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Spectroscopic properties of a ground state honbonded porpbugkminsterfullerene (bP---Cgg) complex

are studied in several different relative orientations ef With respect to the porphine plane by using the
density functional (DFT) and time-dependent density functional (TDDFT) theories. The geometries and
electronic structures of the ground states are optimized with the B3LYP and PBE functionals and a SVP
basis set. Excitation energies and oscillator strengths are obtained from the TDDFT calculations. The relative
orientation of G is found to affect the equilibrium distance betweesPHnd Gy especially in the case of

the PBE functional. The excitation energies of differenP++Cso complexes are found to be practically the
same for the same excitations when the B3LYP functional is used but to differ notably when PBE is used in
calculations. Existence of the states related to a photoinduced electron transfer within a petfifigriene

dyad is also studied. All calculations predict a formation of an excited charge-transfer complex state, a locally
excited donor (porphine) state, as well as a locally excited acceptor (fullerene) state in the investigated
H,P---Cso complexes.

I. Introduction P2SC R
Understanding of the photochem.ical processes, which involve 1 pisc: \4’ y
a photoinduced electron transfer in dyads, is important when \ o PCY ¢
designing artificial photosynthetic systems that mimic the natural 1 P ey * s \ pCIT
photosynthesis and also when developing molecular electronic 6
devices from these systems. Knowledge of the effects of a PHC- o
particular orientation and a certain distance between a donor 7
and an acceptor on electron-transfer properties is essential for
designing dyads, which harvest solar energy in an efficient PC
manner and are capable of forming a charge-separated state angiigure 1. Generalized kinetic scheme used in modeling of the
thereby an electrochemical potential. photophysical processes of porphytifullerene dyad$.The energy

levels are not drawn to scale. The states shown are the ground state

2
th Fultlflrtenteé are %oodltgllectrlon tacgeptgrtsh because Fhety have (PC), locally excited singlet states of porphyrid{®and P<C), excited
€ ability 10 accept multiple electronsn € reorganization charge-transfer complex state ((PC)*)), locally excited singlet state of

energies in electron-transfer reactions in which fullerenes are fyjierene (P@9), locally excited triplet state of fullerene (PQ, and
involved are smalt. When a donor-acceptor dyad containing the complete charge-separated stateC(d.
fullerene is designed for operating in the visible spectral region,
an electron donor that is capable of absorbing light at visible
wavelengths is needed. Porphyrins have strong absorption band
in the visible region of the spectrimand are capable of
transferring the photoinduced charge and their excitation energy
to a fullerene acceptdr.8

The generalized kinetic scheme that is used in modeling the
photodynamics of porphyrinfullerene dyads is presented in
Figure 18 The scheme consists of the following nine main steps.
(1) The ground state (PC) is excited to a locally excited second
singlet state of porphyrin @C). (2) PSC relaxes into the
energetically lower, locally excited first singlet state of porphyrin
(PSC). (3) PSC may relax either directly to an exciplex ((PC)*)
or (4) via a locally excited singlet state of fullerene #8Q5)
to an exciplex that then (6) finally relaxes via a complete charge-

separated state {E~) back (7) to the ground state. (8) The

C!S state may also relax via the locally excited triplet state of
ullerene (PCT) (9) to the ground state. In our work, only singlet
excited states are considered as having also been studied in
almost all of the experimental procedures.

In this study, the spectroscopic properties of a complex
composed of a free base porphyrin (porphine}PHand a
buckminsterfullerene, &, have been investigated with the
electronic structure calculations. The molecular structure of the
studied complex is presented in Figure 2. These molecules were
selected for computational modeling without chemical linkers
because experimental observations of complete charge-separated
state and the formation of an exciplex in covalently bonded
porphyrin—fullerene dyad%raise the question as to whether
these states can also be found by using theoretical methods for
N - o - - similar but structurally simpler systems.

T ﬁg{{tﬁfg%r}d,\'ﬂneﬂ;?;{;oghi'nnsizltlr'y_teemu'tO'Vonen@tUt'f" In modeling of interaction, the orientation of4with respect
* Institute of Physics. to the molecular plane of #* was especially taken into account.
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geometries have been determined by total energy minimization.
T~ The Becke’s three-parameter hybrid-exchange functional with
s —~ 7 the Lee-Yang-Parr correlation functional (B3LYPY° and the
T generalized gradient approximation (GGA) type Perdew-Burke-
Ernzerhof (PBEY16.21.2%exchange-correlation functionals were
used in calculations. All calculations were performed using the

/ / — __ \, Karlsruhe split-valence basis s&t&*augmented with polariza-
e il tion functions (SVP¥° The SVP basis set consists of three basis
NS [T = Al functions for H (4s1p)/[2s1p] and six basis functions for C and

) =\ 7/ N (7s4pld)/[3s2pld]. All electronic excitation calculations were
N performed by using the time-dependent density functional theory
: (TDDFT).1326-30

First, the geometries of 4 and Gp were optimized using
both functionals. Th®,, andl,, symmetries were used for,A
and Gy, respectively. The HP was set onto thay-plane so
that its geometric center point was at the origin and the inner
hydrogen atoms of two pyrrole groups were on xkexis. The
geometric center point ofggwas at the origin, and theaxis
was directed through the centers of the two opposite pentagon
rings. These geometries were then used to construct the different
H,P---Cgo complexes for both functionals by setting theFH
onto thexy-plane, as described previously, and the geometric
center point of fullerene on the positiweaxis. The starting
complexes (later on labeled as ad@mplex) are presented in
Figure 3. In the case of the (C5C6) and (C6C6) complexes, the
fullerene was also rotated 45 and®@ockwise with respect to
the z-axis. The starting distance between the geometric center
points of P and Go was set at 5.0 A, and the optimum
structure was determined. After the initial results, the final
starting distance of 6.75 A was selected for the B3LYP
calculations and 6.50 A for the PBE calculations to reduce the
computational time when a higher convergence criterion was
used. The complete set of coordinates is available upon request.
The shape of the complexation energy curve g+t Cgo was
Figure 3. Different complexes of bP-+-Ceo at an angle of @ The studied by calculating single-point energies at different inter-

label texts in parentheses specify the segmentssefhat are closest molecular distances between separately optimizeRlahd Go
to the molecular plane of . structures

Orientations and the corresponding labels of the studigtd-H Excitation energies and oscillator strengths were obtained
Cso complexes are presented in Figure 3. The label texts in from the TDDFT calculations. In the TDDFT theory, the
parentheses specify the segments gf tBat are closest to the  €lectronic excitations were calculated starting from the ground
molecular plane of bP. Because fullerene is formed by hexagon State Kohn-Sham (KS) orbitals and their eigenvahicEhere-
rings of carbon that are surrounded by pentagon rings of carbon,after, the electronic excitations were defined by means of the
the four simplest segments are pentagon (C5), hexagon (C6)linear-response theory and by using adiabatic local density
pentagor-hexagon (C5C6), and hexagehexagon (C6C6). approximation (ALDA) for the functional derivatives of the
The chosen electronic structure calculation method is basedexchange-correlation potenti&l TDDFT results are proposed
on the density functional theory (DFT). The main purpose of to be the most reliable if the excitation energy is significantly
this study is to use DFT and time-dependent DFT (TDDFT) to smaller than the ionization potential of the molecule (because
find the transitions that lead to the experimentally observed the DFT does not predict the HOMO energy of a molecule well
excited states taking part in the photoinduced electron-transferenough), and the one-electron excitations do not include orbitals
process in porphyrinfullerene dyads. Two different types of  having positive Kohn-Sham eigenvaliidsBoth of these
functionals (described later) are used in calculations to study requirements are realized in all TDDFT results presented in this
whether one or the other is more suitable for determining the study. Only singlet states have been considered. All DFT and

transitions. To our knowledge, there is no experimental data TDDFT calculations have been performed using the TURBO-
available for nonbonded porphinéullerene complexes. There-  MOLE 5.7 software packag@:33

fore, modeling studies are used to gain insight into the
interactions between porphine and fullerene at various relative

orientations. The modeling results are compared to the experi-”l' Results and Discussion

mental results obtained for covalently bonded porphyrin Ground State Energies and GeometriesComplexation

fullerene dyads$:*° energies Ec, and the equilibrium interchromophore edge-to-

. edge distancesRe_g, of different HP---Cso complexes are

Il. Theoretical Methods presented in Table 1. The complexation energy) (is the
Geometries and electronic structures were optimized by usingenergy of the dyad from which the energies of porphine and

the density functional theory (DFT}-1* The ground state  fullerene, which are at an infinite distance from each other, are

(C5Ce) (CeC6)
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TABLE 1. Complexation Energies Ec and the Equilibrium 25
Interchromophore Edge-to-Edge DistancesRe_¢ at Various o paLYP
Relative H,P:+-Cgo Orientations? 2 0.05
B3LYP PBE 15 o \w*‘
HoP---Cgocomplex Ec(meV) Ree(A) Ec(meV) Ree(A) i ; 005
(C5) (0 -50 3.6 —150 3.4 uf 01| & L
(Ce) (0 -50 3.8 —150 3.4 0.5 ™
(C5C6) 4] -50 35 —140 3.4 oF —
45 —50 35 —140 3.3 0 -
90° -50 35 —170 3.1 i
(C6C6) 4] —40 35 —120 3.4 05
45° —50 3.5 —150 3.3 T2 3 4 5 6 7
90° -30 3.5 —140 3. Ree (A)
aThe distance between the geometric center points,Bf &hd Go Figure 4. Graphical presentation of the B3LYP and PBE complexation

was obtained by adding 3.3 A to tHe:_¢ of the (C5) and (C6) energiesEc, of the HP:+-Cgo/(C6C6)/90 structure in which the HP
complexes and 3.5 A to tH-_g of the (C5C6) and (C6C6) complexes.  and Go geometries remain frozen at their separately optimized ground

state geometries together with the corresponding equilibrium inter-
subtracted, that is chromophore edge-to-edge separatiRase.

Ec=Eip.c,~ EuptEc) effect on theRe—g (<0.1 A) when using B3LYP but has a clear
effect (~0.3 A) when PBE is used.

The edge-to-edge distance is defined as a distance from the The calculated edge-to-edge distances (see TablBely,
geometric center point of the plane formed by the nitrogens are 0.1-1.1 A longer than the experimentally observed distances
and carbons of the porphine ring to the center of the closestof 2.7-3.0 A in naturally assembled porphyrifullerene
segment of fullerene. The absolute value of the magnitude of cocrystallates, in which the distance between porphyrin and
the complexation energy calculated by using B3LYP is ap- fullerene is unusually sho?t:363839The PBE distances are in
proximately 2 times, and the corresponding value calculated & better agreement with the experimental values than the B3LYP
by using PBE is approximately 6 times the thermal energy at distances. Especially, ti&—¢ of 3.1 A in the (C6C6)/90PBE
room temperature 25 meV). This means that the PBE complex is very close to the experimental values in which the

functional predicts a stronger interaction betweeR ldnd Go. juncture of the (C6C6) segment is also nearest to the porphyrin
The maximum difference between the complexation energies plane, as mentioned previously. One of the two most probable
(and also between the total energies) of differeaP-HCgo reasons for the differences between the calculated and the

complexes is 20 meV when calculated by using B3LYP and experimental distances is that the calculated distances are for
50 meV when calculated by using PBE. Differences between separate molecules in a vacuum, whereas the experimental
the complexation energies of different complexes calculated by distances are for cocrystallites. In cocrystallites, the equilibrium
using the same functional are so small that in principle all distance is smaller due to the additional attractive forces caused
complexes are possible and equally probable. On the other handby the packing arrangement of the molecfé3he second
the complexation energies are so small that it is possible thatreason is that the conventional approximations to DFT do not
the HP---Cgo complexes would dissociate without the effect include the dispersive forces correctiy** for nonbonded
of the basis set superposition error (BSSE), which overestimatesmolec_ular structures and therefore yield incorrect interaction
the stability of the complex. The effect of the BSSE was not €nergies.
studied because Shephard and Paddon-Row observed that with Basiuk®44and Shephard and Paddon-Réwave calculated
the B3LYP functional, the distance betweenPHand Go ground state properties of alPt--Cgo complex by using DFT
remained the same even though the BSSE corrected complexwith various functionals as implemented in the DMol3 and
ation energy was positiv¥ However, porphyrin and fullerene  Gaussian 98 programs, respectively, but their results relate only
form naturally assembled cocrystallates in whicl i€ located to the (C6C6)/90 complex. The slight distortion of the
on top of the center of the porphyrin plane and the electron- geometries of the #P and Go molecules is consistent with
rich juncture of the (C6C6) segment is closest to the porphyrin Basiuk's BLYP results. The complexation energy and edge-to-
plane35-37 The calculated results do not explain or support this edge distance calculated in our work are both in a good
kind of a behavior. agreement with Shephard’s B3LYP results.
The geometries of the individual R and Gy molecules in The single-point complexation energids;, of HyP-+-Ceo/
the optimized complex structures were distorted from their (C6C6)/90 at different interchromophore edge-to-edge dis-
individual starting geometries only slightly, and the change in tancesRe_g, calculated with B3LYP and PBE are presented in
the mutual orientation of JP and Go was negligible. In all Figure 4. The results are obtained for agPH-Cgg structure in
complexes, the intermolecular distances calculated by using thewhich the HP and Go structures are kept frozen at their
PBE functional were shorter than those yielded by the B3LYP separately optimized ground state structures, and only the
functional. The shortest calculated edge-to-edge distétice, distance between them is varied. From the results, it is obvious
of 3.1 A is found in both the (C5C6)/9(PBE and the (C6C6)/  that the complexation energkc, changes more strongly with
90°/PBE complexes. In these complexes, the distance betweerthe PBE than with the B3LYP functional when tifRg_¢ is
a hydrogen atom of the pyrrolidine ring of;Pl and a carbon  changed, especially around thH&_g corresponding to the
atom of Gy is the shortest. ThB:—g PBE values are 0:10.7 minimum energy. The&Re_g distance that corresponds to the
A shorter than thdz_g B3LYP values. complexation energy minimum is 3.5 A with B3LYP and 3.1
From the results presented in Table 1, it can be seen thatA with PBE. These distances are the same as in the optimized
H.P and Go have the strongest interaction in the (C5C6)/90  HyP---Cgo structure (see Table 1), which means that the
PBE complex because in this structure the complexation energystructures of HP and Gp in HyP---Cgo are not significantly
is the smallest. Rotation of fullerene does not have a significant different from the separately optimized ground state structures.
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TABLE 2: Energies € of Some Frontier Molecular Orbitals
of the (C6C6)/90 Complex and Energies of Corresponding
Orbitals of the Noninteracting? H,P and Cgo Molecules
Calculated Using the HOMO Energy’ as a Reference

Toivonen et al.

interacting HP---Cso complex, respectively. This is because the
interaction between #P and Gy changes the orbital energies

in Cgo, Whereas the energies of theRHorbitals remain the same.
Because the energy difference between some of the orbitals of

HP---Cey/(C6CE)/90 HzP and Go H2P and Go is small, the order of the orbitals can change.
bital B3LT/P PB\E B?’LT/P PB\E To illustrate the differences in localization of orbitals,
orbrta <(&v) € (eV) c@V) V) isoamplitude surfaces of some frontier orbitals fPH-Ceo/
::Umg 1573 g-gg g-gg ‘2‘-83 i;; (C6CB)/90/PBE are shown in Figure 5. From these orbitals, it
LBMO 16 391 507 508 1o1 can be seen that the electronic structure of the interactyfg H
LUMO +5 3.20 206 298 1.78 -*Ceo cOmplex is obtained roughly by combining the orbitals of
LUMO + 4 291 1.91 2.91 1.78 H,P and Gp, but because of the interaction betweesPtand
LUMO +3 2.90 1.90 2.90 1.78 Cso, there are changes in the localization of the orbitals (e.g.,
LUMO +2 2.03 1.03 1.80 0.74 HOMO — 2 and LUMO+ 7). The orbitals from HOMO- 6
LUMO +1 2.03 1.03 1.80 0.74 to HOMO — 2 that located mainl carise f th
LUMO 502 102 180 0.74 o at are loca e45 mainly onggarise from the
HOMO 0 0 0 0 5-fold degenerate HOMO ofdg*> The HOMO— 1 and HOMO
HOMO — 1 —0.16 —0.27 —0.16 -0.27 orbitals of HP---Cg are located at FP and can be related to
HOMO — 2 —0.69 —0.61 —0.93 086 the HOMO — 1 and HOMO of HP, respectively. LUMO,
HOMO — 3 —0.70 —0.61 —0.93 —0.91 LUMO + 1, and LUMO+ 2 are located mainly on dg as
HOMO — 4 —0.70 —0.61 —0.93 —-0.91 d dth b lated he trioly d LUMO
HOMO — 5 071 —0.63 093  —-0091 expected, and they can be related to the triply degenerate LU
HOMO — 6 —0.71 —0.63 —0.93 —0.91 of Cgo.3 The LUMO + 3 and LUMO + 4 of HyP++Cgo
HOMO — 7 -1.20 —-0.86 -1.20 -091 correspond to the LUMO and LUM®@ 1 of H,P, respectively.
HOMO — 8 —-133 —0.98 -133  -098 The orbitals from LUMO+ 5 to LUMO + 7 arise from the

aThe results are for P and G that are 100 A apart. The results
obtained by combining the calculated energies of separdReaHd G,
differ by <0.01 eV from these result8The HOMO energies of
H,P---Cgp are—5.37 and—5.00 eV for the B3LYP and PBE functionals,
respectively. The corresponding HOMO energies of the noninteracting
H.P and G are —5.30 and—4.90 eV, respectively.

The distanceéRe—g at which there is practically no interaction
between HP and Go (Er < 1 meV) is~6.4 A for B3LYP and
~6.6 A for PBE.

Ground State Electronic Structure. The B3LYP and PBE
energies of some frontier orbitals of the interactingH:Cego/
(C6C6)/90 complex and the energies of the corresponding
orbitals of a complex formed by noninteractingfHand Go
are shown in Table 2. The (C6C6)fR6omplex was selected

triply degenerate LUMOH 2 of Cso. The shape and the degree
of delocalization of orbitals depend on a complex and the
functional used, but the main features (e.g., which molecule
the orbital mainly belongs to) are very similar. Degeneration
of fullerene orbitals is practically retained inyPt--Cgo, and
also, the shapes of the orbitals localized to fullerene in
H,P---Cgp are roughly the same as in a single fullerene.
Likewise, the shapes of the porphine orbitals and of the orbitals
localized to porphine in HP---Cgo are almost similar. The figures
of orbitals of different complexes are available upon request.
Electronic Absorption Spectra. Absorption spectra of dif-
ferent HP-+-Cgo complexes calculated with the B3LYP and PBE
functionals are presented in Figures 6 and 7. In the spectra, the
excitation energies and the corresponding oscillator strengths

as an example because it has been experimentally observed, agre plotted using a Gaussian distribution function with a 50 meV
mentioned prevuzéjﬂy, and there are former calculations for the gtandard deviation. The orientation of fullerene with respect to
same structur&.“04*Energy differences between the corre- he norphine plane has no effect on the shape of the absorption

sponding orbitals of different complexes are very smab 03
eV) when the same functional is used, and so only the values
of one complex are shown. However, the B3LYP energies of
all occupied orbitals presented in Table 2 are ca—0.4 eV
smaller and those of all unoccupied orbitals are ca-1.8 eV
larger than the PBE energies. The energies of orbitals localized
to HaoP in HyP---Cgo are almost the same as the energies of the
corresponding orbitals of the ;A, whereas the energies of
orbitals localized to & in the HP-+-Cg are ca. 0.20.3 eV
larger than the energies of the corresponding orbitalssin A
HOMO—-LUMO gap of 2.0 eV is obtained for #P---Cgp with
B3LYP and of 1.0 eV with PBE, whereas 20.2—0.3 eV
smaller HOMGO-LUMO gap is obtained for the complex of
noninteracting HP and Go. The degeneracy of various orbitals
of Cgo®>*°is also observed in our calculations oaP+-Cgo.

The B3LYP orbitals of the interacting AR-+-Cso complex
are approximately a combination of the orbitals of separate
porphine and fullerene molecules. However, when the PBE
functional is used, there is a mixing in the order of the localized
orbitals when compared to the order in separaif End Go.
For example, the HOMO— 7 orbital of the interacting
H,P---Cgo complex corresponds to the HOMO 2 orbital of
the complex of noninteracting R and Go. Also, the LUMO
+ 6 and LUMO + 7 orbitals of noninteracting #* and Go
correspond to the LUMGrF 3 and LUMO + 4 orbitals of the

spectrum when B3LYP is used, but the shapes of the absorption
spectra of different complexes differ significantly when PBE
is used. The main reason for the significant shape differences
in spectra is probably the stronger interaction betwegh &hd

Ceo predicted by the PBE functional. This causes more changes
in the energies of occupied and unoccupied orbitals in different
H,P---Cgo complexes. For a detailed study, the excited states,
excitation energies, oscillator strengths, and dominating one-
electron excitations of the (C6C6)/9@omplex calculated by
using the B3LYP and PBE functionals are given in Table 3.
Corresponding dominant one-electron excitations of other
complexes (available upon request) are similar in principle, but
excitation energies and oscillator strengths of different com-
plexes differ, especially when calculated with the PBE func-
tional.

The interaction between porphine and fullerene is seen when
the excitation energies of the interactingf--Cgo complex and
of the noninteracting HP and Go are compared. For this
purpose, the calculated TDDFT/B3LYP and TDDFT/PBE
excitation energies, oscillator strengths, and dominant one-
electron excitations of the lowest two transitions of noninter-
acting HP and Gp are presented in Table 4. It can be seen that
in the spectrum of kP-+-Cg, there exist transitions that have
energies lower than the energies of the lowest transitions in
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Figure 5. Some of the frontier orbitals and corresponding orbital energies yielded by the PBE functionaPfoiCg/(C6C6)/90. The energies
are given relative to the HOMO energy ©65.00 eV. The isoamplitude surfaces of the orbitals presented are 10% of the maximum positive (green)
and minimum negative (red) values of the wave functions.

either P or G and are a consequence of the interaction is identified on the basis of the localization of the orbitals that
between HP and G. take part in transition. In addition, the nature of the (PC)* is
The one-electron excitations of electronic transitions are defined by the contribution of the charge transfer froafPHo
analyzed, and the results are used to designate the excited stateSso. In other words, if the (PC)* has a dominant contribution
(ES) involved in an electron-transfer process of a porphyrin  of a radical ion-pair nature (PC*"), the transition should be
fullerene dyad (see Figure 1). The excited states and thefrom an orbital localized on §P to an orbital localized ondg,
corresponding one-electron transitions ePH-Cgo/(C6C6)/90 and (PC)* can be regarded as a contact radical ion*pdine
are listed in Table 3. Three different types of excited states canobserved low energy absorption bané®(eV by B3LYP and
be identified on the basis of their one-electron excitations (see <1.5 eV by PBE) cannot be related to either absorption £#f H
Table 3). They are in the order of increasing energy: (1) the or absorption of G but can be regarded as charge-transfer
excited charge-transfer complex state ((PC)*), (2) the locally complex absorption bands (because of the nonzero dipole
excited fullerene state (P€, and (3) the locally excited  moment from Ggto H,P in the ground state). This means that
porphine state (PC) and (PSC)). All these states except the existence of a linker between porphyrin and fullerene is not a
locally excited fullerene state are also observed in experimentalprerequisite for the formation of an excited charge-transfer
studies? These states are analyzed next. complex state.
Excited Charge-Transfer Complex State.Charge transfer The dominating one-electron excitations of different transi-
can take place from porphine to fullerene when the molecules tions presented in Table 3 for the (C6C6)/@@mplex are very
are in close proximity and form a ground state complex like in similar to those in other complexes calculated by using the same
this study. The excited charge-transfer complex state ((PC)*) functional. Transitions 43 are from HOMO to LUMO, LUMO
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Figure 6. Absorption spectra of different 4®---Cgo complexes at an °) 15 X 10
angle of 0 calculated using the (a) B3LYP and (b) PBE functionals. g — (09
+ 1, or LUMO + 2, in other words, from bP to Gso. Also, g’
transitions 4-6 are from HP to G but are from HOMO— 1 s 10
to LUMO, LUMO + 1, or LUMO + 2. Transitions +3 and )
4—6 are almost degenerate, which is a consequence of the nearly E
degenerate LUMO, LUMO+ 1, and LUMO + 2 states of g 5
H,P---Csp as mentioned previously. We consider that all these 5
six lowest excitations lead to the excited charge-transfer complex 3
states, which can be regarded as contact radical ion pairs. The © 0
transition energies of the (PC)* states are-1180 eV when
calculated with B3LYP and 1:01.3 eV when calculated with o) x10°
PBE. g 7
In our work, the B3LYP results are in a good agreement with £ 6
the experimental observations for a covalently linked porphy- §’ 5
rin—fullerene dyad in which the absorption energy of the charge- =4
transfer complex state is1.65-1.77 eV?10The PBE energies, E’ 4
however, are underestimated 50.3—0.8 eV if compared to £ 3
the experimental results. The excitations corresponding to the 5 2
PBE-calculated transitions 280 are not seen in the B3LYP ; 1
results but are expected at excitation energies higher than the g 0 ~

excitation energy of (1C). The PBE transitions 2230 are from 15
orbitals localized on porphine to fullerene and also can be Absorption energy (eV)
considered to lead to an excited charge-transfer complex. A Figure 7. Absorption spectra of #P-++Ceo (@) (C5C6) and (b) (C6C6)
mixing of the states of the locally excited porphine and the complexes yielded by the B3LYP functional and of (c) (C5C6) and
radical ion pair is seen in transition 29. In several studies, (d) (C6C6) complexes yielded by the PBE functional at three different
TDDFT has been found to inaccurately describe the excitation Cso rotational angles.
energies of charge-transfer excited stdfe$! It has been  would produce a complete charge-separated state among these
observed that the hybrid type B3LYP functional describes the similar transitions, one would need information, for example,
charge-transfer better than the local GGA type PBE functithal, on excited state dipole moments. This would mean an optimiza-
which also is supported by this study, as shown previously. tion of an excited state structure, which is not performed when

It is possible that the excited charge-transfer complex state calculating electronic transitions with the present TDDFT
proceeds to a complete charge-separated state. The electron hagpproach.
to move from a donor (porphine) to an acceptor (fullerene) Locally Excited Fullerene and Porphine StatesTransitions
before the complete charge-separated state is formed. In theproducing locally excited states of fullerene (porphine) should
simplest case, this would correspond to a transition from HOMO only take place between orbitals localized mainly on fullerene
to LUMO (or to LUMO + 1 or to LUMO + 2 because of the  (porphine). All transitions #21 in Table 3 are from orbitals
degeneration), and for the system studied here, it corresponddocalized fully or mainly on fullerene to orbitals localized fully
to the transitions 3. To be able to define the transition that on fullerene. The corresponding transition energies are- 2.0
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TABLE 3: TDDFT Calculated Electronic Transitions (TR), Excited States (ES), Excitation Energies E), Oscillator Strengths?
(f), and Corresponding One-Electron Excitations and Their Weights for the BP::-Cgy/(C6C6)/90 Complexc

TDDFT/B3LYP TDDFT/PBE
TR ES E(eV) f(x1079 one-electron excitation and weight ESE (eV) f(x1079 one-electron excitation and weight
1 (PC)* 1.63 ~0 H—L +258%; H— L + 141% (PC)*  1.02 1 H- L 100%
2 1.63 ~0 H—L+158%; H—L+241% 1.03 ~0 H—L + 1100%
3 1.65 0.5 H— L 100% 1.03 ~0 H—L + 2100%
4 1.81 ~0 H—1—L+199% 1.29 ~0 H—1—L 100%
5 1.81 ~0 H—1—L+299% 1.30 ~0 H—1—L + 1100%
6 1.82 ~0 H—1—1L 100% 1.31 ~0 H—L + 2100%
7 PCS 206 ~0 H—4—L79% PGS 1.66 0.01 H-2—L42%;H—4—L + 2 31%;
H-5—L+127%
8 2.06 ~0 H—2—L34%;H—4—L + 2 23%; 1.66 ~0 H—2—L+155%; H—3—L + 2 32%;
H-5—L+118% H-6—L+211%
9 2.06 ~0 H—3—L50%; H—6—L 16% 1.66 ~0 H—4—L67%;H-6—L +129%
10 2.06 ~0 H—2—L+150%; H-3—L +226% 1.66 ~0 H—3—L55%; H—5—L + 2 30%;
H—-6—L15%
11 2.07 ~0 H-—2—L+271%;H-3—L+122% 1.70 ~0 H—3—L+254%;H—2—L + 128%;
H—-5—L18%
12 2.08 ~0 H—3—L+260%;H-2—L +126% 1.71 ~0 H—6—L+145%; H—2—L + 2 45%
13 2.08 ~0 H—4—L+173%;H-6—L 14% 1.71 ~0 H—4—L+156%;H-5—L+229%
14 2.08 ~0 H—-5—L78%;H-6—L+217% 1.72 ~0 H—3—L+140%;H—2—L +237%;
H-6—L+113%
15 2.08 ~0 H-—6—L+170%;H-3—L+112% 1.73 ~0 H—6—L52%;H—4—L +127%;
H-5—L+220%
16 2.09 ~0 H—5—L+254%; H-6—L 40% 1.73 ~0 H—5—L68%;H—6—L + 2 15%;
H-3—L+212%
17 2.24 ~0 H—2—L58%;H—4—L+232% 1.79 0.02 H-2—L55%;H—4—L +234%
18 2.25 0.8 H-3—L +151%; H— 4— L 15%; 1.80 0.5 H-—3—L +156%; H—4— L 15%;
H-2—L+213%; H-6—L+111% H-2—L+214%;H-6—L+113%
19 2.25 ~0 H—3—L37%; H—6—L 26%; 1.81 ~0 H—3—L34%;H—6—L 27%;
H-5—L+217%;H—4—L +115% H-5—L+221%;H-4—L+116%
20 2.26 0.07 H-5—L+159%;H-4—L+229%% 1.81 0.1 H-5—L+163%;H-4—L+234%
21 2.26 0.4 H-6—L +263%; H— 5— L 15%; 1.82 0.3 H-—6—L +273%; H-—5— L 13%;
H-2—L+113% H-2—L+111%
22 PSC 227 0.02 H-L+459%;H—1—L +340% (PC)* 1.88 ~0 H—7—L 100%
23 PSC 243 ~0 H—L+355%;H-1—L+444% 1.89 0.6 H-7—L +1100%
24 1.89 ~0 H—7—L+ 2100%
25 2.00 0.06 H-8—L 100%
26 2.01 0.04 H-8—L +1100%
27 2.01 ~0 H-8—L +2100%
28 2.06 ~0 H—L + 5100%
29 2.07 0.2 H—=L+787%;,H—L+411%
30 2.07 0.04 H—-L+699%
31 PsC 2.14 1 H—L + 4 55%; H—1—L + 3 32%;
H—L+712%
32 PsC 2.26 0.8 H—=L+359%;H-1—L+437%

a Oscillator strengths are length representations, and all oscillator strengths smallerthare I0arked as-0. ® Only the one-electron excitations
contributing more than 10% to a particular transition are includd@the corresponding absorption spectra are shown in Figure 7b,d.

TABLE 4: TDDFT Calculated Lowest Two Electronic Transitions (TR), Excitation Energies (E), Oscillator Strengths? (f), and
Corresponding One-Electron excitations of HP and Ceo?

TDD FT/B3LYP TDDFT/PBE
TR E (eV) f(x1079) one-electron excitation and weight E (eV)  f(x107°) one-electron excitation and weight
HP¢  1b3u 2.27 70 H~L + 159%; H— 1— L 40% 2.14 2x 10° H—L +164%; H—1—L 35%
1b2u 2.43 4 H—-L55%;,H—1—L +145% 2.28 19 H—L59%;H—1—L +140%

Ceo 1tlu 3.44 0.0 16 H—L +179%; H—2—L 20% 2.77 5x 10° H—L +170%; H—2—L 30%
2tlu 3.90 0.5¢ 1¢° H—-2—L61%; H—L + 3 25%; 3.43 0.3x 16 H—2—1L48%; H—L + 332%;
H—L+111% H—L+118%

a Oscillator strengths are length representatidi@nly the one-electron excitations contributing more than 10% to a particular transition are
included.c The H,P B3LYP results are the same as the results presented in ref 28 for the same type of calculation.

2.3 eV (B3LYP) and 1.61.9 eV (PBE). These transitions especially for B3LYP, because as was mentioned earlier, the
correspond to a locally excited fullerene state {®®ut because  energies of the ground state orbitals of a complex are ap-
the excitation energies are much smaller than the calculatedproximately the sums of the energies of the orbitals of separate
excitation energy of the first transition of fullerene (B3LYP: porphine and fullerene molecules.

3.44 eV and PBE: 2.77 eV), the identification of the actual From the experimental absorption spectrum of a covalently
PC!Sstate using these values as a reference is not possible. Thdinked porphyrin-fullerene dyad, the absorption of the locally
observed decrease of the excitation energy is noticeable becausexcited fullerene is hard to identify because porphyrin absorbs
for noninteracting P and Go, the excitation energy to the first  more strongly at energies3.1 eV7952Likewise, a comparison
excited state of g is higher than the energy of the first excited to an experimental absorption spectrum of fullerene is not useful
state of HP, but for locally excited states of,F-+-Cg, the for defining the locally excited state of fullerene. This is because
energy order is the opposite. This is an unexpected result,fullerene has characteristic absorption peaks at energieS.8f
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