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Abstract. A new family of covalently linked ‘Sn(IV) porphyrin-anthracene’ diad 
(1), triad (2) and tetrad (3) donor–acceptor (D–A) systems have been designed and 
synthesized in good-to-moderate yields. While diad 1 possesses one anthracene 
subunit at the peripheral (meso) position of the tin(IV) porphyrin scaffold, triad 2 
possesses two trans axial anthracene subunits at the tin(IV) centre. On the other hand, 
tetrad 3 is endowed with both the peripheral and axial anthracene subunits in its 
architecture. These D–A systems have been fully characterised by elemental analysis, 
FAB-MS, UV-Vis, 1H and 13C NMR and electrochemical methods. UV-Vis, NMR 
and redox data suggest the absence of intramolecular π–π interaction between the 
porphyrin and the anthracene/s in 1–3. Fluorescence from the anthracene subunit in 1 
and 3 is found to be quenched in comparison with the fluorescence of free anthracene 
in four different solvents. This is not the case with compound 2. Excitation spectral 
data provides evidence for an intramolecular excitation energy transfer (EET) from 
the singlet anthracene to the porphyrin in 1 and 3. The energy transfer efficiency is in 
the order: 2 (almost negligible) < 3 (~30%) < 1 (nearly quantitative), with the peri-
pheral anthracene → porphyrin pathway being largely favoured. This orientation 
dependence of EET could be analysed using Forster’s dipole dipole mechanism. 
 
Keywords. Tin (IV) porphyrin; anthracene; spectroscopy; energy transfer; orientation 
dependence. 

1. Introduction 

Studies on a variety of porphyrin based donor–acceptor (D–A) assemblies have  
been carried out to investigate various aspects of electronic energy transfer (EET) react-
ions.1–10 Amongst these, a few studies have attempted to probe the orientation depen-
dence of EET, the unequivocal demonstration of which has been elusive until we reported 
recently, in a preliminary communication, that it is possible to achieve the unidirectional 
energy transfer in a simple, porphyrin based D–A system 3. As seen in figure 1, the donor 
anthracene subunits in 3 are linked at both the axial and peripheral sites of a tin(IV) 
porphyrin scaffold.11 Fluorescence emission and excitation spectral data revealed that 
light absorbed by the ‘peripheral’ anthracene of 3 is efficiently transferred to the por-
phyrin but that by the ‘axial’ anthracene subunits is not. Consistent with this is the obser-
vation that energy transfer from the axial anthracenes in 2 is quite negligible and that 
from the peripheral anthracene in 1 is almost quantitative (figure 1). In the present paper, 
we provide details of the synthesis, spectral characterization and photophysical properties 
of compounds 1–3. 
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Figure 1. Molecular structures of the ‘Sn(IV) porphyrin-anthracene’ D–A systems 
investigated in the present study. 

2. Experimental 

2.1 Synthesis 

The chemicals and solvents utilized in this study were purchased from either Aldrich 
Chemical Co. (USA) or E Merck (India). 5,10,15,20-Tetra(p-tolyl)porphyrin (H2L1),12 
5,10,15,20-tetra(p-tolyl)porphyrinato tin(IV) dihydroxide ([(L1)SnIV(OH)2]),13 5-(4-
hydroxyphenyl) 10,15,20-tri(p-tolyl) porphyrin (H2L2),14 5,10,15,20-tetraphenyl- 
porphyrinato zinc(II) ([(TPP)ZnII])12 and 5-(4-(9-methyloxyanthracenyl)phenyl)-10,15, 
20-tri(p-tolyl) porphyrin15 were synthesized according to reported procedures. 
 
2.1a 5-(4-(9-Methyloxyanthracenyl)phenyl)-10,15,20-tri(p-tolyl)porphyrinato tin(IV) di-
hydroxide (1): A 0⋅1 g (0⋅12 mmol) sample of 5-(4-(9-methyloxyanthracenyl)phenyl)-
10,15,20-tri(p-tolyl) porphyrin and 0⋅1 g (0⋅53 mmol) of SnCl2 were dissolved in 25 ml of 
pyridine. The reaction mixture was refluxed for 2 h. To this, 5 ml of aq. ammonia (25% 
v/v) was added and the resulting mixture stirred for 1 h. at 50°C. The solvent was evapo-
rated to dryness under reduced pressure. The residue was dissolved in ≈ 50 ml of CHCl3, 
then washed repeatedly with water. The CHCl3 layer was dried over anhydrous Na2SO4 
after which it was evaporated to ≈ 5 ml. This solution was applied onto an alumina 
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(neutral, activity 1) column. The desired product was eluted using CHCl3–CH3OH (97 : 3, 
v/v) mixture. Solvent was evaporated and the product was recrystallized in CH2Cl2–
hexane mixture. Yield: 80%. Anal: Calcd. for: C62H46N4O3Sn: C, 73⋅46; H, 4⋅57; N, 
5⋅53%; Found: C, 74⋅51; H, 4⋅83; N, 5⋅55%; 13C NMR (CDCl3, TMS): δ, ppm: 147⋅0, 
146⋅9, 138⋅6, 138⋅0, 136⋅5, 135⋅2, 132⋅7, 131⋅7, 131⋅4, 129⋅3, 127⋅8, 126⋅9, 125⋅3, 124⋅2, 
121⋅4, 113⋅6, 63⋅3, 21⋅6. 
 
2.1b 5,10,15,20-Tetra(p-tolyl)porphyrinato trans-bis(methyloxyanthracenato) tin(IV) 
(2): A mixture containing [(L1)SnIV(OH)2] (0⋅05 g, 0⋅06 mmol) and 9-methanol 
anthracene (AnCH2OH) (0⋅06 g, 0⋅29 mmol) was dissolved in 20 ml of dry benzene. The 
solution was refluxed under the nitrogen atmosphere for 12 h. The solvent was eva-
porated and the residue was dissolved in minimum amount of CHCl3 and applied onto an 
alumina (neutral, activity 1) column. Elution with CHCl3 removed a light yellow 
coloured fraction, which was discarded. The next purple coloured fraction was collected 
by eluting with CHCl3–CH3OH (98 : 2, v/v) and the solvent was evaporated to get the 
desired product. Yield: 74%. Anal: Calcd. for: C78H58N4O2Sn: C, 77⋅93; H, 4⋅86; N, 
4⋅66%; Found: C, 77⋅01; H, 4⋅83; N, 4⋅55%; 13C NMR (CDCl3, TMS): δ, ppm: 147⋅6, 
147⋅3, 137⋅9, 135⋅1, 132⋅5, 131⋅6, 131⋅2, 130⋅3, 129⋅1, 128⋅3, 127⋅6, 126⋅3, 125⋅0, 123⋅9, 
123⋅3, 57⋅2, 21⋅5. 
  
2.1c 5-(4-(9-Methyloxyanthracenyl)phenyl)-10,15,20-tri(p-tolyl)porphyrinato trans-
bis(methyloxyanthracenato) tin(IV) (3): Compound 1 (0⋅05 g, 0⋅05 mmol) and AnCH2OH 
(0⋅05 g, 0⋅24 mmol) were dissolved in 20 ml of dry benzene. The resulting mixture was 
refluxed under nitrogen atmosphere for 12 h. The solvent was evaporated and the residue 
was dissolved in minimum amount of CHCl3 and applied onto an alumina (neutral, 
activity 1) column. Elution with CHCl3 removed a light yellow coloured fraction, which 
was discarded. The purple coloured second fraction was collected by eluting with 
CHCl3–CH3OH (98 : 2, v/v) and solvent was evaporated to get the desired product. Yield: 
70%. Anal: Calcd. for: C92H66N4O3Sn: C, 79⋅25; H, 4⋅77; N, 4⋅02%; Found: C, 79⋅11; H, 
4⋅62; N, 4⋅55%; 13C NMR (CDCl3, TMS): δ, ppm: 147⋅6, 147⋅3, 138⋅6, 138⋅0, 135⋅1, 
132⋅6, 131⋅6, 131⋅2, 130⋅5, 130⋅3, 129⋅1, 128⋅2, 127⋅7, 126⋅8, 126⋅3, 125⋅0, 124⋅2, 124⋅0, 
123⋅8, 123⋅7, 123⋅3, 113⋅6, 63⋅4, 57⋅2, 21⋅5. 

2.2 Methods 

Solvents used for spectroscopic and electrochemical experiments were further purified 
using standard procedures.16 Each investigated porphyrin was purified on a short alumina 
column before being subjected to physical measurements. Care was taken to avoid the 
entry of direct, ambient light into the samples in all spectroscopic and electrochemical 
experiments. Unless otherwise specified, all experiments were carried out at 293 ± 3 K. 
 FAB-mass spectra were recorded with a JEOL SX 102/DA-6000 mass spectrometer/ 
data system. Elemental analysis was carried out with the Perkin–Elmer Model 240-C 
CHN analyser. UV-Vis spectra were recorded with a Shimadzu Model UV-3101-PC  
UV-Vis spectrophotometer. Concentration of the samples used for these measurements 
ranged from ~2 × 10–6 M (Soret bands and anthracene bands) to ~5 × 10–5 M (Q-bands). 
1HNMR (200 MHz; 1D and 1H–1H COSY) and 13C NMR (50 MHz) spectra were 
recorded with a Bruker NR-200 spectrometer using CDCl3 as the solvent and tetramethyl-
silane (TMS) as an internal standard.  
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 Steady-state fluorescence spectra were recorded using a Jasco Model FP-777 
spectrofluorimeter. The emitted quanta were detected at right angles to the incident beam. 
The utilized concentrations of the fluorophores were such that the optical densities (OD) 
at the excitation wavelengths were always less than 0⋅2. The fluorescence quantum yields 
(φ) were estimated by integrating the areas under the fluorescence curves and by using 
either [(TPP)ZnII] (φ = 0⋅036 in CH2Cl2 for excitation into the porphyrin band, 
420/525 nm) or anthracene (An) (φ = 0⋅27 in CH2Cl2 for excitation into the anthracene 
band, 250 nm) as the standards.17,18 Refractive index corrections have been incorporated 
while reporting the fluorescence data in various solvents.19 Dilute solutions (~10–7 M) of 
the fluorophores were used for excitation spectral measurements. Corrections to the 
instrument response function and procedures for the spectral normalization that were 
employed during the estimations of excitation energy transfer efficiencies are essentially 
similar to those described in our previous studies.11,20–24 
 Cyclic voltammetric experiments (CH2Cl2 and 0⋅1 M tetrabutylammonium perchlorate, 
TBAP) were performed on a Princeton Applied Research (PAR) 174A polarographic 
analyser coupled with a PAR 175 universal programmer and a PAR RE 0074 x–y 
recorder, as detailed in our previous studies.20–25 Fc+/Fc couple (Fc = ferrocene) was used 
to calibrate redox potential values. 
 PM3 calculations were performed using MOPAC 93 on a Pentium III PC. 

3. Results and discussion 

3.1 Ground state properties 

Synthesis of the three new D–A compounds has been accomplished as detailed in §2. 
Satisfactory elemental (CHN) analyses were obtained for compounds 1–3 but the mass 
spectrum of each of these axial-bonding type tin(IV) porphyrins showed only a low inten-
sity peak due to the parent M+ ion. Nevertheless, peaks due to the fragments obtained 
upon elimination of the axial ligands were found to be intense. Weak signals (1–15%) for 
M+ fragments of the axial-bonding type, penta- and hexa-coordinated tin(IV) porphyrins 
have been noticed earlier by several workers including us.21,26–28 
 UV-Vis spectra of the three covalently linked D–A compounds are illustrated in figure 
2. The wavelength of maximum absorbance (λmax, nm) and molar extinction coefficient 
(log ε) values of 1–3 and those of their constituent individual components (i.e. 
[(L1)SnIV(OH)2] and An) are summarized in table 1. From comparison of these data, it is 
clear that the anthracene part of the diad, triad and tetrad molecules strongly absorbs 
between 200 and 300 nm, a region in which the porphyrin part of the molecule shows 
minimum absorbance. Analogously, the porphyrin part of each compound shows an 
intense Soret band and two less intense Q-bands in the region (400–650 nm) where the 
anthracene chromophore shows minimum absorbance. Data given in table 1 suggest that 
the λmax values of these bands are within the same range as those of [(L1)SnIV(OH)2]. The 
absorption bands due to the anthracene component/s (256 ± 1 nm) of these D–A com-
pounds are red-shifted by 6 nm in comparison with the corresponding band of anthracene 
itself (251 nm).29 While log ε values of the bands due to the porphyrin part are slightly 
reduced in comparison with the corresponding values of unlinked [(L1)SnIV(OH)2], those 
of the anthracene part vary in the order 1 < 2 < 3, as expected. Finally, λmax and log ε 
values as well as the spectral shapes of the bands of these covalently linked diad, triad 
and tetrad compounds are found to be similar to those of solutions containing one 
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Figure 2. UV-Vis spectra of 1, 2 and 3 in CH2Cl2. 
 
 
 
mole equivalent of porphyrin and one, two or three mole equivalents of anthracene 
respectively. These results suggest that there exists, if any, only marginal ground-state π–
π interaction between the donor and acceptor components of these new type of D–A sys-
tems. 
 The 1H NMR spectral data (CDCl3, TMS) of compounds 1, 2 and 3 and that of their 
individual constituents (viz: [(L1)SnIV(OH)2] and AnCH2OH) are summarized in table 2. 
The spectra are highly characteristic and the resonance positions as well as the 
corresponding intensities of the signals arising from various protons in compounds 1–3 
are in conformity with the proposed structures (see figure 1). While the aromatic protons 
of the anthracene subunit (peripheral) of 1 resonate between 8⋅60 and 7⋅66 ppm, the 
corresponding protons of 2 (axial) and 3 (axial and peripheral) are shielded and appear 
between 8⋅14 and 7⋅57 ppm. Similarly, the peripheral –OCH2 protons of diad 1 
resonate as a singlet at 6⋅33 ppm, the axial –OCH2 protons of triad 2 are shielded and 
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Table 1. UV-Vis data in CH2Cl2.

a 

 Porphyrin transitions  
  λmax, nm (log ε) Anthracene 
   transition 
Compound  Q-bands Soret band λmax, nm (log ε) 
 

 

Anthracene –     251 
      (5⋅19) 
[(L1)SnIV(OH)2] 603 563 524 428 256 
  (4⋅62) (4⋅63) (3.56) (5⋅76) (3⋅92)b 
1 606 564 525 430 257 
 (4⋅17) (4⋅16) (3⋅51) (5⋅25) (4⋅78) 
2 605 564 524 427 256 
 (4⋅10) (4⋅10) (3.46) (5⋅33) (5⋅04) 
3 607 565 525 429 255 
  (4⋅15) (4⋅12) (3⋅50) (5⋅36) (5⋅19) 

aError limits: λmax, ± 1 nm; log ε, ± 7%; bnot a peak (given only for 
comparison) 

 

Table 2. 1H NMR data in CDCl3 (TMS). All values in δ (ppm).a 

 Porphyrin protons Anthracene protons 
 

 β- o- m-   (Periphe- (Axial) 

Compd. pyrroleb phenyl phenyl –CH3  Aromatic  ral) –CH2 –CH2 
 

AnCH2OH     8⋅44 8⋅12 7⋅32 5⋅92 – 
       (m, 1H) (m, 4H) (s, 4H) (s, 2H) 
[(L1)SnIV  9⋅14 8⋅22 7⋅62 2⋅74 
 (OH)2] (s, 8H) (d, 8H) (d, 8H) (s,12H) 
1 9⋅18 8⋅24 7⋅64 2⋅75 8⋅60 8⋅26 7⋅66 6⋅33 
  (m, 8H) (m, 8H) (m, 8H) (s, 9H) (m, 3H) (m, 2H) (m, 4H) (s, 2H) 
2 9⋅15 8⋅04 7⋅55 2⋅74 8⋅44 8⋅21 7⋅57  5⋅65 
  (s, 8H) (d, 8H) (m, 8H) (s, 12H)  (m, 8H) (m, 2H) (s, 8H)  (s, 4H) 
3 9⋅16 8⋅14 7⋅58 2⋅76 8⋅41 8⋅14 7⋅58 6⋅32 5⋅62 
 (m, 8H) (m, 8H) (m, 8H) (s, 9H)  (m, 3H) (m, 12H) (m, 12H) (s, 2H) (s, 4H) 

a Error limits: δ, ± 0⋅1 ppm; b less intense ‘side-bands’ due to 4-bond 117,119Sn-H couplings are also 
discernible at the wings of these β-pyrrole proton resonances30 

 
 
resonate, again as a singlet, at 5⋅65 ppm. Tetrad 3 shows two separate singlets at 5⋅62 and 
6⋅32 ppm due to the axial and peripheral –OCH2 protons respectively. The case is similar 
with the proton-decoupled 13C NMR spectra of these systems. While the spacer –OCH2 
carbons of 1 (peripheral) and 2 (axial) resonate at 63⋅3 and 57⋅3 ppm respectively, those 
of 3 are seen at 63⋅4 (peripheral) and 57⋅2 (axial) ppm (see §2). Shielding of the axial  
–OCH2 protons and also the carbons in 2 and 3 can be rationalized in terms of the ring 
current exerted by the basal porphyrin.31 
 The NMR results described above suggest that there is minimal π–π interaction 
between the porphyrin and anthracene subunits and this is unlike the case with a series of 
isomeric porphyrin–anthracene (P–A) diads and a supramolecular pentad system reported 
by us earlier.15,22 This is reasonable if one considers that the previously reported isomeric 
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P–A diad and pentad systems, where the anthracene subunits are linked at the porphyrin 
peripheral positions, were constructed using the free-base porphyrin wherein a facile π–π 
interaction between the porphyrin and the peripheral anthracene subunits is possible. In 
contrast, the hydroxy/anthracene subunits present at the axial sites of the tin(IV) 
porphyrins reported here can hinder the approach of the peripheral anthracene subunits 
over the porphyrin π-plane in 1 and 3. π–π interaction between the basal porphyrin and 
axially ligated anthracene subunits has, however, been observed in [(P)Sn(OC(O)An)2)] 
where P is L1 and AnOC(O) is the axially ligated anthracene 9-carboxylic acid subunit.32 
 Table 3 summarizes redox potential data (CH2Cl2, 0⋅1 M TBAP) of the D–A systems 
investigated in this study along with that of their constituent reference compounds 
([(L1)SnIV(OH)2] and AnCH2OH). Each investigated new compound shows up to two 
reduction peaks and up to two oxidation peaks under the experimental conditions  
employed in this study. Wave analysis suggested that while the reduction processes 
represent reversible (ipc/ipa = 0⋅9–1⋅0) and diffusion-controlled (ipc/υ1/2 = constant in the 
scan rate (υ) rage 50–500 mV/s) one-electron transfer (∆EP = 60–70 mV; ∆EP = 65 ± 
3 mV for ferrocene+/ferrocene couple) reactions, the corresponding oxidation processes 
are all irreversible under similar experimental conditions.33 The first one-electron oxidat-
ions of the porphyrin part of 1, 2 and 3 are assigned to the peaks appearing at 1⋅30, 1⋅33 
and 1⋅38 V respectively and the corresponding reduction potentials to those at –0⋅94,  
–0⋅99 and –0⋅92 V respectively.34 The second one-electron reduction of the porphyrin 
part occurs at potentials more negative than –1⋅3 V in each case. The bound anthracene 
subunit (peripheral and axial) was found to be oxidized between 1⋅48 and 1⋅60 V and  
its reduction was not observed within the solvent limit under experimental conditions  
(~ –1⋅8 V). 
 Overall, UV-Vis, NMR and redox potential data of the diad, triad and tetrad systems 
investigated here not only provide evidence for their structural integrity but also suggest 
that there exists minimal interaction between the porphyrin and the anthracene 
(axial/peripheral) π-planes. Both porphyrin and anthracene subunits of these systems 
retain their individual characteristics in the ground state. 

3.2 Singlet state properties 

Steady state fluorescence spectra of 1, 2 and 3 were measured in four solvents: hexane, 
CH2Cl2, CH3OH and CH3CN. The relevant data are summarized in table 4. Spectra 
obtained for these D–A systems, when they are irradiated at the porphyrin absorption 
band (λexc = 420/525 nm), are seen to be similar to the spectrum of [(L1)SnIV(OH)2] (e.g.  
 
 

Table 3. Redox potential data in CH2Cl2, 0⋅1 M TBAP. 

  Potential V vs SCEa 
 

Compound P → P+ An → An+  P → P–  P– → P2– 
 

AnCH2OH – 1⋅44  – – 
[(L1)SnIV(OH)2]  1⋅39 b  – –  0⋅88 –1⋅02 
1  1⋅30 b  1⋅48 b –  0⋅94 –1⋅32 
2  1⋅33 b  1⋅55 b –  0⋅99 –1⋅38 
3  1⋅38 b   1⋅60 b  –  0⋅92 –1⋅32 

aError limits: E1/2, ± 0⋅03 V; bquasi-reversible/irreversible 
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Figure 3. Fluorescence spectra of equiabsorbing solutions (OD = 0⋅18) of 
[(L1)SnIV(OH)2], 1, 2 and 3 in CH2Cl2 (λex = 525 nm). 

 
 
figure 3). However, excitation at 250 nm (anthracene absorption) resulted in fluorescence 
bands that are red-shifted in comparison with the bands due to free anthracene. The red 
shifts observed here can be a consequence of substitution at the 9-position of anthracene29 
as illustrated in figure 4, which compares the spectra of 1–3 with the spectrum of 
AnCH2OH (9-substituted anthracene derivative) in CH2Cl2. From an overlay of the 
absorption and fluorescence spectra of these D–A systems, the 0–0 spectroscopic 
transition energies (E0–0) of the anthracene moiety (3⋅23 ± 0⋅05 eV) and the porphyrin 
moiety (2⋅04 ± 0⋅05 eV) were obtained, and these values are similar to those of 
anthracene18 and [(L1)SnIV(OH)2],21 respectively. 
 Whereas the fluorescence quantum yield (φ) for excitation into the porphyrin part of 
each D–A compound was similar to that of [(L1)SnIV(OH)2] (figure 3), fluorescence from 
the anthracene part was found to be quenched, in comparison with the fluorescence of 
free anthracene chromophore (AnCH2OH), only for 1 and 3 in CH2Cl2 (figure 4). 
Measurements carried out with 2 under similar experimental conditions of solvent and 
excitation wavelength suggested that the fluorescence quantum yield for this compound 
is quite similar to that of anthracene itself. As seen in figure 4, fluorescence quenching of 
the appended anthracene follows the order 1 > 3 > 2. 
 The evaluated quenching efficiency (Q), 

,
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Figure 4. Fluorescence spectra of equiabsorbing solutions (OD = 0⋅14) of 
AnCH2OH, 1, 2 and 3 in CH2Cl2 (λmax = 250 nm). 

 
 
where φ(AnCH2OH) and φ(1–3) refer to the fluorescence quantum yields for AnCH2OH 
and the D–A systems respectively; λex = 250 nm) and  
 

τ
)1/(

obs
QQ

k
−

= , (2) 

 
where τ [=5⋅2 ns] is the lifetime in CH2Cl2.18 Values of kobs have been calculated for these 
systems in CH2Cl2. These values vary as (error limits: ±10%), 

Q: 2 (9) < 3 (34) < 1 (99), 
kobs: 2 (0⋅02 × 109 s–1) < 3 (0⋅09 × 109 s–1) < 1 (19 × 09 s–1). 

 It should be noted here that the kobs values evaluated here are only operational numbers 
and do not necessarily reflect the actual rates of the quenching process. This is so because 
we have used the readily-available τ of free anthracene in these calculations and anthra-
cene is not an ideal free donor in this situation. It should also be noted that the quenching 
of anthracene subunits reported here is not due to the competitive absorption of incident 
light by the porphyrin part of these D–A systems. This is because, at 250 nm the 
contribution of porphyrin absorption is insignificant (< 3–5%), compared to absorption 
due to the anthracene moiety in each compound (compare the log ε values for 1–3 and 
[(L1)SnIV(OH)2] in the anthracene absorption region, table 1).  
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 The observation that there exists a considerable overlap between the emission of 
anthracene and the absorption of porphyrin in these D–A systems (compare the corres-
ponding spectra in figures 4 and 2) suggests that quenching of the anthracene fluore-
scence observed for 1 and 3 may be due to intramolecular excitation energy transfer from 
the singlet anthracene to the porphyrin. Indeed, excitation of ≈ 10–7 M solution of these 
two D–A systems at 250 nm resulted in an appearance of well-defined porphyrin emiss-
ion bands in CH2Cl2. This was not the case for 2. Conclusive evidence for intramolecular 
EET comes from the excitation spectral measurements. When emission was recorded at 
the porphyrin emission maximum (650 nm), the excitation spectra of these D–A systems 
showed bands characteristic of anthracene absorption. The corrected and normalised 
excitation spectra of the diad, triad and tetrad compounds were overlayed with the 
corresponding absorption spectra in CH2Cl2. A comparison of the excitation and the 
absorption spectra in the 45⋅5 × 103–37.0 × 103 cm–1 (220–270 nm) region gave the 
energy transfer efficiencies (%T) for these D–A compounds from which the rates of 
energy transfer (kEN) have been calculated (3). 

τ
)1/(

EN
TT

k
−

= . (3) 

The %T and kEN values, in CH2Cl2, vary as: 

%T:  2 (5) < 3 (25) < 1 (99), 
kEN: 2 (0⋅01 × 109 s–1) < 3 (0⋅06 × 109 s–1) < 1 (19 × 109 s–1). 
(error limits: %T, kEN ± 12%). 

 It is interesting that, by and large, %T (and kEN) values correlate well with the Q (and 
kobs) values for these D–A compounds suggesting that the quenching is entirely due to the 
EET from anthracene to the porphyrin. Q values in the remaining three solvents (hexane, 
CH3CN and CH3OH) are also similar in magnitude to that obtained in CH2Cl2. Therefore, 
it can be expected that EET is the major quenching pathway in these solvents as well, 
although a photoinduced electron transfer from anthracene to porphyrin cannot be neglec-
ted altogether, at least, in polar solvents. Indeed, PET reaction from anthracene to free-
base porphyrin in polar environments has been well-documented in the literature.15,22–24 
In addition, quenching of pyrene fluorescence in a recently reported phosphorus(V) por-
phyrin-pyrene system that is structurally analogous to compound 2 has been interpreted 
in terms of a PET (singlet pyrene → porphyrin) based mechanism operative in polar 
solvents.35 An EET-based mechanism was found to be operative only in less polar 
solvents like toulene for this system. 

3.3 Orientation dependence of EET 

An important observation that can be made from the singlet state activities of 1–3 is 
concerned with the orientation dependence of the EET reactions. To our knowledge, 
orientation dependence of EET in a porphyrin-based D–A system wherein the energy 
donors are simultaneously connected to a porphyrin at two distinctly different positions 
has never been reported.1–10 This has been clearly demonstrated in this study. The obser-
vations that %Q varies as 2 (9) < 3 (34) < 1 (99) and %T varies as 2 (5) < 3 (25) < 1 (99) 
suggest that EET is unidirectional in these systems. That is, there is a near lack of 
quenching in 2 (where the two anthracene subunits are connected only at the axial 
positions), a near 100% quenching in 1 (where the anthracene subunit is connected only 
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at the peripheral site) and ≈ 30% quenching in 3 (where two anthracene subunits are 
connected at the axial- and the other one at the peripheral positions). Thus, the energy 
transfer is clearly favoured from the peripheral anthracene to the porphyrin in these new 
type of D–A systems. Note here that the peripheral anthracene subunit of 3 absorbs only 
~30% of the incident light at the excitation wavelength and a near 30% quenching obser-
ved for this system amounts, actually, to a 100% EET from the peripheral anthracene to 
the porphyrin. 
 What is the origin of unidirectional EET observed here? EET reactions can operate 
either by a dipole-dipole (Coulombic) mechanism involving the mutual interaction of ele-
ctrons (Forster’s mechanism)36 or by an exchange mechanism involving mutual exchange 
of electrons (Dexter’s mechanism).37 While there is an explicit treatment of the orientat-
ion dependence of EET in the Forster’s theory, Dexter’s theory seems to implicitly treat 
this aspect as described below.  
 Forster mechanism predicts the rate constant kForster for the EET to follow (4). 

.
1088

64
Forster

225

Forster
Rn

J
k

D

D

τ
φκ−×⋅

=  (4) 

Here, n is the solvent refractive index, φD and τD are the fluorescence quantum yield and 
lifetime of the isolated donor, κ2 is an orientation factor given by 

κ2 = (cosγ – 3cosαcosβ)2, (5) 

where α and β are the angles made by the transition dipoles of donor and acceptor in with 
the line joining the centers of the transitions, and γ is the angle between the two transition 
dipoles. On the other hand Dexter has derived an expression for the rate of EET (kDexter), 
(6). 

kDexter = (2π/h)K exp(–2R/L), (6) 

where K is related to specific orbital interactions, R is the distance between the donor and 
the acceptor molecules, L is an effective average Bohr radius. The orientation dependence 
of EET seems to be implicit in the orbital interaction parameter K.  
 We note that the Dexter’s exchange mechanism requires the presence of electronic 
communication between the donor and acceptor species (via orbital overlap). However, 
the 1H NMR and UV-Vis data discussed above indicate that such interaction in these 
intramolecular porphyrin-anthracene compounds is quite insignificant. Therefore, we 
chose to analyse the EET in these compounds by the dipole-dipole mechanism as discus-
sed below. 
 While JFoster (= 1⋅2 × 10–13 cm6 mmol–1), ΦD (= 0⋅24) and τD (5⋅2 ns) are the same for 
both axially and peripherally substituted situations, the center-to-center distances between 
the tin(IV) ion and the axial and equatorial anthracene rings of the PM3 minimized 
structures of these D–A compounds are estimated to be 6⋅5 and 9⋅5 Å, respectively. Thus, 
assuming the same value of κ2 for both axial and equatorial situations and other para-
meters except R being equal in (4), the Forster energy transfer to the porphyrin should, in 
principle, be more conducive from the axial anthracenes than it is from the peripheral 
anthracene. Indeed, for a value of κ2 = 2/3 (for a random orientation), energy transfer rate 
from the axial anthracene to the porphyrin has been estimated to be an order of magni-
tude faster than it is from the peripheral anthracene. This is clearly not the case as 
revealed by the kEN (and also %T) values given above. Obviously, κ2 (5) plays a key role 
in determining the directionality of EET in 3.  
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 Equitable κ2 values were obtained for the axial and peripheral D–A orientations of the 
PM3 minimized structures. These structures reveal that, at the axial sites of 3 (and also 
2), the dihedral angle Sn–O–C–Canthracene and the angle Sn–O–C are 165⋅5° and 120⋅8°, 
respectively. The corresponding dihedral angle Cmeso–O–C–Canthracene and the angle Cmeso–
O–C, at the peripheral sites of 3 (and also 1), are 104⋅4° and 125⋅6°, respectively. While 
transition dipole of the emitting 1S state of anthracene lies on the molecule’s short axis 38, 
that of porphyrin is known to lie along a line joining two opposing pyrrole nitrogens 39. 
Using this information and based on the structural data given above, value of κ2 
estimated for the PM3 minimized structure is as low as 0⋅0004 for the porphyrin–axial 
anthracene pair and is quite high (1⋅28) for the porphyrin–peripheral anthracene pair. 
Given the ‘semi-rigid’ nature of the linkage between the two chromophores in these 
systems, our estimation of the magnitudes of the κ2 values, per se, may not be rigorous. 
However, this exercise clearly reveals that there is a near perpendicular juxtaposition of 
the porphyrin and the axial anthracene dipoles in 3 (and 2) and a near-coplanar 
juxtaposition of the porphyrin and the peripheral anthracene dipoles in 3 (and 1). The 
perpendicular orientation of the porphyrin and the axial anthracene subunits in 3 is 
probably due to the fact that the corresponding ‘non-perpendicular’ orientations are 
sterically unfavourable in this crowded system. By contrast, changing the dihedral angle 
between the porphyrin and the equatorial anthracene can potentially generate many 
energetically-close rotamers that are not sterically unfavourable. In any case, we note that 
substituting these values of κ2 in (4) provides a near zero value of kForster for the 
porphyrin–axial anthracene orientation and a non-zero value for the porphyrin– 
peripheral anthracene orientation. Thus, energy transfer is almost negligible from the 
axial anthracenes in 2 and is nearly quantitative from the peripheral anthracene in 1. The 
unique behaviour of compound 3, wherein the anthracene donors are connected both at 
the axial and peripheral sites is thus self explanatory. Notwithstanding this, other 
explanations (e.g. those involving the tin(IV) centre, through-bond mechanism etc.) that 
do not invoke the κ2 dependence of energy transfer and yet rationalise the absence of 
energy transfer in the axial direction in 2 and 3 cannot, however, be ruled out altogether.  

4. Conclusions 

In summary, a new family of covalently linked ‘Sn(IV) porphyrin anthracene’ diad, triad 
and tetrad systems, in which the donor anthracene subunits are covalently linked to axial 
and/or peripheral positions of the porphyrin, have been synthesized and characterized by 
spectral and electrochemical methods. Energy transfer from the anthracene to the por-
phyrin has been detected in these systems and EET efficiency is found to be in the order 
2 < 3 < 1. The data could be analysed in terms of energy transfer being largely favoured 
in the peripheral anthracene → porphyrin pathway. We believe that realisation of such an 
orientation dependence of EET would amount to elucidating the unidirectionality of 
energy transfer – a rarely addressed but significantly useful theme. Indeed, molecular 
systems (porphyrinic/non-porphyrinic) that exhibit unidirectional electron/energy transfer 
are much sought after in several research areas of photoscience and molecular electro-
nics.40–43 
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