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A Charge Transfer State Induced by Strong Exciton Coupling in a 
Cofacial -Oxo-bridged Porphyrin Heterodimer† 
Niloofar Zarrabi,a Brandon J. Bayard,a Sairaman Seetharaman,b Noah Holzer,a Paul Karr,c Susanna 
Ciuti,d Antonio Barbon,d Marilena Di Valentin,d Art van der Est,e,* Francis D’Souza,b,* Prashanth K. 
Poddutooria,*

Photosensitizers with high energy, long lasting charge-transfer states are important components in systems designed for 
solar energy conversion by multistep electron transfer. Here, we show that in a push-pull type, -oxo-bridged porphyrin 
heterodimer composed of octaethylporphyrinatoaluminum(III) and octaethylporphyrinatophosphorus(V), the strong 
excitonic coupling between the porphyrins and the different electron withdrawing abilities of Al(III) and P(V) promote the 
formation of a high energy CT state. Using, an array of optical and magnetic resonance spectroscopic methods along with 
theoretical calculations, we demonstrate photodynamics of the heterodimer that involves the initial formation of a singlet 
CT which relaxes to a triplet CT state with a lifetime of ~130 ps. The high-energy triplet CT state (3CT = 1.68 eV) lasts for 
nearly 100 s prior relaxing to the ground state.

1. Introduction
In photosynthesis, light energy from the sun is converted into 
chemical energy via a series of light reactions in the membrane 
protein complexes known as reaction centers of 
photosystems.1–3 In this intricate process, many optically and 
redox active molecular components participate to accomplish 
the energy conversion. The chlorophyll dimer or “special pair” 
in Photosystem II is of particular interest because it generates 
an unusually high oxidation potential, which is needed to drive 
water oxidation.4–6 The construction of a synthetic analog to the 
special pair in Photosystem II is an important step to creating 
artificial photosynthetic devices for the production of clean 
renewable solar energy. Attempts to create an analog to the 
special pair have focused on the construction of rigid cofacial 
porphyrin dimers. These dimers are also of interest for a variety 
of applications such as model compounds for investigating the 
dependence of the electronic and optical properties of coupled 
chromophores as a function of  distance and orientation,7,8 as 
mimics of photosynthetic energy and electron transfer9–12 as 

catalysts,13–15 and for host-guest chemistry.16 Several strategies 
for their construction have been explored including the use of 
substituents on the periphery of the porphyrin rings to connect 
them and hold them in position,8,17–25  self-assembly in solution  
by the formation of Lewis acid-base adducts between a 
substituent on the porphyrin ring and a metal ion center,16,26,27 
and linking the two porphyrins through a µ-oxo-bridge between 
the elements in the centers of the porphyrin rings.7,15,28–30 

Despite the extensive work on these complexes, relatively 
little attention has been paid to the physical and spectroscopic 
properties of cofacial heterodimers in which the two porphyrins 
can act as electron donor and electron acceptor molecules.29–33 
Within this class of compounds, the -oxo-heterodimers29,30 are 
of particular interest because the porphyrin units are connected 
via a single oxygen atom axial to both rings. The resulting close 
proximity causes strong electronic coupling that leads to 
greater delocalization of the electronic states. If this property is 
combined with a difference in the redox potentials of the two 
porphyrins, the lowest excited state of the dimer can be 
expected to have charge-transfer (CT) character. Such states 
have been shown to play an important role in initiating high 
yield light-induced electron transfer in donor-acceptor 
systems.34,35 Thus, a porphyrin heterodimer with a CT excited 
state would be a prime candidate for use as the photosensitizer 
in photosynthetic reaction center mimics. However, obtaining 
such a dimer requires fine tuning of the coupling between the 
porphyrins. If the coupling is too strong, the orbitals become 
delocalized over the two porphyrins and the difference in their 
redox potentials is lost. On the other hand, if the coupling is too 
weak, the excited states become localized and energy transfer 
can out compete electron transfer. With these considerations 
in mind, we have investigated the excited state properties of a 
heterodimer composed of octaethylporphyrinatoaluminum(III) 
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Scheme 1.  Synthesis of heterodimer (AlPor-O-PPor.PF6). Reaction conditions: (i) dry toluene, room temperature, stirring under N2 for 24 h. (ii) NH4PF6. Structural information of the 
reference compounds (AlPor-OH, PPor-OMe.PF6).

(AlPor) and octaethylporphyrinatophosphorus(V) (PPor+) 
derivatives connected through a µ-oxo bridge (see Scheme 1). 
The synthesis of this compound was first reported by the Akiba 
group29,30,36 but its photophysical properties have never been 
investigated. Because the central atoms Al(III) and P(V) in the 
porphyrins have different oxidation numbers, the redox 
potentials of AlPor and PPor+ differ by about 750 mV. We will 
show that although some of this difference in redox potential is 
lost due to the strong interaction between the porphyrins in the 
µ-oxo bridged heterodimer, it remains large enough to generate 
significant CT character in the lowest excited singlet and triplet 
states, which are well-poised for secondary electron transfer.

2. Experimental section
2.1 Synthesis

Scheme 1 shows the synthesis of heterodimer AlPor-O-
PPor.PF6, see the Supplementary Information for detailed 
procedures.30 Compounds AlPor-OH and PPor-OMe.PF6 (see 
Scheme 1) were employed as controls in all the spectroscopic 
and analytical studies. The reference compound PPor-OMe.PF6 
has been reported previously.37 The compounds AlPor-OH, 
AlPor-CH3 and PPor-OH.Cl were synthesized according to the 
modified procedures, see Supplementary Information of 
details.

3. Results and discussion
3.1 Synthesis and characterization

For the synthesis of heterodimer, AlPor-O-PPor.PF6, the reactive 
axial AlC bond in AlPor-CH3 was reacted with the acidic 
hydrogen of the axial hydroxyl of PPor-OH.PF6, see Scheme 1. 
The elimination of methane led to the formation of the 
heterodimer as a chloride salt in high yields. The resulting 
compound was found to be very stable under chromatography 
conditions and after column purification the chloride anion was 
exchanged for PF6. Initial characterization of the heterodimer by 
ESI high resolution mass spectrometry showed a peak at the 
expected mass (m/z) of [M]+, see Fig. S1. The 1H NMR spectra of 
AlPor-OH, PPor-OH.PF6 and AlPor-O-PPor.PF6 are shown in Figs. 
S2, S3 and S4, respectively, and the data are summarized in the 
experimental section. In the porphyrin monomers, AlPor-OH, 
PPor-OH.PF6, the meso-protons of the porphyrin ring appear at 
10.31 and 9.61 ppm, respectively. In the heterodimer these 
protons are shifted to 9.08 and 8.45 ppm, respectively. 
Similarly, the axial methyl protons of PPor+-OH are shifted from 
–5.38 to –7.93 ppm. The upfield shift of these protons results 
from the increased shielding from the second porphyrin and 
confirms the formation of an axially linked cofacial heterodimer 
with  a -oxo spacer.

3.2 UV-visible absorption spectroscopy

The UV−visible spectra of AlPor-O-PPor+ and its reference 
compounds (AlPor-OH and PPor+-OMe) in CH2Cl2 are shown in 
Fig. 1. The band positions (Q-band and B- or Soret band) and 
their molar extinction coefficients are summarized in Table 1. 
As shown in Fig. 1, the absorption spectrum of the dyad is 
significantly different from its constituent monomers. The 
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Fig. 1. (a) Absorption spectra of AlPor-OH (red), PPor-OMe.PF6 (green) and AlPor-O-
PPor.PF6 (purple) in CH2Cl2, and (b) Normalized absorption spectra of AlPor-O-PPor.PF6 
in toluene (purple), CH2Cl2 (blue), o-DCB (green) and CH3CN (red).

monomers AlPor and PPor+ show a sharp Soret band at 397 and 
418 nm, respectively. The Soret of the heterodimer is 
bathochromically shifted to 385 nm and is significantly broader 
relative to the monomers. Such a shift is expected for a cofacial 
porphyrin dimer as a result of the excitonic coupling between 
porphyrin rings. Similar behavior has been observed in various 
porphyrin dimer systems.18,20,25 In the Q-band region, PPor+ has 
bands at 549 and 591 nm due to Q(1,0) and Q(0,0) transitions.38 
The corresponding AlPor-OH bands occur at 530 and 550 nm. 
The heterodimer exhibits two Q-bands at 534 and 575 nm and 
a broad band centered at 600 nm that we assign to the expected 
charge transfer (CT) absorption. To verify this assignment, the 
absorption spectra were measured in various solvents (Figs. 1b 
and S5). As can be seen in the absorption spectra in Fig. 1b, the 
Soret and Q-bands show a weak solvent dependent shift but no 
significant change in shape as is expected for excitonically 

coupled chromophores in dielectric media.39 In contrast, the 
intensity of the broad absorption band around 600 nm is higher 
in polar solvents than in non-polar toluene as is expected for a 
CT absorption. Such CT bands have also been observed in face-
to-face arranged porphyrin-C60 donor-acceptor systems.40–45

3.3 DFT calculations

Further, the geometry and electronic structures of the 
heterodimer were predicted by performing Density Functional 
Theory (DFT) calculations. Fig. 2 shows optimized structures on 
a Born-Oppenheimer potential energy surface of the 
heterodimer calculated using the B3LYP functional and the 6-
311G(d, p) basis set as parameterized in Gaussian 16. As shown, 
the two porphyrin rings are aligned in a face-to-face 
arrangement with the eight ethyl groups from each porphyrin 
pointing outside of the heterodimer in a staggered fashion to 
minimize the steric repulsion; this same phenomenon is also 
observed in the X-ray crystal structure of the analogous AlPor-
O-AsPor+ dimer.30 The Al center is slightly above (~0.43 Å) the 
porphyrin plane. As expected, the HOMO-1 and HOMO are 
localized predominantly on AlPor whereas the LUMO and 
LUMO+1 are localized on PPor. However, the most striking 
observation is a significant delocalization of all the frontier 
orbitals over both porphyrins (Fig. 2). These observations are 
very much complementary to the observed absorption results 
and strongly support the experimental trends. The optimized 
structures also provide the center-to-center and plane-to-plane 
distances between AlPor and PPor+ which are found to be 3.37 
and 3.91 Å, respectively.

3.4 Cyclic voltammetry and energetics

Cyclic voltammograms of AlPor-O-PPor+ and the reference 
compounds were measured in CH2Cl2 with 0.1 M TBA.ClO4 and 
ferrocene as an internal standard. Representative 
voltammograms are shown in Fig. 3, and the data are 
summarized in Table 1. The redox processes of all of the 
compounds are found to be one-electron reversible based on 

Fig. 2. DFT optimized structures and the frontier molecular orbitals of AlPor-O-PPor+.
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Table 1. Optical and redox data of investigated compounds in CH2Cl2.

Potential [V vs SCE]
Sample

Oxidation Reduction

Absorption
max [nm] (log ( [M−1 cm−1]))

Fluorescence
max, nm

AlPor-OH 0.60, 0.83 −1.46 397 (5.61), 530 (4.07), 550 (4.33) 580, 630

PPor-OMe.PF6 1.50 −0.84, −1.37 418 (5.38), 549 (407), 591 (4.16) 602, 656

AlPor-O-PPor.PF6 0.86, 1.08, 1.53 −1.21, −1.66 385 (5.43), 534 (3.93), 575 (4.08), 600 (3.76) 574, 598, 668 (broad)

Fig. 3. Left: Cyclic voltammogram of AlPor-OH (red), PPor+-OMe (blue) and AlPor-O-PPor.PF6
 (green). The differential voltammogram (orange) of AlPor-O-PPor.PF6 also shown. The 

experiments performed in CH2Cl2 with 0.1 M TBA.ClO4. Scan rate 100 mV/s. Right: Energy level diagram in CH2Cl2.

the peak-to-peak separation values, and the cathodic-to-anodic 
peak current ratio. The voltammogram of AlPor-OH revealed 
one reduction at –1.46 V and two oxidation processes at 0.60 
and 0.83 V, whereas the PPor+-OMe has one oxidation at 1.50 V 
and two reduction processes at –0.84 and –1.37 V under our 
experimental conditions. These values clearly show the strong 
positive shift in potential of PPor+-OMe compared to AlPor-OH 
as a result of the higher oxidation number of P(V) compared to 
Al(III). The anodic scan of the heterodimer AlPor-O-PPor+ 
revealed three oxidation processes at 0.86, 1.08 and 1.53 V. The 
first two of these oxidation potentials correspond to successive 
removal of electrons from the HOMO, which is localized 
primarily on AlPor (see Fig. 2). Comparison of the measured 
values (0.86 and 1.08 V) with the corresponding values for 

AlPor-OH (0.60 and 0.83 V) shows that the delocalization of the 
HOMO in the heterodimer onto PPor+ and the presence of the 
overall positive charge on the heterodimer result in a positive 
shift of oxidation potentials of about +0.25 V. Formally, the third 
oxidation should correspond to removal of an electron from the 
HOMO –1, which is also mostly localized on AlPor. However, the 
fact that the oxidation potential (+1.53 V) is the same as the first 
oxidation of PPor+ suggests that the electron might come from 
an orbital that is localized on the PPor+ half of the heterodimer. 
The cathodic scan reveals two reduction processes at –1.22 and 
–1.61 V corresponding the successive addition of two electrons 
to the LUMO, which is localized primarily on PPor+. In this case, 
delocalization in the heterodimer results in a shift of the 
potentials by –0.38 and –0.24 V compared those of PPor+.
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The redox potentials can be used in combination with 
optical data to construct the energy level diagram of the states 
involved in possible electron-transfer processes. Fig. 3 
summarizes the energy levels of the investigated compounds in 
CH2Cl2. The energies of the lowest excited singlet states (E0-0) of 
AlPor and PPor+ were calculated from and absorption and 
fluorescence data, Fig. S6. The triplet state energies were 
obtained from the positions of the phosphorescence bands in 
the emission spectra as shown in Fig. S6d. The energy of the CT 
state above the ground state can be roughly estimated using 
either the difference between first oxidation and reduction 
potentials of AlPor-O-PPor+, the crossing point of the CT 
absorption and emissive bands or the Rehm-Weller equation,46 
which includes the Coulomb interactions and solvent 
stabilization. Using the Rehm-Weller equation is problematic in 
this case because PPor+ is positively charged and thus electron 
transfer does not produce of two oppositely charged ions. 
Moreover, the modelling the porphyrins of the dimer as being 
well-separated spherical ions is not appropriate. The value ECT = 
2.07 eV calculated from the redox potentials is in good 
agreement with the estimated energy ECT = ~2.00 eV obtained 
from the crossing point of the absorption and emission bands 
as shown in Fig. S6c. Thus, we have used the latter value in the 
energy level diagram in Fig. 3. Regardless of which of these 
methods is used to estimate the energy of the CT state, they all 
suggest that the lowest lying excited state of the heterodimer 
should have considerable charge transfer character. We have 
tentatively assigned the lowest triplet state of the heterodimer 
to the CT state on the basis of EPR and transient absorbance 
data that will be discussed below.

3.5. Fluorescence spectroscopy

Steady-state fluorescence spectra of the heterodimer AlPor-O-
PPor+ and its reference compounds AlPor-OH and PPor+-OMe 
were measured in toluene, CH2Cl2, o-DCB and CH3CN with 

excitation wavelengths of 530 nm, 550 nm, 570 nm and 600 nm. 
Figs. 4a and 4b show the fluorescence spectra taken in CH2Cl2 

with excitation at 530 and 550 nm, respectively. Corresponding 
spectra with excitation at 570 and 600 nm are shown in Fig. S7. 
As can be seen in Figs. 4a and 4b, the reference compounds 
AlPor and PPor+ both exhibit two intense relatively narrow 
emission bands between 550 and 680 nm. In contrast, strong 
fluorescence quenching occurs in the heterodimer and a shift of 
the main fluorescence to a broad emission band between 600-
800 nm is observed. The fluorescence quenching in the 
heterodimer indicates the presence of a non-radiative decay 
pathway that is not present in the monomers. The broad 
fluorescence band is attributed to emission from the CT state 
and the low intensity indicates that it has a short lifetime and/or 
high yield of non-radiative decay. The absence of other 
fluorescence bands suggests that higher excited states decay via 
the CT state. Based on the energy level diagram, the driving 
force for oxidative electron transfer from 1AlPor* to PPor+ and 
for reductive electron transfer from AlPor to 1(PPor+)* is only 
0.16 and 0.08 eV, respectively. Despite a small driving force, 
the heterodimer exhibits strong fluorescence quenching due to 
strong coupling between the two porphyrin units. The 
delocalization of the porphyrin frontier orbitals seen in Fig. 2, 
suggests the excited states involve excitation of both porphyrins 
and that the lowest excited state has significant CT character. 
The weak fluorescence intensity suggests that the CT state 
decays rapidly by either intersystem crossing (ISC) or internal 
conversion (IC).

3.6 Solvatochromism and Lippert-Mataga plot

To further investigate the origin of the broad emission band the 
solvent dependence of the absorbance and fluorescence was 
measured. As shown in Fig. 4e, the absorbance spectra are 
solvent sensitive. In particular, the spectra in THF and CH3OH 

Fig. 4. Fluorescence spectra of AlPor-OH (red), PPor-OMe.PF6 (green) and AlPor-O-PPor.PF6 (purple) in CH2Cl2: (a) excitation at 530 nm and (b) excitation at 550 nm. (c) & (d) 
Solvatochromism of AlPor-O-PPor.PF6 in different solvents under (c) ambient light and (d) UV light (365 nm). (e) Absorption and (f) fluorescence spectra of AlPor-O-PPor.PF6 in various 
solvents. Sample concentration = 1×10–6 M and excitation wavelength = 530 nm.
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are very distinctive from other solvents and show new bands at 
346 and 475 nm with a decrease in absorbance at 575 nm. These 
spectral changes are attributed to the enhancement in the 
exciton coupling between the AlPor and PPor+ units due to the 
solvent coordination to the AlPor. Interestingly, these studies 
also suggest that the nitrogen containing solvents such as 
CH3CN and PhCN, although they are Lewis bases, they are not 
sufficiently basic enough to coordinate with the Al center of 
AlPor. However, the absorbance spectra display the CT band as 
a broad shoulder in all of the investigated solvents, regardless 
of their Lewis basicity. To visualize the solvatochromism, images 
of solutions of AlPor-O-PPor+ taken under ambient light and 
under UV irradiation (365 nm) are shown in Figs. 4c and 4d. Fig. 
4f shows the fluorescence spectra of the heterodimer in various 
solvents at a concentration of 10–6 M and excitation at 530 nm. 
As can be seen in Figs. 4c, d and f, pronounced solvatochromic 
behavior is observed. Typically, charge-transfer emission shows 
a bathochromic shift along with a decrease in intensity of 
emission with increasing solvent polarity.44,45 This effect is 
increased in protic solvents when compared to aprotic solvents 
due to increased secondary interactions such as hydrogen 
bonding.47 The origin of the lower CT emission intensity in polar 
and protic solvents is usually rationalized as a result of weaker 
mixing of the CT state with higher localized excited states and 
hence weaker intensity borrowing from the localized 
excitations.48 The observed differences in the colors and 
fluorescence intensities of the samples (Figs. 4c and d) also 
depends on the emission wavelength. As can be seen in Fig. 4f, 
the emission band in THF is somewhat outside the visible region 
and therefore the samples are less colored than those in the 
other solvents.

The solvent dependence of the Stokes shift of the 
fluorescence is shown as a Lippert-Mataga plot49 in Fig. S8 and 
also provides evidence for charge transfer. As expected for CT 
fluorescence, the Stokes shift is linearly dependent on the 
solvent polarity function. Using an Onsager radius of 8 Å for the 
heterodimer and a dipole moment of 2.82 D for the ground 
state obtained from DFT calculations, the slope of the Lippert-
Mataga plot yields a dipole moment of 11.8 D for the CT state. 
This value corresponds to a distance of 2.45 Å between two-unit 
charges, which is in fair agreement with the distance between 
the porphyrin planes. The scatter in the data in the Lippert-
Mataga plot is probably a result of the Lewis acid-base 
interactions, discussed above, that can occur between solvents 
such as THF and CH3OH and the Al center. The interaction of the 
complex with the PF6

– counterion is also likely to be solvent 
dependent. All of these factors can be expected to affect the 
relative energies and mixing of the states of the complex and 
hence the fluorescence wavelength and intensity. Despite these 

complications, the clear solvatochromic effects and linear 
Lippert-Mataga plot show that the fluorescence arises from the 
CT state.

3.7 Transient absorption spectroscopy

To characterize the formation of the CT state in the 
heterodimer, femtosecond transient absorption (fs-TA) spectral 
studies were performed on AlPor-O-PPor+ and the reference 
compounds. Fig. 5a shows fs-TA spectra of AlPor-OH in o-DCB at
the indicated delay times using excitation of the Q-band at 533 
nm. The instantaneous formation of 1AlPor* results in excited 
state absorption (ESA) bands at 446, 554, 596, 661 and 1130 
nm. In addition, a ground state bleaching (GSB) peak at 532 nm 
and stimulated emission (SE) peaks at 572 and 631 nm are 
observed.  The 572 nm peak also contains contributions from 
GSB. The decay/recovery of the positive/negative peaks 
associated with 1AlPor* is longer than the 3 ns time window of 
the experiment, which is typical for  the excited singlet states of 
porphyrins containing light diamagnetic central elements.50 At 
late times, the band around 480 nm and the broad band beyond 
~820 nm, probably contain contributions from 3AlPor*. The fs-
TA data of PPor+-OMe (Fig. 5b) show similar behavior. Positive 
peaks, which we assign to 1(PPor+)*, are seen at 464, 570, 628 
and 1214 nm. The associated GSB and SE peaks are located at 
550, 592 and 656 nm. The slow decay/recovery of these 
positive\negative peaks is consistent with the known excited 
singlet state lifetime of PPor+ (5.25 ns for PPor-OMe.PF6 in 
CH3CN51).

As shown in Fig. 5c, the transient absorption spectra of the 
heterodimer, excited at 533 nm, is distinctly different from 
either of the monomers. The most obvious of these differences 
is in the 600–700 nm region where the negative SE band seen in 
the monomers is absent in the heterodimer spectrum and 
instead a broad positive ESA band is observed. Using the 
spectroelectrochemical data for the oxidation of AlPor-OH (Fig. 
S9) and the reduction of PPor-OMe.PF6 (reported elsewhere51) 
as a guide, we assign the 600-700 nm ESA band of the 
heterodimer to the CT state. Other ESA peaks occur at 445 and 
552 nm and a broad peak is observed in the 1200-1500 nm 
region of the near IR that lasts beyond 3 ns delay time. GSB 
corresponding to the Q-bands also occurs at 535 and 575 nm. 
The transient spectral data were analyzed further by generating 
decay associated spectra (DAS) from global analysis of the 
visible and IR regions, as shown in Figs. 5d and 5e. This analysis 
resulted in three spectra associated with lifetimes of ~25 ps, 
~130 ps and a non-decaying component. In the visible region 
(Fig. 5d) the DAS of all three components are essentially the 
same except that the sign of the 26 ps phase is opposite to that 
of the other two phases. Thus, the 26 ps phase represents the 
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Fig. 5. Femtosecond transient absorption spectra of (a) AlPor-OH, (b) PPor-OMe.PF6, (c) AlPor-O-PPor.PF6 heterodimer. (d, e) DAS of spectra of the AlPor-O-PPor.PF6 heterodimer in 
the visible region and IR region. (f) Nanosecond transient absorption spectra of the heterodimer in o-DCB at the excitation wavelength of 533 nm.  Figure inset shows the decay of 
470 nm peak.

rise of the spectrum. Because the GSB rises with this time 
constant is represents the instrumental response. However, the 
value of the time constant is longer than the actual instrumental 
response as the result of inaccuracies in the fitting procedure. 
The spectra of the 152 ps phase and the non-decaying 
component both show the broad ESA band between 600-700 
thus we assign both to the CT state. In the near IR region, the 23 
ps phase with negative amplitude represents the rise of the 
spectrum that decays with 123 ps. However, unlike the visible 
region, the non-decaying component has a different spectrum 

than that of the 123 ps phase with higher amplitude in the 1200-
1500 nm range. Thus, we assign the 123 and 152 ps phases to 
the decay of the CT singlet state and propose that the non-
decaying phase corresponds to the CT triplet state. 

To gain further support for the existence of the CT triplet 
state, nanosecond transient absorption spectra (ns-TA) were 
recorded. The ns-TA spectra of the monomers, AlPor-OH and 
PPor+-OMe is shown in Fig. S10. Both porphyrin derivatives 
revealed broad peaks in the 450-650 nm range, however, with 
no noticeable signals in the near-IR region. Decay lifetimes of 86 
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s for AlPor-OH and 99 s for PPor+-OMe were obtained. In 
contrast to these observations, the spectral features of the ns-
TA spectra of the AlPor-O-PPor+, shown in Fig. 5f, are distinctly 
different. Peaks at 460, 860 and a broad ESA band in the near-
IR region covering the 1100-1350 nm accessible optical window 
are observed (Fig. 5c). These features largely resemble the non-
decaying component obtained from the fs-TA data and are 
assigned to the triplet CT state. A lifetime of 105 s for the CT 
triplet state is obtained from the decay profile shown in the 
inset to Fig. 5f.

3.8 Time-resolved EPR spectroscopy

Since the TA data suggest the formation of a long-lived CT triplet 
state, we have measured the transient electron paramagnetic 
resonance (TREPR) spectra of the heterodimer and reference 
compounds. Fig. 6 shows a comparison of the TREPR spectra of 
AlPor-OH, PPor+-OMe and AlPor-O-PPor+ measured in a 3:1 
mixture of methyl-THF and CH2Cl2 which forms a transparent 
glass at 80 K. To avoid photoselection effects, the sum of the 
spectra collected with the laser polarization parallel and 
perpendicular to the magnetic field is plotted.52 The spectra of 
the two monomers (red and green spectra) are typical of 
porphyrin triplet states and display emission (E) and enhanced 
absorption (A) as a result of the spin selectively of spin-orbit 
coupling mediated intersystem crossing (ISC). The estimated 
zero-field splitting (ZFS) parameters D and E obtained from the 
spectra are given in Table 2. For planar aromatic compounds 
that do not contain heavy elements, the spin-orbit coupling 
contribution to the ZFS is negligible. Thus, the D and E values 
are determined by the spin-spin dipolar interaction and depend 
on the electron spin distribution. The parameter D is 
determined by the average value of the z-component of the 
interspin vector and the symmetry of the spin distribution. It is 
largest when the average distance between the spins is small 
and the spin distribution is highly asymmetric. It is zero for a 

300 320 340 360 380 400
Magnetic Field (mT)

A

E

Fig. 6. Transient EPR spectra of AlPor-OH (red), PPor-OMe.PF6 (green) and AlPor-O-
PPor.PF6 (purple). The spectra were extracted from the time/field dataset in a 200 ns 
wide window centered at 900 ns after laser flash. The samples were measured at 80 K 
with an excitation wavelength of 575 nm. To avoid photoselection effects the sum I+2I 
is shown, where I and I are the spectra measured with the polarization of the laser 
parallel and perpendicular to the magnetic field.52 Positive features are enhanced 
absorption (A) and negative features are emission (E).

spherical distribution or infinite distance between the spins. 
The parameter E reflects the asymmetry of the ZFS tensor and 
is zero if the electron spin distribution has 3-fold or higher 
rotational symmetry. Its maximum value is D/3. AlPor-OH has 
approximate C4v symmetry and as a result the ZFS tensor is 
nearly axially symmetric i.e. E is close to zero. Because the two 
unpaired electrons of the triplet state are distributed over the 
porphyrin plane,53 the average value of the z-component of the 
interspin vector perpendicular to the plane is small and thus, 
the value of D is quite large (~1 GHz). The polarization pattern 
(EEAA) arises from the fact that the x- and y-components of the 
spin-orbit coupling are larger than the z-component. Thus, the 
ms sublevels of the triplet state are populated according to their 
x- and y-character.54 For PPor+-OMe, the phosphorus center is 
much smaller than Al due to its high oxidation number. As a 
result, the porphyrin ring shows significant deviation from 
planarity and only has approximate C2v symmetry. This leads to 
a reduction in the value of D and an increase in E because the 
symmetry is lower and the difference in the spin distribution in 
the in-plane and out-of-plane directions becomes smaller.

Table 2. Porphyrin zero-field splitting parameters at 80 K.

D (MHz) E (MHz)
AlPor-OH 1105 19

PPor+-OMe 832 233
AlPor-O-PPor+ –650 ~0

The most noticeable difference between the TREPR 
spectrum of AlPor-O-PPor+ and the two porphyrin monomers is 
the change in sign of the polarization. The spectrum is also 
narrower than those of the monomers. The change in the sign 
of the polarization of the triplet spectrum can be due to either 
a change in the sign of D or a change in the spin selectivity of 
the triplet sublevel populations. It is not possible to distinguish 
between these two possibilities on the basis of the spectrum 
alone. The energy diagram (Fig. 3) shows that the triplet state 
of the PPor+ monomer and the charge transfer triplet state of 
AlPor-O-PPor+ have almost the same energy. Thus, in the dimer 
we can expect there to be two low-lying triplet states one of 
which has CT character and the other localized primarily on 
PPor+. DFT computations, that will be reported elsewhere, show 
that the relative energies of these two states depends strongly 
on how the solvent is modelled. Thus, it is unclear which of the 
states is lowest in energy under the conditions used for the 
TREPR experiments. If the charge-transfer triplet state is lowest 
in energy, the ZFS parameter D is expected to be negative, while 
in porphyrin monomers such as AlPor-OH and PPor+-OMe, it is 
known to be positive.55 The fact that E is approximately zero 
(Table 2) is also consistent with greater delocalization of the 
spins along the z-direction. Using the point-dipole model of two 
localized electron spins,56 the observed value of D = –650 MHz 
in AlPor-O-PPor+ corresponds to a distance of 4.9 Å between the 
spins. Although the point-dipole model does not accurately 
describe the zero-field splitting when the spins are delocalized, 
the fact that the calculated distance is similar to the interplane 
distance of 3.8 Å supports the assignment of spectrum to the CT 
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triplet state. On the other hand, it is also possible that the 
lowest triplet state is localized mostly on PPor+. In this case, the 
localized triplet state would be populated from either the CT 
singlet or triplet state and the polarization pattern would 
depend on the nature of the singlet-triplet mixing in the CT 
state. Since the CT singlet-triplet energy gap should be 
comparable to or larger than the Zeeman energy at X-band, net 
polarization in the spectrum of the localized triplet, i.e. unequal 
intensity of the absorptive and emissive contributions, is 
expected. Thus, the narrow width of the spectrum, apparent 
negative sign of D, and the lack of net polarization all suggest 
that the lowest excited triplet state of the heterodimer has CT 
character.

4. Conclusions

In conclusion, all of the spectroscopic data point to strong 
excitonic coupling and the formation of a CT state in the 
heterodimer. The transient absorbance studies suggest that the 
CT singlet state decays very rapidly with a lifetime of ~130 ps to 
the CT triplet state, which has a lifetime of 105 s. The decay of 
the TREPR spectrum at 80 K is primarily due to spin relaxation, 
and shows that the triplet state lifetime is much longer than ~5 
s, in agreement with the TA data. Recently, we showed that 
rapid intersystem crossing in the photosensitizer can be 
beneficial in donor-acceptor systems because the long triplet 
state lifetime allows more time within which the electron 
transfer can occur.57–59 This allows the electronic coupling 
between the photosensitizer and the secondary 
donor/acceptor to be weaker which in turn helps to stabilize the 
charge separation. If in addition, the triplet state has significant 
CT character, as appears to be the case in the heterodimer, it 
would be ideally poised to promote secondary electron 
transfer. We are currently exploring this possibility by exploiting 
the Lewis acidity of the AlPor center to attach a secondary 
electron donor. The proposed design strategy holds a great 
promise to mimic the reaction center complex of natural 
photosynthesis.
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