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AzB-type meso-(4-nitrophenyl)-substituted subporphyrins have
been synthesized and shown to undergo very fast photoinduced
intramolecular charge separation (CS) and charge recombination
(CR) between the subporphyrin core and the meso-4-nitrophenyl
group in CH,Cl, as probed by femtosecond time-resolved transient
absorption spectroscopy. Red-shifted emissions were detected
from charge-separated states as a rare case for porphyrinoids.

Since our initial report describing the synthesis of tribenzosub-
porphyrins in 2006," much attention has been focused on the
exploration of subporphyrins because of their attractive optical,
electronic, and structural attributes.? A characteristic feature of
subporphyrin that is not shared with its older cousin porphyrin is
the facile rotation of meso-aryl substituents that allows them
to exert large electronic influences on the subporphyrin core,
drastically altering the properties of the subporphyrin.® Prime
examples include meso-(4-aminophenyl)-substituted subporphyr-
ins and meso-(4-oligo(phenylethynyl))-substituted subporphyrins,
both of which exhibited perturbed optical and electrochemical
properties.? Facile rotation of meso-aryl groups leads to twisted
intramolecular charge transfer in subporphyrins bearing meso-
arylamino groups.” Apart from these accounts, studies on
electron transfer reactions of subporphyrins have been rather
limited, while significant fluorescence quenching of sub-
porphyrins has been observed in several cases.®’

In this work, we have focused on a set of A,B-type sub-
porphyrins bearing meso-4-nitrophenyl groups (Fig. 1) paying
particular attention to intramolecular electron transfer reac-
tions. While meso-4-nitrophenyl-substituted subporphyrin was
previously prepared and its significant fluorescence quenching
in CH,Cl, was noted,” the photo-excited-state dynamics were
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Fig.1 The molecular structures of the subporphyrins described in
this study.

not examined in detail. In subporphyrins 1-3, the 4-nitrophenyl
groups are free to rotate at will, maximising their electronic
influence on the subporphyrin core. However, the rotational
freedom of the nitro groups in 2 and 3 is different, since the
introduced methyl groups in 2 and 3 decrease the rotational
freedom. In 4, the 2-methyl group imposes a severe rotational
barrier of the meso-aryl substituent, enforcing an orthogonal
conformation.®

Subporphyrins 1-4 were synthesized by following improved
protocols for realizing A,B type subporphyrins in 16, 8, 7, and 3%
yields, respectively. The purity and authenticity of 1-4 have been
unambiguously confirmed by 'H, "B, **C NMR spectroscopy,
and high-resolution atmospheric-pressure-chemical-ionization
(HR-APCI-TOF) mass spectrometry (Fig. S2 and S3 in the ESIt).
The "H NMR spectrum of 4 displays signals corresponding to
both exo- and endo-atropisomers in a 4:1 ratio in CDCl; at
room temperature (Fig. S2-S10 in the ESIf). The 'H NMR
spectrum of compound 4 remained unchanged upon elevating
to high temperatures, indicating a high rotational barrier of the
2-methyl-4-nitrophenyl substituent. Single crystals of 1 suitable
for X-ray diffraction analysis were obtained by slow diffusion of
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Fig. 2 X-Ray crystal structure of 1 (a: top view, b: side view). The
molecular structure shown is one of the two independent molecules in
the unit cell. Thermal ellipsoids are set at 50% probability level. Hydrogen
atoms and solvent molecules are omitted for clarity.

pentane into a solution of 1 in benzene (Fig. 2). The average
bowl depth was calculated to be 1.34 A° whilst the dihedral
angle of the 4-nitrophenyl group was determined to be 41.97°.
These values are consistent with the ground state optimized
geometry (see below).

Using the crystal structure of 1 as a starting point, optimised
ground state structures of 1-4 have been calculated using the
Gaussian 09 program package (Fig. S8-1 in ESIt). The dihedral
angles of the meso-4-nitrophenyl groups in 1-3 were calculated
to be 44.6°, 44.3°, and 45.2°, respectively, suggesting that
the meso-4-nitrophenyl groups in 1-3 possess very similar
rotational freedom.

The dihedral angles between the nitro group and its respec-
tive aryl group in 1-3 were calculated to be 0.5°, 12.3° and
42.9°, respectively. This ascending trend is in line with the
systematic introduction of methyl groups adjacent to the nitro
group, gradually increasing steric hindrance. As anticipated,
the dihedral angle between the 2-methyl-4-nitrophenyl group
and the subporphyrin core was calculated to be 58.2°, much
larger than the dihedral angles observed for 1-3 (44.6°, 44.2°,
and 45.2°). This can be ascribed to the steric clash between the
2-methyl group and the subporphyrin periphery. The dihedral
angle of the nitro group and its respective aryl group in 4 was
calculated to be just 0.7°, indicating that a coplanar relation-
ship is favoured as in the case of 1. Despite their individual
structural features, the molecular orbital diagrams calculated
for 1-4 suggest that all of the compounds share a similar
intramolecular charge transfer character (Fig. S8-2 in the ESIT).
In the HOMO plots for 1-4, electron density is distributed over
the entirety of the molecular framework. In the LUMO plots for
1-4, electron density appears to be pulled on to the electron
withdrawing meso-4-nitrophenyl substituents and away from
the subporphyrin cores.

Fig. 3 shows the absorption and emission spectra of 1-4
along with a reference compound triphenylsubporphyrin A in
CH,Cl, (an important observation to note is that the absorption
spectra of 1-4 recorded in CH,Cl, were practically the same as
those recorded in toluene (Fig. S7-1 in the ESIY)). The Soret-like
band of 1 is the broadest in the set, indicating the largest
electronic interaction between the 4-nitrophenyl group and
the subporphyrin core. There is a visible sharpening of the
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Fig. 3 Absorption (solid) and emission (dashed) spectra of compounds 1-4,
along with control compound A, recorded in CH,Cl,.

Soret-like band and overall absorption spectra moving through
1-3, and a slight broadening again for 4. The full width at half
maximum (FWHM) values for 1, 2, 3 and 4 are 2870, 2309, 1785,
and 1993 cm ™', respectively. This sharpening trend in 1-3 can
be ascribed to the dwindling electronic influence of the nitro
group on the subporphyrin core due to the increasing steric
constraint. The A,,.« value of 372 nm and the molar extinction
coefficient value of 1.50 x 10° M~ cm™" for 4 highlights
the decoupled nature of the meso-2-methyl-4-nitrophenyl group
and the subporphyrin core. In comparison to 3, a slight broad-
ening of the absorption profile for 4 is most likely due to the
presence of its atropisomers (Table 1).

In non-polar toluene, the emission maxima for 1-4 were
observed at 542, 546, 533, and 533 nm with the fluorescence
quantum yields recorded as 0.28, 0.26, 0.22, and 0.23, respectively.
Compared to A, increased fluorescence quantum yields of 1-4
suggest that a perturbation effect is introduced by the presence of
the 4-nitrophenyl groups, where the higher quantum yields of 1
and 2 in comparison to 3 and 4 can be ascribed to the restricted
influence of the nitro groups on the subporphyrin core in 3 and 4.
In contrast, the fluorescence emissions of 1-4 are all significantly
quenched in moderately polar CH,Cl, (0.022, 0.040, 0.013, and
<0.001 for 1-4, respectively) with their fluorescence emission
spectra becoming significantly broadened and red-shifted.
Such spectral features suggest the occurrence of efficient intra-
molecular charge transfer processes in 1-4. Again, a nice trend
can be observed for the broadening and red-shifting of the
emission profiles with respect to 1-3, with 1 exhibiting the most
broadened and most red-shifted emission profile.

The electrochemical properties of 1-4 along with the refer-
ence subporphyrin A were investigated by cyclic voltammetry
(CV) measurements in CH,Cl, and the results are listed in Table 2.

Table 1 Photophysical parameters of compounds 1-4. Values were
recorded in CH,Cl, unless stated

FWHM/ &g in &y in
Comp.  Amay/nM em™! gM'em™  CH,Cl, toluene
1 378, 464, 493 2870 8.20 x 10* 0.022 0.28
2 379, 464, 493 2309 1.22 x 10° 0.040 0.26
3 375, 463, 489 1785 1.55 x 10° 0.013 0.22
4 372, 460, 485 1993 1.50 x 10° <0.001 0.23
A 373, 461, 484 1527 1.66 x 10° 0.14 0.16
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Table 2 Redox potentials of 1-4 in CH,Cl, measured by cyclic voltam-
metry? and estimated energy levels of CSS and —AG® for charge separation

Compound E"?0xi/V. EY’rgpi/V EY?repa/V. CSS/eV —AG”° (eV)
1 0.78 —1.36° —1.56” 1.86 —0.49

2 0.72 —1.74 2.18 —0.19

3 0.70 —1.79 2.21 —0.21

4 0.71 —1.69 —~1.96 2.12 —0.25

A 0.71 -1.97

“ Conditions: scan rate: 0.05 V s~ ', supporting electrolyte: 0.1 M nBu,NPFg,

working/counter electrodes: Pt/Pt wire, reference electrode: Ag/0.01 M
AgClO, in MeCN. ? Determined by differential pulse voltammetry.

The first oxidation waves of 1, 2, and 3 were observed at
0.78, 0.72, and 0.70 V, respectively, reflecting the decreasing
influence of the nitro group due to the installed methyl groups,
in this order. In the reduction part, 1 showed two reversible
reduction waves at —1.36 V and —1.56 V. By searching the existing
literature, these two reduction waves have been assigned to the
reduction of the freely rotating 4-nitrophenyl group and of
the electron deficient subporphyrin core, respectively.’® In 2,
the installed methyl group mitigates communication between
the nitro group and aryl group. Judging from the first oxidation
and reduction potentials of 0.72 and —1.74 V, the nitro group in
2 is exerting a modest influence on the subporphyrin core. The
influence of the nitro group in 3 is even less due to the two
methyl groups flanking the nitro group. Finally, the oxidation
potential of 4 was observed at 0.71 V, whilst the reduction
potentials were observed at —1.69 and —1.96 V. These values
confirm that the 2-methyl-4-nitrophenyl group in 4 is electro-
nically decoupled from the subporphyrin core, although the
nitro group can still influence its respective aryl group due to
the absence of methyl groups at the 3 and 5 positions. On the
basis of the above electrochemical data, the energy levels of the
charge separated states (CSS), consisting of a subporphyrin
cation radical and a nitrobenzene anion radical, have been
estimated to be 1.86, 2.18, 2.21, and 2.12 eV for 1-4, respectively
(Coulombic correction term was taken into account when
calculating these values (Table 2)). These considerations made
it possible to estimate the driving force for CS to be —0.49,
—0.19, —0.21, and —0.25 eV for 1-4, respectively.

To reveal the CS and CR events in 1-4, femtosecond
transient absorption (TA) spectra were recorded in CH,Cl,
(Fig. 4 and Fig. S7-2 in the ESIt). As a control experiment, a
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Fig. 4 TA spectra and decay profile (inset) of 1 in CH,Cl, (excitation at
490 nm).
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subporphyrin cation radical generated by chemical oxidation
of A with NOSbF, displayed absorption bands at 388 and
502 nm (Fig. S6-1 in the ESIT). After searching the literature,
the electrochemically generated radical anion of nitrobenzene
showed absorption bands at 435 and 465 nm with a tail reach-
ing out to 600 nm."" The TA spectra of 1 displayed very rapid
formation and decay of the CS state showing broad absorbance
in the range of 500-630 nm consisting of contributions from
the subporphyrin cation radical and the nitrobenzene anion
radical with a CS rate of (3.7 ps)” " and a CR rate of (330 ps) .
The TA spectra of 2 and 3 also revealed quantitative CS and CR
with kcg = (3.0 ps) ' and kcg = (530 ps) " for 2, and kg = (2 ps) "
and kcg = (210 ps)~" for 3, respectively. The fluorescence life-
times of 1-3 (340, 510, and 200 ps, respectively) were all well
matched with the lifetimes for CR processes, indicating that
their red-shifted fluorescence in CH,Cl, is originating from
the CS state (Fig. S7-3 in the ESI{). It is worth noting that such
CR-associated emissions'> have been very rare for porphyrins.
The TA spectra of 4, which is held in an orthogonal conforma-
tion, also indicated the rise and decay of broad absorbance
in the range of 480 nm to 660 nm due to the CS state with ks =
(5.0 ps)~" and kcg = (40 ps)”'. Very fast CR in 4 may explain
its non-fluorescence nature in the red-shifted region due to
its short lived CS state. Therefore, it may be inferred that weak
CR-associated emission is only allowed for subporphyrins
bearing freely rotating meso-aryl groups.

In summary, A,B-type meso-(4-nitrophenyl)-substituted sub-
porphyrins 1-4 have been synthesized and have been shown
to undergo very fast photoinduced intramolecular CS and CR
reactions between the subporphyrin core and the meso-4-
nitrophenyl group in CH,Cl,. Characteristically, broad and
red-shifted emissions were detected from the CS states of 1-3
as a rare case for porphyrinoids.
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