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Abstract. Our recent work on charge transfer in the electronically push—pull dimethylaminoazobenzene—
fullerene Cgy donor-bridge—acceptor dyad through orbital picture revealed charge displacement from the nn=n
(non-bonding) and mw(n=n) type orbitals centred on the donor part to the purely fullerene centred LUMOs and
(LUMO-+n) orbitals, delocalized over the entire molecule. Consequently, this investigation centres around the
kinetic and thermodynamic parameters involved in the solvent polarity dependent intramolecular photo-induced
electron transfer processes in the dyad, indispensable for artificial photosynthetic systems. A quasi-reversible
electron transfer pathway was elucidated with electrode-specific heterogeneous electron transfer rate constants.
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1. Introduction

The alluring intramolecular electronic interactions
in electronically asymmetric Donor—Bridge—Acceptor
(dyad) systems based on Cg, have been a major concern
in molecular materials research.'? Distance, conjuga-
tion and the nature of donor/acceptor species affect the
degree of interaction between the donor and the accep-
tor and can be controlled by incorporating a suitable
linking group.** Thus, systematic exploration of chemi-
cal and electronic nature of the linking group at varying
conditions for a set of donor and acceptor moieties is
important for accurate interpretation of molecular sig-
natures obtained from spectroscopic methods towards
a suitable device application. In line with the above, a
recent work reported from our laboratory dealt with a
Cgo-based dyad that showed excellent rectification with
a rectification ratio of 154.°

Molecular components based on fullerenes offer
a unique possibility of combining the advantageous
three-dimensional framework with electron accepting
character, enabled by the triply degenerate LUMO. %
On the other hand, azobenzenes with two different
conformers, addressable by light or electric field were
proven as building blocks for the construction of
stimuli-responsive materials with innumerable applica-
tions, ranging from conformation switching of proteins
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to data storage.'®'* Covalent tailoring of azobenzene
and fullerene could provide novel stimuli-tunable mate-
rials with accessible redox states and lower excitation
energies, desirable for the construction of optical data
storage materials. A variety of fullerene—azobenzene
hybrids were synthesized and studied °~'7 among them,
the molecular system investigated by Guldi er al.'®
is the only report that dealt with electron transfer
mediating ability of the pure azobenzene bridge. The
above facets clearly emphasize the need for a proto-
type fullerene—azobenzene based molecular system
along with the elucidation of various electron trans-
fer parameters as reported for fullerene—porphyrin '*-%!
and fullerene-CNT?**** based dyads. The reorganiza-
tion energy (A), the free energy change (AGcs) and
the activation energy barrier (AG(y) for charge sepa-
ration in a photo—induced electron transfer process are
the guiding parameters for the selection of a molecu-
lar system towards a specific artificial photosynthetic
application.?

In estimating the electron transfer parameters
for fullerene—azobenzene hybrid dyadic systems,
we designed a novel push—pull, structurally non-
centrosymmetric and electronically asymmetric
fullerene N, N-dimethylaminoazobenzene (DPNME)
molecular skeleton (cf. figure 1) in which the electron
donating N, N-dimethylaniline moiety intensified
charge density on the pS-azonitrogen. Our initial
investigation revealed the existence of ground state
intramolecular electronic interaction in DPNME.*
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Apart from this, the dyadic system was found to show
(i). frontier molecular orbital switching upon addition
of a proton as an external chemical input stimuli,?®
(ii1). solvent polarity dependent specific intermolecular
association into J and H aggregates with unique 2D
organization in its crystal structure facilitated by inter
and intra dimer fullerene—fullerene and fullerene—
azobenzene interactions?’ and (iii) formation of
multidimensional tunable supramolecular architectures
at varying experimental conditions.?® The multifaceted
nature of the DPNME dyadic system prompted fur-
ther investigations to unravel the photo-induced intra
molecular electronic interactions and the associated
thermodynamic and kinetic parameters.

0.25 au

Figure 1. (a) Molecular electrostatic potential of the dyad
mapped on the total electron density at the B3LYP/3-21g (d,
p) level of theory indicating greater electron density on the
azo nitrogens than anilinic nitrogens due to the resonance sta-
bilization. (b) Molecular structures of (E)-N, N-dimethyl-4-
(p-pyrrolidinofullerenediazenyl) aniline (DPNME) showing
through-bond representation of the charge transfer pathway
operating in the dyad.?
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2. Experimental and computational methods

Synthetic details of the DPNME dyad were reported
in our previous report.? Electronic absorption spectra
were measured with a Schimadzu double beam UV-
Vis spectrophotometer. Emission spectra of the samples
were obtained from a Jobin—Yvon Fluorolog spectrofluo-
rimeter with 0.2 nm resolution, with sample geometry at
90° to the excitation source. Cyclic Voltammetry (CV)
was carried out with a CH instrument’s 660B electro-
chemical analyzer. Benzonitrile was used as the sol-
vent and 0.1 M Tetrabutylammonium hexafluorophos-
phate was used as the supporting electrolyte with a
potential window ranging from +3 V to —3 V. The
Glassy Carbon/Pt electrode embedded in a Teflon rod
(CHI 1.5 mm in diameter) was polished with 0.1 um
y-alumina powder to mirror finish and was used as the
working electrode. Ag/AgNO; non-aqueous electrode
was used as the reference. A pre-cleaned Pt wire was
used as the counter electrode. The analyte concentration
was fixed at 5 x 107* M, unless otherwise stated. Dis-
solved oxygen was removed by purging with high pure
nitrogen gas prior to experiments.

Density Functional calculations were carried out
using Gaussian 03 set of programmes.? The ground-
state geometry of each molecule was fully optimized
using the hybrid B3LYP functional with 6-31g (d,
p) basis set. In B3LYP? the exchange is a combi-
nation of 20% HF exchange, Slater functional, and
Becke’s GGA correction,?! whereas the correlation part
combines VWN?? and LYP* functionals. TD-DFT
methodology *** was then used to compute the excita-
tion energies, oscillator strengths and the composition
of electronic transitions. The bulk solvent effects were
evaluated during the TD-DFT calculations by means
of the standard Polarizable Continuum Model (IEF-
PCM).3%¥ In PCM, the problem was divided into a
solute part lying inside a cavity and a solvent part rep-
resented as a structureless material, characterized by
its macroscopic properties (dielectric constant, radius,
density and molecular volume).

3. Results and discussion

3.1 Ground state electronic structure of the DPNME
dyad

The ground state electronic structure of trans- DPNME
was obtained from DFT calculations in vacuum uti-
lizing B3LYP level of theory with 6-31G (d, p) basis
set. The geometry optimized structure and the fron-
tier molecular orbitals are depicted in figure 2. With
an estimated ground state dipole moment of 7.07 D,
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(a). B3LYP/ 6 — 31G(d, p) full optimized geometry of

DPNME. (b), (¢) and (d) show the HOMO, LUMO and LUMO+-3 molecu-
lar orbitals of DPNME. Distance between the anilinic nitrogen and nearest

fullerene carbon is shown.

the dyad HOMO at 5.18eV was located on the N, N—
dimethylaniline donor, extending onto the azo bridge.
The LUMO at 2.99 eV was located on the Cqy part of
the dyad and the electronic band gap of the latter was
estimated to be 2.12eV.

The HOMO-LUMO picture clearly reveals the dis-
joint nature of the frontier molecular orbitals. This

7.05A

property was desirable in terms of device applica-
tions especially to envision the system as a unimole-
cular electronic rectifier as evidenced from previous
reports.*®3° The parameter ‘potential drop’, which is
the energy difference between the LUMO+-n molecular
orbital located on the donor and LUMO on the acceptor
is an important entity in determining the current onset

09
*

Figure 3.
DPNME. (b), (¢), (d) and (e) show the HOMO, LUMO, LUMO+5 and
LUMO+6 molecular orbitals of cis-DPNME. Distance between the anilinic
nitrogen and nearest fullerene carbon is shown.

; ‘9 )
LUMO+6 4&
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-161eV

(a). B3LYP/ 6 — 31G(d, p) full optimized geometry of cis-
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Table 1. A comparison of the trans (extended) and the cis (folded) conformations of
the DPNME dyad.

Dyad Ground state Ground state HOMO-LUMO AELumo
conformation dipole moment (D) energy (a. u.) Gap (eV) V)
trans-DPNME 7.07 —3165.0190 2.12 1.08
cis-DPNME 7.31 —3164.9822 2.04 1.43

in a molecular rectification process. Majumdar and co-
workers reported potential drops for a range of donor—
acceptor systems based on DFT calculations.*® An
exact correlation between the predicted potential drop
and the experimental onset of current was reported in
a rectification process based on a fullerene—dodecyloxy
benzene dyad® from our laboratory. A potential drop of
1.08 eV for the present DPNME dyad reveals a possible
low threshold voltage rectification of the system when
placed appropriately between two electrodes.

In-order to probe the isomerization-induced struc-
tural changes and the associated frontier molecular
orbital alignment, DFT calculation on the cis-DPNME
dyad was carried out as depicted in figure 3. The com-
paratively higher calculated dipole moment of 7.31 D
and a reduced HOMO-LUMO gap of 2.04 eV for the
cis-DPNME dyad (cf. table 1) implied more favourable
electronic interactions in the cis-DPNME dyad upon
isomerization, exemplified from the much reduced
edge-to-edge distance between the donor aniline N and
the acceptor Cq (9.73 A in cis vs. 11.8A in trans
dyad). The characteristic frontier molecular orbital
localization further strengthened the single molecu-
lar device characteristic of the molecular skeleton. In
addition, the delocalized nature of the LUMO-+5 and
LUMO-6 orbitals associated with the '(n —x*) and
Y(m—m)* electronic transitions respectively revealed
mixing of charge transfer character with the !(n — 7 *)
and '(r—m)* transitions, as was observed for the
trans-DPNME dyad, discussed in the following section.

3.2 Ground state charge transfer in trans-DPNME
dyad in varying solvent polarity

Electronic absorption spectra of the dyad in solvents of
varying polarity in figure 4a depict the '(n— 7 *) tran-
sition located at ~447 nm in toluene, dichloromethane
and a bathochromically shifted feature at 465 nm ben-
zonitrile. The corresponding !(m — 7*) features in
the dyad were observed at 414nm in toluene with a
5 nm red shift in benzonitrile. The electronic absorp-
tion located at ~432nm in all solvents was attributed
to a fullerene Cgyy centred transition via the literature
report.*! TD-DFT calculations performed on DPNME

in solvents of varying polarity clearly reproduced the
experimental trend as depicted in figure 4b. Due to
the non—parameterization of benzonitrile in Gaussian
03 set of programs, dimethylsulphoxide was used as a
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Figure 4. (a) UV-Vis absorption spectra of 1 x 107>
DPNME in toluene, dichloromethane and benzonitrile sol-
vents; inset shows the full spectrum of DPNME in
dichloromethane (DCM) solvent. (b) TD — B3LYP/ 3 -
21G(d) // B3LYP/ 6 — 31G(d, p) calculated absorption spec-
tra of DPNME in toluene, dichloromethane and benzoni-
trile solvents; inset shows the molecular orbitals involved in
the electronic transitions '(n — #*) and '(x — 7)* of
DPNME.
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Figure 5. (a) Steady state emission spectra and (b) fluores-

cence life time plots of DPNME in toluene, dichloromethane
and benzonitrile solvents.

polar solvent. The TD-DFT predicted electronic transi-
tion energies in vacuum and solvent media were found
to be in excellent agreement with the experimentally
obtained values, shown in figure 4b. Analysis of the MO
coefficients involved in the '(m — 7 *) and '(n— 7*)
electronic transitions predicted at 519.85 and 417.06 nm
in vacuum revealed slight charge transfer character as
evidenced from the molecular orbital picture, collected

in the inset of figure 4b, wherein electronic excitation
involves electron transition from orbitals completely
localized on the donor to orbitals delocalized over both
donor and the acceptor. No change in the molecular
orbital ordering and nature of MO coefficients apart
from slight stabilization in MO energies was observed
while traversing from vacuum to solvent media of vary-
ing polarity. Hence, the vacuum calculated molecular
orbital composition for ' (7 — 7*) and '(n— 7*) elec-
tronic excitation processes could also be applicable in
solvent media.

3.3 Excited state electron transfer dynamics
in DPNME dyad

To get insight into the excited state properties of the
DPNME dyad, steady state fluorescence spectra were
acquired in toluene, dichloromethane and benzoni-
trile, as depicted in figure 5a. The emission band at
713 nm upon excitation at 430 nm decreased in inten-
sity upon increase in solvent polarity from toluene to
dichloromethane and was completely quenched in the
more polar benzonitrile.

Time resolved fluorescence life time studies revealed
a single exponential decay pattern for DPNME in
toluene and dichloromethane with a reduced life time
in dichloromethane (cf. figure 5b), whereas in benzoni-
trile, the decay was tri-exponential in nature with the
lowest life time component having a larger contribution.
A reduced life time of DPNME in more polar solvents
was in accordance with the steady state fluorescence
emission behaviour. From the life time of the reference
compound N-methylfulleropyrrolidine (NMFP), the
rate and quantum yield for intramolecular charge sepa-
ration were calculated for DPNME in dichloromethane
and benzonitrile adapting the established equations 1
and 2 as follows:

kes = l/t - 1/rref . (1)
(Tret = 1.21 ns)

o, = [k /[1 fe + kc]] x 100. )

Table 2. Quantum yield of fluorescence (®y), fluorescence life time (), rate of charge
separation (ks) and quantum yield () of charge separation in toluene, dichloromethane
and benzonitrile.

Solvent (¢) D¢ (x10%) T (ns) kes (s71) D
Toluene (2.38) 10 1.41 - -

DCM (8.93) 5.59 1.06 0.124 x 10° 0.1318 (13.18%)
BN (25.2) 0.127 0.196 429 x 10° 0.84 (84%)
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Figure 6. (a) Cyclic voltammogram and (b) DPV of

DPNME dyad in benzonitrile solvent (supporting electrolyte:
TBAF, reference electrode: Ag/AgNO3, working electrode:
glassy carbon, counter electrode: Pt wire).

A similar calculation in toluene was not feasible due
to larger fluorescence life times obtained for DPNME
than the NMFP reference. Increased rate constants and
quantum yields for charge separation resulted upon
moving from less polar dichloromethane to a more
polar benzonitrile; notably 84% of the singlet excited
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state of the DPNME was converted into a charge sepa-
rated state in benzonitrile, vide table 2.

Keeping abreast of the facts discussed, electrochemi-
cal experiments in benzonitrile (cf. figure 6a, b) probed
energetics of the electron transfer process; the first oxi-
dation and reduction potentials in the differential pulse
voltammogram (DPV) shown in figure 6b provided
energy of the charge separated state in benzonitrile.
Similar data in toluene and dichloromethane, for which
electrochemical data were unavailable, were estimated
by using the Weller equation*? (vide equation 3) and are
shown in table 3. Dielectric constants of Tol and DCM
were used separately to calculate the free energy change
by taking benzonitrile as a reference as in eq. 3, i.e. the
& and &,¢ terms.

AG, = e(E™(D)— E"(A)) — E
— 62/47T8085RCC
— & /8me, (1/rt +1/r7) (/e — 1/8y),
(3)
where

E°* (D)=oxidation potential of the donor (0.5319 V)
E™ (A) = reduction potential of the acceptor
(—1.001 V)
Ey = singlet or triplet state energy (1.72 eV
or 1.5eV)
R.. = centre to centre distance (1.18 nm),
rt = effective ionic radii of the donor
(0.37 nm), and
r~ = effective ionic radii of the acceptor
(0.56 nm).

Centre to centre distance, radius of the donor and
radius of the acceptor were obtained from DFT cal-
culations, E, value of 1.72¢eV and 1.50eV were used
for fullerene singlet and triplet states, respectively.*?
As for the photo-induced process arising from the low-
est fullerene singlet state, it was seen that the acti-
vation energy barrier is higher compared to the free
energy of charge separation in toluene, explaining the
absence of quenching in the solvent. For benzonitrile,

Table 3. Reorganization energy (A), free energy change (AGcs), and the activation
energy barrier (AGES) for charge separation in toluene, dichloromethane and benzonitrile.

1C4o* - Donor

3Ceo™ - Donor

Solvent A(eV) AG (eV) AGE (eV) AGg (eV) AGF, (eV)
Toluene 0.33 0.51 0.53 0.76 0.89
DCM 0.81 —0.02 0.19 0.2 0.31
BN 0.82 —0.24 0.10 —0.016 0.2
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the free energy of charge separation was more nega-
tive than the activation barrier allowing -electron
transfer from donor to the acceptor and quenching
of the excited singlet state, as was evident from the
decreased fluorescence intensity in figure 5a. Charge
separation from the fullerene triplet excited state was
ruled out in toluene and dichloromethane solvents while
a meager possibility of it in the more polar benzoni-
trile solvent was evidenced from the parameters listed in
table 2. The above discussions unambiguously proved
electron transfer to have quenched the fullerene singlet
excited state emission in polar benzonitrile solvent.

The other important facet of electron transfer was
the reorganization energy associated with the DPNME
dyadic system. The calculated total reorganization
energy of 0.33 eV in toluene solvent was very close
to the internal reorganization energy of fullerene
(0.3eV)?, implying a non-existent electron transfer
event in toluene. The former is defined as,

A=A+ A “4)

with A, as the solvent reorganization term (vide eqn. 5)
and A;, the internal reorganization energy, set at 0.3 eV.

As 282/471'80 [1/2 [l/r++l/”f] N I/RCC] [1/”2 B 1/83]
(5)
AGH =BG +1)0 ©)

The situation is interesting in dichloromethane and
benzonitrile solvents. The higher magnitude of total
reorganization energy is in excellent corroboration with
the steady state and time resolved fluorescence experi-
ments, showcasing charge separation. Further, the near
similar magnitude of total reorganization energy in
dichloromethane and benzonitrile solvents revealed
very small structural reorganization associated with the
3D fullerene moiety upon charge separation, justifying
its role as an efficient acceptor in comparison with other
2D molecular systems.*

3.4 Electron transfer kinetics of DPNME at the
electrode/electrolyte interface

The electrochemistry of fullerene Cg is of interest as it
provides information on the associated energetics and
kinetics of electron transfer processes and chemical
reactions at an electrode/electrolyte interface. Stu-
dies on the reduction of Cg, in solution phase has pro-
duced a series of diffusion controlled Nernstian reduc-
tion waves, showing successive addition of electrons to
the molecule, according to equation 7.

Cl4e o COY n=0,1,2..5 @0
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In line with the reduction process in pristine Cg, func-
tionalized Cgy or Cg derivatives were also reported to
retain the electrochemical properties with cathodically
shifted reduction potentials due to the loss of degene-
racy of the LUMOs and thus with reduced = charac-
ter. Reports on the interfacial electron transfer across
electrode/electrolyte interfaces predicted reversible and
quasi-reversible electron transfer kinetics for freely
diffusing Cg, derivatives under study.***® For a non-
Nernstian multi-step process deviated from equilib-
rium, the details of its kinetics influenced its electro-
chemical behaviour. With quantification of the kinetic
parameters, the mechanism of the redox process could
be diagnosed. For such quasi-reversible systems, the
diffusion current I; was controlled by both mass transfer
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Figure 7. (a) Cyclic voltammograms of 5 x 107™* M
DPNME at varying scan rates (V. s~!) at a glassy car-
bon electrode [Solvent: benzonitrile; Supporting electrolyte:
0.1 M TBAF; Reference electrode: Ag/AgNOs; Counter
electrode: Pt]. (b) Scan rate dependence showing the plot
of AEp vs v!/? for the DPNME/ DPNME!~ solution phase
redox couple.
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and heterogeneous electron transfer routes.*” With GC
and Pt working electrodes of radii 1.5 mm, the kinetics
of electron transfer associated with equation 8, across
the electrolyte/electrode surface was investigated from
the cyclic voltammograms of DPNME acquired in 4:1
toluene/acetonitrile solvent.

DPNME + ¢

DPNME!", (8)

~—

All the cyclic voltammograms were recorded at a con-
stant temperature of 25°C. The anodic to cathodic cur-
rent ratio, I,,/I,. for DPNME/DPNME'" couple was
measured for each cyclic voltammogram, varying the
scan rate from 0.01 up to 0.1 Vs~!. The standard hetero-
geneous charge transfer rate constant (k) associated
with the redox process was calculated from the peak-
to-peak separation (AEp), according to Nicholson.*
Figures 7a and 8a contain the quasi-reversible electron
transfer processes at the electrode/solution interface as

K Senthil Kumar and Archita Patnaik

225
20.0 ®
17.51
15.0 1
12.54
= 10.0 1
7.54
5.0 1
2.5+ .
] \‘—-_..__-
0.0 1
'2-5 ' 1 * T v I N T v I . Ll + T o I - T
40 60 80 100 120 140 160 180 200 220
Peak Seperation (AEP)

y==0""

Figure 9. Plot of ¥ vs AEp for a quasi reversible reaction,
drawn in reference to the reported data according to Bard and
Faulkner. ¥/

a function of working electrode type. The plots of AEp
vs v!/2 as shown in figures 7b and 8b yielded a linear
behaviour. The very close proximity of I, /I, ~1 indi-
cated « to be 0.5 for the aforementioned quasi reversible
processes.

Under these conditions of quasi-reversibility, it was
possible to study kinetics of the electrode reaction
where separation of the peak potentials, AEp was the
measure of the standard rate constant for electron trans-
fer. These AE, values were introduced in the work-
ing curve described by Nicholson*® for obtaining the
quasi-reversible current function (transfer parameter),
Y (vide figure 9), from which the standard heteroge-
neous charge transfer rate constant for electron transfer
was calculated according to equation 9,

Koot = W [Dnv ("F/RT)]I/Z, )

where v is the scan rate, F, the Faraday constant and
D is the diffusion coefficient. From the v vs. AEp

Table 4. Heterogeneous rate constants (kp) associated
with the DPNME/DPNME!~ redox couple at the glassy
carbon and platinum electrode/electrolyte interfaces.
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Figure 8. (a) Cyclic voltammograms of 5 x 107* M
DPNME at varying scan rates (V. s~!) at a platinum electrode
[Solvent: benzonitrile; Supporting electrolyte: 0.1 M TBAF;
Reference electrode: Ag/AgNOs;; Counter electrode: Pt]. (b)
Plot of AEp vs v'/? for the DPNME/ DPNME!'~solution
phase redox process.

Scan rate Kpet x 10% (cm. s71)
v(V.s™h Glassy carbon Platinum
0.01 1.52 2.59
0.025 1.59 2.02
0.05 1.64 2.19
0.075 1.29 1.95
0.1 1.49 2.26
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curve, the corresponding v values related to AEp could
be obtained for calculation of ki for each scan rate.
The overall ky, was deduced by averaging the k., val-
ues obtained for individual scan rates and are tabulated
in table 4 for glassy carbon and platinum electrodes;
the heterogeneous electron transfer rate constants at the
platinum electrode surfaces revealed a faster kinetics.
The values were in good agreement with those for typi-
cal quasi-reversible reactions ranging between 10~ and
10 cms™'.%

4. Conclusions

Facile photo-induced intramolecular electron transfer
was observed in the fullerene — N, N — dimethyl-
aminoazobenzene based dyad system. The DFT cal-
culated ground state electronic structure provided the
frontier molecular orbital characteristics sufficing the
essentials for the hybrid molecular skeleton to be used
as a futuristic molecular device. TD-DFT modelling
of the UV-Vis spectra of the dyad in solvents of vary-
ing polarity showed mixing of charge transfer excitons
with '(n — 7#*) and '(m — m)* electronic transi-
tions involved with the azo chromophore, justifying the
experimentally observed bathochromic shifting of the
absorption maxima as a function of solvent polarity.
Quenched fluorescence and reduced life times in more
polar benzonitrile solvent testified deactivation of the
singlet excited state of the dyad via charge separation.
The important parameters involved in the electron trans-
fer event were estimated adapting Weller, Marcus and
Born—-Hush approximations.

The obtained kinetic and thermodynamic para-
meters for the intramolecular charge separation in
the dyad were in excellent similitude with the
macroscopic donor—bridge—acceptor systems constitut-
ing donor moieties, such as, porphyrins and pthalo-
cyanins, implying its structural prominence. Unlike
the other reported systems, the incorporated photo
tunable/conformationally flexible azo bridge between
the N, N-dimethylaniline donor and the fullerene
acceptor in the dyad will shorten the intramolecular
donor acceptor distance upon light induced trans —
cis isomerization enabling more efficient charge sepa-
ration, as testified from DFT calculations. In addition,
in this conformation, the curvature of Cg, will allow its
7 orbitals to orient isotropically for a maximum inter-
molecular overlap towards an ideal organic conduc-
tor. The estimated heterogeneous electron transfer rate
constants for the trans-dyad revealed a quasi-reversible
electron transfer pathway for the dyad/dyad'~ couple
across the electrode/electrolyte interface.
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