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Chapterr 5 

Photoinducedd Electron and Energy Transfer 

Processess in a Bichromophoric Pyrene-Perylene 

Bisimidee System§ 

Abstract t 

TheThe detailed photophysical properties of a system consisting of a bay-functionalized 

peryleneperylene bisimide, containing four appended pyrene and two coordinating pyridine units, and 

itsits reference system are described. A complete study of their photophysical properties wus 

obtainedobtained using UV-Vis absorption, steadv state and time-resolved emission and femtosecond 

transienttransient absorption spectroscopy. Analysis of the data, obtained from time-resolved emission 

andand femtosecond transient absorption spectroscopy, showed the presence of both 

photoinducedphotoinduced electron and energy transfer processes. A high yield (>90 %) and fast 

photoinducedphotoinduced energy transfer (k^,,, - 6.2 x lit'  s' ) is followed by efficient electron transfer (70 

%.%. A',., = 6.6.x 10's ) from the pyrene units to the perylene bisimide moiety. The energy donor-

acceptoracceptor distance. R = 8.6 A. is calculated from the experimental energy transfer rate using 

FörsferFörsfer theory. Temperature dependent time-resolved emission spectroscopy showed an 

increaseincrease of the acceptor emission lifetime with decreasing temperature, ft also indicates the 

presencepresence of different conformations because two different electron transfer barriers (0.08 and 

0.420.42 eV) were found. These barrier values were corroborated by a theoretical analysis of the 

energeticsenergetics of the process using Marcus theory, indicating average donor- acceptor distances 

ofof 4.5 A (room temperature) and f I A (at low T). 

""""  B. Kiikrer Kalcta .̂ R. Dobrawa. A. Sautter, F. Wiirthncr. M. Zimino, L, Do Cola. R. M. Williams. 

J.Phys.J.Phys. them. ,(.2004. 108(11). 1900-1909. 



Electronn and Energy Transfer Processes in Bichromophoric Pyrene-Perylene Bisimide 

5.11 Introduction 

Thee supramolecular organization of chromophoric units into large photoactive 

assembliess constitutes one of the challenges for nanophotonics,1'6 inspired by nature's 

photosyntheticc reaction center. For this aim, designed building blocks are needed that 

incorporatee the right energetics for the antenna effect and the charge separation to 

displayy a combination of efficient energy and electron transfer events in 

multichromophoricc structures, as in the cornerstone of natural photosynthesis. Next to 

thesee properties the building blocks should contain structural elements that can be 

usedd for further supramolecular construction to obtain a final system that is organized 

inn space, energy and time. The latter means that the photoinduced processes should be 

consecutivee to obtain high energy and electron transfer yields. In nanophotonics these 

processess are of importance for the development of artificial devices for the 

conversionn of light into chemical or electrical energy or vice versa.1*_i' 

Althoughh the study of photoinduced energy and electron transfer in 

bichromophoricc and multichromophoric systems is a greatly developed field, "' ' the 

designn of efficient light-harvesting systems combined with an electron donor-acceptor 

pairr is more scarce.I7 

Especiallyy during the last years several research groups focused their attention on 

perylenee bisimide dyes (both non-bay-substituted and bay-functionalized) as building 

blockss for photoactive systems. IK~37 These dyes are highly photostable and normally 

exhibitt fluorescence quantum yields of almost unity*" and an almost negligible 

triplett yield.38 Accordingly, some undesired processes for the purpose described 

above,, such as triplet state population and radiationless deactivation through 

vibrationall  relaxation are absent. Next to their very high ground state absorption 

extinctionn coefficients, another favorable feature of these dyes is the well-defined 

absorbancee of their radical anionic states40'41 at about 800 nm that allows easy 

detectionn of electron transfer events42 in the photoexcited state. 

Here,, we investigate the photophysical properties of a model perylene system (3) 

andd of a two-component system containing the same perylene bisimide acceptor and 

fourr pyrene moieties as donor (2) (Scheme 1). 
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5.11 Introduction 

HOO OH 

Q0 0 

22 3 

a)) DCC, DPTS, CH2C12, DMF, RT, 3d, 40-57%. 

Schemee 1. Synthesis of the tetra-pyrene-perylene bisimide dye (2) together with reference 

peryleneperylene bisimide compound (3). 

Thee understanding of their properties as well as the photoinduced processes are of 

greatt interest for the construction of more complex structures by means of 

coordinationn of the pyridine units to metal ions leading to molecular squares.4" 

Inn this Chapter, an extensive spectroscopic study, which clarifies many of the 

propertiess of these interesting systems, is presented (Scheme 2). A quantitative 

analysiss of the processes as well as their rates have been obtained using UV-Vi s 

absorption,, steady state and time-resolved emission, nano- and femtosecond transient 

absorption,, temperature dependent time-resolved emission and theoretical analysis of 

thee energetics of the processes. In particular, we found that both energy and electron 

transferr processes occur in such systems. These observations open a new and 

interestingg approach for the realization of artificial photosynthetic systems. 
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Electronn and Energy Transfer Processes in Bichromophoric Pyrenc-Pervlene Bisimide 

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

processesprocesses in compound 2. 

5.22 Results and Discussions 

5.2.11 Steady State Spectroscopy 

Compoundss 2 and 3 (Scheme 1) are dark purplish-black solids that, once dissolved 

homogeneously,, display the typical bright pink-red colour that is representative for 

tctraphenoxy-substitutedd perylene bisimides. 

Thee UV-Vi s absorption spectra of the two compounds in dichloromethanc arc 

depictedd in Figure I. and the absorption data arc summarized in Tabic I. The 

absorptionn bands of the perylene unit give the characteristic TT-TT transitions of the 

functionali/.edd perylene-bisimide,s' " and match exactly for both compounds, 445 nm 

(belongss to So-S: electronic transition). 535 and 575 nm (belong to So-Si electronic 

transition).. 3 The pyrene absorption bands of compound 2 dominate the UV region 

off  the spectrum with five sharp characteristic pyrene transitions at 267, 278. 314. 328 

andd 344 nm. The distinct absorption patterns belonging to the pyrene and perylene 

unitss allow the virtually selective excitation of these chromophores present in 

compoundd 2. 
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5.22 Results anil Discussions 

250-, , 

2500 300 350 400 450 500 550 600 650 

X(nm) ) 

Figuree 1. Absorption spectra of compound 2 (solid line, 1.93x10" M) and 3 (dashed line, 

2.0x10'2.0x10' M) in dicliloroniethane. 

Thee emission spectra of compound 2 and 3 in isoabsorptive dichloromcthanc 

solutionss at room temperature were recorded upon excitation at 336 nm, where the 

pyrenee units absorb strongly (see Figure 2). Both compounds have an emission 

maximumm around 610 nm with a shoulder at 670 nm. typical of the perylenc moiety. ' 

Forr compound 2 containing two chromophores, i.e. the pyrene and the perylene units. 

ann emission from the pyrene moiety between 380 and 460 nm could be expected. 

However,, compound 2 displays strongly quenched pyrene emission in this 

wavelengthh region (vide infra) and a sensitized emission from the lower energy 

perylenee chromophore is observed. 

Iff  a photoinduced energy transfer is the only process present upon excitation of the 

pyrenee unit, the emission quantum yield of the perylene unit should resemble that of 

thee model compound 3. As can be seen in Figure 2. however, also the emission 

intensityy of the perylene unit of compound 2 is strongly quenched (-70 %) as 

comparedd to the reference compound 3. No additional emission or absorption bands 

weree observed due to excimer and or exciplex formation. The photophysical 

propertiess of 2 and 3 are summarized in Table 1. 
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Electronn and Energy Transfer Processes in Bichromophoric Pyrcne-Perylene Bisimide 
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Figuree 2. Emission spectra of compound 2 (solid line) and 3 (dashed line) in 

dichloronielhane,dichloronielhane, A,^~ 336 inn, spectra are corrected according to absorptions at 336 nm. 

Thee quantum yields of compound 2 were determined for both the pyrene and the 

perylenee emission, by exciting the pyrene and the perylene units at the wavelengths 

indicatedd in Table 1. For the pyrene moiety, a strong quenching of the pyrene 

emissionn (<I>| = 0.0011 in dichloromethane) is observed as compared to the reference, 

pyrenee itself. Or = 0.65 in nonpolar solvent. ' As can be seen from the data 

summarizedd in Table I. the emission quantum yields of the perylene unit are 

significantlyy lower when compared to the reference compound 3 (Or = 0.90 in 

dichloromethane). . 

Itt is also found that the emission quantum yield of the perylene moiety is 

independentt of the excitation wavelength. It was determined to be 0.12 in 

dichloromethane.. This indicates that independent of the excitation energy, the lowest 

excitedd state located on the perylene unit is populated. Only in toluene, which is a 

nonpolarr solvent, a relatively higher perylene emission quantum yield (<ï>f= 0.39) was 

observed.. As can be seen from the emission spectra depicted in Figure 2 and the 

quantumm yield determinations, apart from the energy transfer an additional process 

takess place that quenches the perylene emission. This process was investigated by 

furtherr studies with time-resolved techniques. 
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5.33 Time-resolved Spectroscopy 

Tablee 1. Summary of the photophysical properties of compounds 2 and 3." 

Cmps s 

2 2 

3 3 

Slvts. . 

T O L L 

DCM M 

T O L L 

DCM M 

Absorption n 

X(nm).. (el M"'cm"' ) 

330.. 34ft. 448. 530. 570 

328,, 344 (162300). 448, 
538.575(45800) ) 

288.. 448, 534. 572 

283,450.539.575 5 
(47300) ) 

Emissionn at RT 
A^yrr A ^ T,,yr T|lt.r O p ; r Op,,, 

rinnii mint (nsi iris] 

3777 601 0.28 3.9 0.0042 0.39 

3788 611 0.24 1.0 0.0011 0 . 1 2 ' J 

6022 - 6.0' - 0.97 

6100 - 6.3' - 0.90 

^Excitation^Excitation wavelengths for lifetimes are 324 tun unless otherwise indicated. ''The 

followingfollowing rise times were also observed for the perylene emission of compound 2; 

0.22,0.22, 0.21, in the two respective solvents. TOL: toluene, DCM: dichloromethane. 
11 Xex~ 336 nm,' = 545 nm. 

5.33 Time-resolved Spectroscopy 

5.3.11 Time-resolved Emission Spectroscopy 

Ass expected, the decay times of the pyrene emission, recorded at 400 nm, are similar 

inn solvents of different polarity (see Table 1), in agreement with the solvent 

independencee normally observed for Forster type energy transfer.47 From the data 

shownn in Figure 3, an accurate evaluation of the rate of photoinduced energy transfer 

iss obtained. Upon excitation of the pyrene unit, a quenching of the pyrene and a rise 

timee on the perylene moiety is observed (see Figure 3, left). The sensitized perylene 

unitt decays with a shorter lifetime than the reference compound 3 (Figure 3, right). 

Thee reference compound 3 shows a monoexponential decay, and no rise time. 

Thee rise time of compound 2, which has a similar value in both solvents, represents 

thee formation of the excited state of the perylene unit by energy transfer from the 

pyrenee excited state and the decay time is due to the quenched emission of the 

perylenee unit. Such quenching indicates that an additional process takes place while 

energyy is transferred to the perylene unit. It is well known that pyrene and perylene 

unitss are good donor and acceptor groups, respectively; therefore it is not surprising 

thatt an electron transfer occurs from the excited perylene (vide infra). The different 
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Electronn and Energy Transfer Processes in Bichromophoric Pyrcne-Perylene Bisimide 

photophysicall  behavior in toluene also supports the occurrence of an electron transfer 

thatt is less efficient in such a nonpolar medium. These experiments indicate that the 

charge-separatedd state is less populated in toluene due to the less efficient 

(endergonic)) electron transfer. 

Thee energy transfer process is visualized in figure 3. As it can clearly be noted, the 

risee time measured for the perylene emission (0.21 ns) is almost identical to the decay 

off  the quenched pyrene emission (0.24 ns) in dichloromethane. This allows the 

calculationn of the rate following the equation: [k,.,, = I T - 1 t,c,] . giving ken ~ 4.2 x 

100 s' for compound 2 (i iei = 650 ns "). 

Timee (ps) Time (|JS) 

Figuree 3. Time-resolved emission traces of compound 2 and 3 in dichloromethane /measured 

withwith single photon counting. A,, = 324 nm). The quenched lifetime of the pyrene moiety of 2 

measuredmeasured at 400 nm (a), the rise time of the perylene unit of 2 at 650 nm (b). The quenched 

emissionemission of the perylene unit of 2 at 650 nm (c), emission of compound 3 at 650 nm (d). All 

tracestraces are deconvolved signals. 

5.3.22 Nano- and Femtosecond Transient Absorption Spectroscopy 

Byy using time-resolved spectroscopic techniques, insight has been gained into the 

excitedd state properties of compounds 2 and 3 in dichloromethane. The nanosecond 

transientt absorption spectrum of compound 2 in dichloromethane is depicted in Figure 

4.. The femtosecond measurements are performed for both 2 and 3; the spectra and the 

kineticc traces for the selected probe wavelengths are shown in Figures 5 and 6 later in 

thiss section. 
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5.33 Time-resolved Spectroscopy 

Ass the emission results indicate the presence of a charge separated state, 

nanosecondd transient absorption in dichloromeihane was performed with compound 2. 

Thee aim was to observe the formation of the transient species as a result of 

photoinduccdd charge separation. It was observed that this process is faster than the 

responsee time of the nanosecond equipment (ca. 1-2 ns) and the spectrum of 

compoundd 2. excited at 540 nm. in deaerated dichloromethane is depicted in Figure 4. 

Thee bands in Figure 4 are assigned as follows: the negative peaks centered at 450 

andd 580 nm belong to the ground state bleaching of the perylene bisimide moiety. The 

smalll  positive peak between 470 and 510 nm is the area where the radical cation 

absorptionn of the pyrene (around 470 nm)4S is expected. 'The S|—>S,-, perylene 

bisimidee excited state transition centered at 720 nm and the strong signal of radical 

anionn of the perylene unit around S00 nm4"'4' can be seen in the spectrum. 

0.15--

-0.2111 -

Slid d 

XX (nm) 

Fi»uree 4. Nanosecond transient spectra of compounds 2 in deaerated dichloromethane; first 

trucetruce is 2 ns after laser pulse, with 2 ns increments (A,,x = 540 nm. 2 ns FWHM). 

Thee kinetic analysis of the data results in x = 3.8 ns. The spectrum recorded in 

aeratedd dichloromethane was found to be analogue to the one in Figure 4 and similar 

decayy values (T = 3.6 ns) were obtained. According to these data, no effect of oxygen 

iss observed and no long-lived triplet state is detected. 
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Electronn and Energy Transfer Processes in Bichromoplioric Pyrene-Perylene Bisimide 

Itt is clear that nanosecond transient absorption spectroscopy does not give 

informationn on the fast forward energy and electron transfer processes. For this 

purpose,, the femtosecond transient absorption spectra of compounds 2 and 3 are 

recordedd and kinetic results belonging to 2 in dichloromethane are depicted in Figures 

55 and 6. 

Inn the reference compound 3, the transient absorption spectra show an intense 

bleachingg at 590-600 nm and a strong Sf->Sn perylene excited state transition 

centeredd at 725 nm. In this time scale no recovery of the ground state was observed 

because,, as previously mentioned, the excited state lifetime is in the nanosecond time 

regime. . 

Thee femtosecond transient absorption spectra of compound 2 contain a wealth of 

informationn in which the singlet singlet absorption (S|-»S„) of the pyrene (at 482 and 

5144 nm), the radical cation of the pyrene (around 470 nm).4*  the ground state 

bleachingg of the perylene (between 500 and 650 nm), and the radical anion of the 

perylenee (around 800 nm)4043 can be observed. Comparison with model compound 3 

clearlyy indicates that the charge-separated state consisting of the radical anion of 

acceptorr and the radical cation of the donor is formed within 200 ps. The 

spectroelectrochemistryy performed on a similar bay-functionalized perylene 

bisimide411 confirms the 700-800 nm band of the radical anion of the perylene. 

Femtosecondd transient absorption spectra obtained by excitation at 345 nm and 575 

nmm were recorded. Kinetic profiles of the transient of compound 2 were probed at 590 

nmm and 785 nm in the case of Xcx = 345 nm, and 725 and 780 nm upon excitation at 

5755 nm. 

134 4 



5.33 Time-resolved Spectroscopy 
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Figuree 5. Femtosecond transient spectra of compounds 3 (above, (A)) and 2 (below. (B)) in 

dich/oromethane.dich/oromethane. time delays corresponding to frames are written in the spectra (Alx = 345 

nm.nm. 130 fs FWHM). (C) Kinetic profile of the transient absorption determined at 590 nm. (D) 

KineticKinetic profile of the transient absorption determined at 7H5 nm (See Appendix for colour 

representations). representations). 
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Electronn and Energy Transfer Processes in Bichromuphoric Pyrene-Perylene Bisimide 

Ass discussed earlier, excitation at 345 nm can lead to energy and/or electron 

transferr processes. As can be seen in Figure 5b. after excitation at 345 nm. first the 

absorptionn of Si—»Sn transition of the pyrene excited state was observed411 in the first 

picosecondss with maxima at 482 and 514 nm. Subsequently, the energy transfer 

processs can be observed from the pyrene moieties to the perylene unit because the 

bleachingg of the perylene moiety around 590 nm indicates the formation of the 

excitedd state of the perylene. The pyrene radical cation is formed at 470 nm with a 

shoulderr at 489 nm. According to the kinetic profile at 519 nm (data not shown here). 

thee pyrene singlet excited state decays in 0.13 ns corresponding to the 0.12 ns rise 

timee at 590 nm (ground state bleaching. Figure 5b, inset C). This kinetics is very 

muchh in line with the decay measured by the time-resolved emission spectra. On the 

similarr time scale of the energy transfer process, an efficient electron transfer is 

observed,, as shown by the formation of the radical anion at 785 nm and the radical 

cationn at 470 nm. Analysis of the kinetics at 785 nm gives 0.16 ns rise time (Figure 

5b,, inset D) followed by a longer decay time {1.7 ns). A similar long component was 

observedd at 590 nm (1.4 ns) and it is assigned to the decay to the ground state. As can 

bee understood from these values, the energy and electron transfers have almost the 

samee rates. 

Inn the case of excitation of the compound 2 at 575 nm, where only the perylene 

moietyy absorbs, energy transfer cannot be observed. Excitation causes the formation 

off  both the strong absorption at 725 nm due to the S|—>Sn transition of the perylene 

bisimidee and the bleaching at -580-590 nm due to the depopulation of the ground 

statee (Figure 6). The spectral changes indicate the formation of the radical anion of 

thee perylene bisimide and the radical cation of pyrene that are formed within 70 ps 

afterr excitation. The kinetic profile at 725 nm (Figure 6, inset A) results in a 

monoexponentiall  decay with a value of 0.90 ns due to the back electron transfer to 

reestablishh the ground state. Kinetic data obtained according to the 472 (data not 

shown)) and 780 (Figure 6. inset B) nm transients give 0.070 and 0.078 ns rise times 

correspondingg to the radical cation and anion formations, respectively. As can be seen 

fromm the kinetic traces at 780 nm in Figure 6, inset B, the formed charge-separated 

speciess decays on the longer time scale. A summary of the decay times for compound 

22 is provided in Table 2. Kinetic results at 590 and 720 nm showed additional very 

136 6 



5.33 Time-resolved Spectroscopy 

fastt components. -3.5 and 7 ps, which can be attributed to the vibrational, solvent 

relaxationn according to literature discussions.36'50 

Figuree 6. Femtosecond transient spectrum of compounds 2 in dichloromethane, lime delays 

correspondingcorresponding to frames are written in the spectra (X^- 575 nm, 130 fs FWHM). Kinetic 

profilesprofiles of the transient ahsorhance of compound 2 determined at 725 (A) and 780 nm (B) in 

dichloromethanedichloromethane (See Appendix for colour representations). 

Tabicc 2. Summary and comparison of the decay times of 2 in dichloromethane with two 

differentdifferent techniques." 

Ui(nm) ) 

Trisee ( n S) 

Tdcca,, ( n s) 

Time-resolvedd emission 
spectroscopy'' ' 

400 0 

0.24 4 

650 0 

0.20 0 

1.0 0 

590' ' 

0.12 2 

1.4 4 

Femtosecondd transien 

785" " 

0.11 6 

1.7 7 

spect t 

725'' ' 

0.90 0 

roscc c P> > 

781'' ' 

0.078 8 

2.1 1 

''All''All  data were recorded in dichloromethane. ' Acx = 324 nm, ' /tt,, = 345 nm. '' Acx = 

575575 nm. According to the data recorded at 590 and 725 nm. also very fast 

componentscomponents of 3.5 ps and 7 ps. respectively were observed for compound 2. 
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Electronn and Energy Transfer Processes in Bichromophoric Pyrene-Perylene Bisimide 

Comparisonn between the transient absorption spectra recorded at the two different 

excitationn wavelengths suggests the following conclusion: At 345 nm. the first 

observedd process is the excitation of the pyrene followed by an efficient energy 

transferr to the perylene moiety. However, the population of the excited state of the 

perylene.. reflected in its singlet-singlet absorption at 725 nm. is much lower than 

expectedd (see spectra recorded at 575 nm excitation), because an electron transfer 

occurss at the same time scale as the energy transfer. 

Itt is interesting to notice that no (faster) direct electron transfer from the excited 

pyrenee to the perylene acceptor is observed. Flection transfer occurs after energy 

transfer,, leading to population of the perylene singlet excited state. The reason for the 

absencee of a direct photoinduced electron transfer could be the extremely exergonic 

processs (AG = -1.38 eV, A. = 0.44 cV. AC' = 0.51 eV) that results in a slow electron 

transferr process since it falls in the Marcus inverted region.'1 

Thee processes occurring upon excitation of 2 with either visible or UV light are 

depictedd in the energy diagram in Scheme 3. 

,,, r. (C\ I 

Pvrene*-Pcrylene e 

A<.=-0.0611 eV 

l'%% rone-Perylcne' 
tt = 0.078 ns 

// IV -Per" 

'WW 0.12 / k , 
kii  T = 2 I ns 

Pyrene-- Pcrylen Pvrene-- Pervlenc 

Schemee 3. Energy level diagrams of compound 2 in diehloromelhane showing energy and 

electronelectron transfer pathways, excitation from pyrene (left) and perylene (right) units. (All r 

valuesvalues are experimentally observed results in the scheme, see text for further information!. 

Thee rates observed for the energy transfer process obtained with transient spectra 

andd time-resolved emission experiments are very close to each other (kcn= 8.3 x 10 s 

';; ken= 4.2 x 109 s"!. respectively). On the contrary, there is a clear difference between 

13S S 



5.33 Tinic-resolved Spectroscopy 

thee apparent rates obtained for the electron transfer process. With time-resolved 

emission,, rates are obtained of 8.4 x 10s s ', and transient absorption indicates an 

experimentall  rate of formation of the charge transfer state of 6.6 x 10 s" (from 345 

nmm excitation). 

Thee difference in apparent rates must be attributed to a delayed luminescence from 

thee perylene singlet excited state, which is in equilibrium with the charge transfer 

state.. Because of the presence of such equilibrium, the charge separated state decay 

timee and the fluorescence lifetime of the perylene moiety have a similar value (1.0-2.0 

ns).. The charge separated state indeed lies at energy levels comparable with the 

singlett excited state of the perylene (see Scheme 3). Therefore, equilibrium between 

thee two states is observed that is responsible for the observed rate of the two 

processes. . 

Thee individual rate constants in case of excitation of the perylene moiety can be 

calculatedd using the kinetic model outlined in Scheme 3. The model is represented by 

thee following system of equations: 

- •• kj + k2 + k ? . + k 3 + /(kj + k 2 - k 3 - k 2 - ) + 4-k2 k2. = Kj 

—— k, + k2 + k2.+ k 3 - J ( k ] + k 2 - k 3 - k 2 . } ~ + 4-k2-k21| = ic2 

11 - 9 
6.3xx 10 

k2, , 

wheree Ki and K2 are the experimentally observed rate constants. Because it is not 

possiblee to obtain four constants from the biexponential fit, the value of kt was taken 

fromm the fluorescence decay rate of the model compound (3). The equilibrium 

constantt k2/k2- was calculated from AG = - RT In Kcq using AG = -0.061 eV (see next 

section,, Table 3) at T = 295 K. The solution of the equations yields the individual 

ratee constants kj - 1.59-10s s\ k2 = 1.16-I01" s\ kr - 1.05-10* s'1, and k-, = 5.06-10" 

s ' .. As the results clearly suggest, there is an equilibrium established between the 

charge-separatedd state and the singlet excited state of the perylene bisimide. Note that 

k :: and k2- are the forward and backward rate for the equilibrated states, respectively. 
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Electronn and Energy Transfer Processes in Bichromophoric Pyrene-Perylcne Bisimide 

5.3.33 Estimation of the Donor -Acceptor Distance in Compound 2 

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

radiuss between donor and acceptor groups can be calculated." 

Ass it was discussed in Chapter I, the rate of energy transfer depends upon the 

extentt of spectral overlap of the emission spectrum of the donor with the absorption 

spectrumm of the acceptor, the quantum yield of the donor, the relative orientation of 

thee donor and acceptor transition dipoles. and the distance between the donor and 

acceptorr molecules/- Since we think that there is a Förster type energy transfer, the 

distancee between donor (D) and acceptor (A) plays an important role. The rate of 

energyy transfer from a donor to acceptor is given by 

kcnn = (Rl)/R)f,kD (1) 

and d 

kD=l/TDD (2) 

wheree TD is the decay of the donor in the absence of acceptor, Ry 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/3'51 

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

bee used 

RoRo = Q.2l\[vr n'4 4>aJ(A)]1 h (3) 

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

thee refractive index of the medium, On is the quantum yield of the donor in the 

absencee of acceptor and JfA) is the overlap integral of the donor emission and the 

acceptorr absorption (see Figure 7).Once Rn is calculated from these experimentally 

knownn values, the distance between donor and acceptor can be easily obtained. 
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5.33 Time-resolved Spectroscopy 

3000 350 400 450 500 550 600 650 

XX (nm) 

Figuree 7. Overlap integral (shaded area) for energy transfer from pyrene donor to peryiene 

acceptoracceptor in dichloromethane, R„  = 34.3 A. 

Fromm our experimental values. Ro is calculated using eq (3) as 34.3 A, where. K~ = 

2/3,, n (DCM)= 1.4240. d>D = 0.65 and J = 1.75 x 1014 M ' W n m 4 . It should be noted 

thatt because the emission of the pyrene group attached to peryiene moiety has a rather 

noisyy signal, for the spectral overlap. JfA). the emission spectrum of the pyrene itself 

wass used. It was found that theJ(A) value did not change significantly. 

Knowingg the values of T D as 650 ns, the energy transfer rate as 6.2 x 10 s" and Ro. 

thee donor-acceptor distance (R) can be calculated by using eqs 1 and 2. This leads to a 

valuee of 8.6 A. 

5.3.44 Temperature Dependent Time-resolved Emission Spectroscopy 

Havingg established the photoinduced processes in compound 2. we decided to study 

thee temperature dependence of the lifetime of the peryiene bisimide acceptor unit with 

time-resolvedd emission spectroscopy. The aim is to gain information on the energetics 

off the system and to determine the barrier for the photoinduced electron transfer 

processs experimentally. 

Thee excited state lifetimes of compound 2 have been measured at temperatures in 

thee range between 295 and 182 K and were analyzed using a modified Arrhenius plot 

(seee Figure 8). From the slope of ln(kc,T" ) vs I T . the value of AG" can be 
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estimated.. The lifetime of the compound 3 was used as a reference, and its lifetime 

uponn temperature change was taken into account in dichloromethane (6.3 ns around 

roomm temperature and 5.9 ns at the lowest temperature). 

24- ,, 1 

- V ^ .. barrier = 0.0805 eV 
2 3 -- ^ - « ^ ^ 

 \ 

X ,, 2 1 - \ 

_cc \ 
2 00 " barrier = 0.422 eV \ 

19"" \ 
11 1 . 1 1 1 1 1 1 1 

0.00300 O.0035 0.0040 0.0045 0.0050 0.0O55 

11 n 

Figuree 8. Modified Arrhenius plot for photoinduced charge separation of 2 in 

dichloromethane,dichloromethane, with two harrier values. 

Alll the data are summarized in Table 3. in which x is the lifetime of the perylene 

emissionn obtained from the decay at 650 nm after excitation at 324 nm. kts is the rate 

constantt calculated according to the equation below; 

kcs== l/X- l/Tref 

wheree compound 3 was used as reference. X, AGCS and AG" are calculated by using 

thee Marcus model. 3 

Inn Table 3 the change of the lifetime of the perylene emission with temperature can 

bee observed, and it approaches the value of the reference system at around 180 K. 
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Tablee 3. Acceptor Lifetime ut 650 nm and Rates of Charge Separation in Dichloromethune. 

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

separation)separation) and AG (Gibhs free energy change for electron transfer barrier) at Various 

Temperatures, Temperatures, 

experimentall calculated 

T(K ) ) 

295 5 

281 1 

270 0 

263 3 

252 2 

242 2 

232 2 

222 2 

212 2 

202 2 

193 3 

182 2 

x(ns ) ) 

att  65 0 n m 

1.0 5 5 

1.2 2 2 

1.3 4 4 

1.4 0 0 

1.6 2 2 

1.8 1 1 

1.9 1 1 

2.0 6 6 

2.3 2 2 

2.9 0 0 

4.2 2 2 

5.5 2 2 

K>K>  (10 s s' ) 

7.9 4 4 

6.5 8 8 

5.8 8 8 

5.5 3 3 

4.5 7 7 

3.8 5 5 

3.5 7 7 

3.1 9 9 

2.6 5 5 

1.7 4 4 

0.6 7 7 

0.1 2 2 

AG„„  (eV ) 

-0.06 1 1 

-0.06 4 4 

-0.06 6 6 

-0.06 7 7 

-0.06 9 9 

-0.07 1 1 

-0.07 3 3 

-0.07 5 5 

-0.07 7 7 

0.05 4 4 

0.04 5 5 

0.03 6 6 

MeV) ) 

0.43 6 6 

0.43 7 7 

0.43 8 8 

0.43 9 9 

0.44 0 0 

0.44 1 1 

0.44 1 1 

0.44 2 2 

0.44 3 3 

1.59 3 3 

1.59 6 6 

1.59 8 8 

A G""  (eV ) 

0.08 1 1 

0.08 0 0 

0.07 9 9 

0.07 9 9 

0.07 8 8 

0.07 7 7 

0.07 7 7 

0.07 6 6 

0.07 6 6 

0.42 6 6 

0.42 2 2 

0.41 8 8 

TheThe temperature dependence of dielectric constant and refractive index were 

calculatedcalculated according to the following equations55: £(T) = 40.452 + T(0.()0023942 x 

T-0.17748)T-0.17748) and n(T) = I.4244-().000562(T-293). RC,.9 = 4.5A. Rci0.l2= It A. r = 4 A. 

A,A, = 0.2 eV. Eax = 1.6 Vvs. SCE and £ m / = -0.49 Vvs. 5C£.43 Em = 2.1 eV. 

Furthermore,, the deduced electron transfer rates are presented. With these rates the 

modifiedd Arrhenius plot is constructed, and it clearly shows two temperature regions, 

wheree a different behavior is found (see Figure 8). The data were fitted using two 

seriess of data, between room temperature and 212 K, and between 202 and 182 K. 

Thesee fits result in two barrier values. The lower barrier value {0.08 eV) is most 

representativee as the time-resolved studies were performed at room temperature, 

whilee a barrier of 0.42 eV was obtained for the lower temperatures range. An intercept 

off 26.5 {= In kopt) was obtained. 

AA similar trend in lifetime of perylene bisimide at 650 nm has been observed in a 

moree polar solvent, butyronitrile, upon going from room to low temperatures. The 

modifiedd Arrhenius plot resulted in two barrier values for two separate temperature 
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rangess (see Figure 9) (ir,,t = 5.05 ns in butyronitrile at RT). The barriers for the 

electronn transfer are calculated as 0.18 and 0.38 eV at room temperature and lower 

temperaturee ranges, respectively. The main reason to perform this experiment is to 

rulee out any specific solvent effect in dichloromethane. It is clear that the existence of 

twoo barriers is a property inherent to compound 2 and is not due to a solvent effect. 

v v 

barrierr = 0.178 eV 

barrierr = 0.380 eV 

0.00400 0.0044 0.0048 

1/T T 

Figuree 9. Modified Arrhenius plot for photoinduced charge separatum of 2 in butyronitrile, 

withwith two barrier values. 

Onn the right side of Table 3. calculated values for the driving force (AGCS) in 

dichloromethane.. the reorganization energy (A.), and the barrier to electron transfer 

(AG")) are presented, using the standard Rehm-Weller approach. In combination with 

thee Marcus model. Under Table 3. the redox data, singlet state energy (Eon), and 

temperaturee correction for /; and F are described. Good agreement between the 

calculatedd and experimentally observed barriers for electron transfer was obtained by 

adjustingg the center-to-center distance (Rc) between the two chromophores in the 

barrierr calculation. As indicated, an Rt. value of 4.5 A was used for the first 9 data 

pointss (the high temperature region), and a value of 11 A for the last three data points 

(thee low temperature data set). 

Thiss analysis thus allows for an interpretation of the two barriers, relating them to 

twoo possible conformations of compound 2. These two conformations can be (i) a 

foldedd one with an average center-to-center (Re) distance between the pyrene and 

perylenee groups of about 4.5 A and (ii) a stretched conformer with Rc = 11 A at low 

temperature. . 
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5.44 Conclusions 

Itt is found that the barrier is temperature dependent and this could be related to 

conformationall changes of the compound as temperature is lowered; i.e.. at low 

temperaturee a smaller number of conformations is present, which have on average a 

largerr interchromophore distance than at room temperature 

Thee temperature dependence of the pyrene emission was also monitored over the 

samee temperature trajectory and was found to be virtually temperature independent. 

Thee lifetime ranges from 256 ps at room temperature to 370 ps at the lowest 

temperature.. The barrier for energy transfer obtained from the (linear) modified 

Arrheniuss plot is calculated to be 0.03 eV. This is in agreement with the temperature 

behaviorr of Förster type energy transfer.47 

5.44 Conclusions 

Thee photophysical properties of a building block that can be used in metalto-

supramolecularr architectures, like squares, triangles and other assemblies, have been 

established.. Fast photoinduced energy transfer (kon ~ 6.2 x 104 s ', average value) 

withh a high yield (>90 %) is followed by efficient electron transfer (70 %, ket = 6.6 x 

1044 s ), Both processes occur from the pyrene unit to the perylene moiety. 

Picosecond-resolvedd emission and transient absorption spectroscopy give clear 

evidencee for the occurrence of these two processes. 

Determinationn of the barrier to electron transfer yields a relatively low value of 

0.088 eV at room temperature, but a higher barrier of 0.42 eV is observed in a lower 

temperaturee trajectory. This behavior can be explained by assuming two possible 

conformations,, in which the center-to-center distance ranges from 4.5 to 11 A, The 

latterr is preferred at low temperature and is in accordance with a more stretched 

conformation. . 

Whereass the temperature dependence indicates the presence of more 

conformations,, the time-resolved studies at room temperature give an image of an 

averagee conformation, without components attributable to individual (stretched or 

folded)) conformations. 

Thee time-resolved and steady state emission gives clear proof of energy transfer 

fromm the pyrene to the perylene bisimide. Förster distance is calculated to be 34.3 A 

andd the corresponding donor-acceptor distance is calculated from the energy transfer 
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ratee as 8.6 A. No indications for energy hopping between different pyrene moieties 

aree observed. Furthermore, the femtosecond transient absorption data does not give an 

indicationn of very fast, direct electron transfer (circumventing the energy transfer to 

thee perylene unit), due to Marcus inverted region effects (AG = -1.38 eV. X = 0.44 eV, 

AG"" = 0.51 eV). Clearly, a direct photoinduced electron transfer upon pyrene 

excitationn (Eoo = 3.42 eV) is not fast enough to compete with energy transfer due to a 

highh electron transfer barrier. 

Thuss a functional photoactive building block has been obtained that displays two 

processes,, energy transfer and electron transfer, and the effects of supramolecular 

organizationn on these processes can now be pursued. 

5.55 Experimental Section 

Dichloroinethanee and toluene are spectroscopic grade and purchased from Acros and Merck 

Uvasol.. Butyronitrile was dried over CaH: and freshly distilled under nitrogen prior to use. 

5.5.11 Synthesis 

Alll the compounds subject to study were synthesized in the group of Prof. F. Wiirthner by A. 

Sautterr and R. Dobrawa at the University of Würzburg (Germany). 

Thee pyrene-perylene bisimide system 2 was obtained from jV./V'-Di(4-pyridyl)-1,6,7,12-

tetra(4-hydroxyphenoxy)pery)ene-3,4:9.10-tetracarboxylicc acid bisimide ( l ) s and pyrene 

butyricc acid by DCC/DPTS-promoted esterification according to the method of Moore and 

Stupp/l)'(,°° The reaction is carried out in dichloromethane at room temperature, and typically 

yieldss higher than 90% per coupling step can be achieved/"''" Here, by reacting perylene 

bisimidee 1 with pyrene butyric acid, the tetra-pyrene-perylene bisimide dye 2 was obtained in 

40%% yield after purification by chromatography. In the same way. reference compound 3 was 

obtainedd in 57% yield by reacting 1 with hexanoic acid. Thus, a relatively easy and flexible 

methodd for the synthesis of perylene based functional supramolecular building blocks is 

achieved. . 

5.66 Instrumentation 

5.6.11 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 
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spectrofluorometerr equipped with two double monochromator (excitation and emission) and 

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

withh respect to N,N'-bis(2,5-di-tert-butylphenyl)-3,4.9,10-perylenebis(d]carboximide) (DBP1) 

(0.9KK in acetonitrile)4" and N.N,-di(2.6-diisopropylphenyl)-l,6,7,I2-tetraphenoxyperylene-

3,4:9,10-tetracarboxylicc acid bisimide (0.96 in chloroform)'*4 for the perylene emission in 

toluenee and dichloromethane. respectively. For the pyrene emission, anthracene (0.27 in 

ethanol)"11 was used as a reference in optically diluted solutions. 

5.6.22 Time-resolved Spectroscopy 

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

countingg (SPC) setup. The frequency doubled (300-340 nm. I ps. 3.X 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 decay times of 5 ps- 40 ns. The 

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

functionn using the Fluofit (PicoQuant) windows program. For the low-temperature lifetime 

measurementss an Oxford-instruments liquid nitrogen cryostat (DN704) was used in 

combinationn 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 [iJ pulse"1 (130 fs FWHM) with a repetition 

ratee of I kHz. A circular cuvette (d = 1.8 cm, 1 mm, Hellma), with the sample solution, was 

placedd in 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. All photophysical properties 

reportedd here have an error bar of 5 to 10 %. The energy barrier for electron transfer can be 

estimatedd experimentally in dichloromethane for compound 2, and the rate of electron transfer 

cann be estimated according to the classical Marcus theory described in Chapter 1. 
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