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2 2 
Experimentall methods, syntheses and 
analyses s 

OneOne of the principal activities of man as scientist and technologist has been the 
extensionextension of the very limited senses with which he is endowed so as to enable him 
toto observe phenomena with dimensions very different from those he can normally 
experience. experience. 

G.. PORTER, Nobel Lecture, december 11, 1967 

2.11 Photophysica l measurement s 

2.1.11 Electroni c absorptio n 

Routinee electronic absorption spectra were recorded on an HP 8453 diode array spectrom-

eter.. To determine molar absorption coefficients and to measure the absorption of actinom-

eterss used for determination of the isomerization quantum yield a Cary 3E spectrophotometer 

(Varian)) was used. The samples for the determination of the molar absorption coefficients 

weree prepared in spectrograde solvents. The samples were contained in l cm rectangular 

quartzz cuvettes. 

2.1.22 Time resolve d absorptio n 

2.1.2.11 Nanosecond transient absorption measurements 

Thee set-up used for nanosecond transient absorption measurements is schematically shown 

inn Figure 2-1. Transient absorption spectra were obtained using the third harmonic (A,ex = 355 

nm,, fwhm ca. 8 ns) of a Nd-YAG laser (Spectra Physics, Quanta Ray GCR-3) for the excit-

ationn and as a probe light source an FX504 (EG and G) low pressure xenon flash lamp deliv-

eringg "white" flashes at a frequency of up to 10 Hz was used. The laser power was adjusted 

usingg a Glan Taylor prism to an energy of typically 1.5 mJ/pulse. 
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Figur ee 2-1. Schematic representation of the set-up used for the nanosecond transient 
absorptionn experiments. S - the sample, Ln - lenses, M - mirror, D - a variable diaphragm. 

Inn our laboratory van Ramesdonk et al. found that guiding the "white" flashes through 

aa 50/50 quartz beam splitter, directing one part of the light onto the sample in such a way as 

too overlap with the laser excited volume, and passing the reflected light through the reference 

channell  gives a stable baseline. In this way the same spot of the flash lamp arc can be used 

forr the signal and reference channels. The probe light from the signal and reference channels 

iss then collected in optical fibres, which are connected to an Acton SpectraPro-150 spec-

trographh which is coupled to a Princeton Instruments ICCD-576-G/RB-EM gated intensified 

CCDD camera. Upon opening the gate of the detector for 5 ns time this camera simultaneously 

recordss the spectrally dispersed light from both optical fibers on separate stripes of the CCD. 

Thee correction for the differences in the light collected through both fibers was 

appliedd by collecting signal and reference light without the sample. The transient absorption 

spectrumm was calculated by taking the logarithm of the intensity of the light in the reference 

channell  (I0) divided by the intensity of the light that passed through the excited sample 

volumee (I). By varying the delay between the laser pulse and the opening of the gate of the 

detector,, absorption spectra at different times after excitation can be obtained with a time re-

solutionn of ca. 5 ns. 

Forr single wavelength detection the probe light was provided by a continuous light 

sourcee (450 W Xe lamp, Muller lamp housing LAX1450, with power supply (SVX1450)) 

underr right angle conditions. The probe light was passed through an Oriel 77250 
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monochromatorr placed behind the sample and detected by an IP28 (S-5) photomultiplier (5 

dynodes,, 720 V) connected to a TDS 684 B Tektronix digital oscilloscope. 

Thee samples had an absorbance of ca. 1 at 355 nm in a 1 cm T-cell and they were at 

leastt three times degassed by freeze-pump-thaw cycles. During measurements, the solution 

wass magnetically stirred to maintain homogeneity and to minimize build-up of photodegrad-

ationn products in the excited volume. 

2.1.2.22 Femtosecond transient absorption measurements 
Femtosecondd transient absorption spectra were obtained using a setup in our laboratory 
similarr to those used by Rodgers1'2 and De Schryver.3 The laser system is based on a Spectra-
physicss Hurricane Titanium:Sapphire regenerative amplifier system. The optical bench 
assemblyy of the Hurricane includes a seeding laser, a pulse stretcher, a Ti:Sapphire regen-
erativee amplifier, a Q-switched pump laser and a pulse compressor. The output of the laser is 
typicallyy 1 mJ/pulse at 800 nm (fwhm = 130 fs) at a repetition rate of 1 kHz. 

Delay y 
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1 1 r r ti ti V V 

Detector r 

J\ \ 
Figur ee 2-2. Schematic representation of the set-up used for the picosecond transient 
absorptionn experiments: Hurricane, Opa-800 (pump), OPA-800 (probe), delay line, white 
lightt generator, chopper, sample, detector-CCD camera for spectra measurements. 

Thee laser system for the femtosecond transient absorption spectroscopy experiments 

wass used as is shown in Figure 2-2. It is a full spectrum setup based on an optical parametric 

amplifierr (Spectra-physics OPA 800) as pump while the residual fundamental light (150 

uj/pulse)) from the pump OPA was used for white light generation. The pump OPA was used 

too generate excitation pulses at ca. 270 nm or 290 nm, with the output power typically 5 uJ/ 
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pulse,, using the second harmonic of sum-frequency mixing option (tüj + cop), in the range 

540-5800 nm where CO; is the OPA idler beam (1661 nm or 2109 nm, when 270 nm laser pulses 

orr 290 nm laser pulses were generated, respectively) and 0)p is the OPA pump beam (800 nm). 

Thee white light generation was accomplished by focusing the fundamental (800 nm) on a 

BaF22 crystal. The probe light was passed over a delay line (Physik Instrumente, M-531 DD), 

thatt provides an experimental time window of 1.8 ns with a maximal resolution of 0.6 fs/step. 

Thee energy of the probe pulses was ca. 5x10"3 uJ/pulse at the sample. The angle between the 

pumpp and the probe was typically 7-10°. The probe beam was coupled into an optical fibre 

afterr passing the sample and detected with a CCD spectrometer (Ocean Optics, PC 2000). A 

chopperr (Rofin Ltd. f = 83 Hz), placed in the excitation beam, provided I and I0 depending 

onn the status of the chopper, open (the white light and the excitation beam are both present) 

orr closed (white light without the excitation beam). The transient spectra were obtained by 

AAA = log I/IQ. Typically, 2000 excitation pulses were averaged to obtain the transient at a par-

ticularr time. Due to wavelength dependence of the speed of light in a medium with refractive 

indexx n>l there is a difference in arrival times of ca. 0.5 ps between the blue and red com-

ponentss of the white light. The CCD spectrograph, chopper and delay line were controlled by 

aa computer. In house developed labVIEW (National Instruments) software routines were 

usedd for spectral acquisition. The circular cuvettes (diameter = 1.8 cm; pathlength = 1 mm, 

Hellma)) with solutions of the samples were placed in a home-made rotating ball bearing 

(10000 rpm) to avoid local heating or photodegradation by the laser beams. The solutions of 

thee samples had an absorbance 1-1.5 at the excitation wavelength. 

Thee HPLC chromatograms of the solutions were measured before and after the tran-

sientt absorption experiments. The isomerization after measurements was typically below 6% 

forr threads and negligible for rotaxanes (1-2%). 

2.1.33 Irradiatio n experiment s 

2.1.3.11 Monochromator  / Hg-arc combination 
Solutionss of threads or rotaxanes in CH3CN (ca. 10~3 M) were placed in front of an Oriel Hg 

2000 W high pressure lamp in combination with a monochromator (Oriel 7240) set to 300 nm. 

Thee volume of the solutions was 3 ml when using the high pressure Hg lamp with the 

monochromator.. In all cases the samples were gently purged with argon or N2 for 15-20 min. 

beforee the irradiation experiments and during the experiments. 
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2.1.3.22 Monochromator  / Xe-arc combination 
Solutionss of threads or rotaxanes in CH3CN (ca. 10"3 M) were irradiated with the 450 W Xe-

arcc lamp of the Spex Fluorolog 3 via the excitation monochromator. The monochromator 

wavelengthh was set to 254 nm (direct irradiation, Chapter 3) or 355 nm (with a sensitizer, 

Chapterr 4) and slits were 5 nm in width. The volumes of the solutions were 3 ml. Like pre-

viouslyy in all cases argon or N2 was bubbled through the samples for 15-20 min. before the 

irradiationn experiments and during the experiments. 

2.1.3.33 Preparative irradiatio n with the Rayonet reactor 
Preparativee isomerization at 254 nm, 300 nm or 350 nm was performed using a Rayonet reac-
tor.. The concentration of samples was typically 10"3 M, the volume of the solutions contained 
inn a quartz tube was 10 ml. In all cases argon or N2 was bubbled through the samples for 15 
min.. before the irradiation experiments and during the experiments. 

2.1.44 Fluorescenc e measurement s 

2.1.4.11 Steady state 
Steadyy state UV/Vis fluorescence spectra were recorded on a Spex Fluorolog 3 emission 
spectrometer,, which possessed two double monochromators (excitation and emission), using 
typicallyy a spectral bandwidth of 5 nm for excitation and 2 nm for emission. The detector was 
aa Peltier-cooled R636-10 (Hamamatsu) photomultiplier tube. Spectra were corrected for the 
wavelengthh dependent response of the detection system using the correction factor in the 
rangee 300-900 nm supplied by the manufacturer, which yielded relative intensities in quanta 
perr wavelength interval. The samples had an absorbance between 0.1-0.2 (determined with a 
Hewlettt Packard 8543 diode array absorption spectrophotometer or Cary 3E spectrometer) at 
thee excitation wavelength. Commercially available spectrograde solvents were used (Merck, 
Uvasol,, Fluka). If necessary solvents were purified using standard procedures. 

2.1.4.22 Time resolved emission 
Timee resolved fluorescence measurements were performed using a picosecond time-corre-

latedd single photon counting setup (SPC). A mode-locked Argon-ion laser (Coherent 486 AS 

Modee Locker and Coherent Innova 200 laser) was used to pump synchronously a DCM dye-

laserr (Coherent model 700). The output frequency was doubled with a BBO crystal and the 

desiredd 323 nm pulse was used. A Hamamatsu R3809 micro channel plate photomultiplier 

wass used as detector. The instrument response (fwhm = 17 ps) was recorded using the Raman 

bandd of a doubly deionized water sample. Time windows (4000 channels) of 5 ns (1.25 

ps/channel)) - 50 ns (12.5 ps/channel) could be used, which ideally gives the possibility of 5 

pss - 40 ns lifetime to be measured. In this work the 5 ns window was used. Quartz cells were 
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paintedd black to avoid reflections at the quartz/air boundary at two adjacent sides. The 

recordedd decay traces were deconvoluted with the system response and fitted using the com-

puterr program FluoroFit (PicoQuant). The quality of the fits was judged from the normalized 

residuall  and the y} values. The samples had an absorbance of ca. 1 at 323 nm (determined 

withh HP spectrometer). 

2.22 Actinometr y 

2.2.11 General 

Accordingg to the "Glossary of Terms Used in Photochemistry" (IUPAC Recommendation 

1996),, an actinometer (photon counter) is a chemical system or physical device by which the 

numberr of photons in a beam can be determined per time unit.4 The name is commonly 

appliedd to devices used in the UV and visible wavelength ranges.5 In a chemical or photo-

chemicall  actinometer conversion is directly related to the number of photons absorbed 

becausee the chemical action of light means lasting or reversible chemical change, decay or 

buildd up of molecules which possess characteristic spectral properties. For such systems the 

quantumm yield should be accurately known. Measuring the reaction rate allows to calculate 

thee incident number of photons. Determination of conversion to the products affords the total 

numberr of photons absorbed by the liquid or gas volume.5 

Fromm among the numerous proposed actinometers4 we tested the application of Aber-

chromee 5404"5'6'7'8-9,10 and 9,10-dimethylanthracene11 to measure the flux intensity during 

benzophenonee sensitized isomerization (355 nm) and of l,3-cycloheptadienei2 '1314 in the 

casee of direct irradiation with 254 nm. 

2.2.22 Aberchrom e 540 

Thee pale yellow fulgide Aberchrome 540 undergoes conrotatory ring closure (see Figure 2-3) 

too give the deep red 7,7a-DHBF in near quantitative yield.7 The reaction is reversed by white 

light.. This actinometer is highly resistant to photodegradation (including photooxydation) 

andd thermally stable up to 100°C. The high quantum yield for photocoloration, the easy and 

directt spectrometric determination of the concentration of the 7,7a-dihydrobenzofuran-

derivativee (DHBF) makes this photochromic system well suited in the near-UV visible 

region.155 The accurate preparation of a standard solution is not required.6,7 
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hvv (UV) 

hvv (Vis) 

Figur ee 2-3. Photochromis m of Aberchrom e 540, a) Aberchrom e 540 (E-isomer) , b) 7,7a-
dihydrobenzofura nn derivative . 

Whilee many authors recommend aberchrome as "a very convenient" chemical actin-

ometerr system, which is reproducible, reusable and free of side reactions ' some authors 

pointedd out that there is a controversy about decreasing quantum yields after repeated use, 

probablyy caused by side processes, e.g. E-Z photoisomerization. ' ' Therefore we did not 

reusee the same aberchrome solution16 but only used fresh solutions. 

Thee UV flux impinging upon the Aberchrome 540 solution can, as long as the back 

reactionn is negligible, be calculated from Equation 2-1. 

Einstein Einstein A4 4 9 44 x V 

xe4944 x lx Atx (1 - 10 *) 
Equatio nn 2-1. 

Heree V is the irradiated volume (in liters), 

-- AA494 is the absorption increase at 494 nm after At (in s) irradiation time 

-- (J) is the quantum yield of the conversion ((j) = 0.2 for UV irradiation in toluene) 

-11 is the pathlength in cm 

-- e494 is the molar absorption coefficient of the colored form at 494 nm (£494 = 8200 

MM 'cm"1 in toluene)7 

-- A^ is the absorbance of the solution at (UV) excitation wavelength 

Inn practice one works at concentrations where A^> 1, so that all UV light is absorbed 

andd Equation 2-1 simplifies to Equation 2-2. 

Einstein Einstein AA 4944 x V 

xx e494 x ƒ x At Equatio nn 2-2. 
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2.2.2.11 Determination of radiant flux using Aberchrome 540 
33 ml of a solution of Aberchrome 540 in toluene at a concentration 5.25xl0"3 M, was stirred 

inn a cuvette (1 cm pathlength) and excited with 355 nm wavelength light using the light 

sourcee in the Spex Fluorolog 3 for several periods of 60 s each. The increase in absorbance 

(AA)) at 494 nm (the maximum of the long wavelength band of the 7,7a-DHBF) was deter-

minedd with a Cary 3E spectrophotometer (Varian). The calculated photon flux was 2.7x10"9 

Einstein/s.. Excellent linear relationships between the measured absorbance change and the 

irradiationn time were obtained, with good reproducibility ) (Figure 2-5). 
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Figur ee 2-5. Linear change of Aberchrome 540 absorption at 494 nm with time upon irradi: 
tionn with 355 nm (AA/At = 5s'1). 
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2.2.33 Dimethylanthracen e 

Thee self-sensitized photo-oxygenation reaction of 9,10-dimethylanthracene (see Figure 2-6) 
cann be used as an actinometer in the region 334-395 nm. The advantage of this system is that 
itt is commercially available (in the contrast to aberchrome) and the fact that it possesses a 
wavelengthh independent quantum yield, high reproducibility, high accuracy and convenient 
analysis.. After intersystem crossing, triplet 9,10-dimethylanthracene transfers energy to 02 

producingg '02. Since the ]02 lifetime is much longer in Freon 113 than in other solvents, 
Freonn 113 (l,l,2-trichloro-l,2,2-trifluoro-ethane) was used as a solvent for 9,10-dimethylan-
thracene.11 ' The anthracene concentration is chosen high enough to ensure complete absorp-
tionn of the excitation light (355 nm). Detection is done in a region where the anthracene 
absorptionn is sufficiently low to enable reliable absorbance measurements but the endoper-
oxidee does not absorb (e.g. 324 nm). 

++ Q2 *-

Figuree 2-6. Self-sensitized oxygenation reaction of 9,10-dimethylanthracene.11 

2.2.3.11 Actinometric procedure 
AA solution of 9,10-dimethylanthracene (1.7x10~3 M) in Freon 113 was exposed to light of 355 
nmm using the light source in the Spex Fluorolog 3. The changes in absorbance were monitored 
att 324 nm. The absorbance was measured using a Cary 3E spectrometer and plotted as a func-
tionn of irradiation time (the irradiation was performed typically during 180 s). The slope of 
thee resulting straight line, which is now negative, is used to calculate the flux (ƒ) via a mod-
ifiedd version of Equation 2-2 (see Figure 2-7 and Figure 2-8) with V = 0.003 1, <|> = 0.592 
(quantumm yield for photooxygenation at X = 355 nm) and the £ = 1080 M"'cm"', which 
resultedd in a value, / = 2.3xl0"9 Einstein/second with good reproducibility . The solu-
tionss were stirred vigorously, without the cover to let the oxygen get into the cuvette. The 
conversionn did not exceed 10% for 9,10-dimethylanthracene. 
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Figur ee 2-7. Reaction spectrum of 9,10-dimethylanthracene with irradiation time (every 180 
s)) at 355 nm, monitored at 324 nm - expanded absorption spectrum. 
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Figur ee 2-8. Change of 9,10-dimethylanthracene absorbance at 324 nm with time during irra-
diationn with 355 nm wavelength (linear response, AA/At = 6 s"1). 

2.2.44 1,3-cycloheptadien e (CHD) 

Irradiationn of 1,3-cycloheptadiene with 254 nm wavelength leads (see Figure 2-9) to disap-

pearancee of the diene chromophore, because of the formation of bicyclo[3.2.0]hept-6-ene 

(mainly)) through a disrotatory electrocyclic reaction. Thus irradiation of 1,3-cycloheptadiene 

withh a mercury lamp gives a photoisomer (Figure 2-9) which shows no ultraviolet absorption 

abovee 210 nm.13'14 Ethanol solutions of CHD were irradiated and the photon flux was cal-

culated.. The band from CHD at X = 246 nm disappeared gradually with irradiation time. The 

reactionn was monitored at 246 nm, where the molar absorption coefficient e = 7750 M_1cm" 
!,and())is0.48. . 
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Figur ee 2-9. Reaction scheme of 1,3-cycloheptadiene. 
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Figur ee 2-10. Reaction spectra of CHD in ethanol. Irradiation with the source of light in the 
Spexx Fluorolog 3 spectrometer using 254 nm wavelength. 
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Figur ee 2-11. Absorbance at X = 246 nm as a function of irradiation time (at 254 nm) (for suc-
cessivee 180 s periods in the sample compartment of a Spex 3 Fluorolog spectrometer) of a 
solutionn of CHD in ethanol (linear response, AA/At = (-225  3)X10"6 s"1). 



544 I CHAPTER 2 

2.2.4.11 Actinometric procedure 
AA solution of CHD (0.02 M) in EtOH was exposed to light of 254 nm in the sample compart-

mentt of the Spex-Fluorolog 3. The changes in absorbance were monitored at 246 nm. The 

absorbancee was measured using a Cary 3E spectrometer and plotted as a function of the irra-

diationn time. The irradiation was performed typically in intervals of 180 s. 

Thee slope (see Figure 2-11) of the resulting straight line (AA/At = (-225  3)xl0"6 s"1) was 
usedd to calculate the photone flux, /, by employing the known values for volume (V = 0.003 
1),, (f) (0.48) and e246 (7750 M^cm"1), which resulted in I = 1.8xl0~10 Einstein/second with 
goodd reproducibility . The solutions were stirred vigorously for good mixing. 

2.2.55 Evaluatio n 

Whenn comparing the values for the photon flux at 355 nm measured with Aberchrome 540 
(2.7x10""  Einstein/s) and dimethylanthracene (2.3xl0"9 Einstein/s) it appears that the differ-
encee is close to the experimental inaccuracy . That dimethylanthracene gave a some-
whatt lower value may, however, be due to partial evaporation of the solvent during the 
experimentss in the air-exposed and stirred cuvette. Therefore for 355 nm sensitized irradia-
tionn experiments we preferred to use the value of the photon flux determined with Aber-
chromee 540. 

1,3-Cycloheptadienee was used for direct irradiation experiments (254 nm) as a sensi-
tivee and convenient actinometer. 

2.33 HPLC measurement s 

2.3.11 Instrumentatio n and eluent s 

Thee HPLC Shimadzu Class-VP system was equipped with: SC1-10A Shimadzu system con-
troller,, SPD-M10Avp-diode array detector (wavelength from 180 nmto 800 nm), LC-10AT-
Shimadzuu liquid chromatograph pump, FCV-10AL vp solvent mixer and DGU-14A degas-
ser.. The chromatographic data were stored and handled by a computer running the Shimadzu 
Class-VPP ver.5.032 System software. 

Thee separation was performed on a reverse phase column: SupelcosilTM LCI8 (Supelco). A 
mobilee phase, consisting of 50% acetonitrile and 50% of water or different ratios of these two 
solventss in time (see Time programs in Table 2-1 and Table 2-2), respectively, was used with 
aa flow rate of 1 ml/min. Conditions for good separation of benzophenone and two isomers or 
onlyy two isomers were established. 20 u.1 of the acetonitrile solutions of a concentration typ-
icallyy ca. 1x10 M were injected. 
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Thee HPLC conditions for the good separation of E-2 and Z-2-threads (see Figure 3-1 

inn Chapter 3) were established. The same ratio of two eluents was used (50% water/50% ace-

tonitrile,, flow: 1 ml/min.). 

Too separate E-l/Z-1 and E-3/Z-3 isomers a time program was used, which is shown in 

Tablee 2-1. 

Forr rotaxanes: E-6/Z-6, E-1IZ-1, E-S/Z-S, E-9/Z-9 the ratio of 50% water/50% ace-

tonitrilee (flow: 1 ml/min.) was changed after 3 min. to 40% water/60% acetonitrile with the 

samee constant flow of 1 ml/min. (Table 2-2). See Figure 3-1 for structures of threads and 

rotaxanes. . 

Tablee 2-1. Time program for E-1/Z-1 or E-3/Z-3 threads alone or in the 
presencee of sensitizers, e.g. Bp. 

water,, aacetonitrile 

Timee (min. ) 

0.0 0 

3.0 0 

5.0 0 

25.0 0 

Valuee (%) 

50b:50a a 

40b:60a a 

30b:70a a 

0b:100a a 

Tablee 2-2. Time program for E-6/Z-6, E-7/Z-7, E-8/Z-8, E-9/Z-9 
rotaxaness alone or in the presence of sensitizers, e.g. Bp. Note: 
peakss from other sensitizers did not overlap with the peaks from 
studiedd isomers. 

Timee (min. ) 

0.0 0 

3.0 0 

20c,, 25d, 30e 

Valuee (%) 

50D:50a a 

40b:60a a 

0b:100a a 

bwater,, aacetonitrile,cfor E-6/Z-6 and E-9/Z-9, dfor £-8/Z-8,efor E-7/Z-7 

2.3.22 Analysi s 

Alll  data collected during HPLC measurements were analysed using a Dell computer running 

thee Shimadzu Class-VP ver.5.032 System software or using the data analysis and graphing 

programm Igor Pro 4.07 version 8.1.10. Representative chromatograms of threads and rotax-
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aness are shown in Figure 2-12 (other chromatograms of threads and rotaxanes are shown in 
Figuree 3-11). 

17.00 17.5 18.0 

Timee (min.) 

18.55 19.0min 

Timee (min.) 

24min n 

Figur ee 2-12. HPLC chromatograms of isomer mixtures E-3/Z-3 (upper) and E-&/Z-8 (lower) 
obtainedd after irradiation at 254 nm. Stationary phase: C18 (SupelcosilTM LC18 Supelco). 
Mobilee phase: acetonitrile/ water according to the time programs (see Table 2-1 and 
Tablee 2-2). Flow: 1 ml/min. Intensity is average absorbance over the whole detector in the 
rangee 220 - 800 nm. 

2.3.33 Calibratio n 

Calibrationn curves were generated by measuring HPLC peak area's for samples with a range 

off  known concentrations (for E-\ the concentrations were typically between 3.8xl0"6 M -

2.0xl0"44 M, for Z-l, 4.0xl0"5 M - 2.5xl0"4 M, for E-2, 1.7xl0"5 M - 3.7xl0"4 M, for £-3, 

lxlO" 44 M - 1.2X10"3 M, for £-8, 2xl0"5 M - 1.4x10"4 M) (see Figure 2-13). The linearity of 

eachh calibration line was checked by calculating the correlation coefficient (r2) by means of 

thee least squares method. 
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Figuree 2-13. Representative calibration lines of the responses of E-1, Z-1, £-2, £-3 and £-8 
inn acetonitrile. Intensity is an absorbance at 241 nm. 

2.44 Synthesis 

Thee syntheses of threads and rotaxanes were performed according to the common procedures 

usedd in the group of Prof. dr. D.A. Leigh at the University of Edinburgh.17'1819'20'21 Struc-

turee diagrams are given in Figure 3-1. 

2.4.11 Preparatio n of fumari c / malei c thread s 

(£)-te(2,2-diphenylethyl)-butendiamidee (£-1). 2g (13 mmol) of fumaryl chloride was 

mixedd together with 5.16 g (26 mmol) of 2,2-diphenylethylamine in 20 ml of anhydrous 

dichloromethane.. The solution turned brownish and the suspension appeared. 2.9 g (28.6 

mmol)) of Et3N was added carefully, drop by drop (vigorous reaction). The reaction was per-

formedd during 3 hours at 0°C. Then, the mixture was stirred over night at room temperature. 
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Afterr recrystallization from DCM/MeOH 60% of pure compound (3.7 g, 7.8 mmol, white 

powder)) was obtained. 

'HH NMR in CDC13: 5 (ppm) 7.34-7.20 (m, 20H), 6.7 (s, 2H), 5.7 (t, 2H), 4.20 (t, 2H), 4.0-3.9 

(dd,, 4H). 

(Z)-/>/s(2,2-diphenylethyl)-butendiamidee (Z-l) . lg (8.6 mmol) of maleic acid, 3.4 g (17.2 

mmol)) of 2,2-diphenylethylamine and 2.1 g (17.2 mmol) of 4-dimethylamino-pyridine 

(DMAP)) was dissolved in dichloromethane and the reaction mixture was stirred under N2 at 

0°C.. Then 3.6 g (18.9 mmol) of l-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochlo-

ridee (EDCI) was added. After 3 h, the reaction mixture was washed with IN HC1 and then 

withh NaCl solution. The organic layer was dried with MgS04. The crude product was puri-

fiedd using a silicagel column with ethylacetate and chloroform as eluents. The yield of pure 

productt was 40% (1.63 g, 3.44 mmol). 

1HH NMR in CDC13: 8 (ppm) 7.4-7.15 (m, 20H), 5.9 (s, 2H), 4.21 (t, 2H), 3.95-3.85 (dd, 4H). 

(£:)-Ar,A^'-dimethyl-/»w(2,2-diphenylethyl)-butendiamidee (E-2). To a stirred suspension of 

(£>6/s(2,2-diphenylethyl)-butendiamidee (E-l) (0.48 g) (1 mmol) in 10 ml of anhydrous, 

freshh distilled THF under N2 atmosphere 1 ml (10 mmol) of CH3I was added. Then 0.08 g (2 

mmol)) of NaH (60% dispersion in oil) was added in a few portions. After 1 h a few drops of 

concentratedd (IN) solutions of ammonia were added and the reaction mixture was stirred for 

155 min. After this time 25 ml of chloroform was added and the solution was washed with sat-

uratedd NaCl solution (25 ml) and HC1 solution (IN, 1x25 ml). The separated organic layer 

wass dried with MgS04 and the solvent was evaporated. After recrystallization with ace-

tonitrilee 42%= (0.2 g, 0.4 mmol) of white crystals was obtained. 

]HH NMR in CDC13: 8 (ppm) 7.32-7.15 (20H, aromatic protons), 7.05 (d, olefinic proton, J = 

14.44 Hz), 6.9 (s, olefinic proton), 6.9 (d, olefinic proton, J = 14.4 Hz), 4.5-4.4 (t, CH), 4.15-

4.255 (2t, CH), 4.1-3.95 (4d, CH2), 2.89 (s. CH3 from trans, cis or cis, trans rotamer), 2.82 (s, 

CH33 from trans, trans rotamer), 2.78 (s, CH3, from cis, cis rotamer), 2.72 (s, CH3, from trans, 

ciss or cis, trans rotamer) (see Figure 3-9). 

But-2-enedioicc acid £ü-dibenzylamide (£-3). lg (6.7 mmol) of fumaryl chloride were 

mixedd together with 6.15 g (13 mmol) of dibenzyl-amine in 10 ml of anhydrogus dichlo-

romethane.. 1.45 g (14.3 mmol) of Et3N was added carefully, drop by drop (vigorous reac-

tion).. The reaction was performed during 3 hours at 0°C. Then, the mixture was stirred over 

nightt at room temperature. After recrystallization from DCM/MeOH 60% of pure compound 

(1.99 g, 4 mmol, white powder) was obtained. 
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! HH NMR in CDC13: 8 (ppm) 7.7 (s, 2H), 7.5 (m, 20H, from aromatic protons), 4.7 (d, 8H, 

fromm CH2 groups). 

2.4.22 Preparatio n of fumari c / malei c rotaxane s 

£-Rotaxaness were synthesized using the corresponding threads (E-l, £-2, or £-3) in a clip-

pingg reaction.17,18,19'20'21 To the corresponding threads (1 eq) and Et3N (24 eq) in anhydrous 

chloroform,, stabilized with amylene (not ethanol) 10 equivalents of diamine and dichloride 

(Figuree 3-5) in anhydrous chloroform were added simultaneously over 4 h by means of motor 

drivenn syringe pumps. After that time the solvent was removed under reduced pressure and 

thee resulting solid was subjected to column chromatography (silicagel) to yield unconsumed 

thread,, [2]rotaxane £-6, E-l, £-8, or £-9, respectively, [2]catenane and polymers. 

[2]-(l,7,14,20-tetraaza-2,6,15,19-tetraoxo-3,5,9,12,16,18,22,25-tetrabenzocyclohexa--

cosane)-(£)-(iV,iV'-Z>w{2'2,-diphenylethyl}-2'-butendiamide)-rotaxanee (£-6). To 0.2 g 

(0.422 mmol) of £-1 and 1.3 ml of Et3N in a mixture of 27 ml of anhydrous chloroform (sta-

bilizedd with amylene) and 1.3 ml of acetonitrile, 0.7 g (5.1 mmol) of p-xylylenediamine and 

1.77 g (5.1 mmol) of isophthaloyl dichloride in anhydrous chloroform were added simultane-

ouslyy over 4 h by means of motor driven syringe pumps. The reaction mixture was stirred 

overr night at room temperature. After that time the white suspension was filtered off and the 

solutionn was evaporated under reduced pressure. The resulting solid was subjected to column 

chromatographyy (silicagel) using ethyl acetate and chloroform as eluents. Obtained 15% (30 

mg,, 0.03 mmol) of pure product. 

]HH NMR in CDC13 (200 MHz): 5 (ppm) 8.6 (sb, 2H, ArH in macrocycle), 8.2 (dd, 4H, ArH 

inn macrocycle), 8.1 (t, 2H, NH in thread), 7.65 (t, 4H, NH in macrocycle), 7.5 (t, 2H, ArH in 

macrocycle),, 7.45-7.25 (m, 20H, ArH in stoppers), 6.55 (s, 8H, ArH in macrocycle), 5.55 (s, 

2H,, C=), 4.25 (d, 8H, from CH2 in macrocycle), 4.1 (t, 2H), 3.3 (dd, 4H). 

AA slightly different procedure was applied by Piet Wiering in our group, where 474 mg (1 

mmol)) of £-1, 2.1 ml (15.7 mmol) of Et3N was dissolved in amixture of 10 ml of acetonitrile 

andd 90 ml of anhydrous chloroform. 1.1 g (8.0 mmol) of p-xylylene diamine in 45 ml of anhy-

drouss chloroform and 1.62 g (8.0 mmol) of isophthaloyl dichloride in 45 ml of anhydrous 

chloroformm was added simultaneously using a syringe pump over 2 h. After that time the 

reactionn mixture was filtered and the solution was evaporated under vacuum. The crude prod-

uctt was recrystallized from DMF and the crystals were washed with water yielding 668 mg 

(0.666 mmol) of white powder (65%). 

]HH NMR in DMSO (400 MHz): 8 (ppm) 8.6 (sb, 2H, ArH in macrocycle), 8.53 (t, 2H, NH), 

8.155 (t, 4H, in macrocycle), 8.01(dd, 4H, ArH in macrocycle), 7.73 (t, 2H, in macrocycle), 
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7.12-7.35(m,, 20H, ArH), 6.7 (s, 8H, in macrocycle), 5.7(s, 2H), 4.2 (d, 8H, in macrocycle), 

4.111 (t, 2H), 3.67(dd, 4H). 

[2]-(l,7,14,20-tetraaza-2,6,15,19-tetraoxo-3,5,9,12,16,18,22,25-tetrabenzocyclohexa--

cosane)-(£)-(^V,Ar '-dimethyl-&fs{2',2 ,-diphenylethyl}-butendiamide)-rotaxanee (E-7). 

Thee thread E-2 (0.1 g, 0.2 mmol) and Et3N (0.6 ml) were dissolved in 23 ml of chloroform 

(stabilizedd with amylene) and the mixture was stirred vigorously while solutions of p-xylen-

ediaminee (0.32 g, 9 mmol) in 10 ml of chloroform and isophthaloyl dichloride (0.48 g, 9 

mmol)) in 10 ml of chloroform were simultaneously added over a period of 3 hours using 

motor-drivenn syringe pumps. The reaction mixture was stirred over night, the suspension was 

filteredd and the solution was evaporated under vacuum. The product was purified on a sili-

cagell  column using chloroform and ethyl acetate as eluents. To separate the unreacted E-2 

threadd and rotaxane E-7 toluene was added. E-2 thread, not soluble in toluene was filtered 

fromm the solution, the toluene-soluble part with dissolved E-7 was evaporated under vaccum 

yieldingg a white powder (76 mg, 0.073 mmol, 37%). 

[ HH NMR in CDC13 (400 MHz): 5 (ppm) 8.6 (bs, 2H, ArH in macrocycle), 8.25 (dd, 4H, aro-

maticc protons, in macrocycle), 7.7 (bt, 4H, NH in macrocycle), 7.5 (t, 2H from ArH in mac-

rocycle),, 7.1-7.3 (m, 20H, ArH in thread), 6.8 (s, 2H, in macrocycle), 6.7 (s, 8H, in 

macrocycle),, 6.16 (s, 2H, trans, trans rotamer), 6.07 (d, 2H, trans, cis or cis, trans rotamer), 

5.933 (d, 2H, trans, cis or cis, trans rotamer), 5.81 (s, 2H, cis, cis rotamer), 4.2 (t, 2H), 4.1 (t, 

2H),, 4.0 (bd, 4H), 3.93 (bt, 2H, CH), 3.7 (bd, 4H from CH2NCH3), 2.69 (6H, from N-CH3 

trans,, cis or cis, trans rotamer), 2.6 (s, 6H, cis, cis rotamer), 2.57 (6H, trans, cis or cis, trans 

rotamer),, 2.36 (6H, trans, trans rotamer) (see Figure 3-9). 

[2]-(l,7,14,20-tetraaza-2,6,15,19-tetraoxo-3,5,9,12,16,18,22,25-tetrabenzocyclohexa--

cosane)-(but-2-enedioicc acid 6w-dibenzylamide)-rotaxane (£-8). The thread £-3 (0.2 g, 

0.44 mmol) and Et3N (1.2 ml) were dissolved in 40 ml of chloroform (stabilized with amylene) 

andd the mixture was stirred vigorously while solutions of p-xylenediamine (0.64 g, 18 mmol) 

inn 20 ml of chloroform and isophthaloyl dichloride (0.96 g, 18 mmol) in 20 ml of chloroform 

weree simultaneously added over a period of 2 hours using motor-driven syringe pumps. The 

reactionn mixture was stirred over night, the suspension was filtered and the solution was 

evaporatedd under vacuum. The product was purified on a silicagel column using chloroform 

andd ethyl acetate as eluents. Obtained 100 mg (0.09 mmol) of a white powder (25%). 

! HH NMR in CDC13 (400 MHz): ö 8.5 (bs, 2H, ArH in ring), 8.25 (dd, 4H, ArH in ring), 7.6 

(t,, 2H from ArH), 7.4 (t, 4H, from NH in ring), 7.5-7.2 (m, 20H from ArH in thread), 6.7 (s, 

8H,, from ArH in the ring), 6.0 (s, C=), 4.5 (s, 8H, from ring), 4.2 (s, 8H, CH2). 
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Threadss Z-2 and Z-3 were obtained upon irradiation of threads E-2 or £-3, respectively with 

3555 nm (using Rayonet reactor) in the presence of benzophenone (for details see Chapter 3, 

sectionn 3.2). 

Largerr quantities of threads E-\, E-2 and the corresponding rotaxanes E-6 and E-l 

weree additionally synthesized by Piet Wienng in our group. 

Rotaxanee E-9 was synthesized in the group of D.A. Leigh at the university of Edin-

burgh.. Z-rotaxanes (Z-6, Z-7, Z-8) were obtained quantitatively also in the group of D.A. 

Leighh at the university of Edinburgh via photoisomenzation process starting from corre-

spondingg £-rotaxanes (Figure 3-5 in Chapter 3) using 254 nm wavelength for direct irradia-

tion. . 

2.4.33 Synthesi s of 3,6-dimethylpyridazin e (triple t sensitizer) 23 24 

22 g (17.5 mmol) (see Chapter 4) of acetonylacetone previously purified by distillation under 
N22 under reduced pressure (b.p. 88°C/20 mm) and 0.44 g (8.8 mmol) of 80% hydrazine 
monohydratee were dissolved in 17.5 ml of ethanol and the reaction mixture was stirred at 
roomm temperature for 30 min. The solvent was evaporated under vacuum and the residue was 
stirredd in 17.5 ml of dried benzene and 0.2 g of 10% palladium on active carbon for 10 h. The 
crudee product was further purified using gas chromatography. The identity of the product 
wass confirmed by mass spectrometry (FAB+, m/z = 109.02 (M+H)+) and 'H NMR. 

*HH NMR in CDC13 (200 MHz): 6 (ppm) 7.20 (s, 2H, aromatic ring), 2.6 (s, 6H from CH3 

groups). . 

2.4.44 Molecule s wit h naphthalene-bisimid e chromophor e 

Thee «^/-thread 6.7 and nfo'-rotaxane 6.6 (see Chapter 6) were synthesized by Piet Wiering in 

ourr group and some synthetic steps were performed in the group of Prof. dr. D.A. Leigh at 

thee university of Edinburgh according to the scheme in Figure 2-14. 
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Figur ee 2-14. Synthesis of nb/'-thread 6.7 and nb/'-rotaxane 6.6. 

{12-[3-(2,2-diphenyl-ethylcarbamoyl)-propionylamino]-dodecyl}-carbamicc acid tert-

butyll  ester  ("protected amine"). The synthesis was performed in the group of D.A. Leigh at 

thee university of Edinburgh. 

'HH NMR in CDCI3 (400 MHz): 5 (ppm) 7.35-716 (m, 10H, Ar-protons), 5.99-5.81 (bs, 2H 

fromm NH), 4.57-4.43 (bs, 1H, from NH-),4.12(t, 1H), 3.91-3.84 (dd, 2H), 3.21-3.14 (dd, 2H), 

3.14-3.033 (dd, 2H), 2.39 (s, 4H), 1.52-1.38 and 1.34-1.20 (protons from t-butyl groups and 

20Hfromm 10 CH2 groups). 

Deprotection.. 300 mg (0.508 mmol) of "protected amine" with 1 ml of trifluoroacetic acid 

inn 10 ml of dichloromethane was stirred over night at room temperature. The reaction mixture 

wass evaporated under vacuum and 30 ml of chloroform was added. The organic layer was 
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washedd with Na2C03 solution and dried with MgS04. The solution was filtered and evapo-

ratedd under vacuum. Obtained 240 mg of "free amine" (100%). 

]HH NMR in CDC13 (400 MHz): 5 (ppm) 7.34-7.19 (m, 10H, Ar-protons), 6.15-6.0 (m, 2H, 

fromm 2 CONH), 4.20-4.13 (t, 1H), 3.90-3.83 (dd, 2H), 3.22-3.10 (m, d, 2H), 2.76 (t, 2H), 2.39 

(s,, 4H), 2.1-1.9 (bs, water + amine), 1.73-1.14 (m, 20H, from CH2 protons). 

7-(2,2-diphenyl-ethyl)-2-oxa-7-aza-pyrene-l,3,6,8-tetraone.. 6.42 g (24 mmol) of 1,4,5,8-

naphthalenetetracarboxylicc acid dianhydride in 150 ml of DMF was stirred at 150°C. 788 mg 

(44 mmol) of 2,2-diphenylethylamine in 50 ml of DMF was slowly added drop by drop and 

thee reaction mixture was stirred for 5 h. The reaction mixture was poured into 600 ml of 

water.. The precipitate was filtered, washed with water and dried. The crude product was dis-

solvedd in chloroform to isolate it from remaining anhydride. After filtration, the filtrate was 

evaporatedd under vacuum. The residue was washed with 25 ml of ether. After filtration 1.28 

gg (74%) of yellow product was obtained. 

llUU NMR in DMSO (400 MHz): 5 (ppm) 8.69 (d, 2H from naphthalene), 8.63 (d, 2H from 

naphthalene),, 7.37 (d, 2H), 7.26 (t, 2H), 7.17 (t, 1H), 4.80 (d, 2H), 4.65 (t, 1H). 

N-(2,2-diphenyl-ethyl)-N'-{12-[7-(2,2-diphenyl-ethyl)-l,3,6,8-tetraoxo-3,6,7,8-tetrahy--

dro-lH-benzo[lmn][3,8]phenanthrolin-2-yl]-dodecyl}succinamide(n^/-thread6.7). . 

2400 mg (0.5 mmol) of "deprotected amine" and 223 mg (0.5 mmol) of 7-(2,2-diphenyl-

ethyl)-2-oxa-7-aza-pyrene-l,3,6,8-tetraonee in 10 ml of DMF were stirred at 150°C for 4 h. 

Afterr cooling down the product precipitated. The reaction mixture was heated to dissolve the 

precipitationn and diluted with chloroform. The organic layer was dried with MgS04 and fil -

tered,, the solution was evaporated under vacuum and the residue was stirred with a few ml 

off  ethanol. After filtration and drying 404.5 mg (0.44 mmol, 89%) of pure product was 

obtained. . 

{ HH NMR in chloroform (400 MHz): 5 (ppm) 8.8-8.6 (dd, 4H, from naphthyl protons), 7.40-

7.100 (m, 20H, from phenyl protons), 5.95-5.77 (bs, 2H from NH), 4.92-4.84 (d, 2H), 4.83-

4.744 (t, 1H), 4.21-4.12 (dt, 3H), 3.91-3.84 (dd, 2H), 3.21-3.13 (dd, 2H), 2.39 (s, 4H), 1.89-

1.066 (m, 20H). 

[2]-(l,7,14,20-tetraaza-2,6,15,19-tetraoxo-3,5,9,12,16,18,22,25-tetrabenzocyclohexa--

cosane)-(N-(2,2-diphenyl-ethyl)-N'-{12-[7-(2,2-diphenyl-ethyl)-l,3,6,8-tetraoxo-3,6,7,8--

tetrahydro-lH-benzo[lmn][3,8]phenanthrolin-2-yl]-dodecyl}succinamide)rotaxane e 

(«&/-rotaxanee 6.6) was synthesized in the group of D.A. Leigh at the university of Edinburgh. 

llHH NMR in chloroform (400 MHz): 5 (ppm) 8.69 (d, 2H from naphthyl protons), 8.64 (d, 2H, 

naphthyll  protons), 8.43 (s, 2H), 8.22 (d, 4H), 7.62 (t, 2H), 7.51 (bs, 4H from 4 NH), 7.42-
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7.100 (m, 20H, aromatic protons), 7.01 (s, 4H), 5.66 (bs, 1H, from NH), 5.62 (bs, 1H, from 
NH),, 4.88 (d, 2H), 4.78 (t, 1H), 4.49 (d, 8H), 4.15 (t, 2H), 4.07 (t, 1H), 4.07 (t, 1H), 3.75-3.67 
(dd,, 2H), 3.09-2.97 (dd, 2H), 1.79-1.10 (m, 20H from 10 CH2 in thread), 0.96 (s, 4H). 
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