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Abstract: Understanding the process of charge 

transfer in multi-modular push-pull systems is of 

great significance for technology breakthroughs, 

especially in the areas of light energy conversion and 

building optoelectronic devices. In the present study, 

a series of symmetrical and unsymmetrical push-pull 

systems, 1–4 were designed and synthesized via Pd-

catalyzed Sonogashira cross-coupling reaction, followed by [2+2] cycloaddition-retroelectrocyclization 

reaction. The D-π-D3' and D-An-D3' (n = 0-3) molecular configurations of 1–4 contained triphenylamine 

(TPA), D as the central core, and phenothiazine (PTZ), D' as the end-capping unit as a donor and TCBD as 

the central electron acceptor, A. As control compounds, C1–C4 with a general formula, D-An were also 

synthesized to realize the effect of terminal PTZ in the charge transfer events. The photophysical 

properties of both star-shaped symmetrical and unsymmetrical 2–4 molecules exhibited a broad 

intramolecular charge transfer (ICT, also known as charge polarization) band in the visible-near IR region 

due to strong push-pull interactions. The electrochemical properties of both the 1–4 and C1–C4 series 

exhibited multistep redox processes, and spectroelectrochemical studies helped in arriving at the spectral 

features of the charge transfer species. Frontier orbitals generated on DFT optimized structures helped in 

visualizing the charge transfer within the different donor and acceptor entities of a given push-pull system. 

Finally, femtosecond transient absorption spectral studies followed by data analysis by target analyses 

were utilized to demonstrate excited charge transfer. The terminal PTZ in compounds 2–4 is shown to 

stabilize the charge transfer state compared to the corresponding control compounds revealing its 

significance in modulating charge transfer properties. 
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Introduction 

Over the years, organic π-conjugated chromophores have been the subject of intense research due to 

their wide-ranging applications in materials science, optoelectronics, and biomedicine.1-19 Among these, 

the π-conjugated, spatially close, donor-acceptor (D–π–A) push-pull compounds have become one of the 

successful strategies in the design and synthesis of optoelectronic materials. The strongly interacting D-π-

A type push-pull systems can lower the optical band gap and extend the absorption spectrum towards 

longer wavelengths.20-21 Advantageously, the energy levels and band gaps of such push-pull systems can 

be tuned effectively by the selection of acceptor and donor entities, and π-bridge and spacer.20-21  

 The triphenylamine (TPA) core is one of the widely used electron-donating units for the construction 

of C3 star-shaped molecules due to the sp3 hybridized orbital of the nitrogen atom. TPA generally shows 

good electron-donating and high charge-transporting properties.22-28 Similarly, another electron donor, 

phenothiazine (PTZ), is an important class of heterocyclic compound with a slightly non-planar geometry 

due to the presence of electron-rich nitrogen and sulfur heteroatoms.29-30 PTZs have been extensively used 

for chemical sensors, photovoltaic devices, and organic light-emitting diodes (OLEDs).30-33 Phenothiazine 

as such is a colorless compound with an absorption maxima around 316 nm. The structure of 

phenothiazine possesses some unique features different from that of a typical triarylamine. The two 

phenyl groups of phenothiazine are nearly coplanar, allowing the extension of the π-delocalization over 

the entire molecule. The electron-rich nature of a phenothiazine provides a good relay for the electron 

migration in multi-modular donor-acceptor systems. 

 Tetracyanoethylene (TCNE) is a powerful electron acceptor and its reaction with π-conjugated 

electron-rich alkynes by a [2 + 2] cycloaddition−retroelectrocyclization reaction, according to Diederich’s 

procedure,34-36 results in push-pull systems carrying electron-deficient, tetracyanobutadiene (TCBD) 

electroactive unit. The strong push-pull effects result in electron polarization (also often termed as ground 

state charge transfer) resulting in a new low-energy optical transition extending the optical coverage. 

Making use of the facile reaction and optical properties they have extensively explored building TCBD-

substituted push-pull systems,37-40 and polymers as promising materials for photovoltaic applications.41-50 

Our groups have explored a wide variety of donor-functionalized TCBD-based molecular systems 

exhibiting novel optical and excited-state properties including ultrafast charge transfer and intervalence 

charge transfer properties.51-61  

 In the present investigation, making use of the novel electronic and structural properties of TPA, PTZ 

and TCBD, we have designed, symmetric and asymmetric, multi-modular push-pull systems, 1–4 wherein 
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the TCBD is positioned between the terminal PTZ and central TPA entities (Figure 1). The number of TCBD 

entities has been varied to probe their effect on both ground and excited-state properties. Further, the 

second series of compounds lacking the terminal PTZ, C1–C4, have also been synthesized to investigate 

the role of terminal PTZ in 1–4 in governing the excited-state charge transfer events. Key findings are 

summarized in the following paragraphs. 

 

Figure 1. Structure and abbreviation of star-shaped, central triphenylamine derived, phenothiazine-

tetracyanobutadiene conjugates, 1–4 (abbreviated as (PTZ-TCBD)0-3-TPA-(PTZ)0-3; (PTZ-TCBD)0-TPA-(PTZ)3 

= 1; (PTZ-TCBD)1-TPA-(PTZ)2 = 2, (PTZ-TCBD)2-TPA-(PTZ)1 = 3, and (PTZ-TCBD)3-TPA-(PTZ)0 = 4] and the 

control compounds, C1–C4 (abbreviated as (Ph-TCBD)0-3-TPA; (Ph-TCBD)0-TPA = C1; (Ph-TCBD)1-TPA = C2, 

(Ph-TCBD)2-TPA = C3 and (Ph-TCBD)3-TPA = C4) synthesized to probe excited-state charge transfer events. 

 

Experimental Section 

General methods 

All the chemicals were used as received unless otherwise indicated. All oxygen or moisture-

sensitive reactions were performed under a nitrogen/argon atmosphere using the standard Schlenk 

method. All the chemicals were purchased from commercial sources and used without further 

purification. 1H NMR (400 MHz), and 13C NMR (100 MHz) spectra were recorded on the Bruker Avance (III) 

400 MHz, using CDCl3 as the solvent, and the chemical shifts were reported in parts per million (ppm) with 

TMS (0 ppm) and CDCl3 (77.00) as standards. Tetramethylsilane (TMS) was used as reference for recording 

1H (of residual proton; δ = 7.26 ppm), and 13C (δ = 77.0 ppm) spectra in CDCl3. UV-visible absorption spectra 
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of all compounds in Dichloromethane were recorded on a Carry-100 Bio UV-visible Spectrophotometer. 

Cyclic voltammograms (CVs) were recorded on a CHI620D electrochemical analyzer using Glassy carbon 

as a working electrode, Pt wire as the counter electrode, and Saturated Calomel Electrode (SCE) as the 

reference electrode. HRMS was recorded on Brucker-Daltonics, micrO TOF-Q II mass spectrometer. 

The UV-visible spectral measurements were carried out with a Shimadzu Model 2550 double 

monochromator UV-visible spectrophotometer. The fluorescence emission was monitored by using a 

Horiba Yvon Nanolog coupled with time-correlated single-photon counting with nanoLED excitation 

sources. A right-angle detection method was used. Differential pulse and cyclic voltammograms were 

recorded on an EG&G 263A electrochemical analyzer using a three-electrode system. A platinum button 

electrode was used as the working electrode. A platinum wire served as the counter electrode, and an 

Ag/AgCl electrode was used as the reference electrode.  Ferrocene/ferrocenium redox couple was used 

as an internal standard. All the solutions were purged prior to electrochemical and spectral measurements 

using argon gas.  

Femtosecond transient absorption spectroscopy experiments were performed using an ultrafast 

femtosecond laser source (Libra) by Coherent incorporating a diode-pumped, mode locked Ti: sapphire 

laser (Vitesse) and a diode-pumped intracavity doubled Nd:YLF laser (Evolution) to generate a compressed 

laser output of 1.45 W. For optical detection, a Helios transient absorption spectrometer coupled with a 

femtosecond harmonics generator, both provided by Ultrafast Systems LLC, was used. The sources for the 

pump and probe pulses were derived from the fundamental output of Libra (Compressed output 1.45 W, 

pulse width 100 fs) at a repetition rate of 1 kHz; 95% of the fundamental output of the laser was 

introduced into a TOPAS-Prime-OPA system with a 290−2600 nm tuning range from Altos Photonics Inc., 

(Bozeman, MT), while the rest of the output was used for generation of a white light continuum. Kinetic 

traces at appropriate wavelengths were assembled from the time-resolved spectral data. Data analysis 

was performed using Surface Xplorer software supplied by Ultrafast Systems. All measurements were 

conducted in degassed solutions at 298 K. The estimated error in the reported rate constants is ±10%. 

Synthesis 

TPA-PTZ 1: Under argon atmosphere a solution of tris-(4-iodophenyl)amine (1a) (0.5 g, 0.80 mmol) and 

the corresponding 3-ethynyl-10-propyl-10H-phenothiazine (1b) (0.85 g, 3.2 mmol) in dry THF (50 ml), 

added triethylamine (15 ml), Pd(PPh3)4 (0.046 g, 0.04 mmol), CuI (0.007 g, 0.04 mmol), stirred for 16 h at 

65 oC.  After completion of the reaction, the reaction mixture was concentrated under reduced pressure, 
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the crude compound was purified by column chromatography on silica, using Hexane/ DCM (80:20), and 

afforded pure compound TPA-PTZ 1 around 66 % yield. Yellow solid (0. 550 g, 66 %). 1H NMR (CDCl3, 400 

MHz, ppm): δ 7.39 (d, J = 8 Hz, 6H), 7.29-7.27 (m, 5H), 7.16-7.11 (m, 6H), 7.05 (d, J = 8 Hz, 7H), 6.92 (t, J = 

8 Hz, 3H), 6.85 (d, J = 8 Hz, 3H), 6.78 (d, J = 8 Hz, 3H), 3.81 (t, J = 8 Hz, 6H), 1.87-1.79 (m, 6H), 1.01 (t, J = 8 

Hz, 9H). 13C NMR (CDCl3, 100 MHz, ppm): 146.4, 145.1, 144.7, 144.6, 143.8, 132.6, 130.8, 130.1, 130.0, 

129.9, 129.6, 127.4, 127.2, 126.5, 124.7, 124.2, 124.0, 123.9, 122.6, 118.0, 117.1, 116.6, 115.4, 115.1, 

115.0, 114.7, 89.0, 88.7, 49.2, 20.0, 11.2. HRMS (ESI-TOF): m/z calculated for C69H54N4S3 1034.3505 [M]+, 

measured 1034.3504 [M]+. 

TPA-PTZ 2: In a 50 mL round-bottomed flask, tetracyanoethylene (TCNE, 12 mg, 0.09 mmol) was added to 

solution of TPA-PTZ 1 (100 mg, 0.09 mmol) in DCM (20 mL). The reaction mixture was stirred at room 

temperature for 4 h. After completion of the reaction, the reaction mix. was dried under vacuum and 

purified by column chromatography with hexane/DCM (40:60, v/v) as eluent to give compound TPA-PTZ 

2 as dark red solid (yield: 70 mg, 62%). 1H NMR (400 MHz, CDCl3): δ 7.73 (d, J = 8 Hz, 1H), 7.65 (d, J = 8 Hz, 

2H), 7.49 (d, J = 8 Hz, 4H), 7.42-7.29 (m, 6H), 7.22-6.84 (m, 16 H), 6.79 (d, J = 8 Hz, 2H), 6.73-6.88 (m, 2H), 

3.87-3.76 (m, 6H), 1.88-1.76 (m, 6H), 1.06-0.98 (m, 9H).  13C NMR (CDCl3, 100 MHz, ppm): δ 153.1, 152.6, 

151.1, 150.6, 145.4, 145.1, 144.5, 144.3, 144.1,144.0, 143.9, 143.7, 142.0, 141.3, 133.0, 132.9, 131.7, 

130.9, 130.7, 130.4, 130.3, 130.2, 130.1, 130.0, 129.6, 127.9, 127.8, 127.6, 127.4, 127.3, 127.0, 126.8, 

126.4, 126.2, 126.1, 125.3, 125.1, 124.9, 124.8, 124.7, 124.4, 124.1, 124.1, 122.7, 121.4, 119.7, 118.9, 

117.2, 116.9, 116.8, 116.6, 116.1, 115.5, 115.2, 115.2, 115.0, 114.8, 113.4, 113.2, 112.8, 112.2, 112.0, 

89.8, 88.5, 81.5, 80.7, 49.3, 49.2, 20.0 19.9, 11.2, 11.2;   HRMS (ESI, positive) m/z [M] + calculated for 

C75H54N8S3 1162.3628, found 1162.3844 [M]+.     

TPA-PTZ 3: In a 50 mL round-bottomed flask, tetracyanoethylene (TCNE, 24 mg, 0.19 mmol) was added to 

a solution of TPA-PTZ 1 (100 mg, 0.09 mmol) in DCE (20 mL). The reaction mixture was heated at 40 oC for 

12 h. After completion of the reaction, the reaction mix. was dried under vacuum and purified by column 

chromatography with hexane/DCM (20:80, v/v) as eluent to give TPA-PTZ 3 as a dark red solid (yield: 80 

mg, 65%). 1H NMR (400 MHz, CDCl3): δ 7.73-7.67 (m, 7H), 7.55 (d, J = 8 Hz, 1H), 7.47 (t, J = 8 Hz, 1H), 7.38-

7.29 (m, 4H), 7.22-7.15 (m, 10H), 7.08-6.99 (m, 4H), 6.90-6.87 (m, 4H), 6.79 (d, J = 8 Hz, 1H), 6.74-6.68 (m, 

1H), 3.88-3.76 (m, 6H), 1.88-1.78 (m, 6H), 1.06-0.99 (m, 9H).  13C NMR (CDCl3, 100 MHz, ppm): δ 165.1, 

163.7, 151.3, 150.8, 143.6, 141.8, 141.1, 133.5, 131.5, 131.0, 130.7, 130.5, 130.4, 130.2, 130.0, 129.9, 

129.6, 127.7, 127.6, 127.4, 127.1, 125.5, 124.8, 124.7, 124.5, 124.3, 123.2, 123.1, 122.8, 122.4, 117.3, 

116.9, 116.7, 116.2, 115.3, 115.2, 115.1, 114.9, 112.8, 112.5, 112.4, 112.1, 111.7, 83.2, 80.4, 49.9, 49.3, 
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20.0, 19.9, 11.1, 11.1;   HRMS (ESI-TOF): m/z calculated for C81H54N12S3 1290.3751 [M]+, measured 

1290.3761 [M]+. 

TPA-PTZ 4: In a 50 mL round-bottomed flask, tetracyanoethylene (TCNE, 49 mg, 0.09 mmol) was added to 

a solution of TPA-PTZ 1 (100 mg, 0.38 mmol) in DCE (20 mL). The reaction mixture was heated at 60 oC for 

24 h. After completion of the reaction, the reaction mix. was dried under vacuum and purified by column 

chromatography with hexane/DCM (10:90, v/v) as eluent to give TPA-PTZ 4 as a dark red solid (yield: 93 

mg, 68%). 1H NMR (400 MHz, CDCl3): δ 7.73-7.71 (m, 9H), 7.37 (t, J = 4 Hz, 3H), 7.29-7.27 (m, 5H), 7.25 (s, 

4H), 7.20-7.17 (m, 3H), 7.08-6.99 (m, 3H), 6.92-6.88 (m, 5H), 6.73 (d, J = 8 Hz, 1H), 3.89-3.81 (m, 6H), 1.91-

1.79 (m, 4H), 1.06-1.02 (m, 9H).  13C NMR (CDCl3, 100 MHz, ppm): δ 165.3, 165.1, 163.2, 163.0, 151.5, 

151.0, 149.7, 149.7, 149.7, 141.6, 141.0, 131.7, 130.7, 130.5, 130.4, 129.9, 128.0, 127.8, 127.7, 127.6, 

127.6, 127.5, 125.6, 125.2, 125.1, 124.7, 124.4, 124.6, 122.4, 117.4, 117.0, 116.3, 115.4, 115.1, 112.7, 

112.5, 112.2, 112.0, 116.3, 115.4, 115.1, 112.7, 112.5, 112.2, 112.0, 111.2, 81.1, 80.3, 80.3, 50.1, 20.0, 

11.1;   MALDI calculated for C87H54N16S3 1418.3879 [M]+, measured 1419.455. 

Results and Discussion 

Scheme 1 shows the developed synthetic scheme for compounds 1–4 while details are presented in the 

experimental section.  Briefly, the symmetrical compound 1 was synthesized by the Pd-catalyzed 

Sonogashira cross-coupling of tris-(4-iodophenyl)-amine (1a) and corresponding 3-ethynyl-10-propyl-

10H-phenothiazine (1b) in the presence of Pd(PPh3)4 and CuI in degassed THF: TEA (1:1) under argon 

atmosphere at 65 °C for 16 h which resulted in 1 at 66% yield. The TCBD functionalized symmetrical and 

unsymmetrical compounds 2–4 were synthesized via [2+2] cycloaddition-retro-electrocyclization reaction 

with the strong electron acceptor TCNE.28 The reaction of symmetrical 1 with one equivalent of TCNE in 

DCM at room temperature for 4 h resulted in an exclusive mono- TCBD substituted unsymmetrical 

compound 2 in 62% yield. Similarly, the reaction of symmetrical 1 with two equivalents of TCNE in DCM 

solvent at 40 °C for 12 h resulted in di-TCBD substituted unsymmetrical 3 in 65% yield, whereas increasing 

the reaction temperature to 60 °C for 24 h using four equivalents of TCNE with symmetrical 1 in DCE 

solvent resulted in tri-TCBD substituted symmetrical 4 in 68% yield.   
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Scheme 1. Synthetic scheme of compounds 1–4. 
 

 The control compounds, C1–C4 were synthesized according to the earlier reported procedure.62 All of 

the reported compounds were purified through silica gel (100-200 mesh) column chromatography using 

Hexane: DCM solvent and thoroughly characterized by 1H, 13C NMR, and high-resolution mass 

spectroscopy (HRMS) techniques. (see SI for spectral details, Figures S1 – S12). 

 Absorption and emission properties of compounds C1–C4 and 1–4 were subsequently 

investigated to evaluate the effect of TCBD in these compounds and the role of the second electron donor, 

PTZ in 1–4. Compound C1 revealed a single absorption band located at 372 nm (see Table 1 for spectral 

data). The introduction of TCBD resulted in two peaks, the first one in the 300–340 nm range and the 

second one in the 450-650 nm range (see Figure 2a). The first one was attributed to the normal 

− transition while the second one was for the ground state charge transfer (or charge polarization, 

TCBD−-TPA+). Importantly, as the number of TCBD entities increased, a systematic blue-shift of both 

peak maxima was witnessed. Interestingly, the introduction of the second electron donor, PTZ revealed 

better optical coverage in 2–4 extending the absorption well into the near-IR region (Figure 2b). The 

spectrum of 1 revealed two peaks, the first one as a shoulder-type peak at 330 nm while the second one 

at 394 nm. Introducing the TBCD revealed a total of three absorption bands, two in the 300–420 nm region 
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attributable to the − transitions of the PTZ and TPA entities and a broader peak in the 420–750 nm 

range due to charge polarization. Similar to C2–C4, with the increase in TCBD entities in 2–4, a systematic 

blue shift was observed for both types of peaks suggesting that the PTZ is involved in the charge 

polarization, that is, the formation of PTZ−-TCBD−-TPA type species (with some contributions from 

TPA, vide supra). 

 

 

 

 

 

 

 

 

 Among the investigated compounds only C1 and 1 were found to be luminescent upon excitation of 

the samples corresponding to the − peak maxima (Figure 2c).  Fluorescence maxima of C1 were located 

at 416 nm while that of 1 was located at 470 nm.  Direct excitation of the charge transfer peaks in the 

visible region and extending the monitoring window did not show new peaks corresponding to charge 

transfer emission.  It is likely that the intensities of such peaks are low. Lifetimes of C1 and 1 determined 

from the time-correlated single counting technique were found to be 2.89 ns for C1 and 2.59 ns for 1 (see 

Figure S13 for delay plot).  Phosphorescence of both C1 and 1 was also recorded at liquid nitrogen 

temperature (Figure 2d).  Peak maxima of C1 were located at 698 nm while that of 1 was at 701 nm.   

 

 

 

Table 1. Absorption and luminescence spectral details of the investigated 

compounds in DCB. 

Compound Absorption, nm Fluorescence, nm Phosphorescence, 

nm 

C1 373 417 698 

C2 343  431  512 ___ ___ 

C3 314  395  520 ___ ___ 

C4 303  497  517 ___ ___ 

1 323  393 470 701 

2 322  365  520 ___ ___ 

3 318  390  525 ___ ___ 

4 315  385  504 ___ ___ 



9 
 

 

Figure 2. Absorption (a and b), fluorescence (c), and phosphorescence (d) spectra of the indicated 

compounds in DCB. Phosphorescence was recorded at 77K. The samples were excited at peak maxima 

located in the 300-400 nm region of the corresponding compound (see Table 1). 

 

 Next, electrochemical studies using both cyclic (CV, to check reversibility) and differential pulse 

voltammetry (DPV, for peak potential measurement) were performed in DCB containing 0.1 M (TBA)ClO4. 

CVs and DPVs are shown in Figures S14 and S15, respectively, while the data are summarized in Table 2. 

The first oxidation of C1 bearing only TPA was located at 1.12 V vs. Ag/AgCl while for 1 having both PTZ 

and TPA, oxidation at 0.94 and 1.19 V was observed, and by comparison, the first oxidation to the PTZ 

entity and the second one to TPA entity was possible to arrive. The electron-deficient TCBD is known to 

reveal two one-electron reductions, this seems to be the case in the C2–C4 and 2–4 series. In the case of 

C2–C4, the first reduction of TCBD was located at -0.19, -0.14, and -0.11 V, that is, TCBD reduction 

progressively became easier. Importantly, in the case of C3 and C4, the first reduction was a split peak, 

suggesting electron exchange between the TCBD entities.56 On the oxidation side, the first oxidation of 
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C2–C4 was located at 1.35, 1.46, and 1.67 V. This was also the trend for subsequent oxidations. That is, 

increasing the TCBD entities, made the oxidation process gradually harder. The electrochemical redox gap 

(E1/2), that is, the potential difference between the first oxidation and first reduction was 1.54 V for C2, 

1.60 V for C3, and 1.78 V for C4. This trend was consistent with the blue shift observed along with the 

series in the optical absorption spectral studies. Such a trend was also observed for compounds 2–4, 

however, due to facile reduction of PTZ over TPA, the measured E1/2 were even smaller. E1/2 values of 

1.15 V for 2, 1.19 V for 3, and 1.22 V for 4 were observed, a trend that was also consistent with red-shift 

optical coverage of 2–4 compared to C2–C4, and comparatively shrinking of the gap along with series due 

to increased number of TCBD entities.56 It is of significance to note reduced E1/2 with the addition of the 

second electron donor in the investigated series of compounds, 2–4.  

 

 

 

 

 

 

 

 

 

 

 

 

 Geometry optimization followed by generating frontier orbitals to visualize donor-acceptor push-pull 

sites within the studied molecules was performed. For this, the structures were optimized on the B3LYP/6-

31G* basis set, and functional,63 and frontier HOMO and LUMO were generated, as shown in Figure 3. As 

expected, the HOMO of both C1 and 1 were spread all over the molecules. In the case of C2 and 2, HOMO 

spreading on the TPA and PTZ-TPA arms away from the TCBD entity and LUMO on TCBD was obvious. This 

Table 2. Electrochemical redox potentials of the investigated compounds in DCB containing 
0.1 M (TBA)ClO4. 

Potential E Vs. Ag/AgCl E1/2, V 

compound Eox Ered  

C1 1.12 1.62       > 3.0 

1 0.94 1.19 1.51      > 3.0 

C2 1.35 1.67   -0.19 -0.59  1.54 

2 0.87 1.03 1.27 1.44 -0.28 -0.60  1.15 

C3 1.46 1.44 1.56  -0.14 -0.26 -0.65 1.60 

3 1.03 1.38 1.64 1.83 -0.16 -0.29 -0.67 1.19 

C4 1.67    -0.11 -0.24 -0.60 1.78 

4 1.03 1.38 1.63 1.89 -0.19 -0.31 -0.62 1.22 
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trend was also observed for C3 and 3, where HOMO on TPA and PTZ-TPA arms lacking TCBD was witnessed 

(more on the PTZ site). The LUMOs were on both TCBD entities. In the case of C4 and 4, HOMO on the 

central TPA and PTZ-TCBD arm, and LUMO on two of the TCBD entities were witnessed. These results 

reveal charge transfer type interactions in C2–C4 and 2–4 involving neighboring TPA/PTZ electron donor 

and TCBD electron acceptor. Importantly, in cases 2 and 3, the presence of HOMO on free PTZ and LUMO 

on TCBD with a center-to-center distance of 16.4 Å was possible to arrive. In this instance, selective 

excitation of the free-PTZ entity could result in charge separation. 

 

 

Figure 3. Frontier HOMO and LUMO on B3LYP/6-31G* optimized structure of the investigated 

compounds. 

 

From the spectral, luminescence, computational, and electrochemistry data, energy level diagrams 

were established to visualize different photochemical events in the studied push-pull systems (Figure 4). 

The HOMO–LUMO energy gap from the computational studies was used as the energy of the CT state, ECT 



12 
 

in the energy diagram. The energy of the charge-separated state in benzonitrile was calculated according 

to the Rehm-Weller approach 64 using optical and electrochemical data according to equations i-iii 

   -GCR = Eox – Ered + GS  (i) 

   -GCS = E00– (-GCR)  (ii) 

 where ∆E00 corresponds to the singlet state energy of 1. The term ∆GS refers to electrostatic energy 

calculated according to the dielectric continuum model (see equation iii). The Eox and Ered represent the 

oxidation potential and the first reduction potential, respectively. 

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

The symbols 𝜀0 and 𝜀R represent the vacuum permittivity and dielectric constant of DCB used for 

photochemical and electrochemical studies (= 9.93). RCC is the center-to-center distance between donor 

and acceptor entities from the computed structures.  The energy of charge transfer was calculated from 

the peak maxima of the charge transfer peak. 

In the case of compounds C2–C4 (see Figure 4a), excitation of TPA corresponding to its − (locally 

excited, LE) peak maxima, would populate the singlet excited state 1[(Ph-TCBD)1-3-TPA]* having enough 

energy to promote the charge transfer event to yield (Ph-TCBD)1-3
−-TPA+).  Direct excitation of the CT 

band would produce the singlet excited state of the charge transfer state, 1[(Ph-TCBD)1-3
−-TPA+)] *. In 

a polar solvent such as benzonitrile, the CT state could undergo the charge-separated (CS) state producing 

radical ion-pairs, (Ph-TCBD)1-3
−-TPA+) in competition with populating the low-lying triplet excited state, 

3[(Ph-TCBD)1-3-TPA]*. A relatively complex situation arises in compounds 2–4 due to the presence of PTZ 

with and without connected TCBD entity(ies) (Figure 4b). In this instance, the 1[(PTZ-TCBD)1-3-TPA-

(PTZ)0-2]
* state produced by LE excitation would promote the CT state to produce (PTZ-TCBD)1-3

−-TPA-

(PTZ)0-2
+. Direct excitation corresponding to CT peak maxima, could also populate the 1[(PTZ-TCBD)1-3-

TPA-(PTZ)0-2]
* state. From the location of the frontier orbitals, formation of 1[(PTZ-TCBD)−-TPA-

(PTZ)2
+]* in the case of 2, formation of 1[(PTZ-TCBD)2

−-TPA-(PTZ)+]* in the case of 3, and formation 

of 1[(PTZ-TCBD)3
−-TPA+]* in the case of 4 could be envisioned. Since the energy of these CT states is 

higher than CS state, the resulting CT state could populate the triplet state or end up producing charge 

separates states, viz., [(PTZ-TCBD)−-TPA-(PTZ)2
+ in the case of 2, (PTZ-TCBD)2

−-TPA-(PTZ)+ in the 

case of 3, and (PTZ-TCBD)3
−-TPA+]* in the case of 4. A charge-separated state may be preferred in cases 

2 and 3 due to the distal positioning of the free PTZ and PTZ-TCBD, donor, and acceptor entities. 
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Figure 4. Energy level diagram demonstrating excited charge transfer and charge separation events upon 

photoexcitation of C2–C4 and 2–4 push-pull systems.  The energy of the charge transfer states, (Ph-TCBD)1-

3
−-TPA+ in the case of C2–C4, and (PTZ-TCBD)1-3

−-TPA-(PTZ)0-2
+ in the case of 2–4 are the energy 

difference between the respective HOMO and LUMO levels arrived from the DFT calculations.  Under the 

conditions of CT excitation, the excited state species is the excited singlet charge transfer complex, 1[(Ph-

TCBD)1-3
−-TPA+)]* in the case of C2–C4 and 1[(PTZ-TCBD)1-3

−-TPA-(PTZ)0-2
+]* in the case of 2–4; not shown 

in the diagram for brevity.  The energy of the charge-separated states was calculated according to the 

Rehm-Weller approach in DCB. 

 

 In an effort to arrive at the spectrum of the charge transfer/separation species, 

spectroelectrochemical studies on both series of compounds, viz., C2–C4, and 2–4 were performed.  For 

this, spectral data during the process of first oxidation and first reduction for each compound was 

recorded by applying appropriate potentials (100 mV past the redox peak potentials).  The final spectrum 

of the cation and anion were digitally added and subtracted with the neutral species to generate the 

differential absorption spectrum corresponding to the charge transfer/separation species.  Figure S16 in 

SI shows the spectrum for each push-pull system generated in this fashion.  The main features involved 

depleted peaks in the 300-340 nm range and 500-515 nm range.  For compounds 2–4, another depleted 

peak in the 380–390 nm range was also observed.  Should there is excited-state charge 

transfer/separation in these push-pull systems, the spectrum of the transient species corresponding to 
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the CT state should match closely with that of the spectrum arrived from spectroelectrochemical studies. 

 Having detailed the possible photochemical events in the studied push–pull systems as summarized 

above, next, transient pump-probe spectral studies were performed using both LE and CT excitation 

wavelengths.  Figures S17a and b in SI show the femtosecond transient absorption (fs-TA) spectra of C1 

and 1 (having no TCBD) in benzonitrile, respectively, along with the decay-associated spectra (DAS) and 

species associated spectra (SAS) from Glotaran analysis65-66 of the transient data.  In the case of C1, the 

singlet excited state (S1) species obtained within the first 6–7 ps revealed a broad excited state absorption 

(ESA) peak at 527 nm.  The decay of this peak was associated with another less intense broad peak with 

maxima at 540 nm.  A two-component fit was representing the initial S1 and a triplet excited state, T1 

formed from the process of intersystem crossing (ISC) was satisfactory whose DAS and SAS spectra are 

shown on the right-hand side of Figure S17a.  The lifetime of the T1 state was 1.76 ns suggesting the 

formation of a short-lived triplet excited state. In the case of 1, the S1 state formed within the first 2–3 ps, 

revealed ESA peaks at 623 nm.  With time, a blue shift accompanied decay and a new peak at 412 nm was 

witnessed.  A two-component fit was representing the initial S1 and the T1 state was satisfactory whose 

DAS and SAS spectra are shown on the right-hand side of Figure S17b.  The lifetime of the T1 state was 

found to be 2.20 ns, not significantly different from that of C1. 

 Next, photophysical properties of the relatively simpler version of push-pull systems, C2–C4 were 

performed in polar benzonitrile as the charge separation process is favored in polar solvents (Figure 5).  

The samples were excited at 350 nm corresponding to the LE excitation.  In all three systems, the S1 species 

formed within the first 1-3 ps, revealed two main ESA peaks, the first one in the 490 nm region and the 

second one in the 630 nm range.  There was a systematic blue shift of the first peak with the increase in 

the TCBD entities, that is, peak locations at 498 nm for C1, 481 nm for C2, and 478 nm for C3 were 

witnessed.  The decay of this peak was associated with an initial negative signal in the 500 nm range, and 

the recovery of this signal was associated with a new peak in the 550 nm range.  The DAS and SAS spectra 

for each compound are shown on the right-hand side.  A three-component fit representing S1 → CT → T1 

was satisfactory.  The DAS spectra in the middle panel nicely demonstrate the sequential occurrence of 

these events while the SAS spectrum attributed to the CT state (red trace) agreed well with the spectrum 

deduced for the CT state from spectroelectrochemical studies (dashed magenta line).  These results 

unequivocally prove the occurrence of CT in C2–C4 in DCB.  In all these systems, the spectrum attributed 

to the T1 state (blue line) was almost similar and agreed with that observed for C1 in Figure S17a.  The 

time constants of the CT states (average lifetime of the state) were 8.43, 22.09, and 24.14 ps, respectively 

for C2, C3, and C4, that is, with an increase in the number of TCBD entities, improved lifetimes for the CT 
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states to some extent were witnessed.  Lifetimes of the T1 state were in the range of 1-3 ns.   Compounds 

C2–C4 were also excited at 500 nm corresponding to the charge transfer band (see Figure S18). The 

instantaneously formed 1[(Ph-TCBD)1-3
−-TPA+)]* was characterized by an ESA peak in the 602-606 nm 

range, and a negative peak in the 510-520 nm range, expected for the CT state from the earlier discussed 

spectroelectrochemical data. A two-component fit was satisfactory in the Glotaran analysis whose DAS 

and SAS are shown in Figure S18 on the right-hand side of the corresponding transient spectra. The first 

state, the singlet excited CT state revealed lifetimes of 5.82, 11.82, and 34.47 ps, respectively, for C2, C3, 

and C4, lightly lower than those observed for the CT state time constants for the samples excited at 350 

nm corresponding to LE state. The spectral features of the second component were that of the T1 state, 

however, the time constants were much smaller in the range of 55-81 ps. The data were also subjected 

to a three-component fit to seek any long-lived component representing the charge-separated state. 

However, no strong evidence of charge-separated product could be obtained. 

 

 

Figure 5. Fs-TA spectra at the indicated delay times of compounds C2–C4 in benzonitrile (ex = 350 nm). 
Decay and species-associated spectra from Glotaran analysis are shown on the right-hand side. The 
dashed line in the SAS panel corresponds to the spectrum deduced for the CT state from 
spectroelectrochemical studies. 
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 Next, transient spectra of compounds 2–4 were recorded in benzonitrile, excited at 393 nm 

corresponding to the LE state.  Figure 6 shows the spectral data along with the DAS and SAS from Glotaran 

analysis.  The 1[(PTZ-TCBD)1-3-TPA-(PTZ)0-2]* formed within the first few ps was characterized by an ESA 

peak at 620-640 nm range along with a negative peak in the 500 nm range.  The decay of the ESA peak 

was accompanied by a blue shift along with a shoulder peak in the 540 nm range.  A three-component fit 

in Glotaran representing S1 → CT → T1 was satisfactory whose spectra are shown on the respective right-

hand side.  As observed for compounds C2–C4, the SAS spectrum obtained for the T1 state was in 

agreement with what was observed for compound 1.  Importantly, the SAS spectrum corresponding to 

the CT state matched well with that arrived from spectroelectrochemical results.  Time constants of the 

CT state were 24.94, 43.10, and 57.89 ps, respectively, for 1, 2, and 3.  Importantly, these values were 

much higher than that observed for C2–C4 lacking the terminal electron donor, PTZ.  The T1 state had time 

constant values ranging between 880-910 ps.  The data was also subjected to four-component fits, both 

sequential and simultaneous modes to seek any long-lived CS states.  However, no such events could be 

observed suggesting that the CT state transforms into the corresponding triplet state, as shown in the 

energy diagram in Figure 4. 

Figure 6. Fs-TA spectra at the indicated delay times of compounds 2–4 in benzonitrile (ex = 393 nm). 

Decay and species-associated spectra from Glotaran analysis are shown on the right-hand side. The 
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dashed line in the SAS panel corresponds to the spectrum deduced for the CT state from 

spectroelectrochemical studies. 

 Finally, compounds 2–4 were also excited at 500 nm corresponding to the CT state, as shown in 

Figure S19. The 1[(PTZ-TCBD)1-3
−-TPA-(PTZ)0-2

+]* formed revealed an ESA peak in the 650 nm region and 

a negative peak in the 500 nm range. Decay/recovery of these peaks was associated with a new peak in 

the 600 nm region suggesting that the 1CT* transforms into a T1 state prior to returning to the ground 

state. A two-component analysis representing 1CT* → T1 was satisfactory in these systems, as shown by 

DAS and SAS spectra on the right-hand panels. Time constants for the 1CT* states were found to be 5.74, 

7.09, and 8.32 ps, much small than when the samples were excited at their respective LE states. 

Importantly, with an increase of TCBD entities, time constants for CT state improved. The time constants 

for the T1 state also followed such a trend with the highest time constants of about 600 ps in the case of 

4. 

Conclusions 

 In summary, a novel series of push-pull systems by introducing a powerful electron acceptor, TCBD 

between the donor entities of a C3 symmetric TPA-(PTZ)3 molecular scaffold has been synthesized via Pd-

catalyzed Sonogashira cross-coupling reaction, followed by [2+2] cycloaddition-retroelectrocyclization 

reaction. As a control, a TPA scaffold lacking PTZ was also synthesized. The number of TCBD entities was 

varied between 1 and 3 in these push-pull systems to evaluate the effect of TCBD entities in promoting 

charge polarization in the ground state and excited state charge transfer, and the role of PTZ in stabilizing 

the charge transfer states. The strong push-pull effects promoted charge polarization resulting in the 

extension of the absorption covering the 300–800 nm range. Electrochemical studies revealed electron 

exchange resulting in the splitting of the first reduction wave of TCBD in compounds C3, C4, 3, and 4 

carrying two or three TCBD or PTZ-TCBD entities. Frontier orbitals on energy-optimized structures helped 

in arriving at different charge-transfer states. The spectrum of the charge transfer state was possible to 

arrive from spectroelectrochemical data. Finally, using pump-probe spectroscopy followed by Global 

target analysis, it has been possible to demonstrate the occurrence of excited charge transfer in these 

compounds, when the samples were excited both at the locally excited and charge polarized absorption 

peak maxima. The significance of the additional electron donor in these multi-modular systems in 

prolonging the lifetime of the charge transfer is borne out from the present study. 
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