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Chapterr  6 

Pt(II )) Ion Directed Self-Assemblies of Perylene 

Bisimidee Derivatives for  Photoinduced Energy 

andd Electron Transfer: A Light-harvesting 
ifif  if 

Photoactivee Molecular  Square 

Abst rac t t 

[.urge[.urge Junctional molecular squares, consisting of sixteen pvrene units attached to four 

ditopicditopic bay-functionalized perylene bisimide bridging Ugands and four Pl(ll) phosphine 

corner-unitscorner-units have been studied. A complete study of their photophy.sical properties was 

obtainedobtained by using VV-Vjs absorption, steady state and time-resolved emission and 

femtosecondfemtosecond transient absorption spectroscopy. Analvsis of the spectroscopic data and 

comparisoncomparison with a model molecular square lacking the pyrene units, showed the presence of 

photoinducedphotoinduced electron and energy transfer processes in the pyrene hearing square. A high 

yieldyield (> 90 %) and fast photoinduced energy transfer (kt.„ = 5.15 x iti' s ') from the pyrene 

unitsunits to the perylene bisimide moiety is followed by very fust and efficient electron transfer (> 

9494 %, k,,, - 7.5 .v JO up to 50 x JO s' ) within the molecular square. Furthermore, global 

analysisanalysis of the femtosecond data of the square showed that there is also a direct electron 

transfertransfer (41 x I0!! s') from an upper excited state of the pyrene (S^-stale) to the perylene 

moiety,moiety, for ca. 10''o of the charge transfer yield. This is not observed for the petylene-pyrene 

ligand.ligand. The energy donor-acceptor distance. R = 11.3 A. is calculated from the experimental 

energyenergy transfer rate using Förster theory. Temperature dependent time-resolved emission 

spectroscopyspectroscopy showed the increase of the acceptor emission lifetime with decreasing 

temperaturetemperature from which an electron transfer harrier of(i.09H el' was obtained. The extremely 

fastfast electron transfer processes indicate that we might consider the. molecular squares as 

monodispersemonodisperse nano-aggregates. 

"" In preparation for publication. 



AA Light-harvest ing Photoactive Molecular Square 

6.11 Introductio n 

Self-assemblyy of specially synthesized organic ligands with transition metal ions is a 

powerfull  method for the construction of novel supramolecular architectures. 

Constructingg complex functional architectures, like molecular triangles, squares, 

catenanes.. nano- and polytubes and cages by using the concept of self-assembly has 

beenn studied intensively as described in several reviews ' Lately, the 

numberr of research groups, working on various discrete 3-D hollow structures such as 

cages,, cones, capsules and boxes, by applying multicomponent self-assembly of 

multidentatee ligands with c/.v-protectcd square planar metal complexes has increased. 

Inn this respect, molecular squares are rather intriguing because of their broad range 

off  possible functionalities. Metal centers have been used extensively in self-assembly 

forr the construction of molecular squares. The mctal-ligand interactions arc stronger 

thann other non-covalent bonds and are highly directional. For instance, Pt(II) and 

Pd(ll)) complexes are widely used to construct tetra-coordinated, square-planar species 

withh 90° bond angles around the metal center capable of both cis and trans geometry. 

Thee area of metal-containing molecular square complexes was pioneered by Fujita 

andd co-workers.5/l Würthner et al. are the first to apply this concept to perylcne imide 

derivativess to construct photo- and redox-active molecular squares. 

Thee focus of current research is on the introduction of functionality into these 

systemss such as redox activity, y~i4 magnetic1" or luminescence properties,'''" 

andd applications such as anion recognition. and electrochemical sensing. 

Recently,, the incorporation of functional dye ligands (based on perylenc bisimides 

andd porphyrins) into metallocycles opened up a promising avenue toward artificial 

light-harvestingg systems. '" '" 

Here,, we describe the synthesis and investigate the photophysical properties of two 

Ptt (II) ion assembled molecular squares (Sql with sixteen pyrene units attached to the 

perylenee bisimide and Sq2 with sixteen r-butylphenoxy units attached to the perylcne 

bisimidee moiety) and compare them with their individual ligands (LI with four 

pyrenee and L2 with four r-butylphenoxy units attached to the perylene bisimide 

moiety).. The structures of the squares and the ligands are depicted in Scheme 1. with 

brieff  information on how to assemble the molecular squares. Sql and Sq2. 
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6.11 Introduction 

a)) [Pt(dppp)J[(OTf):]. CH: Ck 25 °C, 24 h, argon. 67 % (Sql), 88 % (Sq2). 

Schemee I. Structures of the Pl(ll) assembled molecular squares containing Jour perylene 

unitsunits and 16 pyrene units tSql) or 16 l-butylphenoxy units (Sq2). Also shown are the separate 

ligancls,ligancls, LI with four pyrene units and L2. 

Thee photoinduced processes of the pyrene functionalized perylene bisimide (LI ) 

weree studied in detail in Chapter 5. 

Inn this Chapter, we report an extensive spectroscopic study to investigate the 

complexx photoinduced processes occurring upon light excitation (Scheme 2) in these 

interestingg molecular squares. 
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Schemee 2. A schematic representation of the photoinduced energy and electron transfer 

processesprocesses from outer pyrene units to the perylene hisimide moieties. 

AA quantitative analysis of the processes as well as their rates have been obtained by 

usingg UV-Vi s absorption, steady state and time-resolved emission, femtosecond 

transientt absorption, global analysis of the femtosecond transient absorption data, 

temperaturee dependent time-resolved emission and a theoretical analysis of the 

energeticss of the processes. It has been found that an efficient energy and electron 

transferr processes occur from the pyrene chromophores to the perylene bisimide 

moieties. . 

6.22 Results and Discussions 

6.2.11 Steady State Spectroscopy 

Thee optical properties of the compounds Sql. Sq2. LI . and L2 have been studied 

withh UV-Vi s absorption and emission spectroscopy. The UV-Vi s absorption spectra 

off  all compounds in dichloromethane are depicted in Figure 1 and the photophysical 

dataa arc summarized in Table 1. The properties of the squares are very similar to those 

off  the components because the complexation with Pt (11) ion results in a very weak 

electronicc coupling between the units. The pyrene absorption bands of LI and Sql 

dominatee the UV region of the spectrum with five sharp characteristic pyrene 

transitionss (see Figure 1 and Table 1). The absorption bands of the perylene bisimide 

unitss with the characteristic n-n transitions"^'" of the fimctionalized perylene-
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6.22 Results and Discussions 

bisimide22 arc present in all compounds. Additionally, upon coordination with the 

Pt(ll)) ion. a 5 and 6 nm (150 and 174 cm"1) bathochromic shifts are observed in the 

So—>S:: and So—>S\ electronic transitions of pcrylene bisimide units for Sql and Sq2 

(ass compared to the absorption spectra of the corresponding ligands, see Figure I). 

Suchh bathochromic shifts were observed before and attributed to the coordination of 

thee pyridine receptor unit to the Pt(ll) metal ion.21,24 As previously studied in LI," the 

distinctt absorption patterns belonging to the sixteen pyrene moieties in the UV range. 

andd the four perylene units in the visible, allow the selective excitation of these 

chromophoress in Sql. as well. 

Sq2 2 

O O 

X X 

250 0 300 0 4000 450 500 

X(nm) ) 

550 0 600 0 650 0 

Figur ee 1. Comparison of the absorptions of LI (solid line), L2 (dashed line). Sql /dash 

dotteddotted line) and Sq2 (short dotted line) in diehloromethane (inset: expansion of visible 

region).region). For comparison, the extinction coefficients of LI and L2 were multiplied by a factor 

offour. offour. 

Itt is interesting to note that the perylene absorption spectra of LI and Sql are ca. 

100 nm higher in energy as compared to L2 and Sq2. which could be due to the 

presencee of the more electron-withdrawing ester group in LI and Sql. The extinction 

coefficientt of Sq2 is slightly higher as compared to the other three compounds. 
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Anotherr difference between the absorption spectra of the ligands and the squares is 

thee weak shoulder observed between 250 and 280 mn for the squares, which could 

belongg to the metal coordination. A number of Pt metal-ion attached ligands reported 

inn literature gave relatively intense intraligand TI-TI*  bands (- IO4 M'1 cm"1) around 

270-- 280 nm and a moderately intense ]MLCT band (-10" M"1 cm"1) around 400 nm 

(typicall  characteristics for Pt compounds).,lK No distinct additional or new optical 

transitionss in the visible region related to the metal phosphine comers or a MLCT 

bandd were observed for the squares. 

Thee front-face emission spectra1"4 of all compounds (Figure 2) in dichloromethane 

att room temperature were recorded upon exciting at 336 nm. At this wavelength the 

mainn absorption comes from the pyrene units present only in LI and Sql. The pyrene 

moietiess in Sql emit very weakly between 380-460 nm as in the component LI . As 

observedd previously for LI," this quenched emission indicates a very efficient energy 

transferr from the excited pyrene unit to the perylene moiety for Sql as well. Apart 

fromm the strongly quenched pyrene emission (vide infra). Sql displays a sensitized 

fluorescencee from the lower lying excited state of the perylene chromophore (see 

Figuree 2, dash-dotted line). All compounds show a typical perylene emission35 with a 

maximumm between 618- 630 nm and a shoulder at 665-685 nm. For LI and Sql, there 

iss an 8 nm (212 cm" ) difference in the perylene emission maximum while this value 

iss 10 nm (256 cm'1) for L2 and Sq2, i.e. a slightly larger shift as observed in the 

absorptionn spectra. However, as compared to the systems that do not contain pyrene 

units.. L2 and Sq2, the emission intensities of the perylene units of LI and Sql are 

stronglyy quenched. Especially for the self-assembled square, Sql. the quenching is 

moree pronounced than for its corresponding component, LI . 
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'' 1 ' i 
3500 400 450 500 550 600 650 700 750 800 

XX (nm ) 

Figuree 2. Front-face emission spectra of LI (solid Hue). L2 (dashed line). Sql (dash dotted 

line)line) and St/2 (short dotted line) in dichloromethane. A,.,= 336 nm. Inset: expansion of the 

pyrenepyrene emission region. 

Noo additional emission or absorption bands were observed due to either exeimer 

and/orr exeiplex formation. Photophysical properties of all compounds are summarized 

inn Table 1. 

Thee emission quantum yields of Sql and LI were determined for both the pyrene 

andd the perylene emissions, by exciting in the UV and visible regions, as indicated in 

Tablee I. In both Sql and LI the pyrene moiety is strongly quenched as compared to a 

referencee compound, pyrene O, = Ü.65 in non-polar solvent.36 As can be seen from 

Tablee 1. the assembly through the Pt(II) ion docs not influence the emission of the 

pyrenee moiety. In fact, almost the same pyrene quantum yields arc observed for LI 

(0.00111 (and Sql (0.0008). 
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Tablee 1. Summary of the phoiophysicat properties of LI, L2, Sql and Sq2 in 

(hchloromelhane.(hchloromelhane.a a 

Cmpds s 

LI I 

L2 2 

Sql l 

Sq2 2 

Absorption n 

A(nm),, (e /VT'cm1 ) 

314,328.344(162300), , 
448,, 538. 575(45800) 

286(44900).. 4550 7000). 
5455 (28000), 585 

(46100) ) 

315.329.345.450.541. . 
580(184000) ) 

2900 (sh). 458. 552, 59! 
(217000) ) 

A*pvrr Uimf 

378 8 

377 7 

--

ApL-rr i umi 

611 1 

620 0 

619 9 

630 0 

Emissionn at RT 

••n\nn!0 0 

0.240 0 

0.226 6 

--

v» » 
1 1 

8.5 5 

0.875 5 

5.5 5 

v v 
0.0011 1 

0.0008 8 

--

<tVr r 

0.12'•'' ' 

0.88' ' 

0.055 ' 

0.833 ' 

"Excitation"Excitation wavelengths for lifetimes are 324 nm unless otherwise indicated. The 

followingfollowing rise times were also observed only for the peiylene emission; 0.206 ns for 

LILI  and 0.178 nsfor Sql. % , = 336 nm, %x= 545 nm, % v = 430 nm, 'Both X,x= 307 

nmnm and ^.,-= 550 nm, with respect to N,N'-di(2,6-diisopropylphenyl)-l,6,7,12-

tetraphenoxyperylene-3,4:9,10-tetracarboxylictetraphenoxyperylene-3,4:9,10-tetracarboxylic acid bisimide, by the measurements 

fromfrom front-face emission. 

Thee perylene emission of the self-assembled pyrene-perylene square (Sq1) is 

clearlyy quenched as compared to the model compound Sq2. Even compared to the 

pyrencc containing ligand. L l : ' \ the perylene emission is reduced to almost 40 %. 

Regardlesss of the excitation wavelength, i.e. excitation in both UV and visible region, 

thee quantum yield of perylene emission for the Sql is found to be 0.05. When the 

quantumm yields obtained for the perylene moiety in Sq2 and L2 (0.83 and 0.88, 

respectively)) are compared with the ones for Sql (0.05) and LI (0.12). the degree of 

quenchingg in perylene bisimide emission is most apparent. 

Thee emission spectra and the data in Table 1 indicate that apart from the energy 

transfer,, an additional process takes place that quenches the perylene bisimide 

emission.. By comparison of the emission intensity with the separate ligand LL metal 

complexationn has a strong influence on the quenching efficiency in the Sql . 
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Thee complexation of the Pt(II) ion on the pyridine receptor units connected to the 

perylenee moieties results in a lowering of the LUMO (lowest unoccupied molecular 

orbital)) energy of the perylene bisimide. This is indeed shown by the red shift of the 

emissionn spectrum of Sql compared to LI (see Table 1). The presence of the metal 

ionn coordinated to the pyridine, also has an effect on the reduction potential of the 

substitutedd perylene. The spectroclectrochemical studies performed on both L2 and 

Sq22 showed that platinum phosphine comers are electrochemical I y inert within the 

appliedd potential range.21 24 Two completely reversible reductions (-0.49 and --0.64 V 

vs.. SCE, -1.08 and -1.23 V vs. Fc/Fc+) and an irreversible oxidation were observed 

forr L2, whereas fully reversible reductions (-0.42 and -0.55 V vs. SCE, -1.01 and -

1.144 V vs. Fc/Fc') and a fully reversible oxidation (+1.52 vs. SCE, -0.93 V vs. 

Fc/Fc')) were measured for Sq2 as a result of the coordination of the nitrogen 

(engagedd lone pairs) on the pyridine units. A negligible effect of the functional groups 

attachedd to the perylene bisimide centers on the reduction properties has been 

announcedd for ferrocene-functionalized perylene bisimide compounds previously 

(reversiblee reduction potentials for ferrocene-substituted perylene moiety was 

reportedd as -1.00 and-1.16 V vs Fc/Fc").37 We assume here that Sql and Sq2 behave 

inn a similar fashion in cyclic voltammetry and spectroelectrochemistry. A typical 

spectroelectrogramm belonging to Sq2 in dichloromethane can be seen in Figure 3,3ft'21 

wheree a) belongs to the first reduction, b) the second reduction and c) the first 

oxidationn processes of the perylene bisimide moiety. Thus, we have information about 

thee spectral position of the radical anionic (a), dianionic (b), and cationic (c) perylene 

bisimidee species. The small difference in reduction potential of the Sq2 and L2 

systemss (70 mV) indicates that metal ion complexation does make the perylene 

bisimidee a slightly better acceptor than the free L2. Therefore in Sql a more efficiënt 

photoinducedd electron transfer from the pyrene donor moiety to the perylene acceptor 

unitt should be expected as compared to LI . As was already observed, this is indeed 

thee case since the perylene emission quantum yield of Sql is - 60 % lower than the 

ligand,, LI itself. 
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Figuree 3. Spectroelectrograms of Sq2 in dichloromethane, with XBitjPF,, (I). I M) as 

supportingsupporting electrolyte. Working electrode: Pt disc, auxiliary electrode: Ft wire, reference 

electrode:electrode: Ag/AgCl. concentration ofSq2: 1.4 x Iff4 M. Increase of the applied potential to a) 

thethe first reduction, b) second reduction and c) first oxidation processes of the perylene 

bisimidebisimide moiety.' 

AA similar effect on the quenching efficiency could be obtained by replacing the 

"innocent""  Pt(II) ion with another metal or a simple proton. In order to correlate the 

observedd bathochromic shifts in the absorption and emission spectra of the ligands 

andd squares, with the involvement of the coordination of the pyridine, a simple 

experimentt is designed based on protonation of the free nitrogen in LI . Simply. TFA 

(trifluoroaceticc acid) was added to a solution of LI in dichloromethane and the 

changess in the absorption and emission spectra were detected (see Figure 4). Upon 

additionn of TFA. a bathochromic shift of 15 nm (442 cm ) was observed in 

absorptionn and a decrease in the emission intensity together with a shift of 22 nm (574 

cm""  ) to longer wavelength was detected. Thus, protonation gives very similar effects 

ass metal ion complexation and results in an increased quenching of the perylene 

emission,, indicating that also protonation at the pyridine units makes the perylene 

bisimidee a better acceptor. 

Similarr bathochromic shifts in the absorption spectra upon protonation of the 

chromophoree /i/t-Re(CO);X'l(4.4'-bpy):. where two units were coordinating with 
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Pd(II)) metal ions to form a molecular square (Figure 12 in Chapter 1), have been 

observedd in Literature. *" 

Mnm) ) 

3 3 
TO TO 

C C 
O O 

c/> > 

F F 
LLI I 

200--

150--

J J 

50--

ii ' i — ' — i — ' — r — f i 
3500 400 450 500 550 600 650 700 750 800 

Mnm) ) 

Figur ee 4. Absorption (upper) and emission (bottom) spectra of LI in diehioromethane with 

(solid)(solid) and without (dash dotted) TFA, AlX= 320 nm. 
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633 Time-resolved Spectroscopy 

6.33 Time-resolved Spectroscopy 

6.3.11 Time-resolved Emission Spectroscopy 

Clearly,, more complex processes are occurring when the stronger electron donating 

pyrenee units (LI . Sql) replaces the f-butylphenoxy groups on these perylene bisimide 

systems.. In order to determine the energy and electron transfer rates, time-resolved 

emissionn monitoring the perylene emission (all compounds) and the pyrene emission 

(forr Sql and LI ) was performed. 

Thee excited state lifetimes of the fluorescence of the pyrene unit and the perylene 

moietyy are summarized in Table I. In Figure 5, the time-resolved emission decays for 

Sqll  and Sq2 are depicted. Upon excitation of the pyrene unit, quenching of the 

pyrenee and a rise time on the perylene moiety is observed in Sql (see Figure 5 (left), 

tracess a and b). As it was measured previously for LI , the sensitized perylene unit 

decayss with a shorter lifetime than its typical value. In Figure 5 (right), a comparison 

iss made between the quenched emission of Sql (trace c) with the highly emitting Sq2 

(tracee d). The model square, Sq2, shows a monoexponential decay, and no rise time. 

Thee risetime of Sql in Figure 5 (0.226 ns) represents the formation of the excited 

statee of the perylene unit by energy transfer from the pyrene excited state and its value 

iss in agreement with the quenched pyrene excited state lifetime (0.178 ns). The decay-

timee for Sql is due to the quenched emission of the perylene unit. Such quenching 

indicatess that an additional process takes place after energy is transferred to the 

perylenee unit. 

Accordingg to these time-resolved emission results, the average rate of energy 

transferr can be calculated from the rise and decay values mentioned above, using the 

followingg equation: 

kell== 1/T- 1/Trel-

wheree land Trct represents the excited state lifetime of the pyrene moiety in the 

Sqll  and the lifetime of the reference pyrene (Trct = 650 ns),3f' respectively. The 

averagee rate constant for the energy transfer process for Sql thus results as k̂ .,, = 5.0 x 

lOV. . 
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Itt is interesting to notice that the rate is slightly faster than the reported value for 

thee non-assembled component LI (4.2 x 1()" s !). The difference could be attributed to 

thee small change in exergonicity of the process since the coordination of the metal ion 

onn the perylene moiety induces a shift of the lowest excited state, towards lower 

energyy (see emission maxima). Furthermore, the presence of the metal ions at the 

cornerss of the square should confer to the assembled systems a higher rigidity and a 

loweringg of the non-radiative processes due to conformational changes in the 

molecules.. Such effects, however, are difficult to observe since the existence ol 

differentt pathways for the deactivation of the excited states of the chromophores (see 

below).. The short decay time (0.875 ns) and the low emission quantum yield (0.05) 

detectedd for the perylene bisimide units in Sql compared to the Sq2 (see Table I) 

indicatee that a subsequent process takes place after the energy transfer to the perylene 

unit.. As already mentioned, the pyrene is a good electron donor and the perylene is a 

well-knownn electron acceptor, and therefore a thermodynamically allowed electron 

transferr process (AG = -0.1 V) can occur (see further sections). 

Figuree 5. Time-resolved emission traces of Sql and Sq2 in dichloromethane at room 

temperaturetemperature (measured with single photon counting, x,, = 324 nm). The quenched lifetime oj 

thethe pyrene moiety of Sql measured at 400 nm (a), the rise lime of the perylene unit oj Sql at 

615615 nm (b). The quenched emission of the perylene unit of Sql at 615 nm (c), emission ofSq2 

probedprobed at 615 nm Id). All iraees are deconvolved signals. 

Photoinducedd electron transfer was also reported for the component LI and we 

havee observed that an equilibrium between the charge transfer state and the singlet 

excitedd state of the perylene bisimide exists. Such equilibrium could also exist in Sql 
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andd to gain more insight into the processes in the molecular squares time-resolved 

transientt absorption and temperature dependent time-resolved emission spectroscopy 

hass been performed. 

6.3.22 Femtosecond Transient Absorption Spectroscopy 

Moree detailed information about the excited state properties of Sql and Sq2 in 

dichloromethanee has been acquired by femtosecond transient absorption 

spectroscopy.. The spectra of compounds Sql and Sq2 and the kinetics belonging to 

Sqll  in dichloromethane are depicted in Figures 6 and 7. 

Forr the reference compound Sq2. upon excitation at 345 nm and at 575 nm, the 

transientt absorption spectra show an intense bleaching around 625 nm and a strong 

Si—»Snn perylene bisimide excited state transition centered at 730 nm. No recovery of 

thee ground state was observed because, as previously mentioned, the excited state 

lifetimee is in the nanosecond time regime. 

Comparisonn of these transient absorption spectra of Sql with those previously 

reportedd ones of LI and with Sq2 results in some similarities, but upon closer 

inspectionn some striking differences, as well. Similarities are the presence of the 

singlet-singlett absorption (Sj—>Sn) of the pyrene (at 490 and 514 nm), the radical 

cationn of the pyrene (around 470 nm).4" the ground state bleaching of the perylene 

(betweenn 500 and 650 nm), and a band due to the radical anion of the perylene 

(aroundd 800 nm)" '" . As mentioned earlier, the spectroelectrochcmistry performed on 

Sq2""  and the femtosecond transient absorption measurements performed on H : s) 

confirmss that the band around 700-800 nm is the radical anion of the perylene. 

Thee major difference between the assembled square, Sql, and the component LI , 

liess in the more intense absorption of the radical anion of the perylene moiety, 

independentt of the excitation wavelength {Figure 6 and 7). According to the kinetic 

resultss probed at the maximum of the perylene bleaching (592 nm, Figure 6, inset A), 

thee perylene excited state is formed with a time of 120 ps upon 345 nm excitation. As 

cann be seen in Figure 6 (bottom), for Sq2 the formation of the excited state of the 

perylenee upon UV excitation, occurs within the laser pulse since in this case no 

pyrenee units are present in the assembly. 
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Analysiss of the kinetics at 789 nm gives 145 ps rise time (Figure 6, inset B) 

followedd by a longer decay time (1.9 ns). The same long component was observed at 

5922 nm (1.8 ns) and it is assigned to the decay to the ground state of the perylene 

bisimidee by back electron transfer. The kinetic profiles for the electron transfer 

processess are however difficult to analyze since both energy and electron transfer 

reactionss take place at this 345 nm excitation wavelength. Therefore the 145 ps 

risetimee observed for the formation of the radial anion and cation is the slowest 

process;; the energy transfer process. 

Inn order to gain insight into the rate for the electron transfer processes excitation at 

5755 nm is performed. Clearly, at this wavelength no energy transfer can take place 

andd the rates of electron transfer can be determined with high accuracy. The kinetics 

monitoredd in both the radical anion and radical cation bands, upon excitation at 575 

nm,, show that the direct electron transfer is occurring faster in the molecular square 

thann in the non-assembled system. Within 2 ps the radical anion is formed, whereas 

forr LI a risetime of 80 ps was obtained upon visible excitation. 
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4500 500 550 600 650 700 750 800 850 

>.(nm) ) 

Figur ee 6. Femtosecond transient spectra ofSql (top) and Sq2 (bottom) in dichloromethane, 

timetime delays corresponding to frames are written in the spectra (A,.,= 345 nm. 130 fs FWHM). 

(A)(A) Kinetic profile of the transient absorption measured at 592 nm, (B) at 790 nm (See 

AppendixAppendix for colour representations J. 
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Figuree 7. Femtosecond transient spectra ofSql (top) and Sq2 (bottom) in dichloromethane. 

timetime delays corresponding to frames are written in the spectra lA,.s= 575 nm. 130fs FH'HM). 

KineticKinetic profiles of the transient ahsorhance ofSql measured at 599 nm (A) and 789 nm (B) in 

dichloromethane.dichloromethane. /i lV 575 nm. respectively (See Appendix for colour representations). 

Summarizingg all the processes observed for Sql. we can conclude that upon UV 

(3455 nm) excitation the following processes are occurring: 
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a.. Typical SI—>Sn pyrene transitions from the first to the higher singlet excited 

states411 with maxima at 482 and 514 nm. 

b.. Energy transfer from the excited state of the pyrene to the lowest lying 

singlett excited state of the perylene moiety (formation of the bleaching at 

5900 nm with a time constant of 0.120 ns) (see Figure 6. top). 

c.. Electron transfer from the pyrene (donor) moiety to the perylene (acceptor) 

unit.. The radical cation is formed at 470 nm with a shoulder at 489 nm. The 

radicall  anion is formed at 780 nm. 

d.. A back electron transfer on a nanosecond timescale. 

Thee processes occurring upon excitation at 575 nm, where only the perylene units 

absorb,, are: 

a.. A very fast electron transfer on a 2 ps time-scale. 

b.. The back electron transfer occurs in 1.2-1.8 ns. 

6.3.33 Global Analysis of Femtosecond Transient Absorption Data 

Thee femtosecond transient absorption data are analyzed by using global analysis and 

thee results are depicted in Figure 8 and 9. 

Itt has to be noted that analysis of the single line kinetics described before give 

slightlyy different time constants due to the fact that for the global analysis all 

wavelengthss and thus all data is taken into account. The time constants obtained in the 

globall  analysis thus are considered more accurate. 

Inn the case of visible excitation {575 nm) to the Si state of perylene bisimide 

(Figuree 8), the global fit  resulted in three exponentials: 0.2 ps. 6.7 ps, and 718 ps. 

Thee first two fast components have almost identical shape with a positive signal at 

7200 nm ('Per*  absorption) and negative peaks at 470 nm (Py" ). 800 nm (Per ), as well 

ass 580 nm and 650 nm (ground state bleaching and stimulated emission (at 620 and 

6500 nm), respectively). These observations suggest that these are the rates of decay of 

thee perylene singlet as well as formation of the pyrene radical cation and perylene 

radicall  anion; thus the two components can be ascribed to the charge transfer process, 

(Py-'Per'toPy""  -Per). 
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Thee long component (718 ps) has positive features at 470 nm, 720 nm. and 800 

nm,, suggesting that it corresponds to the common decay of the charge transfer state 

andd the perylene Si state (which is in compliance with the model including the 

equilibriumm depicted in Scheme 3). 

decay y 
Perr & CT 

i i 

4500 500 550 600 650 700 750 800 850 

X(nm) ) 

Figuree 8. Global analysis on femtosecond transient absorption data of Sql excited at 575 nm. 

Thee origin of two kinetic components of the charge transfer process can be due to 

easierr oxidation of some pyrene groups in Sql. as in the case of ferrocene-

functionall  ized perylene bisimidc squares.'' As known previously from X-ray analysis 

andd molecular modeling results, substitution at the bay area of perylene bisimides 

leadss to a twist of the two naphthaleneimide units by ca. 30°. "' ' This twisting of the 

aromaticc plane effects the conformations of the ferrocene units by separating them 

intoo two groups: one set is pointed toward the inside of the square cavity, while the 

otherr set orients towards the outside. The same argument holds for the pyrene 

substitutedd squares, and thus the two electron transfer rates can be attributed to two 

differentt orientations of the pyrene units within one square. A simple molecular 

modelingg and molecular dynamic simulation (MD-MM2) performed on Sql is 

depictedd in Figure 9. From this top view, indeed, it is possible to distinguish two 
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differentlyy oriented pyrene groups: towards the inside and the outside of the square 

cavity. . 

Figur ee 9. Top view of a MD-MM2 geometry optimization of molecular square. Sql. The 

phosphanephosphane ligand was replaced by a simple ethylene cliamino chelating ligancl for clarity and 

toto reduce the number of atoms: pyrenes: blue, peiylene bisimides: red. platinum ions: green38 

/See/See Appendix for colour representations/. 

Inn the analysis of the results obtained upon L'V excitation (345 nm) to the S: state 

off  pyrene (Figure 10), the data have been globally fitted with three exponentials as 

well:: 0.23 ps, 188 ps. and 1.37 ns. 

Thee ultrafast component (0.23 ps) corresponds to the decay of the S-—>S| state of 

thee pyrene. denoted by the positive signal around 600 nm (decay of the S;-̂  Sn 

absorption),, and a negative feature around 500 nm belonging to the growth (or 

formation)) of the S|—> S„  absorption of pyrene. as well as to a small amount of growth 

off  the charge separated state. Py - Per" (denoted by the negative features around 470 

nmm and 800 nm). The mixing of these two processes is due to the similarity of their 

rates,, which are at the same time close to the instrument time resolution. The small 

amountt of radical anion formation at 800 nm (negative signal) indicates that ca. 10% 

off  the CT state formation is due to direct electron transfer from the second excited 

singlett state of the pyrene chromophore ("Py*). This indicates an upper excited state 

electronn transfer process, which is relatively uncommon for organic systems, but more 

generall  in inorganic photochemistry. 
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Figuree 10. Global analysis on femtosecond transient absorption data oj Sql excited at 345 

ran. ran. 

Thee 188 ps component is common for the energy and electron transfer, denoted by 

thee positive peak around 600 nm (growth of the bleaching of the perylene ground 

state),, the negative features around 470 nm and 800 nm (growth of the two radical 

ions),, and the positive shoulder around 500 nm (decay of the 'Py stale)). This 

communityy of the energy and electron transfer processes, as well as the virtually 

absentt 'Per' signal at 720 nm. can be explained by the rate of charge transfer being 

significantlyy higher than the rate of the preceding energy transfer. As soon as the 

energyy is transferred from the pyrene units and the excited state of the perylene 

('Per*)) is formed, the charge transfer state is populated immediately with a faster rate 

thann the energy transfer. No accumulation of population of the perylene excited state 

iss possible. 

Thee 1.37 ns component is ascribed to the common decay of the charge separated 

statee (with peaks at 470 nm and 800 nm (decay of the two radical ions)) and the 

excitedd state of perylene (small shoulder at 720 nm (decay of the 'Per*)). 

Thee processes occurring upon excitation of Sql with either visible or UV light are 

depictedd in the energy diagram in Scheme 3. 
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Pyrene*-Perylene e 

A(;=-0.OM7e\ \ 

Pvrenc-Perylenc''  ? * H £ 
::  Xj  = 6.7 i>s 

hv2-- / p>--P' 

0,0, = 11.(15 

11 = 0.718 ns / 

Pyrene-Perylene e P\\ rcnc- Pen Icnc 

Schemee 3. Energy level diagrams of Sql in dichloromethane showing energy and electron 

transfertransfer pathways, excitation front pyrene (left) and perylene (right) units. (All rvalues are 

experimentallyexperimentally observed results, see text for further information). The upper excited state 

electronelectron transfer upon U\' excitation is not shown. 

Thee rates observed for the energy transfer process obtained with global analysis of 

femtosecondd transient spectroscopy and time-resolved emission experiments are 

almostt the same (ken
 = 5.3 x I09 s"1; kcn= 5.0 x 109 s"'. respectively). 

Forr electron transfer, the rate is obtained with time-resolved emission, is 9.6 x 10s 

s~~ . and transient absorption indicates experimental rates of formation of the charge 

transferr state of 1.5 x 10" to 50 x 10" s"1 (upon 575 nm excitation). As in the case of 

L II  (see Chapter 5). there is a difference between the apparent rates obtained for the 

electronn transfer process. We attribute this difference in apparent rates to a delayed 

luminescencee from the perylene singlet excited state, which is in equilibrium with the 

chargee transfer state. As can be seen from the data, the charge-separated state decay 

timee and the fluorescent lifetime of the perylene moiety have similar values. The 

charge-separatedd state indeed lies at energy levels comparable with the singlet excited 

statee of the perylene (see Scheme 3). Therefore, an equilibrium between the two states 

iss observedd which is responsible for the observed rate of the two processes. 

6.3.44 Estimation of the Donor-Acceptor  Distance in Sql 

Byy using the experimentally obtained energy transfer rate, an effective interaction 

radiuss between donor and acceptor groups can be calculated. The rate of energy 
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transferr depends upon the extent of spectral overlap of the emission spectrum of the 

donorr with the absorption spectrum of the acceptor, the quantum yield of the donor, 

thee relative orientation of the donor and acceptor transition dipoles, and the distance 

betweenn the donor and acceptor molecules. Since we think that there is a Förster type 

energyy transfer, the distance between donor (D) and acceptor (A) plays an important 

role.. The distance, at which energy transfer is 50 % efficient, called the Förster 

distance,, is typically in the range of 20-60 A. The rate of energy transfer from a donor 

too acceptor is given by 

kenn = (R1)/R)6kD 0) 

and d 

k » = l / T DD (2) 

wheree TD is the decay of the donor in the absence of acceptor, Ro is the Förster 

distance,, R is the donor-to-acceptor distance. Any change in D-A distance will affect 

thee energy transfer rate. Because of this fact, energy transfer measurements have been 

usedd to estimate the distances between sites on macromolecules and the effects of 

conformationall  changes on these distances. 

Inn order to calculate the Förster distance, Ro. the following simplified equation can 

bee used 

RoRo = Q2\][}<r  n*QoJfA)]  ̂ (3) 

wheree tc is the orientation factor, and generally assumed as 2/3 in calculations, n is 

thee refractive index of the medium. Op is the quantum yield of the donor in the 

absencee of acceptor and J(X) is the overlap integral of the donor emission and the 

acceptorr absorption. Once RA is calculated from these experimentally known values, 

thee distance between donor and acceptor can be easily obtained. 

Fromm our experimental values, Ro is calculated using eq. (3) as 43.9 A, where, vr = 

2/3,, n ,DCMI= 1.4240, * D = 0.65 and J - 7.75 x 10u M ' W n m4 . It should be noted 

thatt since the emission of the pyrene group attached to perylene moiety has a rather 

noisyy signal, the emission spectrum of the pyrene itself was used for the spectral 

overlap,overlap, J( A) (see Figure 11). 

174 4 



6.33 Time-resolved Spectroscopy 
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Figur ee 11. Overlap integral (shaded area) for energy transfer front pyrene donor to perylene 

acceptoracceptor in diehloromethane, R0 = 43.9 A. 

Knowingg the values of T D as 650 ns. the energy transfer rate as 5.15 x 10̂  s" and 

Ro,, the donor-acceptor distance (R) can be calculated by using eqs. (1) and (2). This 

leadss to a value of 11.3 A. 

6.3.55 Temperature Dependent Time-resolved Emission Spectroscopy 

Inn order to deduce the barrier for the photoinduced electron transfer process, as 

determinedd previously for L I , the excited state lifetimes of Sql were measured at 

temperaturess in the range between 296 and 183 K. and were analyzed using a 

modifiedd Arrhenius plot (see Figure 12). From the slope of ln(kcs x T ' ) vs. 1/T, the 

valuee of AG" can be estimated. The room temperature lifetime of the Sq2 was used 

ass a reference in diehloromethane (5.5 ns. measured with SPC technique). 

Al ll  the data are summarized in Table 2, in which T is the lifetime of the perylene 

emissionn obtained from the decay at 615 nm after excitation at 324 nm. kcs is the rate 

constantt calculated according to the equation below: 

kcss = l/T- I/Xref 

wheree Sq2 was used as reference. The X (reorganization energy). AGCS (Gibbs free 

energyy change for charge separation) and AG" (the electron transfer barrier) are 

calculatedd bv using the Marcus model. " h 
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Figuree 12. Modified Arrhenius plot for photoinduced charge separation oj Sql in 

dichloromethane,dichloromethane, with respect to the lifetime of Sq2 at room temperature. 

Inn Tabic 2 the change of the lifetime of the perylene emission with temperature can 

bee observed. The lifetime increased from 0.915 ns to 3.44 ns as the temperature goes 

down. . 

Byy using the electron transfer rates calculated and depicted in Table 2. the 

modifiedd Arrhenius plot is constructed. It clearly shows a straight line for the 

temperaturee range studied. In contrast to LI , only one barrier value (AG = 0.098 eV. 

In(k0pi)) = 27.25 for Sql.) could be calculated from the slope of this graph (see Figure 

12).. For the individual ligand, LI . two barrier values (0.08 and 0.42 eV, ln(kopt) = 

26.466 for LI ) were obtained by fitting two different temperature ranges. 

Thee occurrence of two barriers for electron transfer obtained for LI was explained 

byy assuming two different average conformations with different center-to-center 

distances.. A more stretched conformation being present at low temperature. 

Clearlyy the situation is different for the molecular square Sql. where steric 

crowdingg reduces the number of potential conformations. 

Onn the right side of Table 2. calculated values for the driving force (AGCS). the 

reorganizationn energy (A.), and the barrier to electron transfer (AG") are presented, 

usingg the standard Rehm-Weller approach, in combination with the Marcus model. 

Underr Table 2. the redox data, singlet state energy (EQQ) and temperature correction 
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forr n and e are described. Good agreement between the calculated and experimentally 

observedd barriers for electron transfer was obtained by adjusting the center-to-center 

distancee (Rc) between the two chromophores in the barrier calculation. The R̂  value 

off  11.3 A was used for all data points, and average ion value was assumed as 7 A. 

Tablee 2. Acceptor Lifetime at 615 nm and Rates of Charge Separation in Dichhromethane, 

togethertogether with A (reorganization energy), AG,., (Gihhs free energy change for charge 

separation)separation) am! AG" (Gibbs free energy change for electron transfer harrier) at Various 

Temperatures",Temperatures", A,.  ̂= 324 ntn. 

T(K ) ) 

296 6 
270 0 
260 0 
250 0 
240 0 
230 0 
220 0 
211 1 
202 2 
193 3 
183 3 

experimental l 
T(ns) ) 

att  615 DID 

0.915 5 
1.232 2 
1.408 8 
1.594 4 
1.851 1 
2.083 3 
2.330 0 
2.602 2 
2.844 4 
3.160 0 
3.442 2 

k„<10V ) ) 

9.11 1 
6.30 0 
5.29 9 
4.46 6 
3.58 8 
2.98 8 
2.47 7 
2.03 3 
1.70 0 
1.35 5 
1.09 9 

AGt>> (eV) 

-0.097 7 
-0.106 6 
-0.110 0 
-0.114 4 
-0.118 8 
-0.121 1 
-0.124 4 
-0.128 8 
-0.130 0 
-0.133 3 
-0.136 6 

calculated d 
XX (eV) 

0.662 2 
0.666 6 
0.668 8 
0.669 9 
0.671 1 
0.673 3 
0.674 4 
0.675 5 
0.676 6 
0.677 7 
0.678 8 

AG**  <eV) 

0.121 1 
0.118 8 
0.116 6 
0.115 5 
0.114 4 
0.113 3 
0.112 2 
0.111 1 
0,110 0 
0.109 9 
0.108 8 

"The"The temperature dependence of dielectric constant and refractive index were 

calculatedcalculated according to the following equations*1: e(T) = 40.452 + Tx ( 0.00023942 

xx T-0.17748) and n(T)= 1.4244-0.000562x (T-293). Rt = 113 A. r = 7 A. A, = 0.2 eV, 

EEl>xl>x  = 1.52 V vsSCEami Elx.d =-0.42 V vs SCE.:i Et)<>  = 2.07 eV. 

Thee fact that we find only one barrier value for Sql in dichloromethane actually 

confirmss our hypothesis on conformational differences in LI . Apart from rotational 

freedomm in LI . Sql is more sterically hindered and allows only a limited 

conformationall  freedom for the pyrene groups, which results in one experimental 

barrierr value. With the assumptions indicated above, the Rehm-Weller approach is 

alsoo in line with the experimental results (sec Table 2). 

6.44 Conclusions 

Inn this Chapter, the photophysical properties of squares containing sixteen pyrene 

unitss and four bay-functionalised perylene bisimide units connected with four Pt(II) 
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ions,, have been investigated (i.e. a total of twenty chromophoric units per square!). 

Steadyy state and time-resolved spectroscopy clearly show that the pyrene containing 

molecularr square is a light-harvesting system that combines a fast (kcll = 5.15 x 10 s" 
1)) and efficient (90 %) energy transfer with a very fast and even more efficient (> 94 

%)) electron transfer process with rates of 1.5 x 10" up to 50 x IO" s"1 upon visible 

excitation.. By using the experimentally obtained energy transfer rate, Förster distance 

iss calculated to be 43.9 A and the corresponding donor-acceptor distance is obtained 

ass 11.3 A in Sql. 

Inn Table 3, a comparison is made between the rates and yields {lower limits based 

onn steady state emission data) of the photoinduced processes in the molecular square 

Sqll  and the separate ligand LI . 

Tablee 3. Comparison of the Energy ami Electron Transfer Processes of Sql umi L1. 

Compounds s 

L I I 

Sql l 

Energyy Transfer 
efficiency y 

>900 % 

>900 % 

kr-(5"' ) ) 

6.22 x 10g 

5.15xx 10" 

Electronn Transfer 
efficiency y 

70% % 

>944 % 

K*K*  (a"') 

6.66 x 105 

1.5-50xx 10" 

Ass can be seen from the results summarized in Table 3, there is a large acceleration 

off  the electron transfer in Sql, where other factors like a change in the electronic 

couplingg and a change in the reorganization energy can most probably be responsible 

forr that. Furthermore, the global analysis of the femtosecond data of the square 

showedd that there is also a direct electron transfer from pyrene to perylcnc units for 

ca.. 10% of the charge transfer yield, which is not observed for the ligand. 

Clearly,, the supramolecular organization through metal ion assembly is beneficial 

forr the efficiencies of the photoinduced processes. The rigidification of the system, 

imposedd by steric crowding, can enhance the electronic coupling between the pyrene 

andd perylene chromophores. and could impose an all trans configuration of the alkane 

linker.. As can be envisaged from the structure in Figure 9, the amount of 

conformationall  isomers is strongly reduced in Sql. as compared to the separate 

ligand.. LI . Furthermore, and maybe even more importantly, the increase in local 

concentrationn of chromophores, especially of the pyrenes directed to the inside of the 

squaree (Figure 9) might facilitate the oxidation potential of the system. 
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Inn this respect the molecular square can also be considered as an intcrfacial 

structuree that approaches the solid state. As twenty chromophores are closely packed 

inn a relatively small volume, the structure appears to behave like a solid. 

Thee extremely fast electron transfer rates corresponding to the 0.2 and 0.23 ps 

componentss observed in the global analysis (43 x 10n and 50 x 1011 s ') are in the 

rangee of processes like charge injection in nanocrystalline TiO: in dye sensitized solar 

cellss (see e.g. Chapter 4 for references) and photoisomerization of rhodopsin in 

vision.. These surprising results indicate that we might also consider our molecular 

squaress as monodisperse nano-aggregates. 

6.55 Experimental Section 

6.5.11 Synthesis 

Aill  compounds under investigation were synthesized by Armin Sautter and Rainer Dobrawa 

inn the group of Prof. Dr. Frank Wurthner at the University of Würzburg, Germany (formerly 

att the University of Ulm). The synthetic procedures are given in the literature.7 

6.66 Instrumentation and Procedures 

6.6.11 Steady State Spectroscopy 

Electronicc absorption spectra were recorded on a Hewlett Packard UV-VIS, diode array 8453 

spectrophotometer.. Steady state emission spectra were obtained from SPEX 1681 Fluorolog 

spectrofluorimeterr equipped with two double monochromator (excitation and emission) and 

aree corrected for the photomultiplier response. Quantum yields of compounds were measured 

withh respect to NjsT-di^b-düsopropylphenyl )-1,6,7,12-tetraphenoxyperylene-3,4:9.10-

tetracarboxylicc acid bisimide (0.96 in chloroform)" for the perylene emissions, and 

anthracenee (0.27 in ethanol)1*  for the pyrene emission in optically diluted solutions. All 

solventss used are spectroscopic grade and purchased from Acros and Merck Uvasol, and 

distilledd when it was necessary. It is important to keep the concentration of the square 

compoundss in solutions in the range of l()'f' M or higher for stability reasons. Thus all 

experimentss were performed under conditions were the squares are stable, as can be easily 

checkedd by the 5 nm bathochromic shift of the perylene absorptions. 
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6.6.22 Time-resolved Spectroscopy 

Time-resolvedd fluorescence measurements were performed on a picosecond single photon 

countingg (SPC) setup. The frequency doubled (300-340 nm. t ps. 3.8 MHz) output of a cavity 

dumpedd DCM dye laser (Coherent model 700) pumped by a mode-locked Ar-ion laser 

(Coherentt 486 AS Mode Locker. Coherent Innova 200 laser) was used as the excitation 

source.. A (Hamamatsu R3809) micro channel plate photomultiplier was used as detector. The 

instrumentt response (-17 ps FWHM) was recorded using the Raman scattering of a doubly 

deionisedd water sample. Time windows (4000 channels) of 5 ns (1.25 ps/channel) - 50 ns 

(12.55 ps/channel) could be used, enabling the measurement of lifetimes of 5 ps- 40 ns. The 

recordedd traces were deconvolved with the system response and fitted to an exponential 

functionn using the Fluofit (PicoQuant) windows program. 

Forr the low-temperature lifetime measurements an Oxford-instruments liquid nitrogen 

cryostatt (DN704) was used in combination with picosecond single photon counting (SPC) 

setup. . 

Inn femtosecond transient absorption measurements, Spectra-Physics Hurricane Titanium: 

Sapphiree regenerative amplifier system was used as the laser system. The full spectrum setup 

wass based on an optical parametric amplifier (Spectra- Physics OPA 800) as a pump. A 

residuall  fundamental light, from the pump OPA, was used for white light generation, which 

wass detected with a CCD spectrograph. The OPA was used to generate excitation pulses at 

3455 and 575 nm. The laser output was typically 5 uJ pulse"1 (130 fs FWHM) with a repetition 

ratee of 1 kHz. A circular cuvette (d = 1,8 cm, 1 mm, Hellma), with the sample solution, was 

placedd in a homemade rotating ball bearing (1000 rpm). to avoid local heating by the laser 

beam.. The solutions of the samples were prepared to have an optical density at the excitation 

wavelengthh of ca. 0.5 in a 1 mm cell. The absorbance spectra of the solutions were measured 

beforee and after the experiments, to check for degradation. 

6.6.33 Global Analysis 

Mikhaill  Zimine (University of Amsterdam) has performed the global analysis on the 

femtosecondd data. The kinetic analysis was performed utilizing a home-developed software 

writtenn in LabVlEW. The process consists of the following steps: 1) the spectrotemporal data 

matrixx is corrected for the chirp of the supercontinu urn probe pulse and for the real time zero 

usingg the coherent signal from the solvent; 2) the resulting matrix is decomposed into 

principall  spectral and kinetic elements by SVD (singular value decomposition), and several 

mostt significant elements are selected based on their weights and autocorrelation of the 

spectrall  and kinetic traces; 3) the selected principal kinetic traces are globally fitted to a 
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multiexponentiall  decay law convoluted with the Gaussian instrument response function using 

thee nonlinear Marquardt algorithm; 4) the pre-exponential coefficients as functions of 

wavelengthh are calculated by linear fit  of the data obtained after step 1 to the exponentials 

obtainedd instep 3. 

Al ll  photophysical properties reported here have an error bar of 5 to 10 %. 
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