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Charge-Transfer in Panchromatic Porphyrin-Tetracyanobuta-1,3-diene-Donor
Conjugates: Switching the Role of Porphyrin in the Charge Separation Process

Bijesh Sekaran,/®* Andrew Dawson,”™ Youngwoo Jang,””! Kusum V. MohanSingh,® Rajneesh Misra/®"
and Francis D’Souzal®”

Abstract: Using a combination of cycloaddition-retroelectrocyclization reaction, free-base and zinc porphyrins (H.P and ZnP) are decorated at
their p-pyrrole positions with strong charge transfer complexes, viz., tetracyanobuta-1,3-diene (TCBD)-phenothiazine (3 and 4) or TCBD-aniline
(7 and 8), novel class of push-pull systems. The physico-chemical properties of these compounds (MP-Donor and MP-TCBD-Donor) have
been investigated using a range of electrochemical, spectroelectrochemical, DFT as well as steady-state and time-resolved spectroscopic
techniques. Ground-state charge transfer interactions between the porphyrin and the electron-withdrawing TCBD directly attached to the
porphyrin 7-system extended the absorption features well into the near-infrared region. To visualize the photo-events, energy level diagrams
with the help of free-energy calculations have been established. Switching the role of porphyrin from the initial electron acceptor to electron
donor was possible to envision. Occurrence of photoinduced charge separation has been established by complementary transient absorption
spectral studies followed by global and target data analyses. Better charge stabilization in H,P derived over ZnP derived conjugates, and in
phenothiazine derived over aniline derived conjugates has been possible to establish. These findings highlight the importance of the nature of
porphyrins and second electron donor in governing the ground and excited state charge transfer events in closely positioned donor-acceptor

conjugates.

Introduction

Photoinduced electron transfer (PET) is the main step in the
conversion of solar light into chemical energy in plant and
bacterial systems,["?l and a process with countless relevance in
research fields including artificial photosynthesis, photocatalysis,
photoconductivity, or molecular photovoltaics.B' In a simplistic
scheme, PET consists of two main steps, namely, light absorption
by a chromophore resulting in the formation of an
excited state species, followed by a charge
transfer between an electron donor (D) and an
electron acceptor (A) leading to a charge
separated D*-A- species.['®! The optimization of
these processes and comprehending their
mutual interplay to ultimately achieving charge
separated species is of paramount importance
for the development of efficient systems in solar
light conversion schemes.

Ph

Among the building blocks employed in the
construction of light-active donor-acceptor
conjugates, the large n-structured porphyrins
(P)""291 and phthalocyanines (Pc)?'?4l have
occupied privileged position due to their
structural resemblance to natural chlorophyll and
bacteriochlorophyll found in green plants and
bacteria, relative ease of chemical synthesis and
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post functionalization, high fluorescence quantum yields, rich
redox properties and good photo- and thermal stability. To-date,
several P and Pc based architectures have been prepared, in
which the macrocycles have been connected to electron donor
and/or acceptor entities by either covalent or non-covalent
methods.B24 In most of the D-A assemblies derived from P and
Pc, photophysical studies in solution have demonstrated

occurrence of intramolecular photoinduced electron transfer
leading to solvent stabilized radical-ion pairs.

Figure 1. Structure of the newly synthesized and investigated MP-
Donor and MP-TCBD-Donor (MP = 2H or Zn, Donor = PTZ or NND)
conjugates, and the control compounds.

As part of our systematic investigation on the synthesis and
study of novel porphyrin-based D-A systems capable of revealing
ultrafast electron transfer,®'%2 in the present study, we have
utilized 1,1,4,4, -tetracyanobuta-1,3-diene (TCBD) as a partner
for the porphyrin. TCBD is a cyano-rich moiety®® that has been
covalently linked to many electroactive units including porphyrins,
phthalocyanines and BODIPYs.[?4% |n most of these TCBD-
based D-A conjugates, photoinduced charge separation has been
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observed as a consequence of coupling between the electron-
poor TCBD and electron-rich sensitizer. In the literature reported
porphyrin-TCBD systems,*1#2 porphyrin was functionalized at
the meso-position with a TCBD entity either directly or with a
phenyl ring spacer. Knowing the lack of directly linked porphyrin-
TCBD conjugates utilizing the S-pyrrole positions and how that
would modulate the electron transfer properties, in the present
study, we have newly designed and synthesized porphyrin-TCBD
conjugates, 3-4 and 7-8 as shown in Figure 1. Both free-base
(H2P, compounds 3 and 7) and its zinc(ll) porphyrin (ZnP,
compounds 4 and 8) derivatives have been utilized as they differ
in their oxidation potentials modulating the free-energy change for
charge separation (ZnPs are easier to oxidize by about 270 mV
compared to HyPs), and have also utilized additional electron
donors, phenothiazine (PTZ, compounds 3 and 4) and N,N-
dimethylaniline (NND, compounds 7 and 8) to stabilize the TCBD
entity in these D-A conjugates. Different degrees of TCBD-PTZ
and TCBD-NND interactions is expected to modulate the
reduction potentials of TCBD in this series of strong push-pull
systems.

Results and Discussion
Synthesis
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Scheme 1. Synthetic routes developed for f-pyrrole functionalized
push-pull porphyrins, 1-8.

The synthetic routes for B-donor substituted TCBD
functionalized push-pull porphyrins are shown in Scheme 1. The
B-monobrominated tetraphenylporphyrin (TPPBr), 11 and the
control compounds, 9 and 10 were synthesized according to the
reported procedures (Figure 1 and Scheme 1).146-4¢1 The Pd-
catalyzed Sonogashira cross-coupling reaction of TPPBr, 11
using one equiv of 3-ethynyl-10-propyl-10H-phenothiazine, 12
and 4-ethynyl-N, N-dimethylaniline, 13 in the presence of
Pd(PPhs)s in THF at 70 °C resulted in porphyrins 1 and 5 in 73
and 69% vyields, respectively (Scheme 1). The zinc complexation
of the porphyrins 1 and 5 was subsequently carried out using
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Zn(OAc), by dissolving in MeOH and CHCI3 (3:1) mixture, which
resulted in zinc derivatives, 2 and 6 in 86 and 83% yields,
respectively. The TCBD functionalized push-pull porphyrins, 3, 4,
and 7, 8 were synthesized via [2 + 2] cycloaddition-
retroelectrocyclization reaction and are shown in Scheme 1. The
reaction of porphyrin and its zinc derivatives, 1, 2, 5 and 6 with
TCNE, 14 in dichloroethane (DCE) resulted in B-substituted
TCBD functionalized push-pull porphyrins, 3, 4, 7 and 8 in 91, 88,
91 and 91% vyields, respectively. The porphyrin derivatives, 1-8
were fully characterized by 'H and '*C NMR, HR-MS and MALDI-
TOF mass spectra. (see supporting information for spectral
details, Figures S9-S31).

Optical absorption and emission studies

The absorption spectra of g-pyrrole TCBD functionalized
push-pull porphyrins and corresponding control compounds were
recorded in benzonitrile at room temperature, and data are
summarized in Table 1. The porphyrins exhibited a characteristic
Soret band in the 425—440 nm region, and two to four Q—bands
in the 510-670 nm region.l'"2% Figures 2a and 2b illustrate the
absorption spectra of phenothiazine and N, N-dimethylaniline
derivatized zinc porphyrins while Figures S1a and S1b show
those of the corresponding free-base porphyrin derivatives. The
free-base porphyrins, 1 and 5 showed a Soret band and four Q
bands, whereas the Zn(ll)

porphyrins, 2 and 6

exhibited the

Y=( characteristic Soret band
NC__CN and two Q bands in the

visible region. Introducing
TCBD at the pg-pyrrole
position of both free-base
and zinc porphyrins
resulted in bathochromic
shift of about 10 nm of
both Soret and visible

3,M=H, 91%
4, M= Zn, 88%

bands suggesting
electronic interaction
between the entities.

Importantly, in the near-IR
region covering the 650—
900 nm range, a new
broad absorption band
was observed in all TCBD
bearing systems as a
consequence of
intramolecular charge
transfer involving the electron deficient TCBD and the electron
rich porphyrin and second donor entities.?>*3 In summary,
intramolecular charge transfer in the ground state was
successfully established in these MP-TCBD-Donor (M = 2H or Zn;
donor = PTZ or NND) conjugates.

DCE, RT,

7,M=H, 91%
8, M=2Zn, 91%

Both steady-state and time-resolved fluorescence spectral
studies of the investigated compounds was performed in
benzonitrile. Figures 2c and 2d show the fluorescence spectra of
zinc porphyrins, 2, 4, 6 and 8 while the free-base analogs are
shown in Figure S1c and S1d. The B-donor substituted porphyrins
showed the characteristic two emission bands in the low energy
region. The free-base porphyrins, 1 and 5 showed emission in the
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was observed. The normalized
fluorescence spectra shown in
Figures 2c and d, and Figure S1c
and d also revealed a small blue-
shift of the 0,1 peak, however,
without the appearance of any new
peak characteristic of charge
transfer emission. It is likely that
intensity of such transitions is rather
low.

Wavelength, nm

T T L S —— |
600 700 800 900 1000 The lifetimes measured using
time correlated single photon
counting (TCSPC) using nanoLED
excitation sources also revealed
such a trend. The lifetime of control
porphyrins, 9 and 10 was found to
be 8.73 and 1.78 ns, respectively,
close to that expected for the free-
base and zinc
tetraphenylporphyrins.  However,
these lifetimes were found to be
substantially quenched in MP-
Donor dyads (see Table 1), a trend
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Figure 2. Normalized to the Soret band, absorption spectra of
compounds (a) 2 and 4, and (b) 6 and 8 in benzonitrile. Fluorescence
spectra, normalized to the 0,0 emission peak of compounds (c) 2 and
4, and (d) 6 and 8 in benzonitrile. The samples were excited to the
Soret peak maxima.

650-740 nm range while their Zn(ll) complexes, 2 and 6 revealed
emission in the 600—-670 nm range. Florescence intensity in both
PTZ and NND bearing porphyrins was found to be quenched over
50-80% when compared to the control porphyrins, 9 and 10, both
having a phenyl ring instead of the electron donor. These results
suggest occurrence of excited state events from the 'MP* in MP-
Donor (M = 2H or Zn; donor = PTZ or NND) dyads. Interestingly,
in the case of MP-TCBD-Donor conjugates, such quenching was
found to be even more pronounced, that is, quenching over 98%

Wavelength, nm

700 800  consistent with the steady-state
fluorescence properties. Inthe case
of MP-TCBD-Donor conjugates, due to very weak emission, the
lifetime was within the time resolution of our instrumental setup
(~200 ps). These results indicate excited state events in both MP-

Donor and MP-TCBD-Donor conjugates investigated here.
Visualizing excited state events through energy calculations

Fluorescence quenching observed in both MP-Donor and
MP-TCBD-Donor conjugates suggest excited state events such
as energy or electron transfer from singlet excited MP. Free-
energy calculations based on spectral, electrochemical and
geometry parameters help us in establishing energy level
diagrams to visualize possible photo-excited events. With this in
mind, first, electrochemical studies were performed using both

Table 1. Absorption and fluorescence spectral data of the investigated compounds in benzonitrile.

Compound Aabs, NM Aem, NM @153 T, NS
1 427, 527, 566, 602, 658 662, 731 0.0169 3.18
2 437, 571, 609 622, 673 0.0139 1.40
3 429, 520, 551 663, 725 0.0010 --

4 438, 566, 606 621, 671 0.0003 --

5 424, 525, 570, 602 663, 729 0.0079 1.93
6 433, 572, 607 621, 674 0.0189 1.37
7 430, 522, 658 661, 725 0.0006 -

8 439, 564, 604 618, 668 0.0004 -

9 430, 520, 561, 600, 658 664, 727 0.0431 8.73
10 440, 566, 607 620, 670 0.0131 1.78
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active entities linked to the
porphyrin macrocycle is expected
show additional oxidation and
reduction peaks.["® This seems to
be the case in the present
investigated series of compounds.
As shown in Figure 3a, for the MP-
Donor systems having a second
donor entity (PTZ and NND),
additional oxidations were
observed. In the case of 1 and 2
having a PTZ, and 5 and 6 having
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Figure 3. DPVs of the indicated compounds in benzonitrile containing
0.1 M n-BusNCIO,4. Scan rate = 5 mV/s, pulse width = 0.25 s, pulse
height = 0.025 V. The potentials were referenced against internal
ferrocene/ferrocenium redox couple.

differential pulse (DPV) and cyclic voltammetric (CV) techniques.
DPVs of MP-Donor and MP-TCBD-Donor conjugates are shown
in Figure 3 while the corresponding CVs are shown in Figure S2.
Redox potentials are tabulated in Table 2. It is well known that
both HzP and ZnP reveal two one-electron oxidations and two
one-electron reductions.[' This is also the case for the control
compounds 9 and 10. The corresponding redox potentials of 9
were located at -1.86, -1.58, 0.47 and 0.72 V vs. Fc/Fc* while that
of 10 were located at -1.90, -1.79, 0.30 and 0.62 V. Easier
oxidation of ZnP over Hy,P for the B-pyrrole functionalized
porphyrins was clear from this data. Having additional redox-

15
Potential, V vs. Fc/Fc™

‘ . NND entities, the first oxidation
10 \was easier than that expected for

the ~ corresponding  porphyrin
derivatives indicating that it involves oxidation of the second
electron donor entity. The potentials for second oxidation process
were close to that expected for MP suggesting it involves
formation of MP/MP-* process (see Table 2). Introducing electro-
deficient TCBD in MP-TCBD-Donor systems (3, 4, 7 and 8)
revealed two additional reductions as shown in Figure 3b
corresponding to TCBDY- and TCBD'> processes. In the case
of 3 and 4, these processes were easier by nearly 120 mV
compared to those in 7 and 8 revealing subtle influence of second
electron donor. Additionally, presence of TCBD in MP-TCBD-
Donor systems, induced cathodic shift of MP centered reductions
by about 200 mV, and anodic shift of both Donor and MP centered
oxidations by about 150-280 mV. These results unequivocally
prove existence of intramolecular interactions involving TCBD
and MP/Donor entities.

10 05 00

Table 2. Redox potentials and free-energy change for charge separation and recombination for the investigated compounds in

benzonitrile.
Potential V vs. Fe/Fc
Compound " E_ E eV E..eV  AG_,eV -AG., eV —-AG,, eV
MP MP TCBD TCBD MP-D MP-D MP-D MP-D
1 -1.87  -1.64 - - 020 057 073 0.84 1.89 - -0.205 0.21 1.68
2 2,11 -1.82 - - 025 032 065 0.86 2.04 - -0.205 0.17 1.87
3 - -1.83  -1.25. -067 043 059 095 - 2.10 1.11 -0.285 1.28 0.82
4 - -2.04 -132 -069 038 0.67 095 - 2.09 1.07 -0.285 1.30 0.78
5 -1.92  -1.68 - - 025 053 076 095 1.96 - -0.247 0.29 1.67
6 -2.05 -1.75 - - 022 032 057 077 2.02 - -0.247 0.18 1.84
7 - -1.87 -1.38 -0.82 057 074 1.00 - 2.10 1.40 -0.333 1.03 1.07
8 - -2.06 -134 -077 037 0.60 0.78 - 2.10 1.14 -0.333 1.29 0.81
9 -1.86  -1.59 - - 048 0.72 - - - - - - -
10 - -1.79 - - 030  0.62 - - - - - - -

Next, computational studies were performed to evaluate the
geometry parameters and electronic structures using B3LYP/6-
31G* basis set and functional.®® Figures 4 and S3 show
optimized structure, electrostatic potential energy maps and

frontier HOMO-1, HOMO, LUMO and LUMO+1 of investigated
compounds while the energies of the frontier orbitals are given in
Table S1. Although closely spaced, no steric crowding was
witnessed in these systems. In the MP-Donor systems, HOMO
was found to be spread on the second donor and part of it on the
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Figure 4. B3LYP/6-31G* optimized structure, electrostatic potential
energy maps and frontier HOMO-1, HOMO, LUMO and LUMO+1 of
the indicated compounds.

porphyrin n-system while LUMO was L
on the porphyrin ring. These results
suggests possibility of MP--Donor* |
formation during the process of
photoinduced  electron  transfer.
Interestingly, in the case of MP-
TCBD-Donor systems, a change in
the location of HOMO was observed.
That is, the HOMO originally located
on the second electron donor in the
case of MP-Donor systems is moved
to the porphyrin m-system, and the
LUMO to be mainly on the electron
acceptor, TCBD entity. These results
suggest formation of MP-*-TCBD--
Donor charge separated state during
the process of electron transfer.

2.0—

—
w
1

o
|

hv

Energy, eV

0.5+

0.0 —

Optimized
Structure

Electron
Density

LUMO +1

LUMO

HOMO

_.;gg?f;f’-"?" HOMO -1

-5.48 eV

WILEY-VCH

-AGcs= AEop — (-AGcr)
2)

where E.y is the first oxidation potential of the
donor (Donor in the case of MP-Donor and
MP in the case MP-TCBD-Donor), Ereq is the
first reduction potential of acceptor (MP in
the case of MP-Donor and TCBD in the case
MP-TCBD-Donor), 4E is the energy of the
0-0 transition between the lowest excited
state of the porphyrin, evaluated as the mid-
point of 0,0 transitions of absorption and
fluorescence peaks (see Table 2). The 4Gs
refers to the static energy, calculated by
using the ‘Dielectric Continuum Model
according to eqn. (3).

AGs = —62/ (4 T & &S RCt—Ct) (3)

The symbols & and e&s represent
vacuum permittivity and dielectric constant of
the employed solvent, benzonitrile (8.85 x
102 C?/Nm and 26), respectively. The
calculated values of different energy states
are given in Table 2. It may be mentioned
here that the -AGcr values represent the
energy stored in the charge-separated states.

were
visualize

Energy
subsequently

level diagrams
established to

different photoinduced events in the MP-Donor and MP-TCBD-
Donor systems. As shown in Figure 5a, in the case of MP-Donor,
the "MP* formed upon excitation of MP at the Soret band followed
by subsequent internal conversion of S, state to S4 state, could

1,2,5,6: MP-D

From the optical, computational
and electrochemical data, the driving forces for charge
recombination (-AGcr) and charge separation (-AGgs) were
calculated according to egns. (1) and (2) according to Rehm and
Weller approach:[59

-AGcr = Eox - Ered + AGS (1)
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Figure 5. Energy level diagrams depicting different photo-events in
the (a) MP-D and (b) MP-A-D systems (MP = H,P or ZnP, A = TCBD,
Donor = TPZ or NND). Energy of charge transfer state in Figure 5b is
estimated from the charge transfer band shown in Figures 2 and S1.



undergo charge separation to produce MP--D*. Since the
fluorescence quenching in MP-Donor was in the range of 50-70%,
part of '"MP* could undergo intersystem crossing (ISC) to populate
the triplet state, 3MP*. Additionally, since the energy of MP--D*
state is higher than that of 3MP*, the charge separated state could
also populate 3MP* instead of relaxing directly to the ground state.
Interestingly, in the case of MP-TCBD-Donor systems, the "MP*
formed upon photoexcitation could undergo an initial MP%*-
TCBD®*-Donor charge transfer state. In polar benzonitrile where
charge stabilization expected based on earlier discussed energy
calculations, the charge transfer state could undergo charge
separation process to yield MP-*-TCBD--Donor. Finally, the
charge separated state could relax directly to the ground state.
Since the fluorescence quenching was almost quantitative,
formation of 3MP* from the initial '"MP* could be considered
negligible. Notably, switching the role of porphyrin from an
electron acceptor in MP-Donor systems to an electron donor in
MP-TCBD-Donor systems was clear from these energy diagrams.

Femtosecond pump-probe studies

To confirm occurrence of charge separation in the MP-
Donor and MP-TCBD-Donor systems based on the above
discussions, and to evaluate kinetics of such processes,

femtosecond transient absorption (fs-TA) spectral studies
followed data analysis using multi-

wavelength global and target 0.03 (a)

analysis were systematically ’ oY,
performed. Among the different R Y
entities of the conjugates, the 0021 ¢

oxidized and reduced species of MP J

are mainly expected to show 1:0_01-

signature peaks corresponding to
the transient species. Thus, to aid-in
spectral identification of such
species, spectroelectrochemical
studies of control compounds 9 and

0.00 {8
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MP-*. It may be mentioned here that if the Donor entity in MP-
TCBD-Donor was involved during first oxidation process then one
would expect minimal changes on porphyrin-based absorption
peaks.

Figure S6a and S6b show fs-TA at the given delay times of
control porphyrins 9 and 10 in benzonitrile. In the case of 9, the
instantaneously formed '9* revealed excited state absorption
(ESA) peaks at 486, 546, 576, 861, 1102 and 1278 nm. In
addition to this, negative peaks at 526, 561, 603, 660 and 728 nm
were also observed. By comparison with the earlier discussed
absorption and fluorescence spectral results, the first three peaks
have been assigned to ground state bleaching (GSB) while part
of 660 and the 728 nm have been assigned to stimulated emission
(SE). Decay of the positive peaks and recovery of the negative
peaks was slow, consistent with long lifetime of 9. In the case of
10, the instantaneously formed 10* had ESA peaks at 480, 586,
633, 842 and 1316 nm, and GSB peaks at 566 and 608 nm, and
SE peaks at 608 and 688 nm. Decay/recovery of the
positive/negative peaks was accompanied by new peaks at 482
and 856 nm due to subsequent population of *10*. The decay
associated spectra (DAS) from Target analysis®" yielded a
lifetime of 10.2 ns for '9* (Figure S6c), close to that obtained from
the earlier discussed lifetime measurements. Similarly, a lifetime
of 1.48 ns was recorded for '10* (Figure S6d) while the lifetime of

e e e

3976 ps
§3.76 ps
127.78 ps

10 were performed and are shown in 500 600
Figure S4. The H.P* (9*) was
characterized by peaks at 445, (b}
463(shoulder peak), 618, and 672
nm while the HxP- (97) was
characterized by peaks at 456, 524,
566, 603 and 656 nm. Similarly,
ZnP* (10*) was characterized by
peaks at 464 (shoulder peak), 560
and 627 nm, and ZnP- (107) by
peaks at 448, 582 and 625 nm. Most
of the peaks corresponding to the
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radical cation and radical anion were
relatively broader compared to their
neutral compound analogues.

500 600
Wavelength, nm

Computational calculations predicted HOMO to be on the
MP entity in the case of MP-TCBD-Donor systems suggesting MP
entity to be the site of electron transfer during first oxidation. To
confirm this, spectral changes were monitored during the first
oxidation process on all MP-TCBD-Donor systems. As shown in
Figure S5, disappearance of neutral porphyrin peaks was
accompanied by new peaks corresponding to the formation of

700 500 600 700
Wavelength, nm

Figure 6. Fs-TA spectra at the indicated delay times of (a) 1 and (b)
5 in benzonitrile (Aex = 426 Nm). Species associated spectra from
Target analysis are shown in Figures c and d, respectively, for 1 and
5.



310* was beyond the time monitoring window. However,
reciprocal relationship (decay and growth) of the 856 nm peak
confirmed singlet-triplet conversion via the process of intersystem
crossing.

Fs-TA spectra of the free-based porphyrin derived dyads 1
and 5 are shown in Figures 6a and 6b while those of zinc
porphyrin derived dyads 2 and 6 are shown in Figure S7a and
The earlier discussed energy level diagram predicted

02| (@)

S7b.
formation of thermodynamically feasible
MP--D-* charge separated state in the
case of both free-base and zinc derived
dyads. In the case of 1, the
instantaneously formed '1* revealed
ESA peaks at 496, 552, 582, 630, 696
and 1076 nm. This was accompanied by
negative peaks at 526, 568, 605, 664
and 740 nm (see spectrum at the delay
time of 2.16 ps). By comparison with the
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compared to its control compound 10 with new transient peaks
expected for the ZnP- species thus confirming occurrence of
charge separation. The data was further analysed by target
analysis (see Figure S7 right hand panel) which gave satisfactory
results for the S; > CS > T; transition. Peak positions for each
transient state observed in the SAS nicely matched that expected
for the individual states.

PRREE
0w

earlier discussed absorption and
fluorescence spectra, the first three
signals were assigned to GSB and the
latter two to SE. Decay/recovery of the
positive/negative peaks were faster than
that observed for control 1. Since there
was a strong spectral overlap between
the free-base porphyrin anion radical of
1~ (see spectrum Figure 4a for the
control 9-) and ESA peaks of '1*, the
initial spectrum of '"* revealed

500 600
Wavelength. nm

700

Wavelength, nm

increased intensity in the spectral region
owing to the absorption of electron
transfer product. Such was a trend in the case of 5 also. However,
in this case the anticipated 5 peaks at 460 and 558 nm evolved
much more strongly providing direct proof for the formation of the
charge separated state (see Figure 6b). It may be mentioned
here that the spectrum of PTZ* and NND-* were out of range of
spectral monitoring window, and was also difficult to isolate due
to low molar extinction coefficients.

Further analysis of the transient data was performed by
target analysis. The data could be fitted to three components.
The species associated spectra (SAS) thus generated for these
components is shown in Figures 6c and 6d, respectively.
Features of the first SAS matched closely that of singlet excited
state while SAS of the second components revealed features
expected for the charge separated state, viz., clear peak in the
460 nm regions and positive peaks covering the 510-720 nm
range was clear. Time constants for this state, signifying the
average lifetime of the charge separated state were 221.8 and
219.9 ps, respectively, for 1 and 5. The thirds SAS had features
of the triplet excited state with a strong peak in the 490 nm range
characteristics of 3H,P*. This is in accordance with the energy
diagram where the energy of the charge separated state was well-
above that of ®H,P*. Under such circumstances, the charge
separated state populating the low-lying triplet state is expected.

Charge separation was also possible to establish in the case
of zinc porphyrin derived dyads 2 and 6, as shown in Figure S7.
In the case of both dyads, the instantaneously formed 'ZnP*
revealed faster decay/recovery of the ESA/GSB, SE peaks

500 600
Wavelength, nm

700 500 600 700
Wavelength, nm

Figure 7. Fs-TA spectra at the indicated delay times of (a) 3 and (b)
7 in benzonitrile (Aex = 430 nm). Species associated spectra from
Target analysis are shown in Figures c and d, respectively, for 3 and
7.

Having established charge separation in the MP-Donor
dyads, next, we focussed out attention on the MP-TCBD-Donor
systems. Energy level diagram shown in Figure 5b predicted S+
> CR - CStransition, that is, sequential formation of '"MP* >
MP#-TCBD>-Donor - MP*-TCBD"-Donor.  Transient data
shown in Figure 7 for free-base porphyrin derived compounds 3
and 7, and in Figure S8 for zinc porphyrin derived compounds 4
and 8 were in agreement with the occurrence of the envisioned
photo-events. Here, the instantaneously formed '"MP* revealed
the expected ESA, GSB and SE peaks in less than 1 ps
transforming into the charge transfer state. Within the next 9-10
ps, the charge transfer state subsequently transformed to the
charge separated states, revealing characteristic peaks of MP-* in
the visible region. Interesting, decay of the transient peaks
corresponding to the charge separated state did not populate the
SMP* indicating that this state charge recombined directly to the
ground state. The SAS spectra from Target analysis (see Figures
7 and S8 right hand panels) were in full agreement with the
spectral features expected for the different states.

Table 3 lists time constants for different photo-events
(average lifetime of the transient species) for the investigated MP-
Donor and MP-TCBD-Donor systems in benzonitrile. Presence
of zinc in the porphyrin cavity, and nature of Donor in stabilizing
the charge separation are the direct outcomes. Between the free-



base and zinc porphyrin derivatives, charge separated state
persisted better in free-base porphyrin derivatives compared to
their respective zinc porphyrin analogues. Among the PTZ and
NND Donor entities, PTZ seem to have better effect in terms of
stabilizing the charge separated states. This could be rationalized
based on the energy diagram shown in Figure 5. In the case of
MP-Donor, energy of the charge separated states of 2 and 6 are
higher than that of 1 and 5. Higher driving force for charge
recombination to *MP* lowered the overall lifetime of the charge
separated state. An opposite trend was observed for MP-TCBD-
Donor systems, wherein the higher energy of charge separated
states in the case of free-base porphyrin derived systems slowed
down the charge recombination process to some extent
suggesting that this process to belong to the Marcus inverted
region.®?

Table 3. Time constants from Target analysis for the different photo-
events of the studied compounds in benzonitrile.

Compound )‘EX’ nm Sl= ps CT,ps CS,ps Tl’ ns
1 426 0.41 -- 221.79 >3
2 426 0.99 - 21687 >3
3 429 1.97 10.86 56.12 --
4 438 0.90 10.51 40.53 --
5 424 0.70 -- 209.94 >3
6 433 0.46 -- 197.72 >3
7 430 0.66 9.60 37.63 --
8 438 0.50 8.88 31.38 -
Conclusions

In conclusion, the MP-Donor and MP-TCBD-Donor systems,
functionalized via g-pyrrolic positions, revealed several interesting
results. These include: (i) the developed synthetic strategy was
successful in making directly linked MP-TCBD-Donor systems; (ii)
proof for charge transfer interactions was possible to secure from
optical studies; (iii) electrochemical and computational studies
coupled with energy calculations suggested the formation of MP-
-Donor+* in the case of MP-Donor, and MP-*~-TCBD--Donor in the
case of MP-TCBD-Donor systems, that is, the role of MP was
reversed from initial electron acceptor to electron donor; (iv) Fs-
TA studies coupled with global and Target analysis unequivocally
proved occurrence of charge separation in both MP- Donor and
MP-TCBD-Donor systems; (v) finally, the significance of second
Donor and metal ion in the porphyrin cavity in stabilizing the
charge separated state was borne out from this study.
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