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Abstract

Recent progress in the synthesis of m-conjugated porphyrin arrays of different shapes and
dimensionalities motivates us to examine the band structures of infinite (periodic) porphyrin
nanostructures. We use screened hybrid density functional theory simulations and Wannier
function interpolation to obtain accurate band structures of linear chains, 2D nanosheets and
nanotubes made of zinc porphyrins. Porphyrin units are connected by butadiyne (C4) or ethyne
(C2) linkers, or “fused” (C0), i.e. with no linker. The electronic properties exhibit strong variations
with the number of linking carbon atoms (C0/C2/C4). For example, all CO nanostructures exhibit

gapless or metallic band structures, whereas band gaps open for the C2 or C4 structures. The
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reciprocal space point at which the gaps are observed also show fluctuations with the length of the
linkers. We discuss the evolution of the electronic structure of finite porphyrin tubes, made of a
few stacked six-porphyrin rings, towards the behavior of the infinite nanotube. Our results suggest

approaches for engineering porphyrin-based nanostructures to achieve target electronic properties.

Introduction

Many natural light-harvesting systems are made of cyclic arrays of chlorophyll units.! One
approach to study the energy and electron transfer processes in natural photosynthesis is based on
the use of artificial model systems consisting of porphyrin arrays, which mimic the natural
systems.? The geometry and dimensionality of such arrays strongly affect the efficiency and rate
of photophysical processes. The investigation of porphyrin arrays is also interesting for potential
technological applications. For example, large porphyrins arrays attached to semiconductors such
as TiO> can lead to highly efficient dye-sensitized solar cells,> and porphyrin-based molecular
wires are being explored in the context of single-molecule electronics.*®

A wide range of porphyrin arrays with different dimensionalities have been synthesized and
characterized. Linear chains where porphyrin units are linked via butadiyne (C4) or ethyne (C2),
or completely fused (CO0), are well studied due to their interesting optical and charge transport
properties.”!* In particular CO-linked porphyrin chains are known to exhibit very low optical
excitation gaps which rapidly decrease as the chains become longer, leading to their very high
conductance between metal electrodes.!! Fused (CO) tetrameric porphyrin “sheets” have been
synthesized,'® and the corresponding limit of a 2D crystal, with vanadium at the porphyrin centers,

has been studied theoretically in terms of electronic and magnetic behavior.'¢

Cyclic arrays
(nanorings) of six,!” eight,'8 or twelve!® C4-linked porphyrin units (labeled c-P6, c-P8 and c-P12,

respectively) have been obtained by template-directed synthesis. It was observed that cyclic



nanorings had lower optical excitation energies than the corresponding linear polymers. Recently,
C2-linked nanorings have been synthesized, which exhibit stronger electronic coupling between
the porphyrin units.?’ Covalently stacking two c-P6 nanorings results in a “tube” (-P12), whose
optical absorption spectrum is red-shifted with respect to the individual c¢-P6 nanorings, reflecting
increased conjugation.?! In the limit of many stacked nanorings, such structures can be seen as
one-dimensional nanotubes, with continuous electronic bands. Allec et al. have theoretically
considered the band structure of C4-linked infinite nanotubes, predicting large oscillations in their
band gaps as a function of radius (or number of porphyrin units in the circumference).?

Here, we theoretically investigate a range of periodic porphyrin nanostructures in order to predict
their structural and electronic properties. We consider linear chains, 2D nanosheets and nanotubes

made of Zn-centered porphyrins, and show that their properties exhibit strong variations with the

number of carbon atoms (C0/C2/C4) linking the porphyrin units.

Methods

Our simulations were carried out using the VASP code,?*?*

which solves the Schrodinger
equation using three-dimensional periodic boundary conditions. Thus, our models are periodic
even in the directions in which the nanostructures themselves are non-periodic (Figure 1). Vacuum
regions separating the nanostructures are always of at least 12 A, to minimize the interaction. The
linear chains and the nanosheets were contained in an orthorhombic cell, whereas the periodic

nanotubes were contained in a hexagonal cell, to conserve the six-fold rotation symmetry along

the nanotube axis.



Figure 1. Periodic boundary conditions and unit cells employed in our DFT simulations for a) nanosheets and

b) nanotubes.

For geometry optimizations, the exchange and correlation potential was treated within the
generalized gradient approximation (GGA) using a dispersion-corrected Perdew-Burke-Ernzerhof
functional (PBE-D2).%>-?¢ In order to obtain accurate electronic structures, we carried out single-
point calculations using the screened hybrid functional developed by Heyd, Scuseria and Ernzerhof
(HSE06),2”2® since GGA functionals are known to underestimate the band gap (Ez).” HSE06
calculations give E, values in much closer agreement with experiment than GGA functionals.?*!
Although the HSEOQ6 calculations were single-point only (no geometry optimization), we tested
(for the simpler nanostructures) that the final electronic structures, based on the PBE-D2 optimized
structures, were unaffected if the optimization was also conducted at HSE06 level. This is
consistent with our previous work modelling the electronic structure of porphyrin-based metal-
organic frameworks.?>* I'-centered grids of k-points were used for integrations in the reciprocal
space. For the nanosheets we use a 6x6x1 mesh, while for the linear chains and the nanotubes we
use a 1x1x6 mesh. In order to obtain good-quality band structures and density of state curves, we
use an interpolation procedure based on maximally-localized Wannier functions, as implemented

in the Wannier90 code.>* This is important because of the significant band dispersion in the

investigated nanostructures, and the huge computational cost of increasing the density of k-point



grids in hybrid functional calculations. The interaction of valence electrons with the atomic cores
was modeled using projector augmented wave (PAW) potentials, with core levels up to C 1s, N 1s
and Zn 3p kept frozen in the atomic reference configurations. For the HSEO06 band structure
calculations, the kinetic energy cutoff of the plane-wave basis set expansion was set at 400 eV, the
recommended value for the chosen PAW potentials. For the PBE-D2 geometry optimizations the
cutoff energy was increased by 30% to avoid Pulay errors in the optimized cell parameters.

We have reported all the electron energies with respect to the vacuum reference. As in other
periodic DFT codes, the band energies in VASP are given with respect to an internal energy
reference. Therefore, to obtain absolute energy levels it was necessary to evaluate the electrostatic
potential in a pseudo-vacuum region, given by an empty space within the simulation cell. This was
chosen as a planar average in the vacuum gap between nanosheets, and as a spherical average
around a point of zero-potential gradient, along the nanotube axis. A Python code provided by

Butler et al.*® was employed for this purpose.

Results and Discussions
Porphyrin linear chains

Linear chains are the simplest case of porphyrin arrays. We built flat models (Figure 2, left)
consisting of periodic arrays of fused (C0), ethyne-linked (C2) or butadiyne-linked (C4) porphyrin
units, and optimized their geometric degrees of freedom. Resulting cell parameters and some

relevant bond distances are listed in Table 1.



Table 1. Optimized geometric parameters of the porphyrin linear chains. The parameter « is the lattice

constant in the periodic dimension.

Co C2 C4
d[Creso — Crmeso] (A) 146 404 6.6l
d[Cp — Cp] (A) 143 404 659
d[Zn —N] (A) 204 205  2.05
Cell length a (A) 842  11.00  13.57

The band structures of these 1D nanostructures are shown in Figure 2 (right). In all cases, both
the conduction and valence bands of the polymers exhibit significant dispersion. Whereas the C2
and C4 chains exhibit band gaps of 1.0 eV and 1.1 eV, respectively, the CO chain has a gap that is
very close to zero. The top of the valence band and the bottom of the conduction band are nearly
degenerate at the X point of the Brillouin zone (we find an energy difference between the bands
of only ~9 meV, which is too small to be reliable given the precision of the calculations). Both
bands are approximately linear when approaching the X point, resembling the behavior of the
valence and conduction bands of graphene near the Dirac point, and suggesting that electrons and
holes in this polymer will be nearly massless. These observations call for further theoretical and
experimental investigation of electronic transport in this system. It has been experimentally
observed that the HOMO-LUMO gap of fused (C0) porphyrin chains rapidly decreases with the
number of porphyrins in the chain, and applications as molecular wires have been suggested.'!!?

The reciprocal space point at which the narrowest gap is obtained changes from the zone border
(X) for the CO-chain, to the zone-center (I') for the C2-chain, and back to the zone border (X) for
the C4-chain. A similar behavior (oscillation of the point of narrowest gap between the zone center
and boundary) will be reported for other porphyrin arrays below, so it is useful to explain this

behavior in more detail.
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Figure 2. Band structures and density of states of the a) C0-, b) C2-, and c¢) C4-linked porphyrin linear chains
using the HSE06 functional. Energies are given with respect to the vacuum level (Evac). The dashed lines

represent the Fermi level; occupied levels are shown in blue.



Figure 3 shows contour plots of the highest-occupied and lowest-unoccupied crystal orbitals
(HOCO and LUCO) in the linear chains. The reciprocal space point of these crystal orbitals is
related to the relative sign of the wavefunctions at neighboring porphyrin units. In the CO and C4
linear chains, consecutive porphyrin units have frontier orbitals in antiphase, whereas in the C2
linear chain, they are in phase. This is related to the number of triple bonds in the linker. All the
HOCO states have alternating signs on consecutive triple bonds in the linker, while all the LUCO
states have alternating signs on consecutive single bonds. Generalizing this result, porphyrin
chains with alkyne Cn linkers can be expected to have in-phase (I" point) HOCO and LUCO states
if the number of triple bonds (n/2) is odd and to have anti-phase (zone-boundary) HOCO and
LUCO states if n/2 is even or zero. We have tested this prediction using linear chains with longer
linkers (C6 — C10) and the expected result is confirmed. This behavior is not unique to porphyrin
chains; our test calculations lead to the same alternation for linear chains of Cn-linked benzene
units, although in that case the C2 system has HOCO/LUCO at the X point, C4 at the I" point, etc.
(the band structure for the C2 case, the linear phenylacetylene chain, is reported in Ref. 3°). In
comparison with the linear benzene chains, our linear porphyrin chains tend to exhibit much
narrower gaps.

We now discuss our calculated electronic structure of the porphyrin linear chains in the context
of previous theoretical work. Yamaguchi®’ studied this Zn-porphyrin fused tape (C0) using a GGA
functional and obtained a zero-gap band structure similar to ours. In contrast, the DFT-based tight-
binding (DFTB) calculations of Pedersen et al.>® predicted a band gap of 0.63 eV. Both sets of
calculations involve severe approximations, and in particular the GGA is well known to
underestimate band gaps, so the prediction of Yamaguchi required confirmation from a more

advanced method. Our calculations using a screened hybrid functional indeed confirm that the Zn-



porphyrin CO linear chain has a zero or near-zero gap. On the other hand, Ohmori et al.>° have also
performed hybrid functional (B3LYP) calculations of a similar polymer, but with free-base
porphyrins (i.e. 2 H atoms instead of Zn at the porphyrin center). These calculations led to a small
band gap (~0.5 eV) which is related to the symmetry breaking by the free-base porphyrins. We
have tested that HSEO6 calculations indeed lead to a small band gap opening if the Zn is replace
by two H atoms at the porphyrin centers. A previous theoretical investigation of the C2-linked

infinite linear chain was reported by Susumu et al.*

Despite the simple theoretical model
employed in that work (tight-binding model under the Hiickel approximation), their band structure

(with a bandgap of 1.15 eV) agrees very well with the one reported here at a higher level of

calculation.

HOCO LUCO

Co

Figure 3. HOCO and LUCO isosurfaces at the I' (C2 linkage) and X (C0 and C4 linkage) points for

porphyrin linear chains. Blue and red represent opposite signs of the wavefunctions.



Porphyrin nanosheets
The optimized geometric parameters of 2D Zn-porphyrin nanosheets with C0, C2, and C4 linkers

are shown in Table 2. The results are very similar to those listed in Table 1 for the linear chains.

Table 2. Optimized geometric parameters of the porphyrin nanosheets. The parameter a is the lattice

constant in the periodic dimensions.

Co C2 C4
A[Cimeso — Cmeso] (A) 146 407  6.62
d[Cp — Cp] (A) 141 405 656
d[Zn —N] (A) 204 206  2.06
a(A) 842 1103  13.55

Figure 4 shows the electronic band structures of the porphyrin nanosheets along the irreducible
Brillouin zone defined by the high-symmetry points M, I' and X in reciprocal space. In the
CO-linked nanosheet, the highest-occupied band crosses the Fermi level, implying metallic
behavior. On the other hand, both C2-linked and the C4-linked nanosheets (Figure 4b and Figure
4c) exhibit a small band gap. For the C2-linked nanosheet, the narrowest gap is E; = 0.55 eV at
the I" point, whereas for the C4-linked nanosheet (Figure 4c), the narrowest gap is Eg = 0.31 eV at
the M point.

The CO Zn-porphyrin nanosheets have been theoretically investigated before by Tan et al.,*' and
by Yamaguchi,** using GGA functionals. Their results agree with ours in predicting a non-spin-
polarized ground state with metallic band structure. Our work therefore confirms the absence of
band gap to this system, showing that this is not a result of using a GGA functional (which can
erroneously predict gapless electronic structures in semiconducting materials). The band structure

of the C2 porphyrin nanosheet was calculated by Susumu et al. using tight-binding calculations.*’
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Their results are similar to ours, except that they report a wider bandgap (0.79 eV) than us (0.55
eV). Finally, the band structure of the C4 nanosheet has been recently reported by Allec et al.??
using the HSE06 functional and localized basis sets. Our band structure is qualitatively similar to
theirs, with a gap opening at the M point, but the band gap obtained by us (0.31 eV) is much
narrower than in their work (0.81 eV). Since the same functional is used in both studies, the

discrepancy might be due to the different type of basis sets, which requires further investigation.
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Figure 4. Band structures of the a) C0-, b) C2-, and c) C4-linked porphyrin nanosheets using the HSE06

functional. Energies are given with respect to the vacuum level (Evac). The dashed lines represent the Fermi

level; occupied levels are shown in blue.
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Porphyrin nanotubes

Porphyrin-based nanotubes are very interesting hypothetical nanostructures, which can be seen
as the limit of many stacked porphyrin nanorings.'’*> We consider here the properties of nanotubes
formed by the stacking of nanorings with six porphyrin units, and three types of linkage (CO, C2,
C4; Figure 5a-c). We also consider a nanotube with different types of linker: C4 around the ring
and C2 along the tube (Figure 5d).

The optimized geometric parameters for all the nanotubes, as well as the strain energies

(difference in energy with respect to the corresponding 2D nanosheet) are shown in Table 3.

Table 3. Optimized geometric parameters and strain energies for the porphyrin nanotubes. The parameter a
is the lattice constant in the periodic direction. Symbols || and L denote the directions parallel and

perpendicular to the tube axis, respectively. The strain energies are obtained using the PBE-D2 functional.

Co C2 C4  C2/C4
d[Cimeso — Cmeso L] (A) 1.45 4.03 6.55 6.61
d[Creso — Cmeso Il] (A) 1.44 4.10 6.59 4.06
d[Cp— CpL] (A) 1.37 4.07 6.50 6.57
d[Cp—Cgll] (A) 1.40 4.07 6.55 4.05
d[Zn-N] (A) 2.06 2.04 2.05 2.05
Cell length a (A) 849 11.04 13.54 11.03
Diameter (A) 1596  21.04  24.03 25.98
Estrain (€V/porphyrin) 0.58 0.29 0.11 0.10

As expected, the strain is highest for the CO nanotube, as in the absence of linkers the porphyrin
units have to accommodate the strain by distorting their planar structure, and becomes lower with
longer chains linking the porphyrin units. The strain is lowest when C4 linkers are connecting the
porphyrins along the circumference (C4 or C2/C4 nanotubes), whereas the nature of the linker

connecting porphyrins along the direction parallel to the nanotube axis is less relevant, as expected.

13



In order to put the calculated strain energies in context, we have also calculated the strain energies
for (6,6) carbon and boron nitride nanotubes at the same level of theory employed here, giving
0.12 and 0.07 eV/atom, respectively. The values in Table 3 for the porphyrin nanotubes correspond
to 0.09, 0.04, and 0.02 eV per heavy atom (C or N, i.e. excluding H atoms as they are mono-
coordinated and do not contribute to strain) for C0, C2, C4, respectively. Therefore, our porphyrin
nanotubes are as or even less strained than typical carbon or boron nitride nanotubes. In terms of
geometry, internal bond distances and cell parameters are very similar to those reported for the
porphyrin linear chains and nanosheets, with deviations of less than 1.5% in the cell parameter.

The band structures obtained for the porphyrin nanotubes (Figure 5) follow the same pattern as
the porphyrin nanosheets: whereas the CO system is metallic, the presence of the Cn linkers leads
to small band gap openings. The band gaps are 0.50 eV for the C2 nanotube (at the I" point) and
0.62 eV for C4 nanotube (at the X point). The C2/C4 system has a band gap (0.59 eV) closer to
that of the C4 system, but at the I" point like in the C2 system. This indicates that the reciprocal
space position of the narrowest gap is determined by the nature of the linkers along the nanotube
axis, which is not surprising given that this is the periodic direction, whereas the magnitude of the
gap 1s mostly determined by the nature of the linkers across the nanotube circumference.

In the semiconducting Crn-linked nanotubes we observe flat conduction bands, whereas the
valence bands exhibit significant dispersion, suggesting much lower effective masses for holes
than for conducting electrons. This is in agreement with the work by Allec ef al.,>* who calculated
the effective hole masses for a series of C4-linked nanotubes with different number of porphyrin
units along the tube circumference. Their calculated band gap for the six-porphyrin C4-linked
nanotube was 0.77 eV, somewhat wider than our value of 0.62 eV. The same trend was observed

above when comparing the band gaps of the C4 nanosheets. Since these authors also employed the

14



HSEO06 functional, the different result is probably due to basis set effects (they employed localized

basis sets, which are more difficult to converge than planewave basis sets).

15
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Evolution of electronic structure of nanorings towards the infinite nanotube limit

Whereas actual porphyrin nanotubes have not been synthesized yet, recent progress in stacking
porphyrin rings (only two rings so far)?! suggests that the synthesis of such nanotubes might be
feasible. We discuss now how the electronic properties of stacked porphyrin rings vary with the
number of rings and converge to the behavior of the infinite 1D nanotube. We consider non-
periodic structures consisting of » stacked rings (n = 1, 2, 3, or 4) of porphyrins connected by C4
linkers. These systems are labeled following the notation in Ref 2': ¢-P6 for the cyclic porphyrin
hexamer, ¢-P12 for the “tubular” system consisting of n = 2 stacked rings (12 porphyrins in total),
t-P18 for n =3, and so on.

The energies of the electronic levels are plotted in Figure 6, showing how the electronic structure
tends towards that of the infinite nanotube when n increases. The HOMO-LUMO gaps of the finite
nanorings are wider than the bandgap of the infinite nanotube, but when the number of stacked
rings increases, the gap decreases and tends towards the nanotube bandgap. We find an empirical

equation for the band gap variation in the form:

0.53 eV
E;(n) = E4(o0) + no—;; (1)

where Eg(0) = 0.62 eV is the band gap for the periodic nanotube (Figure 7). More points would
be needed to confirm this trend, but these calculations are very demanding computationally. The
current fitting curve suggests that even for a “large” tube of 10 stacked rings, the HOMO-LUMO

gap will still be ~0.14 eV above the infinite nanotube limit.
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Conclusions

We have performed a systematic investigation of the electronic structure of Zn-porphyrin
nanostructures, including linear chains, 2D nanosheets and both finite and infinite nanotubes. In
particular, we have investigated the effect of the nature of the linker connecting the porphyrin
units, and have observed some strong variations in electronic structure with linker length.

We observed that when the porphyrin units are “fused” (CO case), there is no band gap in the
electronic structure for any of the nanostructures considered here. The CO nanosheets and
nanotubes have metallic band structures, whereas the CO linear chain (fused porphyrin tape)
exhibits a zero-gap band structure with a Dirac-like point at the Brillouin zone boundary.

Narrow band gaps (of ~1 eV or less) open in all nanostructures where the porphyrin units are
connected by ethyne (C2) or butadiyne (C4) linkers. The widest opening is observed for the linear

chains (1.0 and 1.1 eV for C2 and C4 linkers, respectively), whereas for the nanosheets and
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nanotubes the band gaps are significantly narrower (0.3—0.6 eV). Finite porphyrin tubes, made of
a few stacked rings, have wider excitation gaps than the infinite (periodic) nanotubes, and we have
described the variation of their electronic structures with the number of stacked rings.

The investigated nanostructures exhibit significant band dispersion, suggesting high carrier
mobilities. The exception is the conduction bands of the nanotubes, which appear to be remarkably
flat. The reciprocal space point at which the band gap is observed is shown to oscillate between
the zone center and the zone boundary, depending on the length of the linkers. Neighboring
porphyrin units can be expected to be in-phase in the HOCO and LUCO states if the number of
triple bonds (7/2) in the linker Cn between them is odd, and in anti-phase if #/2 is even or zero.
The narrowest gap in the band structure is observed at the zone center in the former case, and at
the zone boundary in the latter case.

Our work theoretically demonstrates that it is possible to design porphyrin nanostructures with
tailored electronic properties such as specific band gap values and band structures by varying the
type of the linkage used between each porphyrin unit and the type of self-assemble formations
(linear chains, nanosheets, nanotubes, and nanorings). These tunable electronic properties

represent promising opportunities for light-harvesting or photocatalytic applications.
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