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Abstract Metal-free, Zn-, Cd-, and Hg-containing one-
dimensional tetraphenylporphyrin arrays containing up to eight
repeat units were modeled at the PBE/def2-SVP level of theory
with D3 empirical dispersion correction. Two different config-
urations—face to face (F) and parallel displaced (P)—were
detected, the latter being the most stable for all types of
nanoarrays. According to the calculations, the binding that
occurs in nanoarrays is mostly due to dispersion, with binding
energies of 33–35 kcal/mol seen for the metal-free nanoarrays
and energies of 37–40 kcal/mol for the metal-containing ones.
The band gaps, estimated as the S0→S1 excitation energies
and extrapolated to the infinite chain limit using the TD-CAM-
B3LYP/def2-SVP model, were close to 2 eV; the band gap size
was barely dependent on the nature of the metal and the number
of repeat units in the nanoarray. The ionization potentials and
electron affinities were greatly influenced by the number of
repeat units due to delocalization of polarons across each
nanoarray. Polaron delocalization and the related reorganization
energies were clearly dependent on the nature of the metal. For
themetal-free and Zn-containing nanoarrays, the reorganization
energies for hole and electron transport decreased linearly with
1/n, where n is the number of repeat units in the nanoaggregate.
The reorganization energies therefore reach zero for an infinite-
ly long chain. These energies for Cd- and Hg-containing
nanoarrays were found to be one order of magnitude higher
for both hole and electron transport due to the localization of
polarons in these nanoarrays.

Keywords Porphyrin . DFT . Dispersion correction .

Reorganization energy . Polarons

Introduction

Porphyrins are multifunctional molecules that mostly occur as
complexes with metal ions, where nitrogen atoms in the por-
phyrins interact with the metal ions. The fortuitous combination
of the redox properties of the metal and the rigid planar aro-
matic structure of the porphyrin allows such complexes to play
important roles in oxygen and electron transfer, as well as in
light-harvesting processes (as metalloproteins) [1–5].

Therefore, ever since the crystal structure of porphyrin was
first solved [6], the number of papers describing the chemical
and physical properties of porphyrins has grown exponential-
ly, feeding fields related to the development of new synthetic
techniques [7], potential applications of porphyrins in solar
cells [8–11], molecular recognition [12–14], catalysis [15],
electrochemistry [16], sensors [17, 18], data storage [19],
and optoelectronics [20–26]. Porphyrins are able to self-
assemble both in solution and in the solid state, forming
one-, two-, or three-dimensional structures due to coordina-
tion, hydrogen bonding, and π–π stacking. It was recently
demonstrated that submicrometer one-dimensional self-
assembled porphyrin architectures can be obtained [27, 28].
Although numerous theoretical studies of the interactions of
porphyrins and metalloporphyrins with electron acceptors
have been published, there has been little research on porphy-
rin–porphyrin interactions [29, 30], and no detailed reports
focusing on multiple porphyrin–porphyrin complexes. There
are a few studies describing the electronic structures and
transport properties of one-dimensional arrays of closely re-
lated phthalocyanines [31–33]. It was recently shown that
dispersion interactions dominate in fullerene/porphyrin com-
plexes and nanoarrays [34]. Therefore, dispersion interactions
must be taken into account when modeling porphyrin com-
plexes. For large systems involving multiple porphyrin mole-
cules, meaning that the application of wavefunction-based
methods is prohibitively expensive, DFT with explicit or
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implicit dispersion correction is the only modeling method
available.

Computational details

All geometry optimizations and energy calculations for
tetraphenylporphyrin arrays containing up to eight porphyrin
units were carried out using the PBE [35, 36] functional and
the def2-SVP basis set with the resolution of identity and
multipole accelerated resolution of identity approximations,
as implemented in the TURBOMOLE 6.4 code [37]. The D3
empirical dispersion correction was used for all calculations
[38]. No symmetry restrictions were imposed during the op-
timizations. Restricted and unrestricted DFTwere used for the
closed- and open-shell systems, respectively. Porphyrin
nanoarrays are denoted nTPP-M, where n is the number of
tetraphenylporphyrin units in the nanoarray andM is the metal
species. A plus or minus symbol can also appear at the end of
this notation, indicating the presence of a cation radical or an
anion radical, respectively. Although neither experimental nor
theoretical data on the stacking energies of tetraphenylporphyrin
are available, the method applied accurately reproduces the
interaction energy of the C60/tetraphenylporphyrin complex

estimated at the scaled opposite spin second-order
Møller–Plesset (SOS-MP2) level of theory extrapolated
to the basis set limit (27.0 vs. 31.5 kcal/mol) [39]. Both the
C60/tetraphenylporphyrin and tetraphenylporphyrin/
tetraphenylporphyrin complexes show strong contributions
from dispersion interactions to the total interaction energy,
and if the method performs reasonably well for one system, it
would be expected to do so for another. Metal-free, Zn-, Cd-,
and Hg-containing tetraphenylporphyrin arrays were investigat-
ed. S0→S1 excitation energies extrapolated to an infinite num-
ber of repeat units were used as estimates for the band-gap
energies of the nanoarrays. S0→S1 excitation energy calcula-
tions were carried out at the time-dependent (TD) CAM-
B3LYP/def2-SVP [40], TD-PBE/def2-SVP, and RI-ADC(2)/
def2-SVP levels of theory [41]. The resolution of identity
second-order algebraic diagrammatic construction (RI-

Fig. 1 PBE-D3/def2-SVP optimized geometries of the face-to-face (F)
and parallel-displaced (P) nTPP and nTPP-M dimers, as well as those of
the corresponding monomers. Distances are in Å

Table 1 Total binding energies (Etot) calculated using the PBE+D3model,
and the corresponding contributions from the dispersion energy (Edisp, in
kcal/mol). The S0→S1 excitation energies (eV) of the studied
nanoaggregates, as calculated using the TD-PBE (Epbe), TD-CAM-
B3LYP (Ecam), and ADC(2) (Eadc) methods, are also shown

Complex Etot Edisp Epbe Ecam Eadc

TPP – – 1.98 2.03 2.09

2TPP 36.6 (33.6)b 41.2 (37.8)b 1.65 1.99 1.89

4TPP 105.7 (35.2) 129.0 (43.0) 1.55 1.95 1.84

6TPP 175.4 (35.1) 215.5 (43.1) 1.51 1.95 -

8TPP 245.2 (35.0) 304.6 (43.5) 1.49 1.94 -

nTPPa – – 1.43 1.91 -

TPP-Zn – – 2.12 2.22 2.34

2TPP-Zn 43.5 (36.5) b 48.7 (38.7) b 1.78 2.16 2.12

4TPP-Zn 123.1 (41.0) 149.1 (49.7) 1.66 2.12 –

6TPP-Zn 202.8 (40.6) 249.7 (49.9) 1.58 2.11 –

8TPP-Zn 282.4 (40.3) 348.0 (49.7) 1.55 2.11

nTPPZn a – – 1.46 2.11

TPP-Cd – – 1.99 2.17 2.29

2TPP-Cd 43.4 (37.4) b 46.8 (40.0) b 1.70 2.11 2.12

4TPP-Cd 124.9 (41.6) 151.5 (50.5) 1.31 2.02 –

6TPP-Cd 204.7 (40.9) 257.8 (51.6) 1.12 2.01 –

8TPP-Cd 284.2 (40.6) 362.4 (51.8) 1.06 2.01 –

nTPPCd a – – 0.88 2.01

TPP-Hg – – 1.23 2.16 1.70

2TPP-Hg 42.02 (38.1) b 45.3 (40.5) b 1.41 2.09 2.08

4TPP-Hg 121.8 (40.6) 146.6 (48.9) 1.26 2.05 -

6TPP-Hg 200.8 (40.2) 250.2 (50.1) 1.18 2.02 -

8TPP-Hg 279.1 (39.9) 351.8 (50.3) 1.14 2.02 -

nTPPHg a – – 1.02 2.02

a Extrapolated to an infinitely long chain
b Binding energy for the F dimer configuration
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ADC(2)) method was used for the monomers, dimers, and
4TPP. All TD-CAM-B3LYP calculations were performed
using the Gaussian 09 code [42].

Results and discussion

Geometry and binding energy

Two types of alignments have been observed for nTPP
and nTPP-M dimers: face to face (F) and parallel

displaced (P). Figure 1 shows the optimized geometries
of the corresponding dimers.

The binding energies of the complexes are listed in Table 1.
For all of the dimers, the P complex was found to be more
stable than the F complex. The difference in the calculated
binding energies of the F and P dimers is about 3 kcal/mol for
pure 2TPP; it increases to 7 kcal/mol for 2TPP-Zn, but it drops
to 6 and 4 kcal/mol for 2TPP-Cd and 2TPP-Hg, respectively.
The interplane distances are notably shorter in the P com-
plexes than in the F complexes (Fig. 1), except for Hg-
containing ones. Actually, a similar situation has already been
reported for lithium phthalocyanine dimers, where the most
stable dimer configuration is the parallel displaced one [32].

Fig. 3 PBE-D3/def2-SVP-optimized geometries of the P configurations
of nTPP-Zn nanoarrays. Distances are in Å

Fig. 4 PBE-D3/def2-SVP-optimized geometries of the P configurations
of nTPP-Cd nanoarrays. Distances are in Å

Fig. 5 PBE-D3/def2-SVP-optimized geometries of the P configurations
of nTPP-Hg nanoarrays. Distances are in Å

Fig. 2 PBE-D3/def2-SVP-optimized geometries of the P configurations
of nTPP nanoarrays. Distances are in Å
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Each metal ion in a P dimer is coordinated with a nitrogen
from the adjacent macrocycle, thus increasing the binding
energy. Even metal–metal distances are shorter in P dimers
than in F dimers. This additional interaction of each metal
center with a nitrogen atom from the adjacent porphyrin
macrocycle is reflected in an increased binding energy for
the metal-containing dimer than for the corresponding metal-
free dimer. The binding energy increases from 36.6 kcal/mol
for the P dimer of 2TPP to 43.5 kcal/mol for the P dimer of
2TPP-Zn, and from 33.6 to 36.5 kcal/mol for the correspond-
ing F dimers. A similar trend can be observed for other dimers,
with the metal center increasing the binding energy for both
types (P and F) of dimers (Table 1). As seen in Fig. 1, the
metal–metal distances decrease for both types of complexes (P
and F) upon switching from 2TPP-Zn to 2TPP-Hg because
there is a stronger preference for Hg to interact with another

Hg atom rather than with nitrogen than there is for Zn to
interact with another Zn atom rather than with nitrogen.
Nitrogen is a relatively hard base, and Zn is a harder metal
center than Hg, which leads to the decreased preference of Hg
for participating in nitrogen–metal bonding. When assessing
the contribution of the dispersion interactions to the binding
energy (Table 1) it can be seen that the contribution from
dispersion is higher than the binding energy calculated using
the PBE energy plus dispersion. Therefore, only dispersion-
based binding is present, and the interactions between
macrocycles are repulsive at the pure DFT level. The domi-
nance of the dispersion interaction is also a characteristic of
porphyrin–fullerene complexes [34, 39]. The estimated
porphyrin/porphyrin binding energy is higher than that of
porphyrin/fullerene. Thus, the calculated binding energies
for C60/TPP and C60/TPP-Zn complexes are 27 and

Fig. 6 Natural transition orbitals
(NTO) calculated at the
TD-CAM-B3LYP/def2-SVP
level for the lowest electronic
transition in nTPP nanoarrays.
The hole is on the left; the
particle is on the right
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29.3 kcal/mol, respectively, compared to 36.6 and 43.5 kcal/
mol for 2TPP and 2TPP-Zn [34]. These results are in line with
experimental findings [43].

Large porphyrin nanoarrays containing up to eight repeat
units were studied, but only for the most stable P conforma-
tion. As seen from Table 1, the binding energy per repeat unit
does not depend on the number of repeat units in the
nanoarray; it is only slightly smaller for tetramers, hexamers,
and octamers than for the dimers. The optimized geometries
of these nanoarrays are shown in Figs. 2, 3, 4, 5. While the
trends in the interplane and metal–metal distances observed
for the dimers are also maintained for the tetramers, hexamers,
and octamers the values of these parameters are slightly larger
for the tetramers, hexamers, and octamers compared to the
dimers. The metal–metal distances in the nTPP-Zn series are

larger than those in the nTPP-Cd and nTPP-Hg series due to
the preferences discussed above.

The porphyrin cycle of a metalloporphyrin is essentially
planar, since metal–N interactions make it relatively rigid and
difficult to deform. However, porphyrin itself is less rigid, and
two closely positioned hydrogen atoms separated by only
2.1 Å distort the planarity of the porphyrin cycle. The signif-
icant nonplanarity of the porphyrin cycles in nTPPs makes it
difficult to determine exact values for the interplane distances
in these systems; only approximate values can be obtained.

Excited-state properties

The results of band-gap calculations for the nanoarrays are
shown in Table 1.

Fig. 7 Natural transition orbitals
(NTO) calculated at the
TD-CAM-B3LYP/def2-SVP
level for the lowest electronic
transition in nTPP-Zn nanoarrays.
The hole is on the left; the
particle is on the right
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It is well known that pure functionals tend to under-
estimate the excitation energies of electronic transitions
with significant charge-transfer (CT) contributions [44],
whereas the CAM-B3LYP functional (based on long-
range correction of the exchange potential) correctly treats
CT transitions. The ADC(2) method is a wavefunction-
based method, so it also gives correct results for CT
transitions.

The TD-PBE/def2-SVP model accurately reproduces the
experimental results for TPP and TPP-Zn long-wave absorp-
tion in toluene (TPP) and the gas phase (TPP-Zn, TPP-Cd)
(1.97, 2.09, 2.03 (exp) vs. 1.98, 2.12, 1.99 eV, respectively)
[45], and very similar results are afforded by the CAM-
B3LYP/def2-SVP and ADC(2)/def2-SVP models (see
Table 1). All of these methods predict that the S0→S1 exci-
tation energy decreases with n for the nTPP and nTPP-M
nanoarrays. The S0→S1 excitation energy increases slightly
from nTPP to nTPP-Zn and then decreases for nTPP-Cd and
nTPP-Hg nanoarrays. The difference between the S0→S1

energy predicted usingTD-PBE on the one hand and that
predicted using CAM-B3LYP or ADC(2) on the other in-
creases with n. Although ADC(2) data are only available for
the monomers, dimers, and metal-free tetramers, they can be
considered a benchmark for TD-DFT methods. As seen in
Table 1, the difference between the TD-CAM-B3LYP data
and the ADC(2) data does not exceed 0.12 eV, while TD-PBE
tends to produce S0→S1 energies that are notably lower than
those afforded by the TD-CAM-B3LYP and ADC(2) methods
for long nanoarrays.

To understand the differences observed between the TD-
PBE excitation energies and those obtained with CAM-
B3LYP and ADC(2), natural transition orbitals (NTO) were
generated (Figs. 6, 7, 8, 9). It is apparent that the hole and
particle orbitals are very similar for small nanoarrays, but they
differ for larger nanoaggregates, in line with the increasing CT
character of the electronic transition. This effect leads to the
underestimation of S0→S1 energies when applying the TD-
PBE method to large nanoarrays. The TD-CAM-B3LYP and

Fig. 8 Natural transition orbitals (NTO) calculated at the TD-CAM-
B3LYP/def2-SVP level for the lowest electronic transition in nTPP-Cd
nanoarrays. The hole is on the left; the particle is on the right

Fig. 9 Natural transition orbitals (NTO) calculated at the TD-CAM-
B3LYP/def2-SVP level for the lowest electronic transition in nTPP-Hg
nanoarrays. The hole is on the left; the particle is on the right
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ADC(2) methods correctly treat CT states and produce similar
results. Therefore, TD-CAM-B3LYP S0→S1 excitation en-
ergies are reasonable approximations to the band gaps of the
nanoaggregates. It can be predicted on the basis of TD-CAM-
B3LYP calculations that the band gap is close to 2 eV for
infinite TPP arrays. The presence of metal ions barely affects
this value, as the atomic orbitals of the metal ions
barely participate in the NTOs. It is worth noting that
a similar trend was observed for stacking metal and
metal-free phthalocyanine iodides [33]. On the other
hand, the nanoaggregate band gap decreases with the number
of repeat units for all nanoaggregates (Table 1), although this
decrease does not exceed 0.2 eV for the infinite chain
(extrapolated).

Ionization potentials, electron affinities, and reorganization
energies

Unlike the lowest excitation energy, which barely depends on
the length of the nanoarray, the ionization potential (IP) and
the electron affinity (EA) significantly depend on the n value
of the nanoarray (Table 2), suggesting that both positive
charge and negative charge are delocalized over the entire
nanoaggregate. Thus, 8TPP and 8TPP-M nanoarrays have IP
values of ∼5 eV, which is very similar to the reported IPa of
polythiophene [46], while the extrapolated IP values for an
infinitely long chain are 0.4–0.5 eV lower. EA increases
with n for nanoaggregates, reaching 2.3–2.7 eV for an
infinitely long chain, which is comparable to that of C60

[47]. The nature of the metal ion has a small but
perceptible impact on IP and EA. As seen in Table 2,
the metal-containing nanoaggregates show lower IPs and
higher EAs than the corresponding metal-free nanoaggregates,
and this effect is most pronounced for Cd and Hg due to their
higher polarizabilities than Zn.

Figures 10, 11, 12, 13 show polaron delocalization in
cation and anion radicals of nanoarrays, respectively. In a
polaron, the charge is associated with an unpaired electron,
so polaron delocalization can be visualized as unpaired elec-
tron density. As seen in Figs. 10–13, polaron cations are
delocalized uniformly over the nitrogen atoms and the
methyne carbons of the TPP units in nTPP and nTPP-Zn
nanoarrays, explaining the decrease in IP with the size of the
nanoaggregate. Phenyl substituents and Zn ions of Zn-
containing nanoaggregates do not participate to a significant
degree in the delocalization of polaron cations. For TPP-Cd
and 2TPP-Cd, the delocalization of the polaron cation occurs
in a similar way to that seen in nTPP and nTPP-Zn, while
significant delocalization over the Hg center’s d orbital is
observed for TPP-Hg and 2TPP-Hg. For longer
nanoaggregates containing Cd and Hg ions, the polaron cation

is more localized than it is in nTPP and nTPP-Zn, as seen in
Figs. 12 and 13. For 8TPP-Cd and 8TPP-Hg, the polaron cation
is mostly distributed over the terminal and four inner
macrocycles. Polaron cation delocalization in tetramers and
hexamers differs from that present in Cd- and Hg-containing
systems. In the cases of 4TPP-Hg and 6TPP-Hg, the polaron is
delocalized uniformly over the entire nanoaggregate, while for
4TPP-Cd and 6TPP-Cd, the polaron cation is localized mostly
on terminal macrocycles. It is worth noting that, in nTPP-Hg
nanoaggregates, a significant proportion of the unpaired polar-
on density is delocalized over d orbitals of Hg atoms (Fig. 13),
in contrast to all other metal-containing cation radicals, where
the central metal atom barely participates in the delocalization
of the cation radical.

The delocalization patterns of polaron anions in nTPP and
nTPP-Zn are similar to those seen for polaron cations (Figs. 10
and 11): the polaron anions are delocalized over the nitrogen
atoms and methyne carbons of the TPP units, with the metal
centers barely participating. For both nTPP and nTPP-Zn,

Table 2 Adiabatic (a) and vertical (v) ionization potentials (IP),
electron affinity (EA), and reorganization energies for hole (λ+) and
electron (λ−) transport

Complex IPa EAa IPv EAv λ+ λ−

TPP 6.07 1.56 6.12 1.48 0.09 0.12

2TPP 5.66 1.75 5.69 1.72 0.05 0.07

4TPP 5.29 1.94 5.31 1.92 0.04 0.04

6TPP 5.11 2.05 5.12 2.03 0.04 0.03

8TPP 4.97 2.12 4.98 2.11 0.03 0.02

nTPP 4.55 2.33 – – 0.0 0.00

TPP-Zn 6.11 1.48 6.16 1.42 0.09 0.13

2TPP-Zn 5.72 1.73 5.76 1.69 0.08 0.09

4TPP-Zn 5.34 1.93 5.38 1.90 0.07 0.05

6TPP-Zn 5.16 2.04 5.18 2.02 0.04 0.04

8TPP-Zn 5.00 2.12 5.04 2.10 0.05 0.03

nTPPZn 4.52 2.36 – – - 0.00

TPP-Cd 6.00 1.67 6.13 1.51 0.17 0.23

2TPP-Cd 5.75 1.80 5.76 1.77 0.06 0.07

4TPP-Cd 5.27 2.15 5.31 2.06 0.07 0.09

6TPP-Cd 5.02 2.33 5.07 2.21 0.10 0.24

8TPP-Cd 4.87 2.42 4.93 2.29 0.13 0.27

nTPPCd 4.42 2.69 – –

TPP-Hg 5.86 1.64 6.05 1.56 0.36 0.15

2TPP-Hg 5.45 1.82 5.68 1.78 0.41 0.08

4TPP-Hg 5.11 2.07 5.27 2.00 0.34 0.19

6TPP-Hg 4.92 2.23 5.06 2.12 0.32 0.31

8TPP-Hg 4.81 2.31 4.93 2.20 0.29 0.37

nTPPHg 4.48 2.55 – – – -
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most of the polaron is localized on the terminal macrocycles.
While the distribution of polaron anion delocalization is
very similar for all monomers and dimers, a difference
is seen for long Cd- and Hg-containing nanoaggregates.
As shown in Figs. 12 and 13, the polaron anions
are localized mostly on the two inner macrocycles for these
two nanoaggregates.

These differences among the nanoaggregates in their po-
laron delocalization distributions can be rationalized in terms
of the electronegativity of the central metal ion. The electro-
negativity increases from Zn to Hg, which leads to an increase

in the EA of the nanoaggregate upon shifting from Zn- to Hg-
containing nanoaggregates. Negative charge stabilization lo-
calizes the polaron anions at the centers of the Cd- and Hg-
containing nanoaggregates. nTPP and nTPP-Zn are not capa-
ble of stabilizing their negative charge as effectively, so the
most of the polaron is localized on the terminal macrocycles to
reduce electronic repulsion. The opposite trend is observed for
polaron cations, where a significant proportion of the unpaired
density is localized on the terminal macrocycles.

The key to understanding the conductivity of the
nanoaggregates is to characterize the structural factors that

Fig. 10 Delocalization of
polaron cations and polaron
anions in nTPP nanoarrays
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influence the charge transfer rate. Thus, it has been demon-
strated that the solid-state hole mobility in arylamines is
related to the internal reorganization energy λ [48–50]. The
reorganization energy for hole mobility (λ+) can be estimated
as follows, as long as local vibronic coupling is dominant:

λþ ¼ En
þ−Enð Þ þ Eþn−Eþð Þ:

Here, En and E+ are the energies of the neutral and cationic
species in their lowest-energy geometries, respectively, while

En
+ and E+

n are the energies of the neutral and cationic species
with the geometries of the cationic and neutral species, re-
spectively. For electron transport, the reorganization energy is
defined similarly:

λ− ¼ En
−−Enð Þ þ E−

n−E−ð Þ:

In this case, En and E− are the energies of the neutral
and the anionic species in their lowest-energy geome-
tries, respectively, while En

− and E−
n are the energies

of the neutral and anionic species with the geometries of

J Mol Model (2014) 20:2206 Page 9 of 13, 2206
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cations and polaron anions in
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the cationic and the neutral species, respectively. Table 2
shows calculated λ+ and λ− values for nTPP. The relax-
ation energies for the nanoaggregates decrease with n.
There is a linear correlation between λ and 1/n (R2>
0.95) for both hole and electron transport. It is interest-
ing that the same behavior was observed for the reorga-
nization energies of polythiophene, polyselenophene
[51], nTPP-Zn/C60, and nTPP/C60 nanoaggregates [34].
In the case of nTPP, λ+ and λ− reach 0 for an infinitely
long chain; for nTPP-Zn, only λ− reaches 0 for an
infinitely long chain. As seen in Table 2 and Figs. 10–

13, the relaxation energies (λ) increase with polaron
localization. Incorporating metal ions into the nanoarray
increases the relaxation energy (increasingly so upon
shifting from Zn- to Hg-containing nanoarrays).
Therefore, all things being equal, the metal-free
nanoarrays show the best charge mobilities for both
electrons and holes. Long nTPP-Zn nanoarrays present
lower reorganization energies for electron transport,
while the lowest calculated reorganization energies are
seen for polaron cations in Cd- and Hg-containing
nanoarrays.

Fig. 12 Delocalization of
polaron cations and polaron
anions in nTPP-Cd nanoarrays
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Conclusions

Two different configurations of metal-free, Zn-, Cd-, and Hg-
containing one-dimensional tetraphenylporphyrin arrays were
studied: face to face and parallel displaced. The latter is the
most stable for all of the types of nanoarrays investigated in
the present work. The binding present in the nanoarrays was
found to be purely due to dispersion; calculations carried out
without dispersion correction showed only repulsive interac-
tions. The band gaps were estimated as the S0→S1 excitation
energies extrapolated to an infinitely long chain using three

different methods: TD-PBE, TD-B3LYP, and ADC(2). The
TD-PBE model was found to be inapplicable due to the
significant CT character of the electronic transitions in the
long nanoarrays. The band gaps were close to 2 eV in size,
and the band gap size barely depended on the nature of the
metal and the number of repeat units in the nanoarray. The
ionization potential and electron affinity were greatly influ-
enced by the number of repeat units in the nanoarray due to the
delocalization of polarons over the nanoarray. The polaron
delocalization distribution and the related reorganization en-
ergies were significantly affected by the nature of the metal.

Fig. 13 Delocalization of
polaron cations and polaron
anions in nTPP-Hg nanoarrays
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Thus, the reorganization energies for hole and electron trans-
port in the metal-free and Zn-containing nanoarrays decreased
linearly with 1/n, where n is the number of repeat units in the
nanoaggregate. The reorganization energies for both hole and
electron transport are an order of the magnitude higher for the
Cd- and Hg-containing nanoarrays than for the other
nanoarrays, due to significant localization of the polarons in
these nanoarrays.
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