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Photoinduced Charge Separation Prompted Intervalence Charge Transfer in a 

Bis(thienyl)diketopyrrolopyrrole Bridged Donor-TCBD Push-Pull System 

Faizal Khan,[a]‡ Youngwoo Jang,[b]‡ Yuvraj Patil,[a] Rajneesh Misra[a]* and Francis D’Souza[b]* 

Abstract: Intervalence charge transfer (IVCT), a phenomenon 

observed in molecular systems comprised of two redox centers 

differing in oxidation states by one unit, is reported in a novel, newly 

synthesized, multi-modular donor-acceptor system comprised of 

central bis(thienyl)diketopyrrolopyrrole (TDPP) hosting two 

phenothiazine-tetracyanobutadiene (PTZ-TCBD) entities on the 

opposite sides.  One-electron reduction of TCBD promoted electron 

exchange between the two TCBD resulting in IVCT transition in the 

near-infrared region.  The stabilization energy, -Gcom and 

comproportionation equilibrium constant, Kcom calculated from peak 

potentials of the split reduction waves were found to be 1.06 x 104 

J/mol, and 72.3 M-1, respectively.  Further, the IVCT transition was 

also witnessed during the process of thermodynamically feasible 

electron transfer upon excitation of the TDPP entity in the system, and 

served as a diagnostic marker to characterize the electron transfer 

product. Subsequent transient absorption spectral studies and data 

analysis by Global and Target analyses revealed occurrence of 

ultrafast charge separation (kcs ~ 1010 s-1) owing to the close proximity 

and good communication between the entities of the multi-modular 

donor-acceptor system.  The role of central TDPP in promoting IVCT 

is borne out from the present investigation. 

Introduction 

Intervalence (or charge resonance) compounds[1-4] 

consisting of two redox centres with 

different oxidation states connected by 

a bridge are model systems to study 

fundamentals of electron transfer 

events, and also in developing the field 

of single molecule electronics.[5]  

Originally, observed in inorganic bis-

Ruthenium Creutz-Taube type 

complexes, organic systems are also 

known to exhibit such phenomenon.[1]  

Charge localization and delocalization 

is of importance in mixed valence 

systems.  For one-electron mixed 

valence compounds comprised of two 

redox sites connected by a bridge, two 

extreme cases, viz., Rn+-bridge-R(n+1)+ 

(complete localization), and R(n+0.5)+-bridge-R(n+0.5)+ (full 

delocalization), and anything in between is possible.  Per Robin 

and Day classification,[6a] Completely localized systems belong to 

class I, fully delocalized systems are class III, and systems in 

between belong to class II.  Simple classical theory predicts for 

class II type to exhibit a highly solvent dependant Gaussian type 

intervalence charge transfer (IVCT) band in the near-infrared 

region due to optically induced transfer of the charge from one 

redox centre to the other.  In contrast, for class III type, the IVCT 

to be asymmetrical (possibly with vibrational fine structure) and 

largely solvent independent.[6b,c]  

 3,6-Diaryl-1,4-diketopyrrole[3,4-c]pyrroles (DPPs) are a 

class of fluorescent compounds known for their strong visible light 

absorption, photochemical stability, and relatively high carrier 

mobility.[7]  Consequently, they have been widely used in organic 

electronic applications including singlet fission of producing two 

triplet excitons in a spin-allowed manner by absorption of a single 

photon, photovoltaic devices for harvesting light energy and field 

effect transistors.  DPPs can be relatively easily modified at the 

2,5-N-lactam or 3,6-aryl group sites for tuning their electronic and 

photonic properties.  Among the functionalized DPPs, 3,6-

bis(thiophen-2-yl)diketopyrrolopyrroles (TDPPs), are one of the 

commonly employed DPP derivatives due to their ease of further 

functionalization.[8]   

Figure 1. Structure of the bis(thienyl)diketopyrrolopyrrole (TDPP) 

bridged with two phenothiazine-tetracyanobutadiene, (PTZ-TCBD) 

intervalence charge transfer (IVCT) system investigated in the present 

study, and the control compounds employed to establish occurrence 

of IVCT upon one-electron electrochemical reduction, and through the 

process of photoinduced electron transfer. 

Strongly interacting push–pull donor-acceptor systems 
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molecular entiteis are known to yield a new type of optical 

transition in the visible/near-infrared region called intramolecular 

charge transfer (ICT) that is different from the normal − type 

transitions of individual -systems (locally excited, LE, transitions) 

and the above mentioned IVCT transitions.[9] One of the 

established approaches of synthesizing covalently linked push-

pull ICT systems involves linking strong electron acceptors such 

as tetracyanoethylene (TCNE) or tetracyano-quinodimethane 

(TCNQ), via a highly facile, catalyst-free [2+2] cycloaddition-

retroelectrocyclization reaction involving ethynyl functionalized 

electron donor molecules.[10-13]  Few studies, 

including some from our groups,[13] have 

reported on multi-modular push-pull systems 

by this approach, and have reported on 

excited state charge transfer events.[12-14] 

In the present study, one of the 

fundamental questions we would like to 

address is whether multi-modular systems 

carrying two or more ICT exhibiting push-pull 

entities, connected through a central bridge, 

are able to produce intervalence charge 

transfer (IVCT) upon reducing one of electron 

acceptor entities via the process of charge 

resonance? Although such transition was 

envisioned earlier,[15] no experimental proof 

was provided.  The next question we would 

also like to address is whether such IVCT 

band could serve as a diagnostic marker in identifying product of 

photoinduced electron transfer and help in evaluating kinetics of 

such event? With this in mind and knowing the ICT exhibiting 

properties of Donor-TCBD 

complexes, and the relative ease of 

additional functionalization of TDPP 

via the thienyl entities, we have newly 

designed and synthesized a multi-

modular system, 1, shown in Figure 1.  

This system is comprised of two 

phenothiazine-tetracyanobutadiene, 

PTZ-TCBD, ICT exhibiting donor-

acceptor entities symmetrically 

connected to the central TDPP (also 

abbreviated as ((PTZ-TCBD)2-TDPP, 

1).  Several control compounds were 

warranted to establish the envisioned 

goals.  Compounds 2 and 3 

comprised of only one PTZ-TCBD are 

the control compounds needed to 

prove occurrence of IVCT transition in 

1 in the near-IR region via electron 

exchange upon reducing one of its 

PTZ-TCBD entities.  However, owing 

to the presence of a single PTZ-TCBD entity in 2 and 3, these are 

expected to show an ICT band in the visible region but not IVCT 

transition in the near-IR region upon reduction. Compounds 4 and 

5 are the control compounds lacking TCBD showing no ICT in the 

ground state or IVCT upon reduction.  Finally, compounds 6 and 

7 are control PTZ and TDPP needed for their spectral 

characterizations. 

Results and Discussion 

Synthesis 

The synthesis of ethynyl bridged phenothiazine 

functionalized TDPPs, 4 and 5 are outlined in Scheme 1. The 

monobromo TDPP, dibromo TDPP, and ethynyl phenothiazine 

were synthesized as per reported procedure.[16] The Sonogashira 

cross-coupling reaction of the monobromo TDPP (TDPP-1Br) 

and dibromo TDPP (TDPP-2Br) with 1.1 and 2.2 equivalents of 

ethynyl phenothiazine resulted in the formation of unsymmetrical 

4 and symmetrical 5 in 69% and 73% yields, respectively.  

Scheme 1. Synthetic scheme of compounds PTZ-TDPP, 4 and 

TDPP-(PTZ)2, 5.  

Scheme 2. Synthetic scheme of compounds (PTZ-TCBD)2-TDPP, 1, 

PTZ-TDPP-(TCBD-PTZ), 2 and PTZ-TCBD-TDPP, 3. 

The synthesis of TCBD bridged TDPPs (1, 2 and 3) are 

outlined in Scheme 2. The reaction of PTZ-TDPP, 4 with 

tetracyanoethylene (TCNE) in dichloromethane solvent at 40 °C 

for 8 hours resulted PTZ-TCBD-TDPP, 3 in 91% yield. Compound 

TDPP-(PTZ)2, 5 when reacted with controlled equivalents of 

TCNE in dichloromethane solvent at 40 °C for 8 hours, resulted in 

the formation of (PTZ-TCBD)2-TDPP, 1 and PTZ-TDPP-(TCBD-
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PTZ), 2 in 87% and 61% yields, respectively. Compound PTZ, 6 

was synthesized by the Sonogashira cross-coupling reaction of 

ethynyl phenothiazine with 2-bromothiophene in the presence of 

Pd(PPh3)2Cl2 catalyst in 84% yield. The Sonogashira cross-

coupling reaction of TDPP-2Br with ethynylbenzene in the 

presence of Pd(PPh3)2Cl2 catalyst resulted in the formation of 

TDPP, 7 in 67% yield (Scheme S1). Owing to the presence of two 

N-C8 alkyl chains on TDPP, these compounds were found to be 

readily soluble in common organic solvents such as chloroform, 

toluene, dichloromethane, and were fully characterized by 1H and 
13C NMR and HRMS techniques (see Figures S13–S33 in SI). 

Optical absorption and emission studies 

Figure 2a illustrates the absorption spectrum of the 

investigated compounds, normalized to the intense visible peak 

maxima, in benzonitrile.  Compound 6 having no TDPP or TCBD 

exhibited two peaks at 309 and 358 nm corresponding to the 

thiophene functionalized PTZ while for compound 7, the main 

peaks were at 571 and 616 nm due to TDPP absorption. For 

compounds 4 and 5 having one and two PTZ connected to TDPP, 

the spectral features were different due to additional contributions 

from TDPP.  For 4 having a single PTZ and a TDPP group, peaks 

of PTZ at 305 and 359 nm, and at 555 and 590 nm due to TDPP 

were observed.  For 5 having two PTZ entities attached to the 

central TDPP, all the peaks were red-shifted considerably (~ 40 

nm) suggesting some intramolecular type interactions between 

PTZ and TDPP entities.  Finally, for compounds 1 and 2, where 

one and two ICT exhibiting PTZ-TCBD entities were connected to 

the central TDPP, red-shifted spectral features were observed. 

Visible peak maxima at 753 nm for 1, and at 736 nm for 2 was 

observed.  Interestingly, for 3, having only a single PTZ-TCBD 

arm, the peak maxima was located at 694 nm, however, 

compared to 4 (its control lacking TCBD), this peak was red-

shifted by over 100 nm due to ICT contributions of PTZ-TCBD.  

The results are summarized in Table 1 and nicely demonstrate 

how the number of -extending ethyl arms, number of PTZ, and 

number of PTZ-TCBD attached to on central TDPP govern the 

optical absorption features of the studied compounds.  

Figure 2b shows fluorescence spectra of the investigated 

series of compounds, excited at their respective visible peak 

maxima.  No fluorescence from TDPP compounds containing 

highly electron deficient TCBD (compounds 1 to 3) was observed 

indicating occurrence of excited state events.[17] In contrast, 

compounds 4 and 5 revealed weaker fluorescence compared to 

7 originating from the TDPP entity.  Compound 6, having only a 

PTZ entity revealed PTZ centered emission at 484 nm.  

Expectedly, the fluorescence lifetimes also showed such a trend 

(see Figure 2b inset for decay profiles).  Lifetimes measured by 

the time correlated single photon counting (TCSPC) technique 

using nanoLED pulsed excitation sources revealed 

monoexponential decays for 4–7.  Lifetime of 6 was found to be 

4.77 ns while that of 5 having two PTZ entities it was 0.16 ns and 

that of 4 having a single PTZ entity was 0.18 ns.  These results 

indicate quenched singlet emission in 4 and 5 compared to that in 

7 (3.17 ns) suggesting excited state events, most likely charge 

transfer type between relatively electro deficient TDPP and 

electron rich PTZ entities (vide infra). 

Figure 2. (a) Optical absorption and (b) fluorescence spectra of the 

indicated compounds in benzonitrile. Samples were excited low 

energy visible peak maxima.  Fluorescence decay profiles of 4, 5, 6, 

and 7 are shown in Figure 2(b) inset.   

Similar absorption spectral trends were observed in 

nonpolar toluene; however, notable changes were observed in 

fluorescence.  While fluorescence of compounds 1–3 was 

quantitatively quenched, for compounds 4 and 5 the quenching 

was considerably low. This was also the trend in the lifetimes, the 

lifetime of 4 was 2.88 ns while that of 5 it was 2.73 ns compared 

to that of 7 being 3.17 ns. These results suggest moderate level 

of excited state interactions in 4 and 5 in nonpolar toluene.  

Spectra in toluene are shown in Figure S1 and the data are 

summarized in Table S1.   

Electrochemistry and Spectroelectrochemistry 

Electrochemical studies coupled with spectro-

electrochemical studies play a pivotal role in visualizing 

occurrence of intervalence (electron exchange) in multi-modular 

systems carrying two or more electron donor or electron acceptor 

entities.  In the case of fully delocalized class III type systems or 

in between class II systems, reduction or oxidation of one of the 

two redox active entities would split the peaks whose peak 

separation would depend on the degree of interaction between 

the two redox active entities.  For class I type systems, since the 

two redox centres are fully localized, the redox processes are 

expected to occur at the same potential without revealing any 

splitting.  Electrochemical properties were probed using both 

cyclic (CV) and differential pulse voltammetry (DPV) techniques 

in DCB containing 0.1 M (TBA)ClO4 and the potentials were 

references to Ag/AgCl.  The former technique was primarily used 



COMMUNICATION          

4 

 

to verify the reversibility of the redox processes while the latter 

was for accurately determine the redox potentials.  Figure 3 

shows the DPVs of the studied compounds while the CVs are 

shown in Figure S2 and the potentials are summarized in Table 1. 

 

Table 1.  Absorption, emission, redox (in DCB) and free-energy data on the investigated compounds in benzonitrile. 

Compound λ
abs

, nm λ
Em

, nm τ
Fl
, ns 

Potential V vs. Ag/AgCl  
E

o,o
, 

eV 

E
CT

, 

eV 

ΔG
sol

, 

eV 

̶ ΔG
CS

, 

eV 

̶ ΔG
CR

, 

eV E
reduction

 E
oxidation

  

TDPP  TCBD TCBD PTZ TDPP        

1 317 390 548 694 753 -- -- -1.39  -0.55 
-0.02/-

0.13 
1.10 1.37  

 
1.56 1.12 -0.49 0.93 0.63 

2 317 371 537 736  -- -- -0.94  -0.38 -0.14 
0.91/
1.09 

1.23  
 

1.57 1.05 -0.49 1.01 0.56 

3 336 385 528 694  -- -- -1.28  -0.43 -0.18 1.12 1.21   1.74 1.30 -0.49 0.93 0.81 

4 305 359 555 590  618  665 0.18 -1.03  -- -- 0.92 1.11   2.05 1.95 -- -- -- 

5 342 448 590 632  662  714 0.16 -0.95  -- -- 0.91 1.15   1.92 1.86 -- -- -- 

6 309 358    484 4.77 --  -- -- 0.92 --   2.94 -- -- -- -- 

7 417 571  616   638 688 3.17 -0.91  -- -- -- 1.06   1.98 -- -- -- -- 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.  DPVs of indicated compounds in o-dichlorobenzene (DCB) 

containing 0.1 M (TBA)ClO4. Scan rate = 5 mVs-1, pulse width = 0.25 

s, pulse height = 0.025 V.  

Compound 6 with a redox active PTZ entity revealed first 

oxidation at 0.92 V while TDPP oxidation and reduction in 7 were 

located at 1.06 and -0.91 V vs. Ag/AgCl.  This process was 

reversible as revealed by corresponding CV curves.  Compounds 

4 and 5, made out of PTZ and TDPP entities revealed 

corresponding oxidations and reductions.  By comparison with 

peak currents (one PTZ unit in 4 against two PTZ entities in 5), 

site of electron transfer for the first oxidation process to the PTZ 

entity was possible to arrive. For 4, reduction at -1.03 for TDPP 

and oxidation at 0.92 V for PTZ and at 1.11 V for TDPP while that 

for 5, reduction at -0.95 V for TDPP and oxidation at 0.91 V for 

PTZ and at 1.15 V for TDPP entities were observed.  Compounds 

2 and 3 having all three redox active entities exhibited expected 

redox peaks.  For 3, TDPP reduction at -1.28 V, TCBD reductions 

at -0.18 V and -0.43 V, and PTZ oxidation at 1.12 V was observed. 

Similarly for 2, TDPP reduction at -0.94 V, TCBD reductions at – 

Figure 4.  Spectral changes observed during first oxidation and first 

reduction of compounds 1 (a and c) and 2 (b and d) in DCB containing 

0.2 M TBA(ClO4).  The lower panel shows spectrum deduced for the 

charge separated state from spectroelectrochemical studies for 1 (e) 

and 2 (f). 

0.14 V and -0.38 V and PTZ oxidations at 0.91 V (PTZ entity 

located far from TCBD) and 1.09 V (PTZ entity located close to 

TCBD) were observed.  Finally, compound 1 with two TCBD 

entities connected with TDPP spacer revealed the expected split 

for the TCBD first reduction process.  In this case, the first 

reduction was split and appeared at -0.02 V and -0.13 V 

-1.0 -0.5 0.0 0.5 1.0

 1

 2

 3

 4

 5

 6

 7

Potential, V vs. Ag/AgCl
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(reversible in CV time scale), that is, a 110 mV separation was 

observed indicating occurrence of electron exchange between the 

two TCBD entities.  Each peak had roughly half the current 

expected for simultaneous reduction of both TCBD entities.  The 

second reduction involving both TCBD entities appeared at -0.55 

V while the TDPP reduction was located at -1.39 V.  It may be 

mentioned here that the central TDPP plays an important role in 

promoting electronic coupling there by peak splitting.  Earlier, no 

such splitting was observed when truxene (a saturated molecular 

entity) instead of TDPP was used connecting the TCBD 

entities.[13b]  PTZ oxidation was at 1.10 V close to that observed 

for compound 3.  Overall, presence of TCBD in these multi-

modular systems made PTZ oxidation harder by about 100 mV 

and TDPP reduction harder by ~350 mV due to inductive effects 

caused by the strong electron acceptor TCBD. 

The splitting of TCBD waves in 1 upon one-electron 

reduction is suggestive of electron exchange between the two 

TCBD entities.  As pointed earlier, such phenomenon could result 

in exhibiting a new IVCT peak in the near-IR region. 

Advantageously, appearance of such IVCT peak would serve as 

a diagnostic peak while characterizing products of photoinduced 

electron transfer upon excitation of TDPP entity (vide infra).  With 

this in mind, spectroelectrochemical studies were systematically 

performed for both oxidation and reduction processes.  Figure 4 

shows the spectral changes observed during the process of first 

oxidation and first reduction of 1 and 2 in DCB containing 0.2 M 

TBAP while Figure S3 shows such spectral changes for 3 and 5.  

As shown in Figure 4a, during first oxidation of 1, a small increase 

in the intensity of the original compound was witnessed without 

the appearance of any new peaks. This could be attributed to the 

low molar extinction coefficient values of PTZ.+,[18] compared to 

intense absorptions of TDPP in the monitoring spectral region. In 

contrast, during first reduction of 1, decreased original peak 

intensity was accompanied by intense new peaks at 1136 nm 

accompanied by a smaller peak at 1471 nm (Figure 4c), 

characteristic of IVCT via electron exchange between the two 

TCBD entities.  In the case of compounds 2, and 3, having a single 

TCBD entity, one would not expect such an IVCT transition.  This 

is indeed the case as shown in Figures 4d and Figure S3.  In the 

case of 2, the one-electron oxidized species revealed a less 

intense peak at 898 nm while the one-electron reduced species 

revealed weak absorption in the 984 nm region. In the case of 3, 

no distinctive peak for the oxidized species while a new less 

intense peak in the 900 nm region for the reduced species was 

observed.  For compounds 5 having only PTZ and TDPP entities, 

during oxidation weak absorption in the 1000 nm region and no 

observable new peaks during reduction was observed.  In 

summary, the intense near-IR peak was only observed for 1 

where IVCT transition was expected.  All other compounds, 

having either one or no TCBD entities such transition was totally 

absent. 

The pair of reduction waves (at -0.02 and -0.13 V) 

corresponding to one-electron process in the case of 1 could be 

represented as,[1,6c] 

(PTZ-TCBD)2-TDPP  PTZ-TCBD.--TDPP-TCBD-PTZ 

 (PTZ-TCBD.-)2-TDPP   (i) 

Here, the initial production of mixed-valence anion radical is 

separately followed by its subsequent reduction to the dianionic 

species.  The difference between the first and second reduction 

potentials, E = 110 mV reflects the energies of the dianion 

comproportionation according to equation (ii), 

       KComp 

  12- + 1  1.- + 1.-   (ii) 

 Further, the position of the equilibrium could be 

quantitatively evaluated from the splitting according to equation 

(iii), 

E = -Gcom/F     (iii) 

where F is the Faraday constant and -Gcom is the Gibbs free-

energy change.  Then, the main component of the anion-radical 

stabilization could be estimated according to equation (iv), 

-Gcom = -RT ln Kcom     (iv) 

which represents electronic interaction between the 1/1.- redox 

centers.[6c]  The stabilization energy, -Gcom and 

comproportionation equilibrium constant, Kcom thus calculated 

from the above approach were found to be 1.06 x 104 J/mol, and 

72.3 M-1, respectively.   

Computational studies and estimation of electronic coupling 

parameters 

Structures of all the compounds shown in Figure 1 were 

optimized at the B3LYP/6-31G* basis set and functional using 

Gaussian 09.[19]  Further, frontier orbitals were also generated on 

the optimized structures using GaussView.  In order to expedite 

the calculations, the N-C8 chain on the TDPP was replaced by N-

C2 (ethyl) group. Figure 5 shows the optimized structure and 

frontier orbitals of 1 in the gas phase while for the entire series of 

compounds is shown in Figure S4 in SI, and the energy of frontier 

orbitals (HOMO-1, HOMO, LUMO and LUMO+1) are listed in 

Table S2. In the optimized structures, although closely disposed, 

no noticeable steric crowding of different entities in the multi-

modular systems was observed.  In the case of 1, the HOMO and 

HOMO-1 were localized on the terminal PTZ entities while the 

LUMO and LUMO+1 were delocalized on the central TDPP and 

TCBD entities (almost symmetric type distribution).  In order to 

check whether the location of the frontier orbitals would differ as 

a function of solvent polarity, the orbitals were also generated in 

toluene and acetonitrile, as shown in Figures S5 and S6 (see 

Table S2 for energies of the orbitals).  No significant changes in 

terms of the location of the frontier orbitals was witnessed.   

As shown in Figure S4, for compound 2, HOMO and HOMO-

1 on the TDPP-PTZ entity (PTZ away from TCBD), and LUMO 

and LUMO+1 on PTZ-TCBD entity was observed.  For 3, HOMO 

on TDPP extending little on TCBD and LUMO on TCBD-TDPP 

was observed.  For compounds 4 and 5 lacking TCBD, HOMO 

and HOMO-1 was spread over the PTZ with some contributions 

on TDPP and LUMO on TDPP was observed.  To summarize, the 

location of frontier HOMO and LUMO mainly tracked that 

predicted based on the earlier discussed electrochemical site of 

electron transfer in these multi-modular systems. 
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Figure 5.  B3LYP/6-31G* optimized structure and frontier orbitals of 

1.  

Next, an attempt was made to determine the electronic 

coupling by feeding the optimized structural data to e-Coupling 

Server program.[20] Details of the calculations are given in the 

supporting information.  By this approach, the estimated electron 

coupling, HAD = 2V was found to be 2.93 eV that was larger than 

estimated reorganization energy,  of 1.56 eV.  These results 

suggest the current IVCT system is a Class III type or a hybrid of 

Class II and III types.  Since IVCT spectrum of Class III type 

compounds should be largely solvent independent, compound 1 

was chemically reduced using cobaltocene as a reducing agent.  

As shown in Figure S7, the peak position and shape of IVCT 

transition (main peak in the 1100 nm range with a vibrational band 

in the 1420 nm range) were almost the same in polar solvents, 

however, the spectra were blue-shifted in toluene, supporting 

compound 1 to belong to Class II and III types.   

The results presented thus far have unequivocally proven 

the occurrence of IVCT in 1 upon reduction of one of the TCBD 

entities.  The earlier discussed fluorescence studies revealed 

TDPP being a fluorescent molecule and that upon connecting the 

PTZ-TBCD entities undergoes almost quantitative quenching.  

Due to the strong electron donor and acceptor nature of the 

entities, excited state electron transfer is a plausible path, and the 

observation of IVCT peak in the near-IR region upon 

photoexcitation of 1 would provide experimental evidence for the 

anticipated charge separation process.  With this in mind, free-

energy calculations were performed for compounds 1–3 carrying 

electron acceptor TCBD, the fluorophore TDPP, and donor PTZ.  

The free-energy for charge separation, -GCS and charge 

recombination, -GCR were estimated according to Rehm-Weller 

approach[21] using equations i-iii. 

  -GCR = Eox – Ered + GS   (i) 

  -GCS = E − (-GCR)    (ii) 

where E0.0 corresponds to the excited energy E0,0 of 1TDPP* and 

ECT is that of PTZ+-TCBD- state (calculated from CT peak 

maxima). The term GS refers to electrostatic energy calculated 

according to dielectric continuum model (see equation iii). The Eox 

and Ered represent oxidation and reduction potentials, respectively. 

 GS = e2/4  o [ - 1/Rcc R)  (iii) 

The symbols  and R represent vacuum permittivity and 

dielectric constant of benzonitrile used for photochemical and 

electrochemical studies (= 26.0). RCC are the center-to-center 

distance between donor and acceptor entities from the computed 

structures.  The calculated values are listed in Table 1 which 

clearly shows thermodynamic feasibility of charge separation.   

Figure 6. Energy level diagram depicting photoinduced charge 

transfer and separation processes in 1 in benzonitrile. Energy of 

charge separated state in toluene is also shown as dashed red line.  

Abbreviations: CT = charge transfer, CS = charge separation and CR 

= charge recombination.  

Using the calculated energy of different states, energy level 

diagrams were established to visualize excited state charge 

transfer and separation processes.  Such a diagram for 1 is shown 

in Figure 6 while for 2 and 3 in Figure S8, and for 4 and 5 in Figure 

S9, respectively.  In the case of 4 and 5 comprised of electron 

donor, PTZ and a weak electron acceptor TDPP, the singlet 

excited state energies, E0,0 (mid-point energy of absorption and 

fluorescence peaks) were about 60-100 eV higher than that of the 

electrochemical HOMO-LUMO gap (difference between the 

oxidation and reduction potentials, see Table 1) suggesting the 

possibility of charge transfer type interactions (Figure S9).  This is 

supported by moderate quenching of fluorescence intensities and 

lifetimes for these two compounds in benzonitrile compared with 

compound 7 having no PTZ entity(ies) (see Table 1).  

Incorporation of powerful electron acceptor TCBD in compounds 

1–3 would shift the role of TDPP from an electron acceptor to an 

electron donor.  Further, close proximity of TCBD to both TDPP 

and PTZ entities would promote excited state charge transfer in 

these push-pull systems, similar to that observed in the ground 

state in Figure 2.  In polar solvent such as benzonitrile, due to 

solvent stabilization of electron transfer products, the charge 

transfer state could undergo charge separation, as shown in 

Figures 6 and S8, however, in nonpolar solvent such as toluene 

due to poor solvent stabilization such charge separation is 

energetically not feasible (see dashed red lines in the energy 

diagrams). 

Femtosecond pump-probe studies 

In order to understand the excited state features of TDPP, 7 

employed in the present study to build the push-pull systems, 

femtosecond transient absorption studies (fs-TA) covering both 



COMMUNICATION          

7 

 

visible and near-IR regions were performed. The sample was 

excited at the visible peak maxima.  As shown in Figure 7, 

negative peaks at 570 and 630-690 nm, and positive peaks at 778 

and 890 nm were observed.  By comparison with absorption and 

fluorescence of TDPP (see Figure 7 for inverse of absorption and 

emission spectra), the 570 nm peak was attributed to ground state 

bleach (GSB) and the broad peak in the 630-690 nm for both GSB 

and stimulated emission (SE).  The broad positive peak covering 

800-1050 nm with maxima at 890 nm was attributed to excited 

state absorption (ESA) of 1TDPP*.  Recovery of GSB and SE 

peaks was tracked decay of the ESA peaks, however, both 

processes lasted beyond 3 ns, time window of our instrument.  

This was consistent with the longer lifetime of 7 being 3.17 ns.   

Figure 7.  Fs-TA spectra at the indicated delay times of 7 in 

benzonitrile.  The inverse of absorption (purple) and fluorescence 

(blue) is also included in the spectra.  Figure inset shows time profile 

of the 895 nm peak. 

Figure 8.  Fs-TA spectra of at the indicated delay time of (a) 4 and (b) 

5  in benzonitrile.  The samples were excited at visible peak maxima.  

The rise and decay profiles of the GSB and near-IR peaks at the 

indicated wavelengths is shown below each panel. 

 

Addition of one or two electron donor PTZ entities on TDPP, 

compounds 4 and 5, revealed spectral changes closely 

resembling that of 7, as shown in Figure 8 in benzonitrile and 

Figure S10 in toluene.  In these cases, the recovery of GSB and 

SE peaks, and decay of ESA peak were relatively faster than that 

observed for 7, more so for 4 than 5, a result that is consistent 

with the earlier discussed fluorescence lifetimes (see time profiles 

beneath Figures 8a and b for recovery/decay plots).  Importantly, 

decay of the ESA peak was accompanied by a shoulder peak in 

both cases (821 nm in the case of 4, and 854 nm in the case of 5) 

and broad absorption in the near-IR region (>1200 nm).  Since 

energy calculations predicted possibility of charge transfer, these 

peaks have been attributed to the charge transfer species, PTZ+-

TDPP−. 

Finally, we focussed our attention to compounds 1–3 having 

TCBD at the centre of PTZ and TDPP entities.  As discussed 

earlier with the help of Figures 2–6, in the case of 1, one would 

expect appearance of diagnostic IVCT peak in the near-IR region 

upon photoexcitation should there be a charge separation from 

the initial charge transfer state following electron exchange 

between the two TCBD entities.  The spectrum generated for the 

charge separated state using spectroelectrochemical data, as 

shown in Figure 4e is highly useful in such analysis.   

Figure 9a shows fs-TA spectra at the indicated delay times 

of 1 in benzonitrile.  Spectrum of the charge separated state from 

spectroelectrochemical studies is also shown for comparison 

purposes (magenta dashed line).  At the earliest delay time, the 

spectrum revealed negative peaks at 570, 690 and 760 nm 

corresponding to GSB and a positive peak at 1102 nm.  In the 

800–900 nm range no new peak was observed that could be 

attributable to 1TDPP* suggesting that the excited state is 

transformed to the charge transfer state within the detection limit 

of our instrumental setup. With higher delay times the positive 

peak revealed a red-shift of 24 nm to 1126 nm, close to that 

expected for the charge separated state from 

spectroelectrochemical data.  Thus, the initial 1102 nm peak could 

be attributed to the D+-(A-TDPP)--A-D charge transfer state, 

while the 1126 nm peak to the charge separated state, D+-A.--

TDPP-A-D undergoing intervalence transfer state, D+-A-TDPP-A.-

-D.  This becomes obvious when the spectrum was compared 

with that the spectrum corresponding to the charge separated 

state from spectroelectrochemical studies (dashed line in Figure 

9a).  These results support occurrence of photoexcited charge 

separation resulting in intervalence charge transfer via electron 

exchange between the two TCBD entities.  Further, the transient 

data was subjected to Glotaran target analysis.[22]  A sequential 

three spectral fitting was needed for better data fitting.  The 

species associated spectra (SAS) for the charge transfer and 

separation components and their population time profiles are 

shown in Figure 9b and c, respectively.  The first spectrum 

corresponding to 1TDPP* appearing within the time resolution of 

the instrumental setup is not shown for simplicity.  The second 

spectrum with a time constant of 1.31 ps revealed peak maxima 

at 1086 nm and had features of for the earlier discussed charge 

transfer state, D+-(A-TDPP)--A-D.  The final spectrum with a time 

constant of 4.71 ps revealed peak maxima at 1158 nm for the 

charge separated intervalence state.  

Changing the solvent to nonpolar toluene revealed spectral 

features distinctly different from those observed in benzonitrile.  

As shown in Figure S11a, the transient spectra revealed the 

expected negative peaks and a positive peak at 1078 nm 

attributable for the charge transfer state.  At higher delay times, 

this peak did not reveal any red-shift, expected for the charge 

separated state suggesting lack of charge separation in nonpolar 

toluene, as predicted by the energy level diagram in Figure 6.  

From Glotaran analysis a time constant for the charge transfer 



COMMUNICATION          

8 

 

state of 2.59 ps, slightly higher than that observed in benzonitrile 

was recorded.   

Figure 9.  Fs-TA spectra at the indicated delay times of (a) 1 in 

benzonitrile.  Spectrum deduced for the charge separated state from 

spectroelectrochemical studies is also shown (dashed line) for 

comparison.  The species associated spectra and population kinetics 

for the data in benzonitrile are shown in b and c, respectively. 

 

In the case of compounds 2 and 3, the earlier discussed 

spectroelectrochemical studies revealed absence of IVCT type 

transition as they were comprised of only on TCBD entity.  

However, free-energy calculations suggested possibility of charge 

separation in both 2 and 3. With this in mind, both compounds 

were investigated and the results are shown in Figure 10 for 2 and 

Figure S12 for 3.  The spectrum recorded at a delay time of 3.45 

ps revealed GSB peak at 726 nm and a positive peak at 897 nm.  

Spectra recorded at earlier delay times were mostly structureless 

possibly due to vibrational relaxation and different degrees of 

solvation of the singlet excited and charge transfer states.  

Importantly, the predicted IVCT peak in the near-IR region was 

missing.  The spectrum corresponding to the charge separated 

state from Glotaran analysis agreed well with the 

spectroelectrochemical results suggesting charge separation.  

Similar results were also observed for 3 in benzonitrile.  

Figure 10.  Fs-TA spectra at the indicated delay times of (a) 2 in 

benzonitrile.  (b) The species associated spectra from target analysis 

along with the spectrum deduced for the charge separated state from 

spectroelectrochemical studies. (c) Population kinetics of different 

states. 

Fs-TA spectra for compounds 2 and 3 in toluene is shown 

in Figures S11 b and c, respectively.  Formation of charge transfer 

state from the initial 1TDPP* was obvious, however, unlike in 

benzonitrile, no evidence of charge separated state could be 

secured.  Further, Glotaran analysis was performed to evaluate 

the time constants for different states, as listed in Table 2 below. 

Table 2. Time constants for various photo-events from global 

target analysis of transient data of compounds 1–3 in benzonitrile 

and toluene.  

Compound λ
ex

, nm Solvent τ
S1

, ps τ
CT

, ps τ
CS

, ps 

PTZ-TCBD-TDPP, 
3 

712 PhCN < 1 1.31 14.12 

   Toluene < 1 14.25 -- 

PTZ-TDPP-TCBD-
PTZ, 2 

758 PhCN < 1 3.65 12.88 

   Toluene 1.35 10.81 -- 

(PTZ-TCBD)
2
-

TDPP, 1 
769 PhCN < 1 1.31 4.71 

   Toluene < 1 2.59 -- 

From the data presented in Table 2 it is clear that the time 

constants for the charge transfer states in benzonitrile are short-

lived as they transform into the charge separated states.  Time 

constant for the charge separated state in 1 that revealed IVCT 

transition was relatively shorter compared to those in 2 and 3 

having only on TCBD entity. The fs-TA findings demonstrate the 

significance of electronically communicating TCBD entities in 1 in 

governing the excited state charge transfer events while providing 

spectral evidence for the charge separation process in the form of 

a new intervalence charge transfer band.   

Conclusions 

In summary, a series of multi-modular push-pull systems 

comprised of bis(thienyl)diketopyrrolopyrrole, phenothiazine and 

tetracyanobutadiene were newly synthesized for successful 

demonstration of intervalence charge transfer in this type of 

compounds.  Appearance of IVCT in 1 was unequivocally 

demonstrated with the help of several control compounds.  

Splitting of TCBD reduction wave was the first evidence of 

electron exchange that was substantiated by 

spectroelectrochemical studies which revealed the anticipated 

IVCT band in the near-IR region.  The stabilization energy, -Gcom 

and comproportionation equilibrium constant, Kcom calculated 

from the electrochemical studies were found to be 1.06 x 104 

J/mol, and 72.3 M-1, respectively.  The estimated electron 

coupling, HAD = 2V was found to be 2.93 eV that was larger than 

estimated reorganization energy,  of 1.56 eV belonging to Class 

II and III type. The established energy level diagrams with the help 

of spectral, electrochemical and computational studies helped in 

unravelling the photo events in the series of compounds. Charge 

transfer followed by charge separation in polar benzonitrile but 

only charge transfer in nonpolar toluene was the main outcome. 

Detailed photochemistry using femtosecond transient absorption 

spectroscopy was performed to demonstrate charge transfer and 
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separation events as a function of solvent polarity.  Importantly, 

the near-IR IVCT peak was successfully utilized as a diagnostic 

marker band to characterize photoinduced electron transfer 

product in the case of 1.  Average lifetime of the charge separated 

states of compounds 1–3, from Global Target analysis, was in the 

range of 5–14 ps, demonstrating ultrafast charge separation and 

recombination processes as a result of the close proximity and 

good communication between the entities within the multi-

modular donor-acceptor systems.  Further studies along this line 

are in progress in our laboratories. 
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