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Abstract: Intervalence charge transfer (IVCT) or charge resonance, is often observed in redox-

active systems encompassed of two identical electroactive groups and when one of the groups is 

either oxidized or reduced and serves as a model system to improve our fundamental understanding 

of charge transfer. This property has been explored in the present study in a multi-modular push-

pull system carrying two N, N-dimethylaminophenyl-tetracyanobutadiene (DMA-TCBD) entities 

covalently linked to the opposite ends of bis(thiophenyl)diketopyrrolopyrrole (TDPP).  

Electrochemical or chemical reduction of one of the TCBDs promoted electron resonance between 

them exhibiting an IVCT absorption peak in the near-infrared (NIR) area.  The comproportionation 

energy, -Gcom, and equilibrium constant, Kcom evaluated from the split reduction peak were, 

respectively, 1.06 x 104 J/mol, and 72.3 M-1.  Excitation of the TDPP entity in the system promoted 

the thermodynamically feasible sequential charge transfer and separation of charges in benzonitrile 

wherein the IVCT peak formed upon charge separation served as a signature peak in characterizing 

the product. Further, transient data analyzed using Global Target Analysis (GloTarAn) revealed 

the charge separation to take place in ps (k ~ 1010 s-1) time scale as a result of close positioning and 

strong electronic interaction between the entities.  The significance of IVCT in probing excited-

state processes is evidenced by the present study.  
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Introduction 

Intervalence charge transfer (IVCT), also known as charge resonance, is seen in molecular systems 

carrying two identical electro-active sites connected by a spacer (Sp) and differing in their redox 

state by one.1-20  Such IVCT-exhibiting model compounds are key to exploring the fundamentals 

of electron transfer targeted for a range of applications, especially in the area of single-molecule 

electronics.21-23  The first known compounds exhibiting this property are the classical bis-

Ruthenium Creutz-Taube type inorganic complexes, however, a range of inorganic as well as 

organic systems have been constructed and studied to explore this phenomenon.1-3  The nature of 

IVCT depends on charge localization and delocalization in the mixed valance state, viz., complete 

localization, full delocalization, and anything in between.  The completely localized systems are 

abbreviated as Rn+-Sp-R(n+1)+ where the charge is confined to a given redox center, while the fully 

delocalized systems are abbreviated as R(n+0.5)+-Sp-R(n+0.5)+ where the odd electron is equally 

distributed among the redox centers.  In the third class, partial electron delocalization occurs.  

According to Robin and Day’s arrangement,24 the completely confined systems are termed as class 

I, fully delocalized systems as class III, and class II belonging to systems whose behavior is in 

between type I and type III.  Class II systems exhibit a solvent polarity-dependent IVCT Gaussian-

shaped peak in the NIR region of the electromagnetic spectrum while IVCT peak in class III type 

systems is asymmetrical and largely solvent independent.25, 26  

Highly interacting electron push-pull systems comprised of closely connected electron-rich 

and electron-deficient molecules as part of the same molecule or two separated ones, often exhibit 

absorption band(s) in the visible/near-IR regions due to charge polarization, also called ground 

state intramolecular charge transfer (ICT).  These bands differ from the traditional − transitions 

of the parent -systems (called locally excited, LE).27-29 Synthesis of one of the elegant push-pull 

systems involves incorporating strong electron acceptors, tetracyanoethylene (TCNE) or 

tetracyano-quinodimethane (TCNQ), via a cycloaddition-retroelectrocyclization reaction 

involving ethynyl-donors.30-51  This reaction is facile and occurs without the help of any catalyst. 

The resulting donor-tetracyanobutadiene (TCBD) and donor-dicyanodiquinodimethane (DCNQ) are 

known to exhibit strong charge polarization in the ground state and ultrafast excited state charge 

transfer as a consequence of strong push-pull effect exerted in them.  Noteworthy studies have 
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appeared in the literature on such push-pull systems developed following this approach, and a 

majority of them have been shown to undergo charge transfer upon photoexcitation.43-53 

 For building donor-TCBD and donor-DCNQ multi-modular systems, often a 

photosensitizer-donor entity having absorption and emission in the visible region is coupled to 

promote the excited-state charge transfer by visible light irradiation.  Photosensitizers such as 

porphyrins, phthalocyanines, BODIPYs, azaBODIPYs, subphthalocyanine, phenothiazine, and 

triphenylamine, etc. are some of the targeted sensitizers.  In addition to these sensitizers, recently, 

the TDPP derivatives have also been employed.54-64 The TDPPs are appealing as they can be 

subjected to further modification to introduce additional functionalities to enhance their photo- 

and electrochemical properties.65-71  Not surprisingly, nowadays, these are commonly used in 

materials exhibiting singlet fission,66 photovoltaics,54 and field-effect transistor properties.58   
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Figure 1.  Structure and abbreviations of the previously reported and currently developed push-

pull systems to witness IVCT and excited-state charge transfer. 

 Recently, we reported a bis-functionalized TDPP carrying two entities of phenothiazine-

TCBD entities, labeled as (PTZ-TCBD)2-TDPP in Figure 1.72  Electroreduction of one of the 

TCBD entities in (PTZ-TCBD)2-TDPP triggered electron resonance between the TCBD entities 

exhibiting IVCT in the NIR region.  Further, such a signature peak was useful to characterize the 

product of the excited-state charge transfer.  Encouraged by these findings, in the present study, 

we have extended the molecular design keeping the central TDPP and TCBD the same, but 

replacing the PTZ entities with another electron donor, N,N-dimethylaniline (DMA), (abbreviated 

as (DMA-TCBD)2-TDPP, 1 in Figure 1).  By this, we would like to address a key question of 

whether the terminal electron donors modulate the IVCT and the subsequent CT events, and if so, 

to what extent.  To address such a relatively complex question, a series of control compounds 

displayed in Figure 1 and systematic studies on them were also warranted.  In this series, 2 and 3 

made of a single DMA-TCBD are controls required to prove IVCT transition in 1 upon reducing 

one of the DMA-TCBD entities.  The lack of a second TCBD in 2 and 3 is expected not to show 

IVCT transition upon electroreduction.  Importantly, owing to the presence of electron rich DMA 

and electron poor TCBD in 2 and 3 thesecould show an ICT band in the visible region. Compound 

4 has only DMA and TCBD entities without TDPP.  This compound is to show that the ICT is 

primarily due to the push-pull effect caused by DMA-TCBD. The next set of control compounds, 

5 and 6 have no TCBD, hence, the absence of ICT in the ground state or IVCT upon electro-

reduction could be expected.  Finally, compound 7 is a reference TDPP lacking DMA (phenyl 

rings instead of N,N-dimethylaniline) needed to spectrally and electrochemically characterize 

peripherally functionalized TDPP.  Our findings show that the IVCT characteristics are primarily 

governed by the TCBD-TDPP-TCBD framework in 1 with some contributions from the terminal 

electron donor entities. 

Experimental Section 

Synthesis: General Strategy 

 Scheme 1 depicts the synthetic methodology used for 1, (DMA-TCBD)2-TDPP, and the 

control compounds while details are given below. Using palladium-catalyzed Sonogashira cross-

coupling reaction of DPP 1 with 1.0 equivalent of 4-ethynyl-N, N-dimethylaniline, and DPP 2 
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with 2.0 equivalent of 4-ethynyl-N, N-dimethylaniline, 5 and 6 were synthesized in 60% and 70% 

yields (Scheme 1). The [2+2] cycloaddition-electrocyclic ring-opening reaction of compound 5 

with 1.0 equivalent of TCNE resulted in 3 in 85 % yield. Similarly, compound 6 on reaction with 

1.0 and 2.0 equivalent of TCNE yielded 2 and 1 in 75% and 90% yields, respectively.  Further, the 

synthesized compounds were purified by column chromatography over silica gel and additional 

recrystallization techniques.  The existence of the two N-C10 alkyl chains on TDPP helped increase 

the solubility of these compounds in most of the common organic solvents. The structural 

assessment of the final compounds was arrived at by a combination of 1H and 13C NMR and HRMS 

techniques (see Figures S1-S21 in the SI for spectral characterization data). 

Scheme 1. The methodology used in the preparation of 1, (DMA-TCBD)2-TDPP along with the 

control compounds. 

Synthesis of 5 

DPP 1 (0.250 g, 0.37 mmol) and 4-ethynyl-N, N-dimethylaniline (0.080 g, 0.55 mmol) were 

dissolved in a round bottom flask containing anhydrous toluene (25 mL) and triethylamine (1 mL). 

The mixture was then degassed under an inert atmosphere for 20 min followed by the addition of 

Pd(PPh3)4 (0.017 g, 0.015 mmol), and CuI (0.006 g, 0.030 mmol). The reaction mixture was stirred 

for 12 h at 80 ºC. The reaction mixture was then cooled down to room temperature after the 
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completion of the reaction. The solvent was removed under vacuum and the crude product was 

purified by repeated silica gel column chromatography with hexane/DCM (3:2) as an eluent to get 

5 in 60% yield. 

1H NMR (400 MHz, CDCl3, δ in ppm): 8.93 (2H, m), 8.66 (1H, m), 7.62 (1H, d), 7.39 (2H, m), 

7.31 (1H, m), 6.66 (1H, m), 6.56 (1H, m), 4.02 (4H, m), 2.88 (6H, m), 1.73 (4H, m), 1.33 (28H, 

m), 0.86 (6H, m) ; 13C NMR (100 MHz, CDCl3, δ in ppm): 161.4, 161.2, 150.6, 139.6, 139.5, 

135.8, 135.2, 133.1,132.9, 131.9, 130.6, 130.2, 129.9, 129.3, 128.6, 112.0, 111.7, 108.6, 108.0, 

107.9, 80.8, 42.3, 40.1, 31.9, 30.1, 30.0, 29.5, 29.3, 29.2, 26.9, 22.7, 14.1; HRMS m/z calcd for 

C44H57N3O2S2: 746.3784 [M+Na+], found 746.3282; UV/vis (Dichloromethane) λmax  585 nm, ϵ 

[M-1cm-1] (1.48×104 ).   

Synthesis of 3 

5 (0.100 g, 0.138 mmol) and tetracyanoethylene (0.026 g, 0.207 mmol) were dissolved in a 100 

mL round bottom flask containing anhydrous DCM under an inert atmosphere. The reaction 

mixture was allowed to be stirred for 15 minutes at room temperature. The solvent was removed 

under vacuum and the crude product was purified by repeated silica gel column chromatography 

with hexane/DCM (1:4) as an eluent to get 3 in 85% yield. 

1H NMR (400 MHz, CDCl3, δ in ppm): 8.96 (2H, s), 7.41 (4H, d), 7.31 (2H, s), 6.65 (4H, m), 4.09 

(4H, s), 3.02 (12H,s), 1.76 (4H, s), 1.35 (28H, m), 0.87 (6H, s); 13C NMR (100 MHz, CDCl3, δ in 

ppm): 161.2, 150.6, 139.0, 135.7, 132.9, 131.9, 130.1, 129.4, 111.7, 108.7, 108.3, 100.0, 80.9, 

42.4, 40.1, 31.9, 30.1, 29.6, 29.3, 26.9, 22.7, 14.1; HRMS m/z calcd for C54H66N4O2S2: 889.4519 

[M+Na+], found 889.4521; UV/vis (Dichloromethane) λmax  632 nm, ϵ [M-1cm-1] (4.72×104 ).  

 Synthesis of 6 

DPP 2 (0.250 g, 0.34 mmol) and 4-ethynyl-N, N-dimethylaniline (0.122 g, 0.84 mmol) were 

dissolved in a round bottom flask containing anhydrous toluene (25 mL) and triethylamine (10 

mL). The reaction mixture was degassed with inert gas for 20 min followed by the addition of 

Pd(PPh3)4 (0.017 g, 0.015 mmol), and CuI (0.006 g, 0.030 mmol). The reaction mixture was stirred 

12 h at 80oC. The reaction mixture was allowed to cool down at room temperature after the 

completion of the reaction. The solvent was removed under vacuum and the crude product was 
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purified by repeated silica gel column chromatography with hexane/DCM (3:2) as an eluent to get 

6 in 70% yield. 

1H NMR (400 MHz, CDCl3, δ in ppm): 9.16 (1H, d), 9.02 (1H, d), 7.78 (4H, m), 7.34 (1H, s), 6.71 

(2H, d), 4.07 (4H, s), 3.17 (6H, s), 1.72 (4H, m), 1.41 (28H, m), 0.87 (6H, m); 13C NMR (100 

MHz, CDCl3, δ in ppm): 162.0, 161.4, 160.6, 157.9, 154.6, 143.9, 139.9, 137.9, 137.3, 135.6, 

135.1, 133.3, 132.5, 129.2, 117.7, 114.2, 113.3, 113.1, 112.7, 112.3, 111.9, 108.4, 80.1, 42.7, 42.5, 

40.2, 31.9, 30.4, 29.8, 29.5, 29.3, 29.2, 26.8, 22.7, 14.2, 14.1; HRMS m/z calcd for C50H57N7O2S2: 

874.3907 [M+Na+], found 874.3336; UV/vis (Dichloromethane) λmax  678 nm, ϵ [M-1cm-1] 

(1.11×104 ).  

Synthesis of 2 

6 (0.100 g, 0.11 mmol) and tetracyanoethylene (0.018 g, 0.14 mmol) were dissolved in a 50 mL 

round bottom flask containing anhydrous DCM under an inert atmosphere. The reaction mixture 

was allowed to be stirred for 10 minutes at room temperature. The solvent was removed under 

vacuum and the crude product was purified by repeated silica gel column chromatography with 

hexane/DCM (1:4) as an eluent to get 2 in 75% yield. 

1H NMR (400 MHz, CDCl3, δ in ppm): 9.20 (1H, d), 9.03 (1H, d), 7.78 (3H, m), 7.42 (2H, m), 

7.35 (1H, m), 6.68 (4H, m), 4.07 (4H, d), 3.17 (3H, s), 3.07 (3H, s), 1.75 (4H, s), 1.33 (28H, m), 

0.86 (6H, m); 13C NMR (100 MHz, CDCl3, δ in ppm): 162.0, 161.4, 160.3, 157.6, 154.5, 150.8, 

143.1, 140.1, 138.7, 138.6, 137.9, 137.0, 135.07, 135.02, 134.8, 133.5, 133.4, 133.2, 133.0, 132.7, 

132.6, 128.4, 117.8, 114.2, 113.3, 113.2, 113.1, 112.4, 112.0, 111.9, 111.8, 111.7, 108.7, 108.0, 

102.6, 42.8, 42.7, 40.4, 40.0, 32.1, 32.0, 31.9, 30.5, 30.4, 30.3,  29.9, 29.8, 29.7, 27.0, 26.9, 26.8, 

22.9, 22.8, 22.7, 14.3, 14.1; HRMS m/z calcd for C60H66N8O2S2: 994.4745 [M+], found 994.4227; 

UV/vis (Dichloromethane) λmax  731 nm, ϵ [M-1cm-1] (0.61×104 ).  

 Synthesis of 1 

6 (0.100 g, 0.11 mmol) and tetracyanoethylene (0.035 g, 0.27 mmol) were dissolved in a 50 mL 

round bottom flask containing anhydrous DCM under an inert atmosphere. The reaction mixture 

was allowed to stir for 15 minutes at room temperature. The solvent was removed under vacuum 
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and the crude product was purified by repeated silica gel column chromatography with 

hexane/DCM (1:9) as an eluent to get 1 in 90% yield. 

1H NMR (400 MHz, CDCl3, δ in ppm): 9.14 (2H, d), 7.78 (6H, m), 6.72 (4H, m), 4.06 (4H, m), 

3.18 (12H, s), 1.71 (4H, m), 1.25 (28H, m), 0.87 (6H, m); 13C NMR (100 MHz, CDCl3, δ in ppm): 

161.5, 160.6, 158.0, 154.6, 139.4, 139.1, 138.5, 136.8, 132.5, 117.6, 114.1, 113.3, 112.8, 112.7, 

112.4, 111.5, 81.8, 42.9, 40.3, 31.9, 30.3, 29.5, 29.3, 29.2, 26.8, 22.7, 14.1; HRMS m/z calcd for 

C66H66N12O2S2: 1145.4765 [M+Na+], found 1145.4892; UV/vis (Dichloromethane) λmax  735 nm, 

ϵ [M-1cm-1] (1.72×104 ). 

Synthesis of 4 

In a 100 mL round bottom flask, 4-ethynyl-N, N-dimethyl aniline (0.150 g, 1.03 mmol), and 2-

bromo thiophene (0.202, 1.2 mmol) in 25 mL toluene and 10 mL triethylamine was dissolved. The 

reaction mixture was degassed with argon for 20 min followed by the addition of Pd(PPh3)4 (0.017 

g, 0.015 mmol), and CuI (0.006 g, 0.030 mmol). The reaction mixture was stirred for 12 h at 80oC. 

The reaction mixture was allowed to cool down at room temperature after the completion of the 

reaction. The solvent was removed under vacuum and the crude product was purified by repeated 

silica gel column chromatography with hexane/DCM (3:2) as an eluent to get 8 in 72% yield. 8 

(0.08 g, 0.35 mmol) and TCNE (0.054 g, 0.42 mmol) were dissolved in anhydrous DCM in an 

inert atmosphere. The reaction mixture was allowed to stir for 1h at room temperature. The solvent 

was removed under vacuum and the crude product was purified by repeated silica gel column 

chromatography with hexane/DCM (2:3) as an eluent to get 4 in 92% yield. 

1H NMR (400 MHz, CDCl3, δ in ppm): 7.91 (2H, m), 7.77 (2H, m), 7.28 (1H, m), 6.72 (2H, m), 

3.16 (6H, s) ; 13C NMR (100 MHz, CDCl3, δ in ppm): 162.4, 159.8, 154.5, 137.9, 137.1, 135.5, 

132.5, 129.8, 117.7, 114.3, 113.2, 112.8, 112.2, 111.7, 80.3, 74.6, 53.4, 40.2, 29.7. HRMS m/z 

calcd for C20H13N3S: 356.0998 [M+H+], found 356.0964. 

Synthesis of 7 

In a 100 ml round bottom flask, DPP 2 (0.100 g, 0.146 mmol) and ethynylbenzene (0.039 mg, 

0.380 mmol) were dissolved in 15 mL dry THF and 5 mL of triethylamine was added to this 

solution. The reaction mixture was degassed with nitrogen for 10 minutes and then Pd(PPh3)2Cl2 
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(20 mg, 0.0292 mmol), triphenylphosphine (2 mg) and copper(I) iodide (3 mg) were added. The 

reaction mixture was refluxed for 12 hours at 80 °C. After completion of the reaction, the reaction 

mixture was allowed to cool down to room temperature. The solvents were removed under vacuum 

and the crude was purified by column chromatography using hexane: dichloromethane (3:2) as an 

eluent to give compound 7 in 68 % yield. 

1H NMR (400 MHz, CDCl3, δ in ppm): 8.95 (2H, m), 7.55 (4H, m), 7.38 (8H, m), 4.07 (4H, m), 

1.76 (4H, m), 1.38 (8H, m), 1.35 (20H, m), 1.27 (6H, m); 13C NMR (100 MHz, CDCl3, δ in ppm): 

161.2, 139.1, 135.6, 133.1, 131.6, 130.4, 129.1, 128.7, 128.5, 122.2, 108.7, 97.8, 82.3, 42.4, 31.9, 

30.08, 29.5, 29.3, 26.9, 22.7, 14.1; HRMS m/z calcd for C50H56N2O2S2: 803.3675 [M+Na+], found 

803.3279. 

Results and Discussion 

Absorption and fluorescence studies 

 The normalized optical absorption spectrum of the investigated compounds in benzonitrile 

is shown in Figure 2a.  The phenyl ethynyl functionalized TDPP, 7, lacking either DMA or TCBD, 

revealed peaks at 573 and 619 nm. The TDPP lacking molecular entity 4 featuring DMA and 

TCBD entities, revealed two peaks at 480 and 535 nm.  From comparison with previous studies of 

this class of compounds,43-51 the 535 nm peak has been attributed to ICT transition.  For compounds 

5 and 6 having one and two DMAs linked to the central TDPP, the spectral attributes were close 

to that of 7, however, with notable differences.  For 5 having only one DMA group, the peak 

maxima were blue-shifted by 13 and 27 nm when compared to the corresponding peaks of 7 due 

to the lack of one of the ethynyl entities.  In Compound 6 with two DMA entities attached to TDPP, 

these peaks were bathochromically shifted by about 10 nm suggesting some intramolecular 

interactions.  Finally, for 1-2, where one and two ICT exhibiting DMA-TCBD entities were in 

existence, bathochromically moved spectra were observed. Peak maxima at 745 nm for 1 and 742 

nm for 2 were noted.  In the case of 3, having only one DMA-TCBD, the absorption band was 

located at 687 nm, however, compared to 5 (its control compound lacking TCBD acceptor), this 

band was bathochromically moved by 47 nm due to ICT originating in DMA-TCBD.  The spectral 

data are givenin Table 1 which demonstrates the effect of varying numbers of -extending ethynyl 

arms, donor DMAs, and ICT DMA-TCBDs on the central TDPP in modulating spectral features. 
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Figure 2. (a) Visible/near-IR absorption and (b) fluorescence emission spectra of the studied 

systems in PhCN. In Figure 2b, the samples were excited at the low energy visible peak maxima 

shown in Table 1.  The singlet decay profiles from TCSPC of 5, 6, and 7 are shown in the inset of 

Figure 2b. 

Figure 2b shows the singlet emission spectrum of the studied compounds, excited at their 

low-energy visible peak maxima (see Table 1).  Lack of emission from TDPP systems connected 

to electron-poor TCBDs (1 to 3) was observed signifying the occurrence of nonradiative 

processes.73 Similarly, no fluorescence from compound 4 lacking TDPP was also observed.  On 

the contrary, compounds 5-7 revealed fluorescence emission from the TDPP entity.  The control 

compound 7, lacking any electron-rich DMA entities revealed fluorescence at 642 and 669 nm.  

For compound 6 having DMA entities instead of phenyl rings, the main peak was found to be 

quenched and bathochromically shifted to 688 nm.  Similarly, the peak was quenched for 

compound 5 having only one DMA entity, and appeared at 654 nm.  Such a trend was also observed 

in the measured fluorescence lifetimes.  Fluorescence decays from time-correlated single-photon 

counting (TCSPC) method by using pulsed nanoLED excitation were monoexponential for both 6 

and 7 (decay profiles are shown in Figure 2b inset).  The lifetime of 7 having no DMA was 3.01 

ns while that of 6 with two DMAs it was 1.31 ns, and for 5 with one DMA, it was 1.35 ns.  The 

reduced singlet emission lifetimes and intensities in 5 and 6 suggest photoinduced events, likely 

excited state charge transfer involving the slightly electron-deficient TDPP and electron-rich DMA 

moieties (vide supra). 
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Table 1.  Absorption and fluorescence emission peak maxima, electrochemical oxidation and 

reduction potentials, and Gibbs energy changes for charge transfer and separation, and 

solvation in PhCN. 

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

red
 E

ox
 

DPP TCBD TCBD Aniline Aniline 

1 400 477 688 745  -- -- -- -0.17 -0.05 1.21 1.41 1.60 1.26 -0.40 0.55 1.05 

2 369 472 742   -- -- -- -0.47 -0.25 0.98 1.19 1.57 1.23 -0.40 0.51 1.06 

3 472 630 687   -- -- -- -0.47 -0.25 1.23 1.44 1.68 1.48 -0.26 0.46 1.22 

4 480 535    -- -- -- -0.52 -0.14 1.33 -- 2.17 1.47 -- -- -- 

5 427 560 592   654 1.35 -1.04 -- -- 0.91 1.04 1.99 1.95 -- -- -- 

6 342 455 598 639  688 1.31 -0.97 -- -- 0.87 1.22 1.87 1.84 -- -- -- 

7 343 396 417 571 616 638 688 3.17 -0.91 -- -- -- -- 1.98 -- -- -- -- 

 

Absorption and fluorescence spectral results in nonpolar toluene are depicted in Figure S22 

with the summarized results in Table S1 in the supporting information.  The spectral trends 

revealed subtle changes in their wavelengths, intensities, and lifetimes expected from the general 

solvation effect. 

Electrochemistry and Spectroelectrochemistry 

Spectroelectrochemical studies combined with electrochemical redox studies were 

subsequently performed as they combinedly play a crucial role in characterizing electron transfer 

products, and more importantly, the occurrence of the intervalence phenomenon involving the 

target compound 1 in the present study.  Depending on the level of interaction between the moieties 

in systems carrying two or more similar redox centers, the splitting of redox waves could be 

expected.  This scenario applies to both the fully delocalized (class III type) and the in-between 

(class II) systems. However, as the redox centers are fully localized within the molecular 

framework for class I type systems, the redox potentials are expected to be identical, ibid, no 

splitting of the peak could be anticipated.  In this case, the peak currents would be proportional to 

the number of redox-active entities at that potential. We have utilized both cyclic voltammetry 
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(CV) and differential pulse voltammetry (DPV) techniques in the present study; the former to 

address the reversibility of a given redox process and the latter to accurately obtain the peak 

potentials.  Electrochemical studies were performed in o-dichlorobenzene (DCB) containing 0.1 

M (TBA)ClO4 (TBD = tetra-butyl ammonium) and the measured potentials are referenced to 

Ag/AgCl.  DPV curves for studied systems are shown in Figure 3 while the oxidation and reduction 

potentials are tabulated in Table 1. 

 

 

 

 

 

 

 

 

 

Figure 3.  DPVs of 1-7 in o-dichlorobenzene containing 0.1 M (TBA)ClO4. Experimental 

conditions: scan rate = 5 mV/s, pulse width = 0.25 s, and pulse height = 25 mV. 

 Briefly, the control compound 7 having only TDPP revealed the first reduction at -0.86 V 

vs. Ag/AgCl.  CV data confirmed this process to be quasi-reversible.  The control compound 4 

having DMA and TCBD entities revealed two reductions at -0.14 and -0.52 V due to the TCBD 

reductions and oxidation at 1.33 V for the DMA entity.  Compounds 5 and 6, having DMA and 

TDPP entities but no TCBD, revealed the expected oxidation and reduction processes.  By 

comparing the peak currents (one DMA in 5 against two DMAs in 6), the site of electron transfer 

to the DMA entity was possible to reach. For 5, a reduction at -1.04 V corresponding to TDPP, 

and oxidation at 0.91 V corresponding to DMA while for 6, a reduction at -0.97 for TDPP moiety, 

and oxidation at 0.87 V for DMA moiety were possible to assign.  A slightly difficult reduction of 

TDPP compared to that observed for 7 due to the presence of electron-rich DMA was noted.  
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Molecular systems 2 and 3 comprised of three redox-active moieties displayed the expected redox 

processes.  In the case of 3, TDPP reduction at -1.29 V, TCBD reductions at -0.25 and -0.47 V, 

and DMA oxidation at 1.23 V were detected. Similarly, for 2, a reduction at -1.22 V corresponding 

to TDPP, reductions at -0.25 and -0.47 V corresponding to TCBD, and DMA oxidations at 0.98 V 

(DMA entity distant from TCBD) and 1.19 V (DMA entity close to TCBD) was witnessed.  In 

both compounds, the reduction of the TDPP entity was beyond -1.2 V, and also the TCBD 

reductions were easier by over 100 mV compared to 4 due to the inductive effects caused by the 

TDPP entity.  Finally, target system 1 having two TCBD moieties coupled to TDPP revealed the 

expected split wave of the first reduction corresponding to TCBD.  The split reductions appeared 

at -0.05 and -0.17 V (both reversible on the CV time scale) resulting in a 120 mV peak separation 

indicating the exchange of the odd electron among the TCBD moieties.  Importantly, each peak 

approximately had about half the current predicted for simultaneous reduction of both TCBD 

moieties.  The second reduction corresponding to the conversion of both TCBD.- → TCBD2- 

appeared at -0.67 V. In this case, the TDPP reduction in this compound was further cathodically 

shifted and appeared at -1.42 V while the DMA oxidation was anodically shifted to 1.21 V and 

was close to that observed for compound 4.  In summary, although the electrochemical behavior 

of 1, (DMA-TCBD)2-TDPP, was similar to earlier reported (PTZ-TCBD)2-TDPP, the splitting was 

higher in the case of 1 indicating better electron exchange in the current system having DMA as 

terminal electron donors instead of PTZ. 

Spectral features of the oxidized and reduced species of the investigated compounds were 

subsequently obtained using the spectroelectrochemical technique.  Figure 4 displays the visible-

near IR spectral changes during the course of the oxidation as well as the reduction processes of 1 

and 2.  The corresponding spectral changes for 3 are displayed in Figure S23 in SI.  During the 

first oxidation of 1 (Figure 4a), the peak intensity of the neutral compound was decreased without 

developing any new peaks. On the contrary, during the reduction of 1, the diminished peak strength 

of the original compound was accompanied by intense new peaks at 1128 and 1454 nm (Figure 

4b). The position of this peak was consistent with the intervalence charge transfer band reported 

earlier for (PTZ-TCBD)2-TDPP).72 As shown in Figure 4 and Figure S23, for single TCBD-bearing 

compounds 2, and 3, as expected, no IVCT transition was observed.  In these cases, both oxidized 

and reduced species had weak absorption in the region of 850 nm. For compounds, 5-6 lacking 

TCBD and 7 lacking both TCBD and DMA, no new spectral features were observed during 
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oxidation and reduction suggesting low molar absorptivity of any such transitions if at all they 

existed.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.  Visible-near-IR spectral changes during the course of the oxidation and reduction of 1 

(a and b) and 2 (c and d) in DCB.  The spectrum arrived for the charge-separated states (CSS) is 

depicted in Figures 4e and 4f, respectively, for 1 and 2. 

The pair of reductions observed at -0.05 and -0.17 V in the case of 1 could be represented 

as,1-3,26 
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              (i) 

In here, the initial one-electron reduced anion radical mixed-valence species, capable of showing 

IVCT, is followed by its succeeding second electron reduction to the di-anionic species (both 

TCBDs in the reduced state).  The potential difference of the split wave of E = 120 mV imitates 

the energy associated with the dianion comproportionation, as shown by equation (ii). 

   KComp 

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

 Further, the E value could also be used to evaluate the position of the equilibrium, as 

shown by equation (iii), 

E = -Gcom/F    (iii) 

where F is the Faraday constant and -Gcom is the Gibbs free-energy change.  Using this 

information, the stabilization of the radial anion can be estimated using equation (iv), 

-Gcom = -RT ln Kcom    (iv) 

Representing the electronic interactions between the 1/1.- redox centers.26  Using the potential 

difference between the split wave, E we calculated -Gcom according to equation (iii). Further, 

the calculated Gcom was used to calculate Kcom according to equation (iv). The calculated 

comproportionation equilibrium constant, Kcom and the stabilization energy, -Gcom from this 

procedure, were found to be 72.3 M-1, and 1.06 x 104 J/mol, respectively.  The magnitude of these 

values was close to that reported earlier for (PTZ-TCBD)2-TDPP. 

Estimation of electronic coupling parameters from spectral and computational data 

Energy-optimized structures of the investigated compounds were evaluated by DFT at the 

level of B3LYP/6-31G* using Gaussian 09.74  Additionally, to visualize the electronic structures, 

frontier HOMOs and LUMOs on the optimized structures using GaussView were subsequently 

generated. To save computational time, the N-C10 chain on the TDPP was replaced by ethyl. 
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Figure 5 shows the optimized structure along with frontier orbitals of 1 while others are shown in 

Figure S24 in SI, along with their energies listed in Table S2., No observable steric crowding was 

noted in these optimized structures.  This becomes important when considering their close spatial 

dispositioning.  For 1, the HOMO was localized on the central TDPP, and some contributions were 

on the TCBD while HOMO-1 was on the DMA entities.  Expectedly, the LUMO and LUMO+1, 

distributed almost symmetrically on the TCBD-TDPP-TCBD portion were noted.  Introducing 

solvents of differing polarity in these calculations, as shown in Figures S25-27 (see Table S2 for 

calculated energies of the orbitals), no notable changes in the distribution of the orbitals 

coefficients were observed, suggesting that the IVCT could appear in different solvents. 

 

 

 

 

 

 

 

Figure 5.  Geometry optimized structure and frontier HOMO-1, HOMO, LUMO, and LUMO+1 

of 1, calculated at the B3LYP/6-31G* level in the gas phase. 

In contrast, for compounds 2, 3, 5, and 6, irrespective of the presence or absence of TCBD, 

the HOMO was found to be on TDPP while HOMO-1 was on the DMA entity.  In the case of 5 

and 6, LUMO was on TDPP while for 2 and 3, LUMO was on TDPP-TCBD parts of the molecules 

(Figure S24).   

Further, the degree of electronic coupling was estimated by incorporating the computed 

structure into the e-Coupling Server program.75 (see Figures S28-29 and calculation details in SI). 

By this procedure, an estimated electron coupling (HAD = 2V) of 3.18 eV which was higher than 

the assessed  of 1.60 eV (reorganization energy) was obtained.  This suggests the current IVCT 
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molecule belongs to Class III.  As pointed out earlier, compounds of Class III should be largely 

invariant of solvent polarity effects.  To clarify this, cobaltocene, a chemical reducing agent was 

used to reduce 1 in different solvents.  As exhibited in Figure S30, the peak position and shape of 

IVCT transition were essentially the same in dichlorobenzene, acetonitrile, and benzonitrile 

without major shifts in peak positions.  These results support that 1 belongs to the class III type of 

IVCT compound.  It is important to point out that the earlier reported system, (PTZ-TCBD)2-TDPP 

exhibited solvent-dependent IVCT peaks to some extent and thus was assigned to the in-between 

Class II and Class III types.  It appears that changing the terminal electron donor from PTZ to 

DMA does have an effect on the intervalence phenomenon in this class of compounds. 

Having established the occurrence of IVCT upon chemical or electrochemical reduction of 

1, and further explaining the observed quenching of TDPP in 1, free-energy calculations to seek 

the thermodynamic possibility of excited-state charge separation was performed.  Calculations of 

Gibbs free-energy on 1-3 possessing TCBD as accepted, TDPP as a sensitizer, and DMA as a 

donor was performed following to the traditional approach76 (equations v-vi). 

  -GCR = Eox – Ered + GS   (v) 

  -GCS = E0,0 − (-GCR)   (vi) 

where E0.0 represents the excited energy of 1TDPP* and ECT represents the charge transfer state 

energy, DMA+-TCBD- while GS refers to solvation energy estimated by the dielectric 

continuum model (see equation iii). The oxidation potential of the donor and reduction potentials 

of the acceptor are represented by Eox and Ered. 

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

The abbreviations  and R signify the vacuum permittivity and dielectric constant of 

PhCN used in photo- and electrochemical investigations (R = 26.0). RCC is the center-to-center 

distance of the geometry-optimized structures between donor and acceptor entities.  The calculated 

free-energy changes for both forward and reverse processes are listed in Table 1. These results 

evidently show the thermodynamic likelihood of excited-state charge separation and dark charge 

recombination. 
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Figure 6. Jablonski-type energy level diagram showing excited-state CT and CS processes 

occurring in 1 in PhCN. The estimated energy of the CSS in toluene is also shown by dashed red 

lines.   

By using the calculated free-energy change values, Jablonski-type energy level diagrams 

were built to envisage photoinduced events.  Figure 6 shows the energy diagram for 1 while for 2 

and 3 such energy diagrams are shown in Figure S31, and for 5 and 6 in Figure S32.  For 

compounds 5 and 6 encompassed of electron-rich DMAs, and a relatively weak electron acceptor, 

TDPP, E0,0 (average of low-energy energy absorption and fluorescence peaks of 1TDPP*) were a 

little higher (~30-40 mV) than the electrochemical gap (difference between the first reduction and 

first oxidation potentials, see Table 1) signifying the possibility of CT occurrence (Figure S32).  

The previously presented fluorescence quenching and reduced lifetimes for these two compounds 

(see Table 1) draw support for this rationalization.  The scenario changes when a much stronger 

electron acceptor, TCBD is introduced, as in compounds 1-3.  The close spacing of TCBD to TDPP 

and high exergonicity would accelerate excited-state CT events.  Further, in a polar PhCN, due to 

solvent stabilization of the radical ion pairs (charged cationic and anionic species), the initial 

charge transfer state is expected to undergo a full charge separation.  Energetically, this seems to 

be the case as shown by the energy level diagrams in Figures 6 and S31. However, due to poor 

solvent stabilization in toluene, the formation of a charge-separated state appears unlikely (see red-

dashed lines in Figure 6). Under these situations, the charge transfer state could relax to the ground 
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state directly or populate the intermediate low-lying 3TDPP* (ET = 1.04 eV) prior to relaxing to 

the ground state. 

Transient pump-probe absorption studies 

In order to witness the envisioned charge transfer and separation events, femtosecond 

transient pump-probe spectral studies (fs-TA) covering the wide visible and near-IR regions were 

undertaken. Here, the samples were excited corresponding to their visible peak maxima.  Figure 

S33 shows the fs-TA spectrum of only TDPP-bearing compound 7. Positive peaks at 779 and 891 

nm and negative peaks at 570 and 630-640 nm were observed from the instantaneously formed 

1TDPP* state within the first 1-2 ps.  From the earlier discussed absorption and fluorescence 

spectra of TDPP (see Figure 7 for the inverse of these spectra for comparison), the 570 nm peak 

to ground state bleaching (GSB) and the negative peak in the 630-640 nm for both GSB and 

stimulated emission (SE) was assigned.  Additionally, a wide peak covering the 805-1040 nm 

region (maxima at 890 nm) was observed and was ascribed to the absorption of excited state 

species (ESA) of the probe, 1TDDP*.  The retrieval of GSB and SE transient peaks followed the 

decay of the ESA peaks persisted over 3 ns, the time delay window of the fs-TA instrument.  This 

observation agrees with the earlier conversed long lifetime of 7 (3.17 ns).   

Compounds 5 and 6, having additional one or two entities of electron donor, DMAs to 

TDPP, exhibited spectral topographies sufficiently different from that of 7 (please see spectral 

results shown in Figure 7 in PhCN and Figure S34 in toluene).  As predicted from the earlier 

discussed fluorescence lifetimes, recovery of the ESA peaks and the decay of GSB and SE peaks 

were sooner than that in 7.  Additionally, in the near-IR region, a new broad ESA peak (~1280 nm 

in benzonitrile and ~1464 nm in toluene) also appeared. As pristine TDPP exhibited no such ESA 

spectral features (Figure S33), and the energy calculations expected excited charge transfer, this 

near-IR peak was attributed to DMA--TDPP+. 
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Figure 7.  Transient spectra at the mentioned delay times of compounds (a) 5 and (b) 6 in PhCN 

(N2-purged).  Excited was corresponding to their visible peak maxima (100 fs pulse width).  The 

decay profile of the ESA peak is shown below each panel. 

Lastly, after explaining all possible scenarios in these push-pull systems, we directed our 

attention to 1-3 having TCBD positioned between the DMA and TDPP.  As demonstrated in 

Figures 2-6, for 1, one could imagine the presence of an IVCT peak in the NIR region due to 

charge resonance between the electronically coupled TCBD entities after the charge separation 

process.  Advantageously, the IVCT peak would help characterize the electron transfer product. 
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Figure 8.  Transient absorption spectra of 1 in (a) PhCN and (b) toluene at the mentioned delay 

times.  The dashed line indicates the spectrum of the CSS from spectroelectrochemistry.  The 

species-associated spectra (SAS) and population kinetics are shown in c and d, respectively. 

Figure 8a exhibits transient spectra of 1 in benzonitrile at the specified delay times.  The 

spectrum deduced for the CSS from the spectroelectrochemical results is also incorporated for 

assessment determinations (dashed line).  At 1.49 ps, the earlier delay time, the spectrum revealed 

negative peaks at 488, and 722 nm, and positive peaks at 1132 and 1266 nm.  The decay of the 

1266 nm peak was faster than the recovery of the negative peaks or that of the 1266 nm peak 

suggesting that this peak could be the intermediate CT state, DMA+-(A-TDPP)--A-DMA, while 

the remaining peaks corresponding to the CS state, DMA+-A.--TDPP-A-DMA undergoing charge 

resonance, DMA+-A.--TDPP-A-DMA → DMA+-A-TDPP-A.--DMA.  This becomes clear by 

comparing the spectrum of the CSS.  These results back the occurrence of photo-excited charge 

separation resulting in IVCT via electron exchange between the two TCBD moieties.  Further, the 

transient data was analyzed by feeding the data into the GloTarAn target analysis program.77  For 

better data fitting, a sequential three-step process was warranted.  The SAS for the three 
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components and the respective population time profiles are shown, respectively, in Figures 8c and 

d.  The initial spectrum appearing around 5 ps could be attributed to 1TDPP* with contributions 

from vibrational cooling.  The second one with a time constant of 7.87 ps revealed negative peaks 

at 485, 638, and 770 nm and positive peaks at 1140 and 1323 nm, and had features of the 

intermediate CT state, DMA+-(A-TDPP)--A-DMA.  The latter spectrum with a time constant of 

49.2 ps exhibited the expected peaks for the CS intervalence state. Here, negative peaks at 478, 

and 772 nm and a positive peak at 1127 nm which matched well with the spectrum deduced from 

spectroelectrochemical results were witnessed.   

 

 

 

 

 

 

 

 

 

 

Figure 9.  Fs-TA spectra of 2 in (a) benzonitrile and (b) toluene solvents at the indicated delay 

times.  The dashed line shows the spectrum that arrived at the charge-separated state from 

spectroelectrochemistry.  The SAS and their respective population time plots are respectively 

shown in c and d. 

In contrast, the transient spectra in toluene revealed clearly different topographies from 

those detected in PhCN.  The initial transient spectra were featured with negative peaks at 466, 

470, and 752 nm and positive peaks at 1155 and 1301 nm (Figure 8b).  Generally, the negative 
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peaks were blue-shifted and positive peaks were red-shifted (30-40 nm) when compared to the 

spectra in benzonitrile.  Importantly, with time, the 1155 nm peak revealed a small decrease in 

intensity while increasing the intensity of the 1301 nm peak.  Unlike that observed in PhCN, the 

peak attributed to the charge transfer state persisted longer time without any features in the 1132 

nm range expected for the charge-separated species implying an absence of charge separation in 

toluene, an observation that readily agreed with the energy diagram in Figure 6. 

Table 2. Kinetic time constants for CT and CR from GloTaAn analysis for 1-3 in the investigated 

solvents.  

System λex, nm Solvent τS1, ps τCT, ps τCS, ps 

1 700 PhCN 5.4 7.87 49.21 

   Toluene 0.31 8.41  

2 700 PhCN 5.39 7.92 49.33 

   Toluene 0.26 7.01  

3 687 PhCN 0.07 1.54 65.39 

   Toluene 0.95 15.15  

For single TCBD containing compounds 2 and 3, the estimated Gibbs free-energy changes 

indicated the likelihood of CS. To clarify this, they were examined and the results are summarized 

in Figure 9 for 2 and Figure S35 for 3.  Immediately after excitation, compound 2 in benzonitrile 

revealed negative absorptions at 485, 643, and 775 nm and positive absorption at 921 nm along 

with a shoulder-type peak at 852 nm.  Expectedly, the NIR IVCT peak was absent.  With time the 

921 nm peak underwent a blue shift of 8 nm, ultimately matching that expected for the CSS.  

However, in toluene, the positive peak located at 962 nm revealed only diminished intensity 

without showing any spectral shifts.  These results collectively support the formation of CSS, 

DMA.+-A.- -TDPP-DMA, from the intermediate DMA+-(A-TDPP)--DMA CT state in the case of 

2 in the utilized polar solvent but only the CT state in the nonpolar solvent. Similar spectral trends 

were also witnessed for 3 as shown in Figure S35, ibid, the formation of CSS, DMA.+-A.- -TDPP 

from the intermediate DMA+-(A-TDPP)- in PhCN but only a CT state in toluene. 
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The transient data were subsequently analyzed using Glotaran target analysis,77 and SAS 

and relevant kinetic data for both 2 and 3 were generated as shown in Figures 9c and d and S35, 

respectively.  A sequential three-component fit in benzonitrile and ta wo-component fit in toluene 

provided satisfactory results.  Data obtained from these analyses are given in Table 2 which shows 

a relatively fast charge transfer and separation process which could be rationalized to their close 

proximity.   

Summary 

In conclusion, the investigated multi-modular push-pull system, 1 composed of TDPP, 

DMA, and TCBD was capable of exhibiting intervalence charge transfer upon either chemical or 

electrochemical reduction as well as in the product of photochemical charge separation.  As 

observed for (PTZ-TCBD)2-TDPP, splitting of TCBD reduction wave in 1 was the primary 

evidence of charge resonance that was authenticated by spectro-electrochemical studies that 

exhibited the expected IVCT band in the NIR region.  However, the IVCT peak position was 

solvent insensitive suggesting it belonged to a Type III intervalence compound.  Using 

electrochemical data, the comproportionation equilibrium constant, Kcom, and the stabilization 

energy, -Gcom, were found to be 72.3 M-1 and 1.06 x 104 J/mol, respectively.  The assessed 

electronic coupling, HAD was 3.18 eV, greater than  of 1.60 eV, further confirming it to be a Class 

III type. The constructed energy diagrams facilitated further understanding of the photo events in 

the series of ICT systems. In PhCN, CT was followed by CS but only CT in nonpolar toluene was 

predicted. Comprehensive photophysical studies involving fs-TA were performed to prove solvent 

polarity dependence on charge transfer and separation events.  Advantageously, the NIR IVCT 

band served as a marker to characterize the CT/CS product in 1.  The CSS in 1–3 persisted for 

about 50-60 ps, signifying ultrafast processes due to geometric proximity and electronic 

communication between them.   
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1H and 13C NMR, and MALDI-mass of synthesized compounds. Additional CVs and redox 
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