readily available for laser experi-

ments.. A good sensitizer should undergo rapid intersystem crossing, so that the latter process 

iss favorable in comparison with the decay to the ground state from the excited singlet state. 

Further,, the triplet state should possess a long enough lifetime to give the opportunity for the 

transferr of energy between the sensitizer and olefin. Finally, an efficient sensitizer should 

possesss a triplet energy higher than the £-isomer and lower than the Z-isomer in order to 

"work""  selectively. We decided to test several sensitizers with different triplet energies and 

determinee the ratio of isomers at the photostationary state. 

Threadss 1 and 2 and rotaxane 7 were chosen as typical representatives of the 

fumaric/maleicc family of compounds. Irradiation with 350 nm wavelength was performed in 

thee presence of sensitizers possessing different triplet energies. After 30 min. of exposure a 

photostationary,, E-Z "equilibrium" was obtained. In the case of  ]H NMR analysis, the irra-

diationn was performed using the Rayonet set-up (see Chapter 2) on a 10 |imol scale. The con-

centrationn of the sensitizer was typically 10" M and the concentration of the substrates 10" 
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M.. Because HPLC analysis could be performed on smaller samples, in those cases the Xe 

lampp of the Spex Fluorolog 3 was used as a light source with the monochromator set to 355 

nm.. Acetonitrile was used as solvent because it is relatively inert to reactions with triplet sen-

sitizers.. The results are listed in Table 4-1 and graphically presented in Figure 4-3. 

Tablee 4-1. Photostationary states of E-1/Z-1, E-2/Z-2, E-7/Z-7 obtained from pure E-
isomerss using triplet sensitizers in acetonitrile with different triplet energies, ET. The 
mixturee of E and Z-isomers was analyzed using 1H NMR or/and HPLC. 

Sensitize r r 

1-acetonaphthone e 

chrysene e 

2-acetonaphthone e 

2,3-dicyano-1,4,8,9-tet--
raazatriphenylene e 

phenanthrene e 

thioxanthone e 

2,3-tetramethylene--
1,4,8,9-tetraazatriphe--
nyiene e 

triphenylene e 

2-methyl-1,4,8,9-tet--
raazatriphenylene e 

1,4,8,9-tetraazatriphe--
nylene e 

fluorene e 

3,6-dimethylpyridazine e 

benzophenone e 

dimethoxybenzophenone e 

xanthone e 

2,5-dimethylpyrazine e 

ET(kcat/mol ) ) 

56.4a a 

57a a 

59.5a a 

61.8b b 

62a a 

63.3a a 

66.6b b 

67.1b b 

67,4b b 

68b b 

68a a 

68
ca.ca. 63.5d 

69a a 

70a a 

74a a 

75c c 

%% Z-1 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

35 5 

n.d. . 

40.7e e 

38 8 

n.d. . 

48 8 
48.15e e 

n.d. . 

47 7 

n.d. . 

%% Z-2 

0 0 

11 1 

71 1 

100 0 

100 0 

100 0 

100 0 

100 0 

100 0 

100e e 

100 0 

n.d. . 

100 0 
97.4e e 

100e e 

70 0 

64 4 

%% Z-7 

0 0 

0 0 

0 0 

n.d. . 

17 7 

n.d. . 

n.d. . 

65 5 

n.d. . 

20e e 

n.d. . 

0 0 

60 0 
59.4e e 

n.d. . 

55 5 

n.d. . 

atriplett energies from ref. 36 

determinedd by van der Tol (ref. 30) by taking the shortest wavelength transition in the phosphorescence spectrum at 77 
KK in a glass of EtOH:MeOH (4:1) 
cassumedd to be equal to the values for pyridazine and pyrazine, respectively11 

fromm phosporescence measurements 

Analysiss with HPLC; if not mentioned, the samples were analyzedd with 'H NMR 

n.d.. - not determined 
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Figuree 4-3. Percentage of the Z-isomer as a function of sensitizer triplet energy in sensitized 
irradiationss starting from the E-isomer (350 nm, acetonitrile, under N2) after prolonged irradi-
ation.. For those sensitizers which give rise to the maximum percentage of Z i n each case 
thee time was sufficient to reach a photostationary state. For lower-energy sensitizers, the 
conversionn is much slower, and the photostationary state may not have been reached. The 
EIZEIZ ratio was determined by integration of signals in the 1 H NMR spectra or by using HPLC. 

Thee results in Table 4-1 show that although chrysene and 2-acetonaphthone cause 

somee conversion (probably via nonvertical energy transfer), only sensitizers with ET > 62 

kcal/moll  are able to quantitatively convert the methylated fumaramide thread E-2 to its 

isomerr Z-2. By applying sensitizers with higher triplet energies, up to 70 kcal/mol (dimeth-

oxybenzophenone),, essentially complete conversion to Z-2 occurs. This indicates that the 

energyy transfer takes place selectively, only to one of the isomers (E-2), while the photo-

isomerr produced during the sensitized isomerization (Z-2) does not undergo conversion back 

too the Ê-isomer. Thus we can conclude that the triplet energy of Z-2 is higher than the triplet 

energyy of E-2. In the case of xanthone (ET = 74 kcal/mol), only 70% of Z-2 is found at the 

photostationaryy state. Probably, in this case the triplet energy is transferred not only to E-2, 

butt also to Z-2. From this experiment we can estimate the triplet energy for E-2 to be ca. 60 

kcal/mol.. This is a crude estimate, based on the assumption that a few kcal/mol of excess 

energyy must be available for the energy transfer process to be efficient. It should be realized 

thatt this depends also on the experimental conditions, which largely determine the non-pro-

ductivee quenching processes that limit the lifetime of the sensitizer triplet state. 

Lower-energyy sensitizers can only populate the triplet state of E-2 by nonvertical 

energyy transfer. Even though these sensitizers cannot induce Z -> E isomerization, so that the 

photostationaryy state ultimately should consist of the Z-isomer only, complete conversion is 
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nott reached during the experiment because of the low energy transfer efficiency. The esti-

matedd triplet energy for Z-2 is ca. 70 kcal/mol. 

Inn the case of the corresponding rotaxane, E-l, 100% conversion to Z-7 could not be 

achieved.. At most 65% of Z-7 was found in the photostationary mixture. It is known that the 

triplett transfer requires close contact of the partners in the energy exchange between the 

energyy donor (the sensitizer) and the acceptor (the fumaric or maleic amide unit),3 which can 

bee impeded by the presence of the ring in particular in the case of the E-isomer. Another 

explanationn could be that the presence of the macrocycle reduces the conformational flexi-

bility ,, so that the twist about the C=C double bond is disfavored in the case of the rigid rotax-

anee structure. If this is the case, the depopulation of the triplet state should occur at other 

geometries,, much like the known cases of adiabatic triplet-state photoisomerization (see 

Figuree 4-4) * ' This and other mechanisms that may be responsible for a reduced effi-

ciencyy of sensitized photoisomerization are discussed below. 

Figur ee 4-4. Left: typical stilbene-type potential energy surfaces for triplet state photoisomer-
ization;; both isomers are produced in similar amounts. Right: adiabatic one-way photoi-
somerization,, leading only to the E-isomer on the S0 energy surface. 

Anotherr interesting observation is that the energy at which conversion becomes effi-

cientt is ca. 3 kcal/mol higher for E-l than for E-2. One might suppose that the triplet energy 

off  the chromophore in E-l is higher than it is in E-2, but it may also be that energy transfer 

iss less efficient because it is slowed down due to poor contact between chromophores 

involved.. Again, it is important to realize that the transfer efficiency is a result of competition 

betweenn the transfer process and other deactivation channels of the sensitizer triplet. 

Usingg results in Table 4-1, we estimated the triplet energies for E-l/Z-1, E-2/Z-2 and 

E-1IZ-1E-1IZ-1 (see Table 4-2). The estimated triplet energy for E-l is 62 kcal/mol < 3£-7*  < 65 

kcal/mol,, for Z-7 the triplet energy is ca. 74 kcal/mol. In the case of the threads E-l and Z-l 
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att the photostationary state at most 48% of the Z-isomer was found. E-1 and Z-l apparently 

possesss approximately the same triplet energies, which can be estimated to be equal to ca. 

22 kcal/mol. The triplet energy of E-2 is lower than that of E-1 indicating that alkyl sub-

stituentss on the amide nitrogens lower the energy gap between the ground state and the triplet 

state.. A corresponding substituent effect on the S0-S j energy gap was observed in the elec-

tronicc absorption spectra (Chapter 3). In section 4.5 we will compare these results with those 

off  ab initio quantum chemical calculations. 

Tabl ee 4-2. Estimated triplet energies for fumaric and maleic threads and rotaxanes 
studiedd (from the experiments with different sensitizers, see Table 4-1). 

Threads s 

E-1 1 

Z-1 1 

E-2 E-2 

Z-2 2 

Triplett energy 
(kcal/mol) ) 

2 2 

2 2 

2 2 

2 2 

Rotaxanes s 

E-6 6 

Z-6 6 

E-1 E-1 

Z-l Z-l 

Triplett energy 
(kcal/mol) ) 

n.s. . 

n.a. . 

62-65 5 

ca.ca. 74 

n.s.. - not soluble 

n.a.. - not available 

4.44 Photophysica l aspect s of sensitizer s and sensitizatio n 

Thee basic scheme of sensitized E-Zisomerization is quite simple, as briefly mentioned above, 

butt many complications can arise: 

1.. The quenching of triplet states by oxygen (energy transfer, producing O2*). 

2.. Other quenching processes of S*  or olefin*  (e.g. triplet-triplet annihilation, - > < < 

quenchingg by ground states, as in the case of E-stilbene ). 

3.. Other side reactions, e.g. addition of S*  to the olefin, or hydrogen atom abstraction from 
solventt or substrate molecules. 14,15,16,17,18,19,20 

4.. Adiabatic one-way photoisomerization, ' ' e.g. Z*  —>  P*  —» E* —> E (see 

Figuree 4-4); in this case E —> Z isomerization is inefficient. 

5.. Chain reaction,24'25'262728 e.g. 3£* + Z -> 3£* + E (as e.g. in the case of 1,3,5-hex-

atriene288 ); also this mechanism tends to produce the more stable E isomer preferentially. 
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Itt is desirable that a triplet sensitizer has a sufficiently long lifetime in its triplet state so that 

efficientt quenching by the desired substrate can occur. The decay of the triplet states is often 

somewhatt complicated by triplet-triplet annihilation and in the case of aromatic ketones by 

abstractionn of hydrogen atoms from certain solvents. Triplet-triplet annihilation is especially 

noticeablee in flash photolysis experiments in which relatively high transient concentrations 

aree created. At early times a rapid decay of the triplet state is observed, and only when the 

concentrationn has become low enough the slow first-order decay to the ground state domi-

nates.. The rate constant for triplet-triplet annihilation for benzophenone has been reported as 

l -2xl0100 M 'V 1 , depending on the solvent.I2'13 

Inn their triplet states, aromatic ketones can often abstract hydrogen atoms easily from 

goodd donor solvents such as alcohols or toluene, leading to ketyl-type radicals. For ace-

tonitrile,, however, the effective first-order rate constant of H-abstraction by the T| of benz-

ophenonee is only 4x10 s"1, which is much smaller than the total rate of decay to the ground 

state. . 

InIn this part of our investigations we focused on a limited set of sensitizers, of which 

somee of the essential photophysical and photochemical characteristics wil l be discussed first. 

Inn order to gain further insight into the quantitative aspects of the sensitized photoisomeriza-

tionn process, quantum yields were determined and time-resolved absorption experiments 

weree performed to study the energy transfer process. 

4.4.11 3,6-Dimethylpyridazin e as potentia l triple t sensitize r 

3,6-Dimethylpyridazinee (obtained by synthesis, see Chapter 2) and the commercially availa-

blee 2,5-dimethylpyrazine were initially considered as sensitizers which could be incorporated 

insteadd of the p-xylylene unit in the macrocycle. The idea was to make a rotaxane with sev-

erall  isomerizable stations, which can change the configuration from E to Zonly when the ring 

containingg the sensitizer resides on the double bond chromophore. 

Isomerizationn of the thread E-2 with 2,5-dimethylpyrazine using 350 nm (Rayonet 

reactor)) yielded 64% of E-2 -> Z-2 conversion at the photostationary state (see Table 4-1). 

Unfortunately,, the absorption band of this sensitizer strongly overlapped with the spectrum 

off  the E-2. Therefore 3,6-dimethylpyridazine was synthesized according to the scheme pre-

sentedd in Figure 4-5 (for detailed description see Chapter 2). 
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CH, , 
NH2NH2*H20 0 

refluxx (30 min.), P d ' benzene, reflux (10 h), 

++ EtOH distillation ) 
-- C6H1 0N2 * -

CHa a 

C H , , 

Figuree 4-5. Synthesis of 3,6-dimethylpyridazine. 

29 9 

Thee absorption spectrum of 3,6-dimethylpyridazine known from the literature 
showss two maxima at ca. 260 nm and 324 nm. The molar absorption coefficients were found 
too be 2200 M^cm"1 at 260 nm in chloroform and 455 M^cm"1 at 324 nm, in agreement with 
thee literature.29 When going from polar to non polar solvent (e.g. cyclohexane or n-hexane), 
thee absorption maxima are slightly shifted to longer wavelengths. Although the absorption at 
3500 nm is not very strong, it should be sufficient for using 3,6-dimethylpyridazine as a sen-
sitizer.. Unfortunately, when this was done in an attempt to convert E-l to Z-7, no conversion 
wass found (see Table 4-1). 

Phosphorescencee measurements subsequently showed that the triplet energy of 3,6-

dimethylpyridazinee is ca. 63 kcal/mol, which is not enough to sensitize the E-l rotaxane. A 

higherr value (68 kcal/mol) was reported for pyridazine36 without methyl substituents. To our 

disappointment,, the methyl groups thus rather strongly lower the triplet energy of this sensi-

tizer. . 

4.4.22 Tetraazatriphenylene s as potentia l triple t sensitizer s 

Thee photochemical properties of aza-analogs of triphenylenes, and their derivatives were 
studiedd in our group by Erik van der Tol and Lene Hviid, and by Frank Steemers from the 
universityy of Twente.30,31'32'33'34,19 The good sensitizer properties of triphenylene derive 
fromm the fact that its long lived triplet state is generated with high efficiency (^isc - 0-89), 
andd in particular because the energy gap separating its first excited singlet and triplet states 
iss unusually small for an aromatic species (AE = 6500 cm"1).30 These properties allow a rel-
ativelyy long wavelength excitation followed by intersystem crossing leading to a sensitizing 
triplett possessing sufficiently high energy (ET = 67 kcal/mol). So, one can expect that the 
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energyy transfer to the triplet states of the fumaric amides will be efficient and essentially irre-
versible. . 

However,, in spite of these useful properties triphenylene has some disadvantages. The 

molarr absorption coefficient of its longest wavelength absorption band is quite low, because 

thiss transition is in principle "forbidden". To overcome this problem, heteroatoms (nitrogens) 

weree incorporated in the triphenylene skeleton, which partly eliminated this disadvantage 

withoutt changing the excellent photophysical properties.32 The structure of 1,4,8,9-tetraaza-

triphenylenee (4-1-trp) is depicted in Figure 4-6. 

Figuree 4-6. The structure of 1,4,8,9 -Tetraazatriphenylene (4-1-trp). 

Thee optical absorption spectrum of 4-1-trp in acetonitrile is shown in Figure 4-7. The 

introductionn of four nitrogen atoms in the triphenylene system significantly decreases the 

absorptionn coefficient in the wavelength region around 250 nm, while the absorption maxi-

mumm does not shift. However, at longer wavelength (> 330 nm) the absorbance is enhanced 

inn 4-1-trp in comparison with the parent triphenylene. The molar absorption coefficient is 
ii  1 I T 

38000 M cm at 340 nm, whereas the molar absorption coefficient of triphenylene is 355 
MM cm at the maximum (334 nm). 

Thee UV absorption spectrum of 4-1-trp (see Figure 4-7) shows that selective excita-
tionn of this potential sensitizer is possible without excitation of threads and rotaxanes which 
absorbb in the wavelength region below 300 nm, so at shorter wavelengths than 4-1-trp (see 
absorptionn spectra in Chapter 3). 
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Figuree 4-7. UV absorption spectrum of 1,4,8,9-Tetraazatriphenylene (4-1-trp) in acetonitrile. 

Thee triplet energy of 4-1-trp is 68 kcal/mol, which is lower than the triplet energy of Z-
isomerss and higher than the triplet energy of E molecules for the alkyl substituted amides in 
2,, 3,7 and 8. Ca. 41% of Z-l is obtained upon irradiation of 4-1-trp with £-1 (see Table 4-1). 
Thee isomerization of E-2 gave almost 100% of E -> Z conversion consistent with selective 
transferr of the triplet energy of 4-1-trp (68 kcal/mol) to E-2. In the case of E-l only 20% of 
E-lE-l —» Z-l conversion was achieved. This is difficult to explain, considering the fact that 
triphenylenee with a similar triplet energy of 67.1 kcal/mol gives 65% conversion. 

4.4.33 Aromati c carbony l triple t sensitizer s 

Itt is known that aromatic carbonyl compounds can be good sensitizers, because of the high 
intersystemm crossing quantum yields and high triplet energies. The rate of intersystem cross-
ingg (kiSC) is kinetically competitive with other nonradiative (internal conversion, kIC) and 
radiativee (fluorescence, kf) photophysical processes. Of course, when k|SC dominates, the 
quantumm yield of triplet formation is high. We considered benzophenone (Bp), and xanthone 
(Xa)) as attractive candidates for triplet photosensitizers. Their structures are shown in 
Figuree 4-8 and some of their photophysical properties are summarized in Table 4-3. 
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r^NN r̂ N 

00 0 

Bpp Xa 

Figur ee 4-8. Structures of aromatic ketone sensitizers studied in this Chapter. 

Tablee 4-3. Properties of selected aromatic carbonyl sensitizers. Triplet energy (3E00), singlet 
energyy (1E0q), singlet-triplet energy gap (AETS), intersystem crossing quantum yield (§j), triplet 
lifetimee (xT )^5 '3 6 

Sensitize r r 

Bp p 

Xab b 

too o 
(kcal/mol ) ) 

69.2D D 

C C 

74.1 1 

E 0 0 0 
(kcal/mol ) ) 

74.3 3 

77.44 4 

AET,s s 
(kcal/mol ) ) 

5.1 1 

3.34 4 

* T T 

1 1 

0.97 7 

(ÜS) ) 

50D D 

1 2 d d 

8.5a a 

0.02nP P 
17.9p p 

aourr experiments, ref. 36, cref. 12, dref. 37 
ppolarr solvents 
npnonn polar solvents 

Thee triplet energies of these sensitizers should be enough to sensitize the molecules of 
interest.. However, the triplet energy of benzophenone or dimethoxybenzophenone should be 
nott high enough to be transferred efficiently to Z-2 or Z-7. In contrast, the triplet energy of 
xanthonee is probably too high to get selective isomerization of £and Z-isomers because both 
off  them should be excited. 

Benzophenonee is used very commonly as a triplet sensitizer.1,12'13,44 This aromatic 
compoundd possesses a fast rate of ISC (kISC » kf), high triplet energy (see Figure 4-9), "nor-
mal""  triplet lifetime, substantial absorption in a region of the spectrum where the energy 
acceptorss do not absorb. However, some side reactions can occur. 
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Figuree 4-9. Benzophenone energy scheme. 

Thee percentage of Z-isomers of threads and rotaxanes at the photostationary state after 

benzophenonee irradiation using 350 nm are depicted in Table 4-4 (see also Table 4-1). 

Tablee 4-4. Photostationary states of E-1/Z-1, E-2/Z-2, E-Z/Z-Z, E-B/Z-6, E-7/Z-
7,, E-B/Z-8 obtained using benzophenone as the triplet sensitizer. The 
irradiationn was performed in acetonitrile during 30 min. using 350 nm (Rayonet 
reactor).. The mixture of E and Z-isomers was analyzed using 1H NMR or 
HPLC. . 

E-thh reads 

E-1 1 

E-2 2 

E-3 3 

%Z Z 

48.2 2 

97.4 4 

99 9 

E-rotaxanes s 

E-66 (n.s.) 

E-9 9 

E-7 7 

E-8 8 

% Z Z 

--
1 1 

59.4 4 

8.5 5 

n.s.. - not soluble 

Inn the case of the rotaxanes E-8/Z-8, the conversion to the Z-isomers is smaller than 

forr the corresponding threads, but also smaller than in the case of rotaxanes E-7/Z-7, surpris-

ingly.. It is possible that the hydrogen bonds between the thread and the macrocycle are 

strongerr in E-8 than in the case of E-7, but it is more likely that the bulkier alkyl groups shield 

thee double bond chromophore in the thread of £-8 more effectively. 

Inn the case of E-9, where a different macrocycle is incorporated than in the other rotax-

aness the conversion from E-9 to Z-9 is only 1%. The terephthalic diamide group in the mac-

rocyclee 5 (see Figure 3-1) has a lower excitation energy than the isophthalic diamide present 
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inn the "classical" benzylic amide macrocycle 4. It might be that the excitation energy is even 

lowerr than that of the fumaric chromophore in the triplet as well in the singlet state (see 

absorptionn spectra in Chapter 3). In that case transfer of energy from the sensitizer would 

occurr to the macrocycle instead of to the fumaric chromophore. 

4.4.44 Quantum yields with benzophenone sensitization 

InIn the absence of side reactions, and assuming irreversible energy transfer from sensitizer to 

olefin,, the rates of the photoisomerization processes are described by Equation 4-4. 

d\E~]d\E~] _ £Z}_ ke!
L[E]<bE^z ker

Z\Z]<$>z^E 

'' dt ~ dt ~ / ( ^ c \ * r r l , ,, z r v l , , -'«^c- £ r r l . , Z 
kkelel\E]\E]  + ket [Z] + kd ke;-\E]  + ke;\Z]  + kd 

Equationn 4-4. 

Inn Equation 4-4 / is the flux intensity in Einstein/s, kd is a rate constant of decay of 
3sensitizer**  by other processes than energy transfer, ket

Eand ket
z are rate constants of energy 

transferr to E isomer or Z isomer, respectively. At low conversion, if [Z] = 0 and ket[£] » kd 

Equationn 4-4 leads to: 

Equationn 4-5. 

However,, if the condition ket[E] » kd is not fulfilled, the experiments wil l give an apparent 

quantumm efficiency: 

* / [ £ ! ! 

kketet lE] + kd Equation 4-6. 

Inn order to determine (t>e ẑ m m e presence of benzophenone as a sensitizer the EioZ 

conversionn was measured starting from the pure ^-isomers using 355 nm for irradiation 

(usingg Spex Fluorolog 3 as a light source). A photon flux, / = 2.7xl0"9 Einstein/s, was mea-

suredd using Aberchrome 540 as actinometer (see Chapter 2 for details). Starting from the 

puree Z-isomer the same approach can in principle be used to determine <[>Z->E-
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Inn Table 4-5 the values for the isomerization quantum yields when using benzophe-

nonee as a sensitizer are listed. To calculate the isomerization quantum yields, the average of 

threee independent measurements were taken. In Figure 4-10 are shown examples of various 

plotss of EIZ or ZIE conversions against time. The acetonitrile solutions (3 ml, c = 1 mM) of 

E-l,E-l, Z-1, E-2 or E-l were irradiated for short periods of time and the samples were immedi-

atelyy analyzed by means of HPLC. The concentration of benzophenone was ca. 1x10" M or 

lxlO" 33 M. In all cases good straight lines were obtained at conversions below ca. 6%. Stirring 

duringg the irradiation and removing oxygen is of crucial importance. 

B B 
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Time(s) ) 

60 0 

Tirre(s) ) 

16 6 

gg 14-
c c o o 
COO 1 2 

> > 
88 io 

8 8 

6 6 

4 4 

2 2 

0 0 

0.55 5 

;?? 0.50 

II 0.45 

O O 
00 4 0 ' 

D D 

7irre(s) ) 

Figuree 4-10. Change of isomeric composition with irradiation time for acetonitrile solutions 
off E-1, Z -1 , E-2, Z-2 and E-7 starting from pure isomers of: A) E-1, B) Z -1 , C) E-2 (dots), Z-2 
(crosses)) in one graph, D) E-7. The initial concentrations were ca.1 mM, the concentration of 
Bpp was c = 1X10"3 M for A, C, D and c = 1X10"2 M for B. The solutions were irradiated with 
thee Xe lamp of the Spex Fluorolog 3 with the monochromator set to 355 nm. 

Inn Table 4-5 the photoisomerization quantum yields for E-l/Z-l, E-2/Z-2 and E-l I Z-1 are 
given. . 



1122 I CHAPTER 4 

Tablee 4-5. Quantum yields for benzophenone sensitized photoisomerization at 
3555 nm in acetonitrile at . 

Reactio n n 

E-11 -»Z-1 

E-22 -> Z-2 

E-77 - j . Z-7 

«>E^Z Z 

2 2 

0.22 (2x) 

0.022 (2x) 

Reactio n n 

Z-11 -> E-1 

Z-22 -» E-2 

Z-77 -> E-7 

<t>Z^E E 

0.22 (2x) 

2 2 

n.d. . 

n.d.. - not determined 

Thee overall quantum yields for E-1 -> Z-1 and Z-1 -> £-1 are very similar. This is con-

sistentt with the roughly 50/50 ratio found at the photostationary state. Conversion of E-2 to 

Z-22 also has an overall quantum yield of 0.2, whereas the reverse reaction is very inefficient. 

Thiss result agrees qualitatively with the photostationary state composition in which E-2 is 

hardlyy detectable. The overall quantum yield for isomerization of rotaxane, E-7 to Z-7 is 10 

timess lower than that of the corresponding thread E-2 to Z-2. Unfortunately the quantum 

yieldd for the reverse isomerization is not known. 

Iff  the olefin triplets decay via a common twisted intermediate and the quenching of 

thee sensitizer by the substrates is complete, this would make the sum of the quantum yields 

EE —>Z and Z -> E to be unity. This, however, is not the case here. The sum of the quantum 

yieldss is in fact at most 0.4. This implies a more complex mechanism or incomplete quench-

ing.. To test the latter possibility we performed time-resolved experiments of quenching of 

Bp**  (and Xa*) by our substrates. 

4.4.55 Time-resolve d experiment s 

Inn this section, we wil l focus on the first step in the mechanism of sensitized isomerization, 

namelyy the energy transfer process. This should allow us to answer the question whether it is 

inefficientt (slow) energy transfer or preferred decay to the £-isomer on the ground state sur-

facee that causes the low overall isomerization quantum yield for E-7 -> Z-7. The quantitative 

photoisomerizationn measurements described in the preceding section may give lower effec-

tivee quantum yields if the condition ket
E[£] » kd is not fulfilled. As an experimental test, [E] 

couldd be varied in the quantum yield measurements, but such experiments are much less 

directt than observation of the decay of the sensitizer T] and its quenching by the substrates. 

Ass a first step, we wil l study the Tj state of some sensitizers to find optimum condi-

tionss for this experiment. 
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4.4.5.11 Triplet state of 1,4,8,9-Tetraazatriphenylene (4-1-trp) 
Inn order to determine the transient absorption spectrum of 4-1-trp, time resolved transient 

absorptionn experiments were performed. In these experiments 4-1-trp was excited with a 

nanosecondd laser flash at 355 nm in carefully degassed acetonitrile, dichloromethane or tol-

uenee solutions. The transients observed were formed within the laser flash via subnanosec-

ondd intersystem crossing19 and decay on a p.s timescale. In Figure 4-11 two broad bands at 

3600 nm and 419 nm are visible. Importantly the peak at 360 nm does not decay completely 

too zero. 

4000 450 500 550 

Wavelengthh (nm) 

4000 450 500 550 

Wavelengthh (nm) 

4000 450 500 550 

Wavelengthh (nm) 

Figur ee 4-11. Transient absorption spec-
traa of 4-1-trp (300-800 nm) obtained by 
3555 nm laser photolysis in A) acetoni-
trile,, B) dichloromethane and C) toluene 
solutions.. The first spectrum was taken 
500 ns after the exciting laser pulse, the 
intervall between the successive spectra 
shownn is 50 ns for A) and B). For C), the 
firstt spectrum was taken 30 ns after the 
excitingg laser pulse, the interval between 
thee successive spectra is 150 ns. 

Fromm these experiments, it is clear that a photoproduct is formed quite efficiently that 

absorbss at 360 nm. Furthermore the different shape of the transient spectra in polar and non-

polarr solvents as well as the relatively short triplet lifetime of ca. 1 |is could be also an indi-

cationn that the triplet state of 4-1-trp is not stable chemically. These results induced us to 

lookk for another, possibly better sensitizer, with higher triplet energy, since the E-l —> Z-7 

conversionn in the presence of 4-1-trp was much lower than that with benzophenone as a sen-

sitizer. . 
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4.4.5.22 Triple t state of xanthone 
Xanthone,, like benzophenone, is a very commonly used triplet sensitizer.39'40,4' The xan-

thonee molecule is characterized by a high intersystem crossing quantum yield, whose value 

iss 0.97 at room temperature. The ISC rate constant determined from picosecond experiments 

andd more recently from femtosecond experiments is 1011 s"1.38 

Followingg 355 nm laser flash photolysis the transient absorption spectrum of xanthone 

inn toluene displays a single, broad absorption with ?imax at 640 nm with a triplet lifetime of 

ca.. 0.23 H-S. The triplet spectrum of xanthone was recorded in polar acetonitrile as well. The 

triplett spectrum reveals one, more narrow band with A.max at 625 nm (blue shift) and a triplet 

lifetimee of 0.67 (is. Almost the same results were reported in the literature, where it was 

foundd that the absorption maximum shifts towards shorter wavelengths by ca. 16 nm as the 

polarityy of the medium increases.42 It seems that the absorption in toluene does not decay to 

zeroo due to some formation of the xanthone ketyl radical, which is produced by hydrogen 

abstractionn from the solvent. 

4000 500 600 700 800 ' 400 500 600 700 800 

Wavelengthh (nm) Wavelength (nm) 

Figur ee 4-12. Transient absorption spectra (gate with 5 ns) of xanthone in acetonitrile (left), 
andd toluene (right). The first spectrum was taken 25 ns after the exciting laser pulse. The 
timee increments between the successive spectra are 2 ns in toluene and 20 ns in acetoni-
trile,, respectively. 

Wee have examined the quenching of triplet xanthone by different threads and rotax-

anes.. Rate constants for quenching of Xa*  in acetonitrile are listed in Table 4-6. 

Tablee 4-6. Rate constants for quenching of 3Xa* in acetonitrile. 

Compoun d d 

Z-1 1 

e-1 1 

£-2 2 

E-7 7 

k q (M-V1)xl0 9 9 

7.7 7 

7.0 0 

5.7 7 

3.7 7 
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Thee rate constants are close to the diffusion limit . The value for E-l is only slightly 

smallerr than that for E-2. 

4.4.5.33 Triple t state of benzophenone 
Laserr excitation at 355 nm produced the benzophenone triplet, which was characterized by 

itss strong, broad absorption from 425 nm to 600 nm with ^.max = 525 nm. The decay of this 

triplett becomes nearly monoexponential when using the lowest possible laser power on a 

dilutedd sample. The triplet lifetime in the absence of quenchers (x0) was ca. 8.5 u.s in dry 

degassedd acetonitrile. This lifetime is in reasonable agreement with literature data, where 12 

u.ss in acetonitrile was found.37 In Figure 4-13 (see inset), the decay of  3Bp* absorption is 

shownn at 525 nm (e525nm = 6250 M^cm"1) with an initial concentration [3Bp*] = 2x10"5 M. 

Underr these conditions some nonexponential decay due to T-T annihilation is still visible in 

thee initial phase of the decay. 

Uponn addition of threads and rotaxanes as triplet energy acceptors the T-T absorption 

off  benzophenone at 525 nm decreases in intensity more rapidly. In Figure 4-13 some decay 

tracess of  3Bp* in the presence of different quenchers are shown. 

0.14 4 

0.12 2 

0.10 0 

DD 0.08 
O O 

0.06 6 

0.04 4 

0.02 2 

00 1 2 3 4 5 
MS S 

Figur ee 4-13. Decay of absorption at 525 nm of benzophenone triplet in acetonitrile in the 
absencee of added quenchers (inset) and with 0.6 mM of £ - 1 , Z-1 and E-2, respectively. 

Thee rate constants (kq) for quenching of triplet benzophenone in the presence of the 

quencherss were calculated according to Equation 4-7, 

kkdd = k0 + kq[Q] 
Equatio nn 4-7. 
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wheree kd and ko represent (pseudo) first order rate constants for the quenching of  3Bp* in the 
presencee and in the absence of quencher, respectively and [Q] is the concentration of the 
quencher.. The quenching constants kq were obtained from Stern Volmer plots of kd vs. [Q] 
(seee Figure 4-14). 
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0 0 
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0.44 0.6 0.8 
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400--
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Figur ee 4-14. Stern-Volmer plots for quenching of the 3Bp* by E-1, Z-1, E-2 and E-7 in ace-
tonitrile.. Plots are based on the decay rate of the T-T absorption at 525 nm. 

Tablee 4-7. Rate constants for quenching of 3Bp* in acetonitrile (calculated from 
Equationn 4-7). 

Compoun d d 

Z-1 1 

E-1 1 

E-2 2 

E-7 7 

k q (M-V1)x10 9 9 

1.5 5 

1.3 3 

1.2 2 

1.0 0 

Thee rate constants for quenching of Bp*  by the substrates studied are ca. 4 times 

smallerr than those for the quenching of Xa*. This may be due to a larger driving force for 

energyy transfer in the latter case. 
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Tabl ee 4-8. Calculated energy transfer efficiency from 3Bp* to the 
quencherss studied at [Q] = 1 mM or 0.6 mM (because of solubility 
problems). . 

Compound d 

Z-1 1 

E-1 1 

E-2 2 

E-1 E-1 

Energyy transfer 
efficiency y 

0.94a a 

0.92b b 

0.95a a 

0.89b b 

a[Q]]  = 1 mM 
b[Q]]  = 0.6 mM 

Thee efficiencies of energy transfer are listed in Table 4-8. The high values for Z-1, E-1, E-2 

andd even for E-1 indicate that littl e loss of  3Bp* occurs. Thus the result presented in section 
4.4.44 that the overall quantum yields for the isomerizations are much less than 0.5 cannot be 
attributedd to inefficient sensitization. Furthermore the strongly lowered quantum yield for E 

—>> Z isomerization in rotaxane E-1 as compared to that in its thread E-2 (see Table 4-5) 
cannott be attributed to ineffcient energy transfer. 

4.55 Quantu m chemica l calculation s 

Too better understand the results of the sensitization experiments, computational methods can 
helpp by providing semi-quantitative information on the electronic structure and energies of 
thee excited states involved. In most cases, computation of excited states is complicated and 
requiress post-Hartree-Fock calculations, but because the Tj state is the lowest state of its spin 
multiplicity,, self-consistent field methods can be used to compute its wave function and asso-
ciatedd properties. In this case, we used the (U)B3LYP functional with the 6-31G* basis set. 
Startingg from the optimized ground state structures of the isomers of model compounds 10 
andd 11 (see Chapter 3) the vertical excitation energies were calculated. The vertical excitation 
energiess calculated using time-dependent DFT are given in the first column. Vertical energy 
differencess between Sn and Tt are given in the second column of Table 4-9. In contrast to the 
TDDFTT method, the triplet-state DFT calculation also permits optimization of the geometries 
onn the T] surface. When starting from the E-isomers in both cases nearly planar optimized 
triplett structures were found, with a relaxation energy of ca. 16 kcal/mol. Starting from the 
Z-isomers,, however, spontaneous twisting of the central double bond to ca. 90° led to struc-
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turess with a lower energy. Apparently, starting from the f-isomers there are barriers on the 

potentiall  energy surface towards the twisted geometries. 

Tablee 4-9. Computed energies (kcal/mol) of the T-, state of model compounds 
100 (for 1) and 11 (for 2 and 3), in which alkyl groups were replaced with methyl 
groups. . 

Compound d 

E-10 0 

Z-10 0 

E-11 1 

Z-11 1 

3pp a 
t t 

74.6 6 

71.0 0 

71.3 3 

78.4 4 

3pp b L ve r t t 

82.0 0 

84.5 5 

78.4 4 

86.0 0 

3 pp c 
"-relaxe d d 

65.9 9 

55.1 1 

61.9 9 

51.9 9 

'TDDFTT vertical excitation energy. B3LYP/6-31G* vertical energy difference of T| and S()at the optimized geometry 
off  the ground state,cB3LYP/6-31G* energy difference of'T| and the lowest-energy point on the S() potential energy sur-
face. . 

Thee results of the B3LYP calculations are graphically presented in Figure 4-15 for 10 
andd Figure 4-16 for 11. 

-WWV V 
AET(relaxed)=65.9 9 

AET(vert) ) 
=82.0 0 

AET(relaxed)=55.1 1 

AET(vert) ) 
=84.5 5 

H A MM  y^^^ 
E(Z)=0.9E(Z)=0.9 kcal/mol 

Figur ee 4-15. Molecular structures and relative energies of 10 in its ground state (B3LYP/6-
31G*)) and! - ! state (UB3LYP/6-31G*). 
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=78.4 4 
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E(Z)=5.0E(Z)=5.0 kcal/mol 

Figuree 4-16. Molecular structures and relative energies of 11 in its ground state (B3LYP/6-31G*) 
andd T"! state (UB3LYP/6-31G*). 

Thee vertical excitation energies computed with the TDDFT/B3LYP or the UB3LYP meth-

odss are somewhat higher than those estimated on the basis of the photoisomerization exper-

iments.. The relative triplet energies, however, are more important for our purpose. The 

additionall  N-methyl group lowers the triplet energy by ca. 4 kcal/mol, in agreement with 

ourr estimate based on the photoisomerization experiments with different sensitizers. 

4.66 Discussion of sensitizer selection and efficiency 

Itt appears that finding a good sensitizer, which could selectively sensitize only ^-isomers is 

nott trivial. The selectivity of sensitized isomerization in the case of E-\ andZ-1 is very small, 

sincee the triplet energies of these two isomers are very similar, which was documented in this 

Chapterr via simple experiments with different sensitizers, time resolved-experiments, as well 

ass quantum mechanical calculations. However, a good selectivity was obtained in the case of 

E-2E-2 and Z-2 with a range of sensitizers with triplet energies between 62 and 70 kcal/mol, 

whichh is not sufficiently high to be transferred to Z-2. Using high energy sensitizers like Xa, 

thee selectivity dropped, because the triplet energy is transferred to E-2 as well as Z-2. 

Thee rate constants for quenching of the triplet states of benzophenone or xanthone by 

fumaricc threads and rotaxanes are consistent with our previous experiments, where the pho-

tostationaryy state ratio of E and Z-isomers was determined. For E-\ and Z-l quenching con-

stantss are very similar (kq is slightly greater for Z-l than for £-1), which explains why at the 

photostationaryy state the ratio of these two isomers is almost equal to 1. The same result is 

foundd when using the higher triplet energy sensitizer, xanthone. Again kq is slightly greater 

forr Z-l than for E-l. 



1200 I CHAPTER 4 

Forr rotaxane E-l the value of kq is only slightly smaller than for the corresponding 

threadd E-2 when using benzophenone or xanthone. This implies that the chromophore in 

rotaxanee E-l is not effectively protected from the external agent, the sensitizer. Another pos-

sibilityy is that the driving force for energy transfer from triplet benzophenone to E-l is 

smallerr than to E-2. In general the quenching rates of triplet xanthone by the quenchers stud-

iedd here are ca. 4 times greater than in the case of benzophenone. 

Ann important question is why the conversion of E-2 to Z-2 is nearly quantitative when 

thee optimal sensitizer, benzophenone is employed, while in the corresponding rotaxanes E-l 

andd Z-7, at least 35% of the £-isomer remains at the photostationary state. The effective 

quantumm yield for the process E-2 —> Z-2 is reasonably high (0.2). For the reverse process, a 

muchh lower value was found. This is due to the fact that Z-2 is unable to quench triplet Bp, 

becausee its (vertical) triplet energy is too high (as mentioned before), so that the sensitizer 

triplett must decay by other processes. The overall quantum yield for the isomerization E-l 

-**  Z-7 is ca. 10 times smaller than for E-2 —> Z-2, when using Bp as a sensitizer (see 

Tablee 4-5). It was initially considered that due to the presence of the ring in E-l inefficient 

energyy transfer from Bp* to the fumaramide chromophore might play an important role in 

determiningg this lowering of the overall quantum yield. The quantitative energy transfer data 

noww determined (see Table 4-7 and Table 4-8), however show that this is a minor - although 

certainlyy detectable - factor under the experimental conditions employed. Thus modification 

off  the potential energy surface for E —> Z isomerization of the chromophore by the ring in the 

triplett excited state (and perhaps also in the ground state), appears to be the major factor. 

Unfortunately,, due to the availability of only small quantities of the pure Z-7, it was not pos-

siblee to perform good quantitative measurements on the process Z-7 —> E-l. In the direct irra-

diation,, the quantum efficiency of this reaction was found to be relatively high. Apparently, 

oncee the triplet state is formed, its decay to the E-isomer rather than the Z-isomer must be 

stronglyy favored. In other words, the usual branching from the P-intermediate leads mostly 

too the E-isomer. It is conceivable that upon return to the ground state, the macrocyle effec-

tivelyy "draws" the carbonyl groups on the favored positions, causing the C=C bond to end up 

inn the E configuration. 

4.77 Conclusion s and prospect s 

Wee can conclude from our results shown above, that the best triplet sensitizer is benzophe-

none.. The benzophenone sensitized isomerization is selective in case of E-2 and Z-2-threads. 

Thee triplet energy is given selectively only to the E-isomer. The quantum yield for the Z-2 -> 

E-2E-2 reaction is almost zero. In the case of the E-l and Z-l pair it seems to be not possible to 
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findd the ideal sensitizer, since the triplet energies of both isomers are almost the same, which 
wass documented via experiments as well as by computation. For rotaxane E-l the effciency 
andd quantum yield of isomerization drop strongly as compared to those of the thread (E-2) 

alone.. This is to some degree caused by the slightly less efficient energy transfer from the 
sensitizerr to the fumaric chromophore in the presence of the ring. However, the major factor 
appearss to be that the ring perturbs the energy surface along the twisting co-ordinate, prevent--
ingg the E* to P*  process, and probably also enhancing the conversion 3Z* to 3P* to E. 

Forr benzophenone sensitized isomerization of the compounds studied in this work the 
modell  given by Hammond, Saltiel et al. cannot be applied. This requires that the sum of the 
quantumm yields for E -> Z and Z -» E photoisomerization is close to unity, as was found in 
thee case of stilbene. However, here the sum of quantum yields (sensitized isomerization) for 
bothh isomers of E and Z threads is smaller than 0.4. So either the energy transfer from 3Bp* 
too the chromophores does not lead to a common (twisted) intermediate or the other paths of 
decayy of Bp*  in the presence of the compounds investigated have to be taken into consider-
ation. . 

Severall  sensitizers were characterized in this Chapter, which were used as external tri-
plett energy donors. It would be interesting to incorporate the sensitizer directly in the mac-
rocycle.. The close contact demanded between the triplet donor and energy acceptor (the 
chromophoree in the thread) could in this way be obtained in the rotaxane structures. Deriva-
tivess of pyridazines, pyridines or pyrimidines could be interesting candidates for such an 
application,, because they can take the place of the benzene ring in the p-xylylene unit without 
stericc demands. Similar to an "external" sensitizer the "internal" one should absorb with a 
sufficientlyy high absorption coefficient at ca. 300 nm or above, and it should possess a triplet 
energyy higher than the triplet energy of E isomers in order to work efficiently. 

Furtherr it would be interesting to investigate rotaxanes with longer threads and more 
thann one station, e.g. succinic and fumaric and/or maleic and/or the redox active stations in 
orderr to control the shuttling of the macrocycle by using its bigger or smaller affinity to the 
respectivee station. These kind of experiments with two station rotaxanes (fumaric 
amide/esterr vs. simple amide) were initially performed by Dr. C. Frochot in our group. By 
usingg the macrocycle with the sensitizer incorporated in the ring selective isomerization of 
onlyy one station should be possible. 
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