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Large face to face tetraphenylporphyrin/fullerene nanoaggregates containing up six C60
units and six tetraphenylporphyrin (H2TPP) or tetraphenylporphyrinato-zinc (TPP-Zn)
moieties have been studied using dispersion corrected PBE/def2-SVP level of theory. It
has been found that most important contribution to the binding energy between fragments
comes from dispersion interactions. The binding energies for Zn containing nanoaggregates
are slightly higher than those for metal free ones what is not related to the difference in

I;ZJ: m;?rflsn dispersion contributions to the binding energy but comes from DFT term. Center to center
istances for large nanoaggregates are shorter than those for the complexes 60 AN
Pl distances for | t horter than those for th lexes H2TPP/Cgo and

DFT TPP-Zn/Cgp and this effect is more obvious for metal free nanoaggregates. According to the
calculations, the band gap of nanoaggregates barely depends on its size being close to 2 eV.
The nature of electronic excitations in Zn containing nanoaggregates has strong charge
transfer (CT) contribution and does not depend on nanoaggregate size, while for metal free
nanoaggregate most of low energy excitations are not CT by nature. lonization potentials
and electron affinities of nanoaggregates depend strongly on their size. Polaron cations
are uniformly delocalized over donor H2TPP or TPP-Zn units, while polaron anions are
delocalized over acceptor Cgo units. The reorganization energies calculated for hole and
electron transport decreased linearly with 1/n where n is the number of repeating units
in nanoaggregate.
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Reorganization energy
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1. Introduction

Donor/acceptor functional nanoaggregates has at-
tracted recently much attention as candidates for photo-
voltaic cells, optoelectronic devices, and applications in
artificial photosynthesis [1-6]. The photoinduced electron
transfer (PET) from donor to acceptor is the key step for
most of those applications. In fact, the core of natural pho-
tosynthesis is a multistep PET along the nanoaggregates of
donor and acceptors. The most popular building blocks as
electron donors in artificial photosynthetic models by
obvious reasons are porphyrins, while fullerenes are excel-
lent multielectron acceptors. Porphyrin and fullerene form
a very tight complex. Thus, the separation of fullerene
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carbon and the porphyrin plane is only 2.75 A, which is
notably less than typical separation between molecules
experienced m-7 interactions which is normally of the or-
der 3.3-3.5 A. Evidently, the interactions between porphy-
rin and fullerene are very significant and could be a driving
force for the formation of fullerene/porphyrin nanoarrays.
In fact, cocrystallization of fullerene with metalloporphy-
rin or free base porphyrin frequently leads to the formation
of an alternating zigzag motif [7]. Up to date a number of
porphyrin/fullerene dyads [8-19] triads [20-24] and oligo-
mers involving covalent or noncovalent linkages have been
prepared. A recent discovery that among two most com-
mon porphyrin/fullerene alignments: face to face and edge
to face, the first one allows the PET rates 10 times faster
than edge to face orientation [16,25] lead to the synthesis
of face to face porphyrin/fullerene nanowires [26]. There-
fore, our goal is to study electronic structure of large face
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to face porphyrin/fullerene nanowires formed by intermo-
lecular interactions between fullerene and porphyrin moi-
eties using quantum chemistry tools.

The nature of fullerene/porphyrin interactions and PET
in face to face dyads have been a subject of intense theoret-
ical studies as well [26-30]. The size of the system and the
dominance of weak interactions represent serious chal-
lenge for the accurate modeling of such complexes. Thus,
reported dimerization energies for Cgo/tetraphenylporphy-
rin complex ranged from 11 to —42 kcal/mol, depending on
the method used for calculations. According to [28] the use
of PBE functional in combination with DZP basis set is able
to reproduce the closest center to center distances for C60/
tetraphenylporphyrin and C60/tetraphenylporphyrinato-
zinc within 0.013 and 0.05 A, respectively. However, the
association energy of —17.3 kcal/mol is very different from
that obtained by scaled opposite spin M@ller-Plesset
method (SOS-MP2) with CBS limit extrapolated basis set
(—31.5 kcal/mol), which is probably the best estimation
for gas phase association energy of C60/tetraphenylpor-
phyrin complex to date [29]. Interestingly, that different
force fields calculations [7,14] give association energies
much closer to SOS-MP2 method (28.8-31.9 kcal/mol,)
than DFT, suggesting the dominance of dispersion interac-
tions between Cgo and porphyrin. Therefore, dispersion
interactions must be taken into account to model Cgo/por-
phyrin arrays. For large systems involving multiple por-
phyrin and Cg, molecules where wave function based
methods are prohibitively expensive, DFT with explicit or
implicit dispersion corrections is the only method of
choice.

2. Computational details

Geometry optimization and the energy estimation for
Ceo/tetraphenylporphyrin and Cgo/tetraphenylporphyrin-
ato-zinc arrays containing up to six donor and six acceptor
units were carried out using PBE [31,32] functional and
def2-SVP basis set with resolution of identity and Multi-
pole Accelerated Resolution of Identity approximations as
implemented in TURBOMOLE 6.4 code [33]. D3 empirical
dispersion correction was used for all calculations with
PBE functional [34]. The test calculations carried out on
Cgo/tetraphenylporphyrin complex using PBE-D3/def2-
SVP model gave the binding energy of 27.0 kcal/mol, rea-
sonably close to the best available estimation of
(31.5 kcal/mol) using SOS-MP2 theory. The center to center
distances for Cgp/tetraphenylporphyrin and Cgp/tetraphen-
ylporphyrinato-zinc were found to be of 2.67 and 2.65 A,
respectively, while the experimental distances are of 2.76
and 2.72 A [7,35]. We were unable to reproduce data re-
ported in [28] using PBE/DZP model. Both codes, Gaussian
09 [36] and TURBOMOLE 6.4 gave center to center distance
for Cgo/tetraphenylporphyrin complex of 3.03 A, very dif-
ferent from 2.74 A reported in [28]. Therefore, we decided
to use PBE-D3/def2-SVP model for all calculations. The ini-
tial geometries for the Cgo/tetraphenylporphyrin and Cgo/
tetraphenylporphyrinato-zinc were taken from [28].
Geometries of larger nanoaggregates were constructing

from C60/tetraphenylporphyrin and C60/tetraphenylpor-
phyrinato-zinc complexes.

Additionally, periodic boundary condition (PBC) calcu-
lations were carried out using Gaussian 09 suit of pro-
grams. MO06I1 functional [37] in combination with def2-
SVP basis set were applied. M06] functional was shown
to produce excellent results for weakly bounded and tran-
sition metal complexes and, therefore is suitable for the
modeling of Cgo/porphyrin interactions. No symmetry
restriction were imposed during the optimization, re-
stricted and unrestricted DFT were used for closed and
open shell systems, respectively. Porphyrin/fullerene
nanoaggregates are denoted as nH2TPP/Cgp and nTPP-
Zn/Cgy, respectively, where n is the number of tetraphenyl-
porphyrin or tetraphenylporphyrinato-zinc units in the
aggregate. Plus or minus correspond to cation-radical or
anion-radical, respectively.

3. Results and discussion
3.1. Geometry and the binding energies

Optimized geometries of nanoaggregates are shown in
Fig. 1. Calculated center to center distances for H2TPP/
Cso and TPP-Zn/C60 complexes were found to be of 2.67
and 2.65 A, respectively. For larger aggregates nH2TPP/
Ceo Where n=2, 4 and 6, center to center distances de-
crease to 2.54-2.58 A. Interestingly, that reducing of center
to center distances does not observe for Zn-containing
nanoaggregates nTPP-Zn/Cgp Where center to center dis-
tance do not depend on n being of 2.65-2.67 A for all cases.
The decrease of center to center distances for nH2TPP/Cgo
aggregates compared to a single complex is related to the
introduction of dispersion correction. Dispersion interac-
tions are the long range one, their influence expands be-
yond the nearest neighbors, thus decreasing the center to
center distance compared to H2TPP/Cgo. When no disper-
sion correction is used for the optimization of nH2TPP/
Ceo complexes, the center to center distances are similar
for H2TPP/Cgo and 2H2TPP/Cg being of 3.07 A. In the case
of Zn containing nanoaggregates this effect is not observed
due to relatively large van der Waals radii of Zn atoms
compared to those for the second row elements impeding
closer contacts of Cgo and H2TPP fragments.

The PBC calculations carried out using MO061/def2-SVP
model gave center to center distances very close to those
obtained for nH2TPP/Cgp and nTPP-Zn/Cgp oligomers with
PBE-D3/def2-SVP model: 2.59 and 2.66 A, for poly-H2TPP/
Cso and poly-TPP-Zn/Cgy, respectively. Both methods take
into accounts dispersion, leading to close intermolecular
distances.

The calculated binding energies of nanoaggregates are
listed in Table 1. The binding energies of Zn containing
nanoaggregates are only slightly higher compared to those
of nH2TPP/Cgo ones. Total binding energies increases
greatly with size of nanoaggregate, however, reduced bind-
ing energies are almost constant being of 25-27 kcal/mol
for nH2TPP/Cgo and 27-28 kcal/mol for nTPP-Zn/Cg.
When comparing the contribution of dispersion interac-
tions to the total binding energy it is clearly seen that
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Fig. 1. PBE-D3/def2-SVP optimized geometries of nanoaggregates.
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Table 1
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Vertical (v) and adiabatic (a) ionization potentials (IP), electron affinities (EA), reorganization energies for hole (4.) and electron (/_) transport, band gaps (Ej),
S0 — S1 excitation energies (eV) of studied nanoaggregates. Total binding energies (Eo) calculated using PBE + D model and the corresponding contributions
from dispersion energy (Egisp) and dispersion uncorrected PBE energy (Egag) (kcal/mol).

Complex P, P, EA, EAq . . Eg S0 - S1 Eror Eaisp Eape
H2TPP/Cgo 6.10 6.06 2.50 2.57 0.07 0.14 1.76 2.02 27.0 27.3 -03
2H2TPP/Cqo 5.68 5.66 2.87 291 0.04 0.08 1.80 1.98 77.4 (25.8) 76.6 (25.5) 0.8 (0.3)
4H2TPP/Cgo 535 534 3.14 3.17 0.02 0.05 1.77 1.98 178.2 (25.4) 174.9 (25.0) 3.3(0.5)
6H2TPP/Cq 5.20 5.20 3.29 3.29 0.01 0.02 1.76 - 279.2 (25.4) 2729 (24.8) 6.3 (0.6)
poly-H2TPP/Cq, - - - - - - 1.92 - - - -
TPP-Zn/Cgo 6.06 6.00 2.62 2.71 0.10 0.18 1.69 2.00 29.3 27.3 2.0
2TPP-Zn/Cqp 5.64 5.62 3.01 3.05 0.04 0.08 1.66 2.00 84.3 (28.1) 75.8 (25.5) 8.5(2.8)
4TPP-Zn/Cgo 5.31 5.30 3.30 3.32 0.02 0.04 1.63 2.01 194.2 (27.7) 172.6 (24.7) 21.6 (3.1)
6TPP-Zn/Cgo 5.16 5.16 3.44 3.44 0.01 0.01 1.61 - 304.2 (27.7) 270.7 (24.6) 33.5(3.0)
poly-TPP-Zn/Cgo - - - - - - 1.69 - - - -

Ceo 7.40 7.34 2.60 2.66 0.11 0.11 - - - - -

H2TPP 6.12 6.07 1.48 1.56 0.09 0.12 - - - - -
TPP-Zn 6.16 6.11 1.42 1.48 0.09 0.13 - - - - -

dispersion accounts for more than 90% of total binding en-
ergy of nanoaggregates and in the case of nH2TPP/Cgo ap-
proaches 100%. This results is in line with recent high level
calculations [29] where the dominance of dispersion forces
for H2TPP/Cgp has been suggested and it is the strong dis-
persion interactions that bring Cgo and TPP in close prox-
imity (inside the van der Waals contact distance). The
data from Table 1 demonstrate that the dispersion term
is similar for the metal free and Zn containing nanoaggre-
gates and the difference of the binding energies between
nH2TPP/Cgy and nTPP-Zn/Cgy is due to pure DFT
contribution.

3.2. Excited state properties

For the determination of the band gap (E,) of nanoag-
gregates two different methods have been used. The first
one defines the band gap as simple HOMO-LUMO energy
difference taken from B3LYP/def2-SVP single point calcula-
tions. B3LYP functional produces reliable results for esti-
mation of E, in conjugated polymers [38]. Second one is
the direct calculation of the lowest excited state energy
using time dependent (TD) implementation of CAM-
B3LYP functional [39]. CAM-B3LYP functional is especially
designed to deal with electronic transition in donor-accep-
tor systems. Due to the size of the systems, direct calcula-
tions of the excitation energies were possible only for
nanoaggregates containing up to four repeating units;
4H2TPP/C¢o and 4TPP-Zn/Cge (Table 1). According to
HOMO-LUMO method, E; does not depend on n for
nH2TPP/Cgp nanoaggregates being in the range of 1.76-
1.80 eV, for infinite poly-H2TPP/Cgy a reasonably close
value of 1.92 eV was obtained. This is rather close to the
estimations for SO — S1 transition of H2TPP/Cgo dyad using
TD-PBE method (1.77 eV) [30]. TD-CAM-B3LYP estimation
of SO — S1 transition energy for nH2TPP/Cgp is in line with
HOMO-LUMO difference suggesting no dependence of
SO — S1 energy on the number of repeating units in nano-
aggregates. TD-DFT gives slightly higher values for E; than
HOMO-LUMO energy difference (1.98-2.02 eV).

For Zn containing nanoaggregates HOMO-LUMO energy
difference gives Eg from 1.69 eV for TPP-Zn/Cgo to 1.61 eV

for 6TPP-Zn/Cgo. For poly-4TPP-Zn/Cg E; was found to
be of 1.69 eV, very close to that calculated for oligomers.
Again, this estimation is very close to the SO — S1 excita-
tion energies calculated with TD-PBE model (1.68 eV) for
TPP-Zn/Cgo dyad [30]. TD-CAM-B3LYP predicts SO — S1
transition energies for nTPP-Zn/Cg to be very close to
2eV, with no dependence on n similar to that for
nH2TPP/Cgo. However, the nature of those transitions is
very different for two types of nanoaggregates. Figs. 2
and 3 show natural transition orbitals (NTOs) [40] for some
of the low singlet transitions in nH2TPP/Cgp and nTPP-Zn/
Ceo. As seen, all SO — S1 transitions of nH2TPP/Cgo show no
appreciable charge transfer (CT) character. Thus, for
H2TPP/Cgp and 2H2TPP/Cg the first excitations with sig-
nificant charge transfer character are SO — S2 and
SO — S4, respectively. On the other hand, all SO — S1 exci-
tations in Zn containing nanoaggregates show significant
(CT) character (Fig. 3). Moreover, in the case of nTPP-Zn/
Ceo Nnanoaggregates for n = 1 all three lowest excited states
are the CT states, while for n = 2 all four calculated lowest
excited states are CT states. For n =4, only the lowest ex-
cited state has been determined due to the size of nanoag-
gregate and it was found to have a strong CT character. The
fact that E, of nanoaggregates does not depends on its size
suggests that the units are optically isolated and excita-
tions are local by nature. Strong CT character of excitations
of nTPP-Zn/Cgp Nnanoaggregates is promising for possible
photovoltaic applications.

3.3. Ionization potentials, electron affinities and
reorganization energies

Unlike the lowest excitation energy, which is barely de-
pends on the length of nanoaggregates, the ionization
potentials (IP’s) and the electron affinities (EA’s) of
nH2TPP/Cgo and nTPP-Zn/Cgy depend on n (Table 1) sug-
gesting that both positive and positive charges are delocal-
ized over the entire nanoaggregate. If for dyads H2TPP/Cgo
and TPP-Zn/Cgp IP’s and EA’s are close to that for H2TPP,
TPP-Zn and Cgp, respectively, for larger nanoaggregates
IP’s are notably lower and EA’s are higher than those of
individual donors and acceptors. Thus, 6H2TPP/Cg and
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Fig. 2. Natural transition orbitals (NTOs) for electronic transitions in nH2TPP/Cgp nanoaggregates.

6TPP-Zn/Cgp have their IP’s close to 5 eV, which is very
similar to that reported for IP, of polythiophene [41], while
their estimated EA’s are higher than 3 eV, which is higher
than that of Cgo [42]. Although TPP-Zn has higher IP’s

and lower EA’s compared to H2TPP, the IP’s of Zn contain-
ing nanoaggregates are lower and EA’s are higher com-
pared to nH2TPP/Cgo. This effect is due to the fact that
metal atoms allow better orbital overlap between Cgo and



2622 UJ. Castillo et al./Organic Electronics 14 (2013) 2617-2627

TPP-Zn/ C60
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4TPP-Zn/Cy,
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Fig. 3. Natural transition orbitals (NTOs) for electronic transitions in nTPP-Zn/Cgp Nanoaggregates.

H2TPP fragments facilitating polaron delocalization along respectively. In a polaron the charge is associated with un-
the nanoaggregate. Figs. 4 and 5 show polaron delocaliza- paired electron, therefore, polaron delocalization can be
tion in cation and anion radicals of nanoaggregates, visualized as unpaired electron density. As seen from
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H2TPP/Cgy+

TPP-Zn/Cgy+ |

o

6Zn-TPP/Cy+

Fig. 4. Delocalization of polaron cations in nH2TPP/Cgo nanoaggregates.

Fig. 4 polaron cation is delocalized uniformly over the
nitrogen atoms and methyne carbons of donor TPP units,
explaining decreasing of IP’s with size of nanoaggregates.
Phenyl substituents and Zn ions of Zn containing nanoag-
gregates do not participate significantly in the delocaliza-
tion of polaron cation. On the other hand, in the case of
polaron anions, the delocalization only involves acceptor
Cgo fragments and the most of polaron anion is located at
the terminal fullerene moieties, while internal Cgo

fragments participate less in the delocalization of polaron
anion. This effect can be appreciated for 4H2TPP/Cgo,
4TPP-Zn/Cgy, 6H2TPP/Cgp and 6TPP-Zn/Cgp. The increase
of adiabatic EA’s with n for nanoaggregates is about
0.12 eV less than decrease of IP’s due to less delocalized
polaron anions (Table 1).

The electron attachment or electron detachment
changes the geometry of nanoaggregates. This effect is
the most important for small nanoaggregates, while for
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H2TPP/Cgy-

191806

6TPP-Zn/C60-

Fig. 5. Delocalization of polaron anions in nTPP-Zn/Cgp Nanoaggregates.

the nanoaggregates with n =4 and 6 it is almost impercep-
tible due to delocalization of the positive or negative
charges. The electron detachment causes decrease of cen-
ter to center distances to 2.57 A in H2TPP/Cgo+ and TPP-
Zn|Cgo+ from 2.67 and 2.65 A, respectively. Similar effect

takes place on electron attachment; center to center dis-
tance decreases in H2TPP/Cgo— and TPP-Zn/Cgo— to 2.64
and 2.56 A, respectively. Since dispersion interactions are
the most important for TPP/Cgp systems, the increase of
polarizability due to the formation of open shell system
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Fig. 6. Relaxation energies for hole (/.) and electron transport (4_) of nanoaggregates versus reciprocal number of repeating units in nanoaggregates.

(polaron cation or polaron anion) increases the dispersion
interactions between donor (TPP) and acceptor (Cgo) frag-
ments, thus shortening center to center distance.

An important point in understanding conductivity of
nTPP/Cgp nanoaggregates is to characterize structural fac-
tors essentials in the charge transfer rates. Thus, it has
been demonstrated that the solid-state the hole mobility
in arylamines is related to the internal reorganization en-
ergy A [43-45]. For the hole mobility the reorganization
energy (/+) can be estimated as follows as long as local vib-
ronic coupling is dominated:

v = (Ey —En) + (E} — Ey)

E, and E, are the energies of the neutral and cationic
species in their lowest energy geometries, respectively,
while E; and E7} are the energies of the neutral and cationic
species with the geometries of the cation and neutral spe-
cies, respectively. For the electron transport the reorgani-
zation energy is defined similarly:

Jo = (Ey —E))+ (E" —E.)

In this case E,, and E_ are the energies of the neutral and
anion species in their lowest energy geometries, respec-
tively, while E; and E" are the energies of the neutral
and anion species with the geometries of the cation and
neutral species, respectively. Fig. 6 and Table 1 summa-
rized calculated 4. and A_ for nTPP-Zn/Cgo and nH2TPP/
Ceo and the corresponding individual donors and acceptors
(H2TPP, TPPZn and Cgg). The relaxation energies for

nanoaggregates decrease with n, becoming smaller than
those for individual donors and acceptors already for
n = 2. There is a linear correlation between 1 and 1/n with
R?>0.95 for both hole and electron transport. It is note-
worthy that the same behavior has been found for reorga-
nization energies of polythiophene and polyselenophene
[46]. All other things being equal the hole mobilities in
nTPP-Zn/Cso and nH2TPP/Cgp nanoaggregates are higher
than electron mobility since /. < /_. Although for small n
the reorganization energies are lower for metal free
nTPP-C60 nanoaggregates the extrapolation show that
for nTPP-Zn/Cgy, A reaches 0 for n about 10 while for
nH2TPP/Cgp zero reorganization energy is reached (if
any) for longer nanoaggregates. However, in any case the
calculated reorganization energies for both hole and elec-
tron mobilities are very small for long nanoaggregates
and they should have high charge mobilities provided the
electron coupling between Cgo and TPP fragments is suffi-
ciently strong.

4. Conclusions

The nature of binding in nH2TPP/Cgo and nTPP-Zn/Cgo
nanoaggregates is mostly dispersion. Therefore, taking into
account those interactions is of primary importance to de-
scribe correctly interactions between porphyrin and fuller-
ene. For both types of nanoaggregates, nH2TPP/Cgo and
nTPP-Zn/Cgo the contribution of dispersion interaction to
the binding energy is nearly the same and the difference
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in binding energy is totally related to DFT contribution.
Calculated center to center distances for nH2TPP/Cgo and
nTPP-Zn/Cgo nanoaggregates are shorter than those for
the complexes H2TPP/Cgo and TPP-Zn/Cgp and this effect
is more obvious for metal free nanoaggregates. According
to the calculations E; of nanoaggregates barely depends
on n. This conclusion agrees with both, the estimation of
E; as HOMO-LUMO energy difference from single point
B3LYP calculations and direct calculation of lowest excita-
tion energies using TD-CAM-B3LYP theory. While HOMO-
LUMO energy difference predict that the presence of Zn
marginally decrease E,, according to TD-DFT, E; for all
nanoaggregates is close to 2 eV. The nature of electronic
excitations in nTPP-Zn/Cgo nanoaggregates has strong CT
contribution where the particle orbital is located at TPP-
Zn moiety and the hole orbital an Cgg one, for metal free
nanoaggregate most of low energy excitations are not CT
by nature. Unlike E,, IP’s and EA’s of nanoaggregates de-
pend strongly on n and being close for nH2TPP/Cgo and
nTPP-Zn/Cgp nanoaggregates. Polaron cations are uni-
formly delocalized over donor H2TPP or TPP-Zn units,
while polaron anions are delocalized over acceptor Cgg
units. Calculated reorganization energies for hole and elec-
tron transport (4. and A_, respectively) decreased linearly
with 1/n. In the case of nTPP-Zn/Cgp the extrapolated /.
and /_ approach zero for n about 10 while for less rigid
metal free nanoaggregates this in not the case. For both
nH2TPP/Cg¢ and nTPP-Zn/Cgp Nnanoaggregates A, < A_.
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