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ABSTRACT

Photosynthetic reaction centre functions through non-covalent incorporation into a well-defined
transmembrane proteins. In the context of exploring photoinduced electron transfer (PET) in non-covalent
donor-acceptor systems, we have investigated electron transfer from metal-free octaethylporphyrin (OEP)
donor to 2-nitrofluorene (2NF) acceptor in acetonitrile, a polar solvent. Steady-state and time-resolved
emission spectroscopic studies in conjunction with density functional theory (DFT) calculations were
employed to explore the electron transfer process. Quenching of the fluorescence emission intensity as well
as fluorescence lifetime of the OEP upon excitation at the Q band of OEP at 300 K, is attributed to the PET
from OEP to 2NF. Our DFT [wB97XD functional and 6-31G (d,p) basis set] calculations also support the
interaction between donor and acceptor and also reveals the co-facial n-m interaction energy of -24.6
kcal/mol with intermolecular distance less than 4 A. Our results are expected to shed light on PET in non-
covalent donor acceptor systems.
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1. Introduction

The complexity and significance of electron
transfer reactions in nature, have drawn the attention of
the researchers to study the fundamental chemistry of
these progressions in basic model systems. Therefore,
a long-term aim of the researchers is to develop an
understanding of photoinduced electron transfer (PET)
reactions that is adequately advanced to enable one to
design laboratory systems for the transformation of
solar energy into chemical potential, as plants do
efficiently during the photosynthesis. A crucial part of
this research is to design the molecular systems, which
consist of electron donors and acceptors that mimic the
charge separation function of photosynthetic systems.
However, till date, several synthetic models have been
fabricated by variations in the electron transfer rate
constants on donor-acceptor orientation, distance,
electronic coupling and free energy of reaction [1].

As we know, during photosynthesis, flows of
short-range electron transfer and energy transfer take
place between well-organized organic pigments and
some other cofactors [2]. The arrangement of the
donor—acceptor couples in the photosynthetic reaction
center is very simple and proficient via their non-
covalent incorporation into well-defined
transmembrane proteins. Therefore, control of electron
transfer pathways in donor-acceptor systems by
employing novel supramolecular concepts s
significant not only to enrich our knowledge on the
mechanistic details of the complex biological electron
transfer processes [3-5], but also beneficial for
fabricating molecular electronic devices [6,7] and
sensors [8] and also in light energy harvesting systems.
Supramolecular approach, both energetically and
spatially, are the key factors to have control over the
mechanism and the rate of energy transfer or electron
transfer processes. The rich and wide absorptions
range seen in porphyrinoid systems hold particular
promise for increased absorptive cross sections and,
thus, an effective use of the solar spectrum [9]. High
electronic excitation energy of porphyrinoid systems
(>2.0 eV) influences a strong exergonic electron
transfer that successively mediates the conversion

between light and electrical/ chemical energy [10].
Porphyrins play a vital role in photosynthesis due to
their strong absorption in the visible region, and the
ease of adjusting their chemical structures. Porphyrins
are wide class of materials, which are extensively
studied for their role in electron transfer phenomenon
in photosynthesis, dye sensitized solar cells (DSSCs),
etc. In order to develop organic photovoltaic cells and
artificial photosynthetic systems, photoinduced energy
transfer and electron transfer processes have been
widely studied in porphyrin based donor-acceptor (D-
A) molecular systems [11-16]. In our present study, we
have selected octaethylporphyrin (OEP) as donor and
2-nitrofluorene (2NF) as an acceptor in acetonitrile
polar solvent. The degree and mode of electron transfer
from donor to the acceptor is a subject of intensive
investigation. Different substitutions can be easily
attached to porphyrin core to make the molecule more
convenient in variety of material applications,
including DSSCs. In literature, few reports are
available on the use of metallo-octaethylporphyrins as
donors in electron transfer studies with various
acceptors [17-22]. In the present investigation,
fluorescence quenching of OEP is measured in the
presence of the quencher 2NF to study possible
photoinduced electron transfer processes in this donor—
acceptor system by evading the competitive singlet—
singlet energy transfer process. To the best of our
knowledge, this is the first report of using metal-free
porphyrin as electron donor on PET study in the non -
covalent system.

2. Experimental Section

The solute molecule octaethylporphyrin
(2,3,7,8,12,13,17,18-octaethyl-21H,23H-porphyrine, OEP)
and quencher 2-nitrofluorene (2NF) (Fig. 1) were purchased
from Sigma—Aldrich and used as received.

The steady state absorption spectra of the solute
were recorded by using JASCO V-650 absorption
spectrophotometer at the ambient temperature (300 K) by
using 1 cm path length rectangular quartz cuvette. Steady-
state fluorescence
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Figure 1. Chemical structures of (a) OEP (donor) and (b) 2NF
(acceptor).

spectra of the samples were recorded by using JASCO FP-
6500 fluorescence spectrometer at 300 K. The time-resolved
emission measurements were carried out by time correlated
single photon counting (TCSPC) spectrometer from IBH
(UK). We used 1 MHz repetition rate diode laser of 534 nm
wavelength and PMT based detector (TBX4, IBH). The
instrument response function (IRF ~ 200 ps) of the TCSPC
set-up was measured by collecting the scattered light from a
TiO2 suspension in water and the decays were analyzed using
IBH DAS-6 analysis software. The Durbin-Watson (DW)
parameter, reduced 2 and residuals were used to judge the
perfection of the fit.

The theoretical calculations reported here were
carried out using GaussianQ9 electronic structure simulation
software [23]. The gas phase ground state (S° geometries of
sensitizer (donor), quencher (acceptor) and sensitizer-
quencher (donor-acceptor) complex are found out by
optimizing the guessed structures using long range corrected
wB97XD DFT method coupled with a moderate 6-31G (d,p)
basis set. Frequency calculations were also carried out to
make sure that the computed geometries are indeed minima
in the potential energy surface. Frontier molecular orbital
(FMO) eigenvalues and their electron density distributions
were obtained with B3LYP/6-31G (d, p) /wB97XD/6-31G
(d,p) method [24-26]. Singlet excited states were calculated
using the TDDFT [wB97XD/6-31G (d,p)] method.

3. Results and Discussion

3.1 Steady state experimental studies:

Figure 2 shows the absorption spectra of OEP and
2NF in polar solvent acetonitrile. The absorption spectra of
OEP showed two bands; one is an intense band called S;
band or B band or Soret band, which appeared at Amax = 393
nm, and the other one is a very weak band called S; band or
Q band, which appeared at Amax = 496 nm, 528 nm, 564 nm
and 618 nm.
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Figure 2. Steady state absorption spectra of OEP (Conc.=3.9x10"
5mol/L, red), and 2NF (Conc.= 4.4x10-° mol/L, black) in ACN at
300 K.

The absorption spectra of 2NF showed a peak at 332
nm due to Sp—S; transition. These are known features of the
present donor and acceptor molecules [27,28]. It is seen that
in our present study, there was no ground state complex
formation, when OEP and 2NF were mixed together in the
solvent ACN, even at high concentrations of the quencher
(2NF).

Figure 3 shows the steady state fluorescence
intensity curve of the donor OEP in presence of the acceptor
2NF (mol/L) with different concentrations in ACN solvent.
The self-quenching effects were minimized by measuring the
fluorescence intensity of porphyrin in very dilute solutions
(~ 10" mol/L) [29]. The donor OEP molecule was excited
at 564 nm, where 2NF has negligible absorbance (Fig. 2).
Furthermore, the OEP emission spectra and 2NF absorption
spectra showed very low overlapping; thus the prospect of
the radiative energy transfer or secondary inner filter effect
is very less. Conversely, the appreciable quenching of the
steady state emission of donors can be seen, when the
concentration of 2NF (~1072-103mol/L) is quite high. Yet,
2NF does not show any fluorescence band, when excited
around 564 nm, even at very high concentration. The inner
filter effects (primary and secondary) by 2NF on the
fluorescence of the porphyrins cannot be avoided entirely,
exclusively in the lower wavelength region of fluorescence
emission spectra. Hence, the steady state fluorescence
spectra of the OEP in presence of 2NF were improved from
the inner filter effect using the equation 1 [30].

. ODgyx+ OD,
fcorrected = fobserved antllog (%) (1)

Where OD¢x and ODe¢n are the optical densities of 2NF at the
excitation and emission wavelengths, respectively.
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Figure 3. Steady state photoluminescence spectra of a mixture of
OEP (concentration = 3.9x10®°mol/L) and 2NF in ACN liquid
solution at 300 K (hex= 564 nm). Concentration of 2NF (mol/L):
(0) 0; (4) 2.1x103 (8) 4.3x10°® (11) 5.8x103(14) 6.9x1073. All the
spectra are modified from inner filter effect. (all the spectra are
shown in supporting figure S1).

As anticipated, the modified fluorescence emission
intensities of porphyrin accompanying 2NF are found to be
marginally higher than the equivalent observed fluorescence
emission intensities. However, figure 3 is based on the modified
emission intensities of OEP in presence of acceptor2NF.

3.2 Time-resolved studies:
Table 1 shows the fluorescence lifetimes of OEP without
and with 2NF in ACN solvent, which is found from the single-
exponential fit of the decay curves. Table 1 and Fig. 4 show

quenching of the fluorescence lifetime of OEP with regular addition
of 2NF.
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Figure 4. Fluorescence decay curve of OEP (concentration =
4.0x10°mol/L) in presence of 2NF in ACN at 300 K (Aex = 534 nm,
Aemi= 620 nm). Concentration of 2NF (mol/L): (0) 0O (red); (1)
1.7x10% (green); (2) 4.9x10° (skyblue); (3) 6.9x10° (purple).
Black line represents IRF.

Concentration of | 0
2NF (mol/L)

1.7x103 | 4.9x10° | 6.9x1073

T (ns) 11.45 | 10.01 7.96 7.03

Table 1. Fluorescence lifetimes of OEP (concentration = 4.0x10¢

mol/L) in absence and in presence of 2NF in ACN at 300 K (Aex=
534 nm, Aemi= 620 nm).

3.3 Fluorescence quenching rate:
We observed that steady state fluorescence
quenching follows the simple linear Stern-Volmer (SV)
relation very well (Eqg. (2) [30],

B=1+kal0l 2)

Where fo and f is the relative fluorescence emission
intensities of the OEP donor without and with the quencher
(2NF) concentration [Q], respectively. Ksv (= kqto) is the
Stern-Volmer constant, where Kkq is the second-order
bimolecular fluorescence quenching rate constant and 1 is
the fluorescence lifetime of the OEP in absence of the 2NF.
The value Ksy for OEP-2NF was obtained from the slope of
the linear SV plot, which is 87.61 L/mol form figure 5. The
value of kq is 7.65x10° L/(mol-s) for OEP-2NF system
obtained from K, and t,. Hence, the calculated Ky value is
slightly less than that of the second-order diffusion-

controlled rate constant [1.9 x 10%° L/(mol-s)] in ACN
solvent.
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Figure 5. Stern-Volmer plot from the steady state fluorescence

emission of OEP in presence of 2NF in ACN at 300 K (Aex = 564
nm) obtained from figure 4.

This indicates the possibility of photoinduced
electron transfer in the present donor—acceptor system.
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Figure 6. Stern-Volmer plot form fluorescence lifetime values of
OEP in presence of 2NF in ACN at 300 K (Aex= 534 nm, Aemi= 620
nm).

As already discussed above, there is no intersecting area
between the steady state emission spectra of the donor and
absorption spectra of acceptor; hence, we can disregard the
possibility of singlet-singlet energy transfer from the singlet
excited OEP molecules to the ground state 2NF molecules.
Fluorescence quenching data are obtained from the lifetime
measurements of OEP by fitting the linear SV relation (Eq.
3) obtained from Fig. 4.

2 =1+Ke[Q] (3)

Where 7, and 7 are the fluorescence lifetimes of the

porphyrin without and with the quencher 2NF, respectively.
The value of kg is calculated from the slope of the linear plot
(Figure 6), which is 7.94x10° L/(mol-s) for the OEP-2NF
system. The calculated value of kg is found to be again to
some extent less than that of the diffusion controlled limit
[1.9x10%L/(mol-s)] in ACN solvent. However, there could
be the error limit for the steady state experiments of the order
of +20% (approx.), whereas, the error limit for the life time
measurements is of the order of £5% (approx.). Therefore,
the time-resolved fluorescence quenching data are expected
to specify the exact nature of the fluorescence quenching of
the OEP molecule accompanied by 2NF. Hence, steady-state
and time-resolved measurements indicate the prospect of
PET in OEP-2NF system in the ACN liquid medium.

3.4 Photoinduced electron transfer:
The first-order ET rate constant (k) is calculated
from the Arrhenius equation.

—AG*

ker = Ae kBT (4)

According to Rehm and Weller, we treat ‘A’ is as an
effective solution phase collision frequency, therefore, A =
1x10 s[31]. According to Marcus outer-sphere electron
transfer theory, activation energy AG” is represented by
equation 5 [32].

(AG%+1)?
=T ®)

AG”
Where, AG® is the Gibbs free energy change and X is the
nuclear reorganization energy associated with the electron
transfer reaction.
According to the Rehm-Weller relation [33], AG°
is given by the following equation.

- 2
a6° = B75, (%) = E178 (%) = Boo = o (6)
Where, E{,(D/D*) and E} %5 (A/A) are half-wave oxidation
potential of the donor and half-wave reduction potential of
the acceptor, respectively. Eg, is the (0,0) energy of the
donor molecule. A wavelength of 564 nm was considered
for the excitation of steady state measurement, while, a
wavelength of 534 nm was considered for time-resolved
measurements, for the porphyrin in the present investigation.
Nevertheless, in either case (steady state or time-resolved
measurements), porphyrin molecule excited to higher
vibrational levels of the S; state suffers fast, non-radiative
vibrational relaxation to the O™ vibrational level of the S;
state. Consequently, electron transfer takes place between
the D-A pairs. This fact validates the use of (0,0) energy of
the fluorophore (2.006 eV corresponds to 618 nm for OEP,
Fig. 2) in Eq. 6. The last term on the RHS of Eq. 6 is the
Coulomb term, where ‘R’ stands for the distance between the
oxidized donor and the reduced acceptor. The value of R is
generally considered as the sum of the radii of oxidized
donor and reduced acceptor. Hence, the radii of the donor
OEP and acceptor 2NF were taken as 7.2 A and 5.1 A,
respectively. The radii values were computed using a
MOPAC-CI (6 x 6) [Version 5 package with AMI
Hamiltonian] for the OEP and 2NF molecules in their ground
states. Further, in Eq. 6, ‘e’ is the charge of an electron, ‘g’
is the vacuum permittivity and ‘s’ is the dielectric constant
(es= 37.5) and the Coulomb term is 0.03 eV only for polar
solvent ACN. The oxidation potential value of OEP is taken
as 0.81 V [34], while 2NF possesses the reduction potential
of about —1.18 V [35]. Hence, the value of AG® comes out
to be —0.0472 eV for OEP-2NF system in the ACN solvent.



The obtained negative value of AG® (AG°<0) indicates the
existence of photoinduced electron transfer from the OEP to
2NF in ACN upon excitation of the former molecules is
exergonic and therefore energetically feasible.

In Equation 5, A is the nuclear reorganization energy
associated with the electron transfer reaction and would be
expressed by the summation of A and Xo. Ai is the inner-
sphere reorganization energy originated from the
intramolecular bond length and outer-sphere reorganization
energy Ao is obtained from reorientation of the solvent
molecules.

A=A+ 2 (7

i can be calculated from the force constants for all
the molecular vibrations in both the reactants and products.
Though, a fixed value of 0.3 eV is preferred for Ai. This value
of Ai has been used by many researchers in their articles as a
characteristic value for aromatic D-A systems [36,37,38].
The value of Ao was calculated using the dielectric continuum
model of two spherical reactants (Eqg. 8) [39,40].

Where ‘eop’ is the solvent refractive index (optical dielectric
constant); rp and ra are the radii of the oxidized donor and
reduced acceptor, respectively, and R = (rp+ra) (center to
center distance between donor and acceptor molecules). Ao
value calculated from the system we used is 0.624 eV.
Consequently, the calculated value of the nuclear
reorganization energy associated with the electron transfer
reaction comes out to be 0.924 eV for the D-A system.
Using the equation 5 we can calculate the activation energy
for our system (0.028 eV). Hence our calculated ker value is
3.21x107s ™t for OEP-2NF system in ACN solvent.

3.5 Computational analysis:

Computational DFT studies have been carried out
to comprehend the intermolecular PET process. The ground
state structures of the donor and acceptor were attained by
gas phase geometry optimization process using wB97XD/6-
31G(d,p) method and the resulting optimized coordinates
and the structures were presented in ESI (Figure S2 and S3).
To study the interaction between donor and acceptor, various
spatially oriented geometrical guesses of donor along with

o = EN _] [ 1 _] ®) acceptor was optimized at the same level of theory.
4meg [€op 2rp 2Ty
Electronic ~ Absorption
Transition energies F
(nm)
A So-S1 309 0.00 H-3— L 80% H-3—-1+2 12%
So-S2 279 0.57 H— L 88 %
So-S3 275 0.00 H-6—L 81% H-6—L+2 11 %
So-Sa 259 0.03 H2—L 55% H-1-L 21% H—-L+1 10%
So-Ss 309 0.00 H-3— L 80 % H-3—-L+2 12 %
D So-S1 584 0.01 H—L 54 % ; H-1—>1+146%
So-S2 530 0.02 H—-L+1 57 % ; H-1 -L43 %
So-S3 363 0.78 H—L 38 % ; H-1 >L+138%
So-S4 344 131 H—>L+143 % ; H-1 - L52%
So-Ss 333 0.00 H-2 — L+1 89 %
D-A H—L 30 %; H—L+1 23 % ; H-1->L 21 % H-
Complex  So-S1 585 0.01 1—-L+125%
H—-L 27 %; H—-L+1 32 % ; H-1-L 23 % H-
So-S; 534 0.02 1-L+1 17 %
So-S3 380 0.19 H—L+2 59 %
So-S4 369 0.36 H—-L+2 39% ;H-1 -L 16 %
So-Ss 363 0.02 H-1-L+2 92 %

Table 2. Calculated electronic absorption energies (in nm), oscillator strengths (f) and main configuration along with percentage contributions
of first five excited states of acceptor A, donor D and donor- acceptor D-A complex calculated using TDDFT-wB97xD/6-31G(d,p).



Figure 7. The n-n interacting D-A complex geometry predicted by
wB97xD/6-31G(d,p) method.

Interestingly, a co-facial n-n interaction between donor and
acceptor with an interaction energy of (-24.6 kcal/mol) is
obtained for the system studied here (Figure 7). The
intermolecular distance is less than 4 A. The FMO picture
along with the energy level alignments of donor, acceptor
and donor-acceptor system are shown in figure 8. The
HOMO and LUMO eigen value of the acceptor is lower than
that of donor by about 1.59 and 0.34 eV, respectively. From
the figure it is clearly visible that upon donor-acceptor
complexation, the LUMO of the acceptor is destabilized due
to orbital overlap between donor and acceptor.
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Figure 8: Molecular orbital diagrams of D, A and D-A complex
obtained at B3LYP/6-31G(d,p)//wb97XD/6-31G(d,p).

For the donor-acceptor system the electron density
distribution of HOMO and HOMO-1 is purely centered on
donor moiety, whereas the LUMO is largely distributed on
acceptor moiety and LUMO+1 on donor part. This offers an
indirect evidence on the viability of photoinduced electron

N N
k<

transfer from donor to acceptor. Fascinatingly, one could
observe that the HOMO-LUMO gap (HLG) of the donor and
HOMO-LUMO+1 gap (HL*'G) of donor and acceptor are
almost equal in magnitudes.

In order to get more details on the fluorescence
quenching in this studied system, we have calculated the
lowest five excitation energies for the possible absorption of
UVlvisible light of acceptor, donor and donor-acceptor
complex using TDDFT/wB97XD/6-31G(d,p) method (see
table 2). The purpose of this study is not to accurately
reproduce the magnitudes of experimentally observed
results, but to establish the through space charge transfer
upon excitation. We have selected wB97XD method, which
is known to take care of the charge transfer excitations [41].
The trends in experimentally observed absorption
wavelengths are correlating with the theoretically estimated
excitation energies. It is interesting to see that TDDFT has
predicted almost same absorption maxima values for the
donor and the donor-acceptor complex. This is why we
could not experimentally observe this strong coupling in the
experimental spectra. It is in line with the fluorescence
quenching predictions made by Korzdorfer et al. [42] in
perylene-bisimide  (donor)-triphenylamine  (acceptor)
system. The 585 nm Sp-S; excitation shown by donor-
acceptor complex involves the configurations, both from
LUMO and LUMO-1. Thus, we could clearly ascertain that
fluorescence quenching in this type of system is due to
charge transfer coupling caused by orbital overlap between
the donor and acceptor.

4. Conclusions

We investigate photoinduced electron transfer (PET) from
metal-free  octaethylporphyrin (OEP) donor to 2-
nitrofluorene (2NF) acceptor in acetonitrile using steady-
state and time-resolved emission spectroscopy in
conjunction with density functional theory (DFT)
calculations. The emission intensity as well as fluorescence
lifetime of OEP is highly quenched at 300K as we increase
the quencher (2NF) concentration in the solution, which is
attributed to the PET from OEP to 2NF due to excitation at
Q band of OEP. From our corrected linear Stern-Volmer
plot, we find good correlations between the second order
bimolecular fluorescence quenching constants obtained from
steady-state (7.65x10° L/mol-s) and time-resolved (7.94x10°
L/mol-s) studies. We have computed the lowest five
excitation energies of the OEP, 2NF and OEP-2NF complex
in the excited state. The donor and acceptor show co-facial
n-n interaction and the binding energy of the complex is



computed to be -24.6 kcal/mol. Therefore, our experimental
and quantum chemical studies clearly ascertain the
fluorescence quenching of the OEP in the presence of 2NF is
due to charge transfer coupling caused by OEP and 2NF
molecular orbital overlap. This approach reveals an
important feature for photoinduced electron transfer in non-
covalent donor-acceptor system.

Appendix A. Supporting information

Supplementary data associated with this article can be found
in the online version.
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Figure S1. Steady state photoluminescence spectra of a mixture of OEP (concentration = 3.9x10-*mol/L) and 2NF in
ACN liquid solution at 300 K (Lex= 564 nm). Concentration of 2NF (mol/L): (0) 0; (1) 6.3x10%; (2) 1.2x103(3)
1.7x107%; (4) 2.1x10%; (5) 2.6 x10%(6) 3.2 x1073; (7) 3.8x10%; (8) 4.3x1073; (9) 4.9x10%; (10) 5.4x103; (11) 5.8x10
3(12) 6.2x107%;(13) 6.6x103(14) 6.9x103. All the spectra are modified from inner filter effect.
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