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3 3 
Photoisomerizationn of rotaxanes based 
onn the fumaramide template. Part 1. 
DirectDirect excitation into the singlet excited states. 

WeWe commonly accept the feasibility of new devices without formal proof, where anal-
ogiesogies to existing systems are close enough. 

K.. ERIC DREXLER: Proc. Natl. Acad. Sci. USA 1981, 78, 5275 

3.11 Introductio n 

3.1.11 Photoisomerizatio n in rotaxane s 

Inn Chapter 1, several kinds of stimuli have been discussed which can be used to trigger 

motionn in rotaxanes. In this Chapter and the following one we wil l focus on the photoisomer-

izationn of C=C double bonds as a means of modulation of the interaction between the thread 

andd the macrocyclic ring in rotaxanes. In examples published in the literature, the effects of 

photoisomerizationn of C=C1,2 or N=N double bonds3 on the interactions between the thread 

andd the macrocyclic ring were relatively weak. In the present work, the switchable C=C bond 

inn E (Entgegen) configuration is part of a fumaramide unit, one of the most effective tem-

platess for the formation of rotaxanes by a clipping reaction. The compounds studied are pre-

sentedd in Figure 3-1. 

Exampless of the three-dimensional structures of some of the rotaxanes are given in 

sectionn 3.3.1 (see Figure 3-6 on page 72 and Figure 3-7 on page 73). It was recently shown 

thatt photoisomerization of representatives of this class of rotaxanes leads to much weaker 

interactionn between ring and thread in the Z-isomers (maleamides), resulting in a much faster 

pirouettingg motion of the macrocyclic ring around the thread.5. 
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Figur ee 3-1. Building blocks of rotaxanes discussed. Rotaxanes E-6 and Z-6 result from the 
combinationn of macrocyclic ring 4 with threads E-1 and Z-1, respectively, e.g. 6 = 1 c 4 . 
Analogously,, 7 = 2<z4, 8 = 3 (Z4 and 9 = 1 C 5. 

Thee possibility to use the same principle to induce a motion was demonstrated in our 

laboratoryy by Dr. C. Frochot (a translational motion)7 (see Figure 3-2), and independently by 

thee Leigh group (rotation4 and translation6). 

Figur ee 3-2. Structure of a rotaxane molecular shuttle studied in our group.7After isomeriza-
tionn of the C=C double bond the macrocyclic ring moves (at least in part) to the amide sta-
tion. . 
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Ideally,, irradiation of an E geometrical isomer leads with a high quantum efficiency 

too the formation of the Z-isomer, and vice versa. In practice, such selective conversions rarely 

provee to be possible. One prerequisite is that each isomer is addressable at a specific wave-

length.. Unfortunately, the spectra of the isomers often overlap strongly, so that photostation-

aryy states are obtained after some time of irradiation, which contain substantial amounts of 

bothh isomers. In the work published so far5'8 preparative-scale photoreactions have been car-

riedd out, after which theZ-isomers were isolated by means of chemical separation techniques. 

Inn the present work, our goal is to obtain more quantitative information on the efficiency of 

thee C=C photoisomerization in fumaramide rotaxanes, in order to gain a better understanding 

off  the mechanism of the process, and hopefully, to get some insight into possible improve-

mentt of the use of the C=C photoisomerization as a stimulus for rotaxane-based molecular 

switches. . 

Apartt from direct irradiation, triplet sensitization can be used to accomplish double 

bondd isomerization. This approach wil l be studied in Chapter 4. In addition to unimolecular 

processes,, molecules in excited states can participate in intermolecular reactions. Substituted 

alkenes,, in particular, readily undergo 2+2 cycloadditions, but these can be easily avoided by 

workingg at low concentrations. 

Anotherr type of reaction that can indirectly lead to C=C isomerization is photoinduced 

electronn transfer: one electron oxidation or reduction leads to radical cations and radical ani-

ons,, respectively, which have a reduced bond order of the former C=C bond and thus a 

smallerr barrier for reversion to the more stable isomer. In the context of the present research 

thiss opens an interesting potential pathway for resetting the E -» Z switch by photochemical 

orr electrochemical reduction of the maleic amide isomers. 

3.1.22 The doubl e bond isomerizatio n mechanis m 

Manyy studies on photochemical isomerization have been reported in the literature during the 

lastt decades. The mechanism for irradiation with light absorbed directly by the substrate 

olefinicc molecules was discussed among others by Hammond and coworkers in the sixties 

andd supported recently.1,10,1 ! , 1 2 , 1 3 , t 4 , 15 C=C photoisomerization is a common photochemi-

call  reaction present in many biochemical systems. Photoactive Yellow Protein with a C=C 

doublee bond initially in the ^-conformation plays an important role in the negative phototac-

ticc response of several purple bacteria (e.g. Ectothiorhodospira halophila) upon absorption 

off  blue light16,17'18 (see also Chapter 5). Z -> E isomerization in rhodopsin containing 11-Z-

retinall  with five C=C units is responsible for the process of vision. 
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Simplee substituted ethylenes possess in the ground state stable E and Z-stereoisomers. 

Sincee the rotation around the double bond has a high activation energy, the stereoisomers do 

nott interconvert under normal experimental conditions. The photochemical process involves 

thee excitation of the molecule, which without geometrical changes is transferred to the poten-

tiall  energy surface of the excited state Sj (or T^. When one electron has been promoted from 

thee bonding n molecular orbital to the antibonding n* molecular orbital the geometry of the 

moleculee is unstable and it undergoes relaxation along the potential energy surface to the 

moree stable twisted form (see Figure 3-3). Since the potential energy surfaces of the ground 

andd excited states are very close to each other at this "biradicaloid"geometry, the nonradia-

tivee deactivation of the excited state is very probable.19' '21 

Figuree 3-3. Energy diagram of the E and Zalkene molecule as a function of the R-C=C-R' 
dihedrall angle. 

Thee inherent instability of the n-n* excited olefin tends to be reduced when rc-orbitals 

aree more extended, as in conjugated alkenes such as stilbene, polyenes, and fumaric acid 

derivativess studied in this Chapter. Local minima may exist near the vertically excited 

Franck-Condonn state. Nevertheless, the lifetime of such singlet excited species is usually 
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veryy short. Fluorescence is rarely detectable, except at low temperatures and/or in solid 

matrices. . 

Whilee £ -»Z isomerization is the main photochemical pathway in substituted alkenes, 
wheree not only singlets but also triplet states can be involved in the direct isomerization 
mechanism,, ,15 a variety of other unimolecular reactions is possible, depending on the 
naturee of the substituents. In particular, electrocyclic reactions can occur in polyenes and sig-
matropicc shifts are often possible as well. A modern theoretical framework that can elegantly 
explainn how a variety of photoproducts can arise from a single excited state is that of the con-
icall  intersection - a possible "funnel" connecting different electronic states. 

Thee role of a conical intersection in a photochemical reaction can be compared to that 
off  a transition state in a thermal ground state reaction. An important difference is that there 
iss only one distinct direction that leads over the transition state to the product, while at a con-
icall  intersection the vectors xj and x2 (two directions) span a plane in which a number of 
reactionn channels can open up (see Figure 3-4). Thus, several products may be reached from 
onee conical intersection. 

Thee polyatomic system is expected to pass through "sub-surfaces" on the potential 
surfacess very rapidly, since the transition from one electronic state to another at the conical 
intersectionn is very rapid. The presence of a conical intersection can be evidenced sometimes 
byy very rapid decay of electronically excited states (sub-picosecond), lack of fluorescence 
andd finally rapid formation of products. However, the Franck-Condon state often has a local 
minimumm on the potential energy surface, so to get to the conical intersection the crossing of 
aa barrier must take place, so that decay to the ground state could be slow. When a conical 
intersectionn is involved, the final reaction takes place after the crossing, and the nature of the 
productss depends on the particular conical intersection. 

Conicall  intersections were found in many cases, e.g. 1,4-hexadiene,24 1,3-cyclohexa-
diene,, and in styrene. In the latter system the conical intersection, where the radiationless 
relaxationn into S0 takes place, is in a crossing region between zwitterionic and diradical cov-
alentt states. In the zwitterionic state, the electron is partly transferred from the methylene to 
thee benzylidene unit. 
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groundd state *. *, 

Figur ee 3-4. Conical intersection - scheme.23 

Inn this Chapter we will  discuss the direct photoisomerization process of the olefin-

basedd threads and rotaxanes presented in Figure 3-1 on page 66. The fumaric/maleic rotax-

aness studied here consist of: a benzylic amide macrocycle built up from two units of p-

xylylenediaminee and two units of isophthaloyl dichloride (m-xylylenediamine and tereph-

thalicc dichloride for rotaxane E-9) and a thread containing one simple fumaric or maleic 

chromophoree for E and Z-isomers, respectively. The macrocycle cannot slip off the thread 

becausee of the presence of two 2,2-diphenylethyl amide bulky stoppers on the ends of the 

dumbbelll  shaped molecule (see compounds E-1IZ-1, E-2, Z-2, E-6/Z-6, E-1IZ-7), or diben-

zylicc amide stoppers present in compounds E-3/Z-3 and £-8/Z-8). 

3.22 Preparation 

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

inn Figure 3-5 (for more details, see Chapter 2). The synthetic procedure is very efficient, 

becausee the Zs-olefin fixes the two hydrogen bond-accepting groups of the thread in an 

arrangementt that is complementary to the geometry of the hydrogen bond-donating sites of 

thee forming macrocycle. Suitable threads are prepared in a single step from fumaryl chloride 

(E-l,(E-l, E-2, E-3) or maleic acid (like Z-l) and a bulky primary (E-l, E-2) or secondary amine 

.. N-methylated thread Z-2 was conveniently obtained from E-2 upon sensitized isomer-

izationn by 350 nm irradiation in the presence of benzophenone as a sensitizer and further sep-

arationn from the benzophenone, and small amounts of photobyproducts, on a silicagel 

columnn using CHCl3/EtOAc as the eluent. The synthesis of rotaxanes E-6, E-l and E-8 was 

performedd in an analogous way as described previously via clipping reactions from the cor-

respondingg threads, E-l, E-2, E-3, isophthaloyl dichloride and/?-xylylene diamine. Rotaxane 

E-9E-9 was prepared by Andy Wilson at Warwick University (UK) from thread E-l and m-
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xylylenediaminee and terephthalic dichloride (Figure 3-5). Under the same reaction condi-

tionss the Z-olefinic threads, Z-1, Z-2 and Z-3, did not give detectable quantities of the corre-

spondingg Z-rotaxanes.5'27 Therefore Z-rotaxanes were obtained upon direct isomerization of 

£-rotaxaness with 254 nm wavelength and purified on a silicagel column using CHCl3/EtOAc 

eluents. . 

a) ) 
OH H 

K V V 

DMAP,, , EDCI R2 2 

Ft,Ft,  v = / R 

R2 2 

Z-11 (R,=H, R2=CH2CHPn2) 
Z-22 (R,=CH3, R2=CH2CHPH2) 
Z-33 (R^P^C-HPh) 

lightt (254 nm or 350 nmx 

++ Ph2C=0) 

b) ) 

Et3NN R, 

-NHH ^ ^ HNH 

i 5 5 
NHH J-\ HfH. 

CH3I, , 
NaH H R, , 

«11 0 R, O 

E-11 (R,=H, Rj^CHjCHPhs) &2 (R,=CH3, P^CHjCHPhj) 
S3(R1=R2=CH2Ph) ) 

c) ) 

E6(R,=H,, P^CHaCHPhj) 
E-7E-7 (R,=CH3, R2=CH2CHPH2) 
£ 66 (R^FtpCHjPh) 

lightt (254 nm) 

Figur ee 3-5. Synthetic routes of fumaric and maleic rotaxanes and threads: a) E- and Z-1 and 
Z-33 threads by amide coupling; Z-2 thread by sensitized photoisomerization, b) E-rotaxanes 
viaa clipping reaction (£-9 obtained from E-1 when terephthalic chloride and m-xylylene 
diaminee were used instead of isophthaloyl dichloride and p-xylylene diamine), see 
Figuree 3-1 on page 66, c) Z-rotaxanes by photoisomerization. 
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3.33 Molecular structures 

3.3.11 Conformationa l propertie s 

Thee fumaric and maleic amides used in this work can adopt several low-energy conforma-

tionss via rotations of the single bonds (C=C-C=0) and the amide bonds. The single-bond 

conformationn drawn for the ^-threads in Figure 3-5 is the most favorable in the rotaxanes 

becausee it allows the formation of hydrogen bonds with the amide protons of the macrocycle, 

ass exemplified by the X-ray crystal structure of E-l shown in Figure 3-6 (the typical patterns 

off  hydrogen bonding in different peptide and fumaramide based Leigh rotaxanes are 

describedd in Chapter 1). 

Thee fumaric amide unit is only slightly distorted from planarity. This type of confor-

mationn may be denoted as a c£c, where c indicates the cisoid nature of the single bond linking 

thee C=C and C=0 bonds. For the thread molecules E-l, E-2 and E-3 cEt and t£t conforma-

tionss may also be available. Density functional calculations for the model systems N,N'-

dimethylfumaramidee (£-10) and N,N',N",N"'-tetramethylfumaramide (£-11) at the 

B3LYP/6-31G**  level indicate, however, that such transoid conformations (t£t and eft) are 

muchh less favorable. 

Figuree 3-6. X-ray crystal structure of rotaxane E-7.5 

Forr the Z-isomers, Z-2 and Z-3 planar structures are not possible. In the cZc conformer 

whichh is predicted to be the most favorable for model system Z- l l the C=C-C=0 dihedral 

anglee is 57° degrees (B3LYP/6-31G*). Also in crystal structures of rotaxane Z-7 (Figure 3-7) 

suchh twisted cZc structures have been found. 
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Thee dialkylmaleamide Z-l in contrast can attain a planar structure by forming an internal 

hydrogenn bond between the NH of one amide and the carbonyl group of the other. This leads to a 

relativelyy large chemical shift of the amide proton in 'H NMR spectra.5 This interpretation is con-

firmedfirmed by DFT calculations, see Figure 3-8. 

Figuree 3-7. X-ray crystal structure of two conformations of rotaxane Z-7.5 

Figuree 3-8. B3LYP/6-31G* computed structure of Z-10 as a model for Z -1 . 

Anotherr degree of freedom is in the rotation of the amide bonds. For the NH systems 1,2 

andd the corresponding rotaxanes the transoid conformation is strongly preferred, but for the N-

methyll  threads and rotaxanes the energy differences between the cis and trans amide conformers 

aree small. This is clearly illustrated in the ' H NMR spectrum of E-2 (Figure 3-9), which reveals 

fourr peaks due to the N-methyl groups corresponding to two symmetric conformers (cis, cis and 

trans,, trans) and one asymmetric conformer (cis, trans = trans, cis). The rotamers of the tertiary 

amidess of the thread E-2 are of roughly similar stabilities, and because of the partial double bond 

characterr of the C-N bond, interconvert only slowly at room temperature leading to the three 

rotamerss visible in the *H NMR spectroscopy. Signals from methyl protons at 2.72 and 2.89 ppm 

belongg to asymmetric cis, trans and trans, cis amide rotamers. The signals at 2.78 and 2.82 ppm 
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belongg to the symmetric cis, cis and trans, trans conformers. The integral of the peak at 2.78 ppm 

iss bigger than the one of the peak at 2.82 ppm, showing that the cis, cis symetric form is probably 

moree stable than the other (see Figure 3-9). 

Thee fact that the symmetric and asymmetric amide rotamers are present is also evidenced 

byy olefinic protons studies in ]H NMR spectrum. The AB pattern at 6.89 ppm and 7.05 ppm is 

duee to the olefinic protons of asymmetric conformers. The singlet at 6.92 ppm originates from the 

minorr symmetric conformer, probably trans, trans. Another singlet of the major symmetric con-

formerr is hidden among the signals of the aromatic hydrogens. 

Thee H NMR spectrum of rotaxane E-l clearly shows that the asymmetric tertiary amide con-

formerss are present in smaller fraction than in the thread. Only one single tertiary amide 

rotamerr (cis, cis) is observed in the x-ray crystal structure (see Figure 3-6). Interestingly, the 

efficiencyy of the synthesis of E-l is ca. 33% (in contrast the yield of E-6 is 97%), and prob-

ablyy the presence of trans, trans and cis, cis tertiary amides leads to a lower rate of rotaxane 

formation.. The yield is then lower because of side reactions leading to catenane and oligo-

mericc and polymeric condensation products. The consequence of the encapsulation of the 

doublee bond by the ring is that the amide groups of the thread are held in positions such that 

theyy hydrogen-bond to two isophthalamide groups in the macrocycle. The cis, cis tertiary 

amidee is probably the dominant conformer of the rotaxane in the solution as well as in the 

crystal.. Looking on integrals of  lH NMR peaks one can see that the biggest peak at 2.60 ppm 

iss from the methyl group which belongs to the cis, cis form. The peak at 2.36 ppm belongs to 

trans,, trans amide rotamer, and it is smaller than the one from the cis, cis rotamer. The signals 

fromm methyl protons of asymmetric conformations are located at 2.57 ppm and at 2.69 ppm 

andd they are ca. two times smaller than the peak from the methyl group in cis, cis conforma-

tion.. Also the ]H NMR signals from olefinic protons show that the most preferable confor-

mationn in solution is the cis, cis amide rotamer (5.81 ppm). The smallest peak at 6.16 ppm 

belongss to olefinic proton (trans, trans amide rotamer), whereas the signals at 5.93 ppm and 

6.077 ppm belong to olefinic protons in asymmetric conformations (cis, trans and trans, cis). 

Thee signals from the latter asymmetric amide rotamers are much smaller than the one origi-

natingg from the cis, cis amide rotamer, suggesting again the much bigger stability of the cis, 

ciss form. 
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Figuree 3-9. 1 1H NMR spectrum of of E-2 (upper) and E-7 (lower). 
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Thee protons of the fumaramide group in the most preferable conformations are 

shieldedd in the rotaxane £-7, compared to the thread £-2 by ca. 1 ppm. 

Ass mentioned before the fumaramide threads template the assembly of benzylic amide 

macrocycless around them to form rotaxanes in high yield, because the trans olefin fixes the 

twoo hydrogen-bond accepting groups of the thread in an arrangement that is complementary 

too the geometry of the hydrogen bond-donating sites of the forming macrocycle.4 Thus the 

isomerizationn of the olefin from £ to Z must disrupt the nearly ideal hydrogen-bonding motif 

betweenn the wheel and the thread and therefore also change internal dynamics governed by 

thosee interactions. 

3.44 Electroni c absorptio n spectr a 

Thee optical absorption spectra of fumaric amide threads and rotaxanes are presented in 

Figuree 3-10 and summarized in Table 3-1 on page 78. The spectra of the threads are charac-

terizedd by a strong absorption band at ca. 250-260 nm. 

Itt is known that conjugated ethenes, polyenes, and aryl substituted ethenes absorb at 

muchh longer wavelengths than simple alkenes and they have the lowest 7t-7r*  excited singlet 

states.. By analogy we can assume that the compounds studied here also have the lowest n-

n*n*  states as their lowest excited singlet states. Such transitions are known to possess high 

intensity.. The molar absorption coefficient at the absorption maximum for the simple ethene 

chromophoree is in the range of 10000 Nf'cm"1, but it depends strongly on substituents. The 

molarr absorption coefficient is higher for £-1, ca. 14000 NT'cm"1, however, it is lower for £-

22 (ca. 7000 M^cm"1) and for £-3 (ca. 9000 NT'cm"1), which indicates that alkyl substituents 

havee a large influence on the transitions of the chromophore. 

Thee molar absorption coefficients for Z-threads are generally lower than those of the 

correspondingg £-threads (see Table 3-1 on page 78). 

Sincee the absorption of £-isomers, especially £-2, and £-3 (Figure 3-10) extends to 

longerr wavelengths than that of Z-isomers, the former have probably the lower singlet exci-

tationn energy (also the triplet energy is expected to be lower, which wil l be documented in 

Chapterr 4). 
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Figur ee 3-10. UV absorption spectra of the studied threads and rotaxanes in acetonitrile, 
dichloromethanee or in a mixture of MeOH:DCM (2.5:1). 

360 0 

Thee absorption spectra of rotaxanes E-6, E-l and £-8 show no maximum at wave-

lengthss > 230 nm, but only a tail extending to > 300 nm (see Table 3-1 on page 78). 

Thee macrocycle 4 contains isophthaloyl amide chromophoric units possessing a mod-

eratelyy strong absorption in the range 250 - 300 nm, which largely overlaps with the absorp-

tionn band of the fumaric and maleic amides. Unfortunately, compound 4 itself is poorly 

soluble,, which makes it unpractical to carry out precise quantitative measurements of its 

absorptionn properties. Studies of the model compound di-/V-benzylisophthaloyl amide, and 

thee catenane consisting of two molecules of 428 show that at the maximum (at 266 nm) the 

absorptionn coefficient of 4 should be ca. 4500 - 5000 M^cm"1. 

Thee contribution to the absorption spectrum of the rotaxanes originating from 

transitionss in the macrocycle is not necessarily the same in all cases. The conformationn of the 

ringg as well the thread may change due to the interlocking, which may have an effect on the 

contributionss to the absorption spectra. E.g. the difference in molar absorption coefficients at 

2666 nm between the thread E-l and the rotaxane E-6 is 2600 M"'cm-1, whereas the difference 
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inn molar absorption coefficients between the thread E-2 and the rotaxane E-l is 3900 IVT'cm" 
11 and for thread E-3 and the rotaxane £-8 the difference between their molar absorption coef-

ficientss at 266 nm is 1700 M'cni"1, 

Inspectionn of the spectra of threads androtaxanes in Figure 3-10 shows that especially 

att wavelengths < 260 nm the absorption of the macrocyclic ring is stronger than that of the 

threads.. Thus, excitation at 254 nm, for example, will produce mainly an excited state of the 

macrocyclicc ring as the primary excited state. For the f-threads in particular, it is clear that 

thee absorption extends to a longer wavelength than that of the macrocycle. This means that 

thee lowest excited singlet state is localized on the thread. One caveat, however, is that spec-

troscopicallyy hidden n-rc*  states may exist (both in threads and in macrocycle) at even lower 

energies. . 

Thee rotaxane E-9 possesses the ring 5 with the terephthalic diamide, which has a lower 

excitationn energy than the isophthaloic diamide which is a part of the macrocycle 4, (in the 

singlett as well as in the triplet state). This could be the reason why the E-9 -> Z-9 conversion 

iss even less efficient than that of other rotaxanes (see later). 

Tablee 3-1. Molar absorption coefficients at the absorption maxima and at 254 nm {irradiation 
wavelength)) of the studied threads and rotaxanes. 

E-1 1 

E-2 2 

E-3 3 

Z-1 1 

Z-2 2 

Z-3 3 

E-6 6 

E-7 7 

E-8 8 

^maxx ( n m ) 

2500 (shoulder) 

264 4 

263 3 

2500 (shoulder) 

2500 (shoulder) 

244 4 

noo max > 230 nm, tail 
extendingg to ca. 310 nm 

noo max > 230 nm, tail 
extendingg to ca. 340 nm 

noo max > 230 nm, tail 
extendingg to ca. 340 nm 

EE < W ) (M-W1) 
13500a a 

7700a a 

9300a a 

8700a a 

7000a a 

6300a a 

(^260nm)17100c c 

(A263nm)18500b b 

e<^254nm)(M*1cm '1) ) 

13200a a 

14200b b 

7000a a 

7600b b 

9100a a 

8600b b 

7500b b 

5900a a 

22500

19100b b 

25100b b 

aacetonitrile,, dichloromethane, ^mixture of MeOH:DCM, 2.5:1 
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3.55 Photochemistr y of olefi n bisamide s 

EE and Z-isomers are separable and stable in their ground states. Thus, the determination by 

conventionall  analytical methods of the ratio of two isomers at the photostationary state as 

welll  as isomerization quantum yield should be possible for the isomerization in both direc-

tions. . 

Sincee the absorption spectra of E and Z-isomer pairs of threads and rotaxanes are quite 
similar,, they are not suitable for accurately determining the isomerization quantum yields 
fromm the absorption changes following irradiation. For the same reason they cannot be used 
too calculate the ratio of isomers at the photostationary state, which is, in contrast, possible in 
thee case of many stilbene analogs or azobenzene analogs described in the litera-
ture.1,29'30'31'322 Instead, ]H NMR (the chemical shifts of protons about the double bonds or 
protonss from NH groups are different in case of E and Z-isomers) orr the more sensitive HPLC 
methodd were applied to determine the ratio of both isomers of the corresponding fumara-
mide-- and maleamide-based compounds. 

3.5.11 Photostationar y stat e 

Photoisomerizationn upon 254 nm or 300 nra irradiation is reversible and after a period of 
exposure,, usually 30 min. or 1 h, depending on conditions, a photostationary E-Z equilibrium 
iss attained, where the ratio of both isomers does not change after further prolongation of the 
irradiation.. The isomerization at 300 nm or 254 nm was in general performed using a Rayonet 
reactor.. The concentration of samples was typically 1 inM, the volume of the solutions was 
100 ml. For small scale experiments solutions were irradiated in the sample compartment of a 
Spexx Fluorolog 3 spectrometer (equipped with a 450 W Xe-arc lamp) with the excitation 
monochromatorr set at 300 nm or 254 nm. The concentration of samples was typically 1 mM, 
thee volume of the solutions was 3 ml. In all cases the samples were purged with argon or N2 

forr 15 min. before the irradiation experiments and during the experiments. When using the 
latterr source of light the conversion from one isomer into the other isomer is very slow. After 
44 h only few percent of conversion was determined, which means that a much longer irradi-
ationn time is necessary to reach the photostationary state. On the other hand this source of 
lightt is very suitable for experiments in which a small conversion is used in order to calculate 
thee photoisomerization quantum yields (see below). 

Figuree 3-11 shows the HPLC traces of several fumaric and maleic pairs at the photo-

stationaryy states. HPLC analyses indicated that irradiation experiments in acetonitrile solu-

tionss are reproducible. For clarity only E and Z peaks are shown, however minor peaks due 

too photobyproducts appear in the chromatograms at shorter elution times. 
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Figur ee 3-11. HPLC chromatograms of isomer mixtures (A: E-2/Z-2, B: E-9/Z-9, C: E-3/Z-3 
andd D: E-8/Z-8) obtained after irradiation at 254 nm. Stationary phase: C18 (SupelcosilTM 
LC188 Supelco). Mobile phase: acetonitrile/water: 1/1 or according to the time programs 
(seee also Chapter 2). Flow: 1 ml/min. Intensity is average absorbance over the whole detec-
torr in the range 220 - 800 nm. 
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Thee long irradiation results are summarized in Table 3-2. Since UV absorbance of Z-
isomerss is lower than that of ^-isomers, it is not surprising that the photostationary states con-
sistt of only 38%, 16%, 34% of the initial ^-isomers for the pairs of E-l/Z-1, E-2/Z-2 and E-

3/Z-3,, respectively. Quite similar values were obtained by analyzing the mixture of isomers 
withh *H NMR and HPLC. For rotaxanes, the UV absorbance of Z-isomers is also lower than 
thatt of ^-isomers, but is this cases the photostationary states consist of 50%, 66%, 52% and 
85%% of the initial ^-isomers for the pairs of E-6/Z-6, E-1IZ-1, E-S/Z-8 and E-9/Z-9, respec-
tively.. The ratio of E and Z-isomers at the photostationary state depends on the excitation 
wavelengthss but the differences are not large. The results show that the presence of the mac-
rocyclee causes the E -» Z conversion by prolonged irradiation to be less effective. The ratio 
off  quantum yields ^E-^Z^Z-^E 'S

 aPParentl y smaller in the rotaxanes than in the threads. In 
thee next section we shall investigate this in more detail. 

Tabl ee 3-2. Photostationary states of studied fumaric/maleic threads and rotaxanes. The irradiation 
conditionss (irradiation wavelength, irradiation time, solvent, method of analysis) are given in the table. 

Startin gg compoun d 

E-1 1 

E-1 E-1 

E-3 3 

E-6 6 

E-7 7 

£-8 8 

E-9 9 

Irradiatio n n 
wavelengt h h 
(nm) ) 

300a a 

254a a 

300a a 

254a a 

300a a 

254b b 

300a a 

300a a 

254a a 

300a a 

254a a 

300a a 

300a a 

Irradiatio n n 
tim e e 
(min. ) ) 

30 0 
30 0 

30 0 
30 0 

60 0 
900 900 

60 0 
30 0 
30 0 

30 0 

60 0 

60 0 

Solven t t 

CH3CN N 
CH3CN N 

CH3CN N 
CHgCN N 

CH3CN N 

MeOH/CH2CI22 1:4 
CH3CN N 

CH3CN N 

CH2CI2 2 

CH3CN N 

Metho d d 
off  analysi s 

HPLC C 
1HNMR R 

HPLC C 
1HNMR R 

HPLC C 

1HH NMR 

1HH NMR 

HPLC C 

% E E 

38 8 
36 6 

16 6 
15 5 

34 4 
32 2 

50 0 
50 0 
56 6 

66 6 
70 0 

52 2 

HPLCC 185 

% Z Z 

62 2 
64 4 

84 4 
85 5 

66 6 
68 8 

50 0 
50 0 
44 4 

34 4 
30 0 

48 8 

15 5 

aRayonett reactor 

Xee lamp in Spex Fluorolog 3 with the monochromator set to 254 nm 

3.5.22 Isomerizatio n at low conversio n - photoisomerizatio n quantu m yiel d 

Ann important quantitative characteristic of a photochemical reaction is its quantum yield (or 

quantumm efficiency). In general, a quantum yield is defined as a number of events which 

occurr per photon absorbed by the system. For a photoisomerization, the quantum yield, e.g. 
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^E-^ZZ 's the number of molecules of E converted to Z per photon absorbed by the £-isomer. 

Iff  we assume that both isomers are the only absorbing species in a sample, on which I0 pho-

tonss per second impinge, the flux absorbed by the £-isomer and Z-isomer is respectively: 

-A-A M £ ] 
/EE = /0( 1 -10A ) e£ [£]+ez [Z] ] Equationn 3-1. 

-A-A £7[Z] 
ii zz = i0(\-\o

Ay z 
EEEE[E]+E[E]+E  [Z] Equationn 3-2. 

Thee rate of conversion (expressed as a concentration change) is: 

d\JQ d\JQ 
dt dt 

d\Z\ d\Z\ 
dt dt 

'EVE'EVE  -> Z ^Z^Z  -> E 

Equationn 3-3. 

where: : 

// - flux in Einstein/second 

VV - volume of the solution (in liter) 

()>EE _> z <t>z _> E - isomerization quantum yields for E —» Z and Z —> £ isomerization, 

respectively. . 

8EE and ez - molar absorption coefficients at the excitation wavelength of E and Z, 

respectively. . 

Thee factor l - 10"A, in which A = L ([eE] [E]  + (£z) [Z]) is the total absorbance of the sample, 

accountss for the fraction of impinging photons absorbed by the sample (L - pathlength). 

Simplificationn can be achieved by ensuring that the absorbance is high enough, so that 

10"A== 0, and by starting the experiment with a pure isomer, e.g. the £-isomer. In that case: 

d\Z\J$E^z d\Z\J$E^z 
dtdt ~ V Equationn 3-4. 
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Equationn 3-4 predicts a simple linear increase of [Z] with time, but the assumptions that 
underlyy it are valid only for low conversion. For measuring quantitatively such low concen-
trationss of photoproduct, NMR spectroscopy is not a suitable tool, because it is not suffi-
cientlyy sensitive. HPLC analysis on the other hand can be used very well for this purpose. 

d[Z]/dtt is the slope b from a linear regression analysis of the plot of [Z] versus time, 

whichh contains the rate of photoconversion of £ to Z (see Figure 3-12). For details see Chap-

terr 2. Of course, analogous equations describe d[£]/dt, when starting from Z-isomer. 

Inn Table 3-3 the values of the isomerization quantum yields for both £ and Z-isomers 

off  different compounds are reported. To calculate the isomerization quantum yields, the aver-

agee of three independent measurements was taken. § was calculated from the Equation 3-4. 

Inn Figure 3-12 some examples of various plots of concentration against time of stud-

iedd threads and rotaxanes during direct isomerization with 254 nm are given. In all cases good 

straightt lines were obtained. All numbers were determined in acetonitrile. The concentrations 

off  initial £ and Z-isomers were ca. 1 mM, the photon flux was determined using the photo-

cyclizationn of 1,3-cycloheptadiene (CHD) as actinometer, /0 = 1.8xl(T10 Einstein/s (Chapter 

2).. Stirring during the irradiation is of crucial importance. 

Thee slope of the plot for both isomerization directions for £-1 -» Z-l (Figure 3-12) 
yieldss the respective quantum yield, (}) Ê Z = 0.044 and <{)Ẑ E = 0.044. The linear regression 
yieldss b, (which contains the rate of photoconversion of E to Z or Z to £, respectively), b = 
(26  6)xl0"5 for the £-1 -> Z-l conversion, and b = (26  3)xlO"5 for Z-l -> £-1 conversion. 

B B 
0.300 A s ^ 

0.25-- ^ * 

^ 0 , 2 0-- s ^ 
0.15-- " / ^ 

0.10-- s ^ 

0 X \\ , , , r— 
00 200 400 600 800 

Timee (s) 

Figur ee 3-12. Irradiation at 254 nm of: 
A)) £-1, monitoring formation of Z-1, B) 
Z-1,, monitoring formation of E-1 and C) 
E-7,, monitoring formation of Z-l. 

500 100 150 200 250 300 350 
Timee (s) 

00 200 400 600 800 1000 1200 
Timee (s) 
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Tablee 3-3. Ratio of quantum yields of direct photoisomerization of studied fumaric / 
maleicmaleic threads and rotaxanes determined in acetonitrile using 254 nm wavelength 
forr the irradiation, analyzed using HPLC.1,3-Cycloheptadiene was used as an 
actinometerr for measuring /0 (see Chapter 2). 

Reactio n n 

E-11 <-> Z-1 

E-2E-2 <-> Z-2 

E-3^Z< J J 

E - 6 ^ Z 6 6 

E-77 «-» Z-7 

E -8^Z- 8 8 

E -9^Z- 9 9 

*E-»Z Z 

0.044 4 

0.015 5 

--
--
0.037 7 

--
--

<t>Z^E E 

0.044 4 

0.0028 8 

--
--
0.11 1 

--
--

(<!>E->zAt>Z->E) ) 

1.05c,, 1.15C, 0.99e 

5.27c ',, 5.58c, 5.36e 

1.25c c 

ca.ca. 0.8C 

0.34c,, 0.34e 

ca.ca. 0.94c ' 

ca.ca. OAT*' 

LL determined from the photostationary state composition upon 254 nm irradiation (Equation 3-5) 
cc determined from the photostationary state composition, upon 300 nm irradiation (Equation 3-5) 

••"determinedd directly from the quantum yields (the E —> Z or Z —> E conversion was performed using 254 nm wave
lengthh irradiation) 

Thee ratio of isomerization quantum yields can be calculated from Equation 3-5: 

'E-»Z Z [Z] [Z] 
zzFF

XX[E] [E] 
PPS PPS 

PPS PPS Equatio nn 3-5. 

wheree [Z]PPS/[£]pps is the ratio of Z-isomer to £-isomer at the photostationary state and 

e zandd eE are the molar absorption coefficients. 

Thee ratio of the photoisomerization quantum yields for the isomeric pairs can be deter

minedd directly from the measured quantum yields, or by using the Equation 3-5 (relative 

quantumm yields), since the molar absorption coefficients (see Table 3-1 on page 78) and the 

ratioo of the two isomers, E and Z, at the photostationary state have been determined (see 

Tablee 3-2 on page 81). In those cases in which both methods were applied to measure the 

ratioss of the photoisomerization quantum yields, a good agreement was obtained. 

Thee efficiencies of the isomerization process of E-\ -> Z-1 and Z-1 —> £-1 are almost 

thee same (ca. 4.4%). Unfortunately, the isomerization quantum yield could not be determined 

forr the conversion of E-6 into Z-6 and the reverse process due to the insufficient solubility of 

E-6E-6 in acetonitrile. 
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Thee photoisomerization process is somewhat less efficient for methylated threads E-

22 and Z-2 than for E-l and Z-l. The quantum yield for Z-2 -»E-2 process is even smaller than 
thatt for E-2 -> Z-2 (0.28% and 1.5%, respectively). Surprisingly, the isomerization quantum 
yieldd for the reaction in the rotaxane E-l -» Z-l is more than two times higher (3.7%) than 
thatt for the photoisomerization reaction of the corresponding threads. The Z-l -> E-l reaction 
iss even more efficient (the isomerization quantum yield is ca. 11%). In general, the photo
isomerizationn quantum yields are rather low. This means that the relaxation to the ground 
statee proceeds via non-productive funnel, or that the relaxation on the ground state surface is 
biasedd in favor of the reactant rather than the product.33 

3.5.33 Transien t absorptio n spectr a 

3.5.3.11 Nanosecond transient absorption 
Itt  was observed previously in our laboratory that fumaric and maleic amide threads and 
rotaxaness do not show fluorescence at room temperature. In an attempt to detect the excited 
statee species involved in photoisomerization of fumaric threads and rotaxanes, time-resolved 
nanosecondd transient absorption measurements were performed in dichloromethane and ace-
tonitrile.. Unfortunately, there were no detectable transients in the wavelength range of 350-
8000 nm. We conclude that either transients may have been present but they do not absorb in 
thee UV-Vis region or transient species have too short excited state lifetimes to be detected. 
Sincee triplet species typically have nanosecond lifetimes, it is likely that they are not formed 
uponn direct excitation, which is not surprising, because this is an observation characteristic 
forr substituted alkenes. Next we decided to perform femtosecond transient absorption exper
imentss in order to observe the excited singlet states of compounds studied. 

3.5.3.22 Femtosecond transient absorption 
Transientt absorption measurements employing the instrumentation described in Chapter 2 

weree performed. The shortest excitation wavelength available with this set-up was ca. 270 

nmm or 290 nm and we could excite excellently threads and rotaxanes to their S| states. 

Employingg white light probing we were able to observe the S j —> Sn absorption spectra and 

too investigate the kinetics of the threads and rotaxanes in dichloromethane and/or acetonitrile 

solutions.. The 1 mm cells were irradiated at ca. 270 nm or 290 nm and the results were shown 

nott to depend on the irradiation wavelength. In Figure 3-13 some absorption spectra of sin

glett excited states of the isomers detected in dichloromethane or acetonitrile are shown. 
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Figur ee 3-13. Transient absorption spectra of 
excitedd singlet species of fumaric threads ( £ - 1 , 
£-22 and E-3) and rotaxanes (£-7 and £-8) (fem-
tosecondd transient absorption experiments) mea-
suredd in CH 2 CI 2 or acetonitrile at room 
temperature.. The spectra were taken ca. 1 ps 
afterr the laser pulse without a correction for the 
wavelengthh dependence of the arrival time of the 
probee light, fwhm is ca. 200 fs, Xex = 290 nm. 

Thee decay kinetics of singlet excited states of threads and rotaxanes were investigated in 

moree detail. Some representative traces of the absorption difference vs. time at 350 nm are 

depictedd in Figure 3-14. All decay curves are clearly not mono-exponential as usual for fem

tosecondd resolution where the early event of internal vibrational relaxation and solution 

relaxationn come into play. However, in most cases the main part of the decay can be fitted 

monoexponentiallyy (see Table 3-4) and in others a biexponential fit is satisfactory. 
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Figur ee 3-14. Transien t absorptio n decay s of som e thread s and rotaxane s in dichlo -
romethan ee or acetonitrile . Lase r excitatio n at 290 nm , absorptio n chang e monitore d at ca. 
3500 nm , fwh m is ca. 200 fs . 
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Tablee 3-4. Lifetimes of excited singlet species of different fumaric threads and rotaxanes 
(femtosecondd transient absorption experiments) measured in CH2CI2 or acetonitrile at room 
temperaturee (ps). The amplitudes are given in brackets. Xex = 290 nm. 

Thread s s 

E-1 1 

E2 E2 

E-Z E-Z 

Z-1 1 

Z-2 2 

Z-3 3 

Lifetime ss (ps ) 
a'' ' 

d d 

d d 

aJ J 

d d 

aJ J 

d d 

aJ J 

n.a. . 

d d 

aJ J 

Rotaxane s s 

E-6 6 

E-9 9 

E-1 E-1 

E-8 8 

z-e z-e 

Z-9 9 

Z-1 Z-1 

Z-8 8 

LifetimesLifetimes  (ps) 
a a 

d d 

11 (2)dJ 

dJ J 

d d 

dJ J 

d d 

dJ J 

22 (2)d 

d d 

n.a. . 

1.3+0.33 (2.8)d 

d d 

5.8+0.8d d 

aacetonitrilee as solvent was used 

dichloromethanee as solvent was used 

analysiss in Igor program 

n.a.. - not available 

Thee singlet lifetimes of E-1, E-2, £-3, E-1, E-8, E-9, Z-1 and Z-3 isomers are given in 

Tablee 3-4. The data were analyzed in the Igor program and/or a home made program and the 

resultss are comparable. In both cases the fit is the combination of two functions, the laser 

pulsee gaussian function and an exponential (or biexponential). In some cases at least two 

componentss are present (E-6, E-9, Z-6, Z-1), whereas a single exponential decay seems to be 

adequatee for other compounds. Probably, different conformers are responsible for this obser

vation.. This may be the case in other systems as well, but it could be that their lifetimes are 

tooo similar to be distinguished. The conformers can arise from the twisting around the single 

C-CC bond, or the amide bond (see above). 
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Anotherr reason why "longer" components are often observed in femtosecond tran

sientt absorption experiments is thought to be that the heat released leads to "thermal lensing", 

causingg a small fraction of the probe light to be refracted away from the light path to the 

detector. . 

3.5.44 Discussio n and perspective s 

Alll results support the idea that the direct photoisomerization of fumaric/maleic threads and 
rotaxaness takes place via the singlet excited states. Femtosecond transient absorption exper
imentss showed that the transient intermediates are short lived (only on a picoseconds time 
scale,, Table 3-4). Knowing the energy of Sj states (ca. 84 kcal/mol) and the energy of Tj (see 
Chapterr 4), it is possible to estimate the singlet-triplet energy gap, AES T of threads and rotax
anes.. Due to the large energy gaps (see Table 3-5) the probability for intersystem crossing 
shouldd be very small and it is thus very unlikely that the triplet states are involved in the pho
toisomerization.. Moreover, no transient absorption could be detected on a nanosecond time 
scale. . 

Tabl ee 3-5. Singlet-triplet energy gap (AES T) of threads and rotaxanes 
studiedd (kcal/mol). S i = 84.1 kcal/mol. T-j energies were taken from table 
4-22 (see Chapter 4). 

Compound d 

E-1 1 

Z-1 1 

E-2 E-2 

Z-2 Z-2 

E-6 E-6 

Z-6 6 

E-l E-l 

Z-l Z-l 

AESS T (kcal/mol) 

17.1 1 

17.1 1 

24.1 1 

14.1 1 

--
--
21.1 1 

10.1 1 

Thee short lifetimes of the singlet excited states of all the fumaramide derivatives stud

iedd indicate that the Franck-Condon state is not in a deep minimum on the potential energy 

surface,, so that transitions can occur rapidly to a region on the potential energy surface where 

decayy to the ground state takes place. We note, however, that the lifetimes of the excited sin

gletss tend to be longer for the rotaxanes than for the corresponding threads. This suggests that 

thee movement on the excited state potential energy surface from the Franck Condon region 

iss a little slower for rotaxanes than for threads. This could be due to an increased energy bar-
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rierr due to the constraints imposed by the macrocyclic ring, but it could also be a purely 

dynamicall effect, a kind of "internal friction". 

Inn view of modern photochemistry theory, we may assume that the formation of prod

uctuct occurs on the ground state potential energy surface after passage through a conical inter

section.. The rather low isomerization quantum yields imply that from such a conical 

intersectionn it is more probable to go to the reactant than to go to the product. Apparently, 

theree is no common conical intersection through which decay occurs from E* and from Z*, 

becausee if this were the case, larger isomerization quantum yields would have been expected. 

Wee can also conclude that the twisting around the double C=C bond is not a major component 

off the reaction coordinate involved in the decay of the excited states. It is interesting to note 

thatt for 71-71* states, e.g. in cytosine, the relaxation to the ground state via a conical intersec

tionn can take place without twisting of the C=C bond.33 Another possible relevant parallel is 

thatt of 1,3,5-hexatriene. In this system, the excited state is short-lived and nonfluorescent and 

thee isomerization quantum yields are also low. The major "products" in this case appear to 

bee the conformers formed by rotation about the 2,3 and 4,5 single bonds. Experimentally, this 

goess unnoticed except at very low temperatures, at which the less stable conformers can be 

trappedd and detected using IR spectroscopy.353637 

Althoughh the steady state absorption spectra show intensive bands which are typical 

forr TC-Tt* states, the possibility should be considered that the lowest excited singlets of the 

fumaricc and maleic amides are n-7t* states, and not 7C-7C* states. In that case there is no reason 

too assume twisting as a major contribution to the reaction coordinate. 

Thee similarity of the picosecond transient spectra suggests that the nature of the 

relaxedd S ] statee is similar in all cases. Moreover, this observation indicates that excited states 

localizedd on the macrocyclic ring do not play a major role, even if a fraction of the molecules 

willl be initially excited into transitions of the macrocycle. It is clear that the lowest excited 

singlett is localized on the thread chromophores, and intra-rotaxane short-range energy trans

ferr is rapid. 

Thee composition of the photostationary mixtures depends on the absorption coeffi

cientss of the two isomers at the excitation wavelengths (Table 3-1), as well as the relative 

quantumm yields for the interconversion reactions (Table 3-3). At the photostationary states of 

thee threads the Z-isomers predominate. The reasons for this, however, are not the same in all 

cases.. For E-\ and Z-l the shapes of the absorption spectra are very similar, and the quantum 

yieldss in both directions are equal. The predominance of Z-l at the photostationary state is 

justt due to the lower molar absorption coefficient of Z-l. In the case of E-2 and Z-2, the selec

tivityy of the isomerization process is the most pronounced. The spectra of the isomers are 
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ratherr different, but at 254 nm the absorption coefficients are practically equal. In this case 

thee predominance of Z-2 at the photostationary state is due to the particularly small isomeri-

zationn quantum yield <|>Z^E. 

Forr the pair £-3 and Z-3, although the substitution pattern is similar to that in the 

isomerr pair 2, the result is again different. In this case, both the larger absorption coefficient 

off £-3 (£E/£Z = 1.5) and the slightly larger §E_>Z (c|>E^z/<|)z^E = 1.25) cause the photostation

aryy state to be richer in the Z-isomer. 

Forr the rotaxanes the conversion from E to Z at the photostationary state is smaller and 

eitherr a ca. 50:50 EIZ ratio is established (e.g. for E-6/Z-6 and £-8/Z-8) or the £-isomer even 

dominatess moderately (E-1IZ-7) to strongly (E-9/Z-9) at the photostationary state. Remark

ably,, for the case of 7 the predominance of the £-isomer is not due to the inefficient E ->Z 

isomerization,, but because of enhanced efficiency of the Z —> E isomerization. The reforma

tionn of the more stable isomer on the ground state surface could be favored due to the inter

actionss between the chromophore and the macrocycle. 

InIn conclusion, we were able to answer important questions, but there are still uncer

tainties,, e.g. ordering of electronic states (n-7T* or 7i-7t* is the lowest excited state). Further

moree it is not clear whether E and Z-isomers decay via a common conical intersection and 

whatt is the nature of this conical intersection. 

Onee alternative way to perform the conversion of fumaric and maleic isomers more 

selectivelyy is to isomerize them in the presence of a suitable sensitizer. The sensitization of 

thee olefinic compounds via the lowest triplet states might be more efficient, which will be 

investigatedd in detail in Chapter 4. 

Itt seems that the macrocycle residing directly over the fumaramide in some cases can 

enhancee or protect the photoisomerization reactions. Thus, it would be interesting to use 

rotaxanee wheels as noncovalent protecting groups which significantly decrease or increase 

thee activity of photoactive groups in the axle. This gives the opportunity to manipulate the 

propertiess of the rotaxane building blocks. Further it would be interesting to investigate the 

extentt of steric hindrance provided by the wheel in chemical reactions performed on the axle 

componentt of rotaxanes. ' 
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