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ABSTRACT

Quantum chemistry methods as well as two-dimensional (2D) and three-dimensional (3D) real-space
analysis have been conducted to study the photo-induced intramolecular charge-transfer (ICT) and
excited state properties of fullerene-phenylphenothiazine, which has recently been developed for solar
cells. Firstly, we obtained the energy levels and spatial distributions of HOMO/LUMO, energy gap (AEy_)
and excitation energies on the basis of quantum chemistry study. Secondly, two-dimensional (2D) and
three-dimensional (3D) real-space analysis were used to visualize the CT process and to reveal the nature
of the excited states. In the above analyses, the 2D real-space analysis of the transition density matrix
provided information about the electron-hole coherence, and the 3D real-space analysis of charge
difference density enabled the visualization of the orientation and result of the ICT. The results of real-
space analysis directly indicate that some states are ICT states, and others belong to locally excited states.
Moreover, according to the generalized Mulliken Hush theory, we calculated the electronic coupling
matrix elements and predict that electron transfer for some ICT states more easily takes place than that
for some locally excited states.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Photo-induced charge transfer (PCT) has attracted interest
widely due to potential applications in optoelectronic devices and
artificial photosynthesis systems [1—3], and PCT is considered as
the fundamental and crucial step in a variety of photophysical and
photochemical processes. Much work has been carried out on the
development of suitable donor—acceptor (D—A) systems with
strong coupling and low reorganization energy in the electron-
transfer reaction [4,5]. Fullerene (C60) derivatives, having unique
characteristics (such as low reduction potential, small reorganiza-
tion and preferable stability, etc.), have displayed excellent electron
accepting ability in photo-induced CT processes [6—13]. For the
fullerene-donor system, photoexcitation induces electron transfer
from donor to acceptor, forming a radical anion of the donor group
and a radical cation of the acceptor group, and this process is
observable in nanosecond time region; thus covalently bonded
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C60-donor dyads and triads are generally a prerequisite for
molecular materials, which serve as the active components in
artificial photosynthesis solar cells and nanoscale devices [10—13].
Since the heterocyclic phenothiazine (PTZ) structure contains
electron-rich sulfur and nitrogen heteroatoms, it is viewed as an
excellent electron donor, which also exhibits remarkable photo-
electron properties and potential commercial applications in
organic light-emitting diodes (OLEDs) [14,15], photovoltaic cells
[16,17] and organic integrated circuit sensors [18].

A fullerene-phenylphenothiazine compound, using N-hexyl
phenothiazine, has been designed and synthesized experimentally
[19]. For the donor-bridge-acceptor (D-m-A) system, there are two
possible charge transfer (CT) processes: one is the sequentially
jumped charge transfer process from the donor part to the bridge,
and then from the bridge to the acceptor. Hence the jumping ICT
process can proceed through bridging states as either real or virtual
intermediated states; the other is the superexchange process, in
which indirect long-distance electron transfer is enhanced by the
mixture of the donor and the acceptor wave functions by way of the
orbitals located between the donor and acceptor, and the CT
process does not allow charge accumulation in a bridged state.
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Much effort has been made to understand the excited behavior of
fullerene derivatives theoretically and experimentally [20—25].
Aswal et al. synthesized diodes based on donor—acceptor bilayers
including fullerene (C60) and a tetraphenyl porphyrin derivative,
and their work demonstrated that the C60 layer formed a supra-
molecular complex with the derivative and explained the rectifi-
cation behavior with ab initio molecular-orbital theory [22].
Zandler reported recent research on the geometrical, spectral and
electrochemical properties of molecular and supramolecular
porphyrin-fullerene conjugates using the density functional theory
(DFT) method [23]. Petsalakis et al. studied hybrid systems (dyads
of fulleropyrolidine combined with pyrene, dithiapyrene, tetra-
thiofulvalene and porphyrin) with DFT and TD-DFT methods [24].
Chakrabarti et al. used the developed long-range corrected function
to calculate the absorption spectrum of the fullerene-buckycatcher
supramolecule and revealed the importance of the m-stacked
interaction in controlling the absorption properties of the objective
system [25].

It is important to gain understanding of the charge transfer
microscopic mechanism of fullerene derivatives owing to their
potential applications in molecular devices. Recently, several
elaborate theoretical approaches have been developed, which
consider all molecular orbitals contributing to the excitation of
conjugated polymers [26,27] and stacking dimer systems [28]. The
combination of quantum chemistry calculations with visual real-
space analysis constitutes a powerful tool for the investigation of
ICT and the excited states of organic molecules [26—31] and
provides valuable information for further designing efficient
molecular devices. In the present work, the photo-induced ICT and

Phenyl-Phenothiazine

Fullerene-Phenyl-Phenothiazine

Fig. 1. Molecular structures of fullerene-phenyl-phenothiazine and reference
compounds.

Table 1
Transition energies (TE), oscillator strengths (Os) and CI main coefficient for phenyl-
phenothiazine (Ph-PTZ) dyad.

TE (nm) Amax® (nm) Os (a.u) CI main coefficient
S 302.37 320 0.0813 (0.58920)H — L
M 272.26 0.1041 (0.59528)H - L+1
S3 263.14 268 0.1510 (0.57970)H — L+2

¢ The experimental data is from Ref. [19].

excited properties of a fullerene-phenylphenothiazine compound
have been determined by using the TDDFT method as well as
2D—3D real-space analysis, in which the Coulomb attenuating
method B3LYP (CAM-B3LYP) combining the hybrid qualities of
B3LYP and long-range correction is used in our calculation. The
mechanism of ICT in the fullerene, phenylphenothiazine (Ph-PTZ)
and fullerene-phenylphenothiazine (Fullerene-Ph-PTZ) is also
investigated.

2. Methods

A fullerene-phenylphenothiazine compound has been reported
experimentally in Ref. [19]. We performed quantum chemistry
calculation together with real-space analysis to study the excited
properties of the compound and charge transfer mechanism during
photoexcitation. The molecular structures of fullerene, Ph-PTZ and
fullerene-Ph-PTZ are shown in Fig. 1. The equilibrium geometry
optimization for the ground state was obtained with density
functional theory (DFT) [32], using the B3LYP functional [33] and 6-
31G (d) basis sets. The transition energies and oscillator strengths
in absorption were calculated with time dependent density func-
tional theory (TD-DFT) [34], using the Cam-B3LYP [35] and 6-31G
(d) basis sets. All the quantum chemical calculations were carried
out using the Gaussian 09 suite [36]. It was assumed that the N-
hexyl side group primarily affects compound solubility and
conformation, but not directly the electronic structure of the
conjugated backbone, this was left out of the calculations [13]. The
density of state (DOS) and absorption spectra were studied with
GaussSum 1.0 [37]. The excited state properties of these were
investigated using 2D and 3D real space analysis. Briefly, in the 2D
real-space analysis of transition density matrix, photo-excitation
creates an electron-hole pair or an exciton by moving an electron
from an occupied orbital to an unoccupied orbital [30,31], and
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Fig. 2. DOS of phenyl-phenothiazine dyad, which shows shape and energies of HOMO
and LUMO and LUNO + 2, respectively.
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Ph

Fig. 3. The contour plots of transition density matrix of phenyl-phenothiazine dyad. The color bar is shown (absolute values of matrix elements, scaled to a maximum value of 1.0).

probability amplitudes ¥(q,r) describe the charged particle in
atomic orbital q on site x and the second in atomic orbital r on site y.

=3 S wanP (1)

qex rey

W x.y)?

where each element of transition density matrix |(q,r)|? reflects
the dynamics of this exciton projected on a pair of atomic orbitals
given by its indices [30]. In the 3D real-space analysis, the charge
difference density (CDD) shows the orientation and results of the
charge and energy transfer [26—29].

ApW( r) = Z CuaiCu ai‘Pj( r)ei(r)
ae unocc
i,jeocc
- > CupiCuaitn(T )pa(T ) (2)
a, be unocc
ieocc

where C,; represents the uth eigenvector of the configuration-
interaction (CI) Hamiltonian based on the single-excitations from
the occupied Hartree—Fock molecular orbital ¢;(T ) to the unoc-
cupied one ¢ (7 ). The first and the second terms in Eq. (2) stand
for hole and electron in the CDD.

Charge difference density (CDD)

S

S3

Fig. 4. Charge difference densities of phenyl-phenothiazine dyad, where green and red
colors represent hole and electron densities, respectively (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.).

3. Results and discussion

3.1. Electronic structure and excited state properties of phenyl-
phenothiazine

Calculated transition energies and the oscillator strengths are
listed in Table 1. The electronic structure and excited state prop-
erties of Ph-PTZ are studied with atom-resolved density of state
(DOS, see Fig. 2), which shows the electron density distributions
and energy levels of HOMO, LUMO and LUMO + 2, respectively. It is
clearly shown in Fig. 2 that the electron density is significantly
delocalized on the PTZ fragment for the HOMO, and the electron
density of the LUMO is mainly populated on the phenyl (Ph) frag-
ment; whereas the electron density of LUMO + 2 is localized on the
phenothiazine (PTZ) benzene moiety. Therefore, this result
suggests that the S; excited state (the HOMO—LUMO excitation)
would shift the electron density distribution from the PTZ fragment
to the Ph fragment, and this constitutes intramolecular charge
transfer (ICT). The S, excited state has a similar result with the S;
excited state; while for the Ss state, the orbital transition
(HOMO — LUMO + 2) results in a localized excited (LE) state.

From the contour plot of transition density matrix in Fig. 3, the
electron-hole pairs are delocalized along the off-diagonal elements,
which mean that there is electron-hole coherence between the PTZ
and Ph fragments for the S; state, so this is an ICT excited state. To
show the orientation of the ICT, charge difference density (CDD)
was employed. From charge difference density in Fig. 4, we can see
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Fig. 5. The calculated absorption spectroscopy of fullerene, where the full width at

half-maximum of the Gaussian curves is set 2000 cm™".
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Fig. 6. The contour plots of transition density matrix of fullerene. The color bar is shown (absolute values of matrix elements, scaled to a maximum value of 1.0).

that the Sq state electrons (red color) are mainly localized on the Ph
fragment and holes (green color) are distributed over the PTZ
fragment. Consequently, electron transfer occurs from PTZ to Ph
(i.e. from donor to acceptor), producing the form of D'A™.
Furthermore, the contour plot of transition density matrix in Fig. 3
also shows that the Ss state is a locally excited state (D A), and here
the electron-hole pairs upon photo-excitation are localized on the
PTZ fragment. The charge difference density (see Fig. 4) not only
reveals that Ss is a localized excited state for PTZ-Ph dyad, but also
reveals that for the PTZ fragment it is a localized ICT excited state,
since the electron transfers from the one side of PTZ subunit to the
terminal group.

3.2. Electronic structure and excited state properties of fullerene

The calculated transition energies and oscillator strengths for
the seventy-five excited states are depicted in Fig. 5, which shows
that the strong absorptions in the UV—vis spectrum are centered at
330 nm and 260 nm, respectively. The visible light region is char-
acterized by relatively weak electron transitions, and the calculated
first excited state in the absorption is at ~ 505 nm.

The excited state properties of some important excited states
are identified with the 2D contour plot of transition density
matrix and the 3D charge difference density. The real-space
analysis shows that there are two kinds of excited state proper-
ties for the fullerene fragment upon excitation: one is the ICT
excited state and the other is the LE state. The S; and S, states (at
~ 500 nm, see Fig. 5) can stand for these two types of excited
state properties, respectively. The contour plots of the transition
density matrix are given in Fig. 6, from which it can be seen that
the first excited state is the locally excited state, where the
electron-hole pairs are all localized on the C60 subunit; while for
the second excited state, the red color resides in the C60 subunit
and the green holes in the N-methylpyrrolidone (NMP) subunit
upon excitation, and this result of the real-space analysis
suggests that excitation would shift electron density redistribu-
tion from NMP to C60 subunit (see Fig. 6). Therefore, the S, state
exhibits an ICT character.

3.3. Excited state properties of fullerene-phenylphenothiazine

The calculated transition energies and oscillator strengths of the
fullerene-Ph-PTZ compound are listed in Table 2. The first excited
state (Sq) is mainly contributed to the electron transition from
HOMO to LUMO. Fig. 7 shows the shape and energies of HOMO and
LUMO. The electron densities of HOMO and LUMO are totally
localized on the PTZ and the fullerene fragments, which mean that

the PTZ and fullerene fragments act as an electron-donor and an
electron-acceptor, respectively, so the S; state is the ICT state. The
introduction of donor group (PTZ) caused charge redistribution in
the fullerene fragment and reduced the HOMO—LUMO energy gap
(AE{_1). The AEy_; of the fullerene-Ph-PTZ compound (1.823 eV)
was lower than that of fullerene fragment (2.721 eV), which indi-
cates that the electrons are easy to transfer from the occupied
orbitals of donor to the virtual orbital of the acceptor.

Transition density matrix and charge difference density (CDD)
reveal the orientation of charge transfer and excited state proper-
ties of the fullerene-phenylphenothiazine compound. In this paper,
only five important excited states are shown in Figs. 8 and 9, which

Table 2
The transition energies (TE), oscillator strengths (Os), transition dipole moments
and excited state properties of Fullerene-Ph-PTZ compound.

TE/Os Transition dipole moments Excited state

(nm, a.u) X (a.u) Y (a.u) Z(a.u) properties
S1 517.63 (0.0033) —0.1836 —0.1434 0.0487 ICT (PT — F)
So 500.47 (0.0000) 0.0219 0.0082 0.0004 ICT (PT — F)
S;  492.47 (0.0000) 0.0131 00012 —0.01 ICT (PT — F)
S4 490.45 (0.0000) 0.0013 0.0019 0.0138 ICT (PT — F)
Ss 454.15 (0.0003) 0.0538 0.0408 -0.0136 ICT (F)
S¢ 44546 (0.0001)  —0.0222 0.0306 0.0004  LE (F)
Sy 443.00 (0.0000) -0.0134 —0.0004 —0.0078 LE (F)
Sg 434.50 (0.0003) —0.0529 0.0382 -0.0187 LE (F)
Sg 422.60 (0.0013) —0.0587 —0.0092 -0.1216 LE (F)
S10 412.12 (0.0016) 0.1458 —0.0248 0.019 LE (F)
S11 408.92 (0.0000) 0.0045 0.0029 —0.0037 LE (F)
S12 407.23 (0.0002) 0.0012 —0.0084 —0.0538 LE (F)
S13 386.09 (0.0031) —0.0289 -0.0199 —0.1952 ICT (PT — F)
S14 383.93 (0.0002) 0.0139 —0.0076 —0.0461 LE (F)
Si5 370.52 (0.0143) 0.3128 0.2595 -0.093 ICT (PT-P — F)
S16  358.70 (0.0051) 0.2316 0.0774  -0.0283 ICT (PT - F)
S;;  358.14 (0.0003) 0.0332  -0.0454 0.0067 ICT (F)
Sis 350.01 (0.0000) -0.0173 —0.0062 0.013 ICT (PT — F)
S19  346.97 (0.0002) 0.0313  -0.025 —0.0223  LE(F)
S,o 34472 (0.0066) -02727 -00031 -0.0026 LE(F)
So1 332.31 (0.0009) -0.02 0.0887 0.0385 ICT (PT-P — F)
S22 332.07 (0.0008) 0.0874  -0.0167 -0.0241 ICT (PT — F)
Sz3 329.79 (0.0188) 0.0657 0.0649 0.4426  LE (F)
Soa 327.26 (0.0054) 0.183 -0.1223 0.0996 LE (F)
Sas 322.54 (0.0000) —0.0089 —0.0049 -0.0177 ICT (PT-P — F)
S»¢ 31856 (0.0054) -0.0263  -0.0217 -0.2353  ICT (PT-P - F)
So7 317.60 (0.0020) 0.1335 0.0367 0.042 ICT (PT — F)
Sas 315.32 (0.0002) -0.0138 0.033 -0.035 LE (F)
Sz  306.23 (0.0265) 0.2431 04233  -0.1698  LE(F)
Sso  304.66 (0.2365)  —1.496 ~0.3649 0.0167 ICT (P —F)
S31 303.10 (0.0028) -0.1181 -0.1127 0.0347 ICT (PT-P — F)
S32 299.92 (0.0116) -0.2671 —0.1996 0.062 ICT (F)
S;3 299.60 (0.0036) 0.153 ~0.0581 —0.0916 ICT(P — F)
Ssa  295.18(0.0003) —0.0319 0.0305 -0.0299 ICT(PT-P > F)
S35 293.03 (0.0082) -0.1739 0.0171 —-0.2204 ICT (P — F)
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Fig. 7. The molecular orbital energy levels of the HOMO and LUMO for Fullerene, Ph-
PTZ dyad and Fullerene-Ph-PTZ compound.

stand for the different types of excited state properties. It is shown
clearly in Fig. 9 that electron-hole coherences are mainly between
C60 and PTZ fragments for the S; state, as supported by CDD
analysis in Fig. 8. For this state photo-excitation would move an
electron to the C60 subunit (see Fig. 8). Meanwhile, we also found
that there are similar results for the S;—Sy4, S13, S16, S18, S22 and Sy7
states. Photoinduced electron transfer directly takes place from PTZ
to C60, without passing through the bridge (tunneling through the
bridge), which is characterized as the D'BA~ form, so the ICT
mechanism for those states is the superexchange mechanism.

For S30, S33 and S35 states, the charge difference densities show
the electrons on the C60 subunit are only donated from the Ph
fragment without from PTZ fragment, since the holes are mainly
localized on the Ph fragment. Those states are also ICT states
(D*B~A), and the Ph fragment takes the role of the week donor. The
strong ICT states have taken place upon photo-excitation, corre-
sponding to the Sys, S21, S5, S26, S31and Ss4 states. Here, holes are
localized on the Ph fragment and the PTZ fragment, respectively;
while electrons are localized on the C60 subunit. Electron transfer
can pertain to the form of the D—B fragments to the A fragment.
Furthermore, it is worth noting that there are similar results for the
excited states Ss, S17 and Ss3, which are also the ICT excited states
where electron transfer occurs in the fullerene fragment (i.e. the
charges transfer from the NMP to the C60 subunit). The process is
similar to the case of the fullerene monomer. From the charge
difference densities, the Sg—S7, Sgs—S12, S14, S19—S20, S23—S24 and
S,8—Sog states are the locally excited (LE) states, where the holes and
electrons are all localized on the Cgp subunit (see Fig. 8). The
electron-hole coherence of the S; state can be seen from Fig. 9,
where the electron-hole pairs are localized on the fullerene subunit.

Electronic coupling elements of electron transfer in D—n—A
system is one of the key parameters that determine the rate of
charge transfer through the fullerene-Ph-PTZ compound, which
can be calculated by using the generalized Mulliken-Hush or frag-
ment charge methods [38]. In the two-state (Sp and S; states, i =1, 2,
...) formulation,

fur AE
(Ap)* +4 ()

This expression involves the energy difference AE and transition
dipole moment ;. (see Table 2), as well as the corresponding

Hab = (3)

Charge different density(CDD)
-‘\.‘ 'Y
e r oS0
Si
Ss
Sy
SIS
SSO

Fig. 8. Charge difference densities of Fullerene-Ph-PTZ, where green and red colors
represent hole and electron densities, respectively (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.).

dipole moment difference Au, between the initial and final elec-
tronic states. The dipole moment difference in the above equation
could be calculated by using the Hellmann—Feynman theorem, as
the analytical derivative of the excited-state energy with respect to
an applied electric field. The dipole moments of excited states are
estimated by using a finite field strategy (orientation is along CT
direction). The transition energy dependent on the static electric
field F can be expressed as [39],

1
Eexc(F) = Eexc(0) — AuF — jAodrz (4)

where Eexc(0) = AE is the excitation energy at zero field, A« is the
change in polarizability. We calculated the typical five states, and
the fitted values of Ay for the Sy, S5, S7, S15 and S3g states are 0.25 au,
5.098 au, 0.1 au, 0.475 au and 0.045 au, respectively. According to
equation (3), the electronic coupling element (Hgp) is calculated to
be the value of 0.08813 au (12,090 meV), 0.1004 au (28.57 meV),
0.1029au (3624 meV), 0.1231au (15,100 meV), 0.1499 au
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Fig. 9. The contour plots of transition density matrix of Fullerene-Ph-PTZ. The color bar is shown (absolute values of matrix elements, scaled to a maximum value of 1.0).

(2039 meV), respectively. Calculated values of Hgp are in this order
His > Hy > H3g > H7 > Hs. From the proportional relationship
between ET rate constant and electronic coupling element [40], it is
understandable that the ET rate from the ground state to the Sys, Sy,
and Ssg states can be predicted much faster than that to the S7 and
S5 states. From the CDD in Fig. 8 and excited properties in Table 2,
we found that the Sys5, S, and S3g states are all ICT states, in which
donor and acceptor units have a strong coupling effect due to the
distribution character of electron-hole pairs; while for the S; and S5
states, they are locally excited states in fullerene units. These results
enable us to make a prediction that the electron transfer process for
ICT state more easily takes place than locally excited states process

owing to the relatively higher electronic coupling effects. Moreover,
for S15 state donor-bridge-acceptor fragments have strong coupling
effects, and CT processes of this state most often occur among the
calculated CT states, and for this state more electrons are trans-
ferred from the phenylphenothiazine unit to the fullerene unit (see
Fig. 8).

4. Conclusion
The equilibrium geometries and electron structures of the

fullerene, phenylphenothiazine and fullerene-phenylphenothiazine
have been studied by using quantum chemical methods combined
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with real-space analysis. With the visualized methods, four charge
transfer (CT) ways have been revealed for the calculated excited
states, in which the direct superexchange ICT process (tunneling
through the phenyl unit) has been found in the fullerene-
phenylphenothiazine system. Through the analysis of electronic
coupling matrix element and charge transfer densities for some
states, it is found that the superexchange CT and the direct CT more
easily occur than the locally excited state in the fullerene fragment
during the primary photoexcitation.
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