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ABSTRACT: Zinc porphene is a two-dimensional material made of fully fused zinc porphyrins in a tetragonal lattice. It has a fully
conjugated © system, making it similar to graphene. Zinc porphene has recently been synthesized and shown to be a semiconductor
(Nat. Comm., 2023, 14, 6308.). This is in contrast with all previous predictions of its electronic structure, which indicated metallic
conductivity. We show that the gap-opening in zinc porphene is caused by a Peierls distortion of its unit cell from square to rectan-
gular, thus giving the first account of its electronic structure in agreement with experiment. Accounting for this distortion requires a
proper treatment of electron delocalization, which can be done using hybrid functionals with a substantial amount of exact exchange.
Such a functional, PBE38, is then applied to predict the properties of many first transition row metalloporphenes, some of which have
already been prepared. We find that changing the metal strongly affects the electronic structure of metalloporphenes, resulting in a
rich variety of both metallic conductors and semiconductors, which may be of great of interest to molecular electronics and spintron-
ics. Properties of these materials are mostly governed by the extent of the Peierls distortion and the number of electrons in their
system, analogous to changes in aromaticity observed in cyclic conjugated molecules upon oxidation or reduction. These results give
an account of how the concept of antiaromaticity can be extended to periodic systems.

The second, more practically important difference between
graphene and porphene is that the latter offers a straightforward
avenue for tuning. Different metalloporphenes (MP) can be

INTRODUCTION
Two-dimensional (2D) polymers have been extensively inves-

tigated due to their promising applications as optoelectronic
materials, molecular magnets, energy storage media, electrocat-
alysts, etc.'® The archetypal 2D material is graphene, which dis-
plays remarkable mechanical and electronic properties due to a
fully conjugated m system.” '* However, stoichiometric func-
tionalization of graphene remains a towering obstacle in the
path towards tunable n-conjugated 2D materials.'" '?

Recently, we have succeeded in the synthesis of porphene,
a graphene analog made of fully fused porphyrin rings (Figure
1).13 Both graphene and porphene are fully conjugated, but they
have two key differences. One, graphene has a hexagonal lattice
while porphene is composed of roughly square porphyrin mon-
omers. A half-filled square lattice is known to be susceptible to
distortion,'* suggesting that the shape of the porphene unit cell
may depend on the number of electrons in its  system. To draw
a parallel to molecules, graphene can be thought as a periodic
analog of the aromatic high-symmetry benzene,'>'® '7 while
porphene resembles antiaromatic cyclobutadiene, which adopts
a lower-symmetry rectangular geometry. This was first noted
by Osuka and collaborators on a 2x2 fragment of zinc porphene

(Figure 1b).'

produced from free-base porphene by controlled reversible in-
sertion of a metal ion, M, into the center of each macrocycle,
without taking any 7 centers out of conjugation.'"* Given the
wide choice of metals M in different spin states and possible
axial ligands X, porphene offers unprecedented opportunity for
stoichiometric functionalization. Availability of bidentate lig-
ands suggests that controlled stacking into periodic multilayers
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Figure 1. Structure of (a) graphene and (b) a metalloporphene (MP), with
lattice vectors shown with grey arrows. Aromatic and antiaromatic rings are
shown in blue and orange, respectively.
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may be within reach. Since metal ions can be introduced into
porphene and removed under controlled conditions, nanolitho-
graphic writing of patterns and design of circuitry for applica-
tions in electronics, spintronics, photonics, and elsewhere can
be imagined. The ultimate resolution of this canvas for molec-
ular painting is 8.4 A, the closest distance between two metal
centers in a metalloporphene.

To take full advantage of the opportunities offered by this
synthetic advance, it is important to obtain guidance from the-
ory concerning metalloporphene properties as a function of
choice of metal and ligands. Such calculations have been pub-
lished before,'*?* but they invariably predicted zinc porphene
(ZnP) to be a square metallic conductor. This is in disagreement
with our experimental results on ZnP, which indicated an ab-
sence of metallic conductivity and showed a presence of infra-
red-active vibrations, revealing that ZnP is in fact a semicon-
ductor (nonzero band gap)."* In section A of this paper, we show
that an appropriate level of theory can account for the observed
semiconducting nature of ZnP, and in section B we systemati-
cally investigate the electronic structure and geometry of met-
alloporphenes containing elements from the first transition row
of the periodic table, Sc—Zn, revealing a rich landscape of tun-
able materials.

RESULTS AND DISCUSSION

A. Symmetry breaking in ZnP. Metalloporphenes such as ZnP
are composed of both aromatic circuits (pyrrole and benzene,
shown in blue in Figure 1) with delocalized ® bonds, and anti-
aromatic circuits (cylooctatetraene, orange) with distinctly lo-
calized bonds.'® This leads to mixed aromaticity (or concealed
antiaromaticity>), suggesting that both types of circuits need to
be described with a similar level of accuracy to properly capture
their electronic structure. All previous investigations of ZnP'*-
22 used pure density functional theory (DFT) to optimize its ge-
ometry, predicting a Da, (square) unit cell with a single mini-
mum. Subsequent band structure calculations on this square
minimum always yielded a gapless band structure, in contrast
with experiment'* as well as with the observation that 2D mate-
rials with square lattices are exceedingly rare.?%?’

This discrepancy between theory and experiment may be
explained by recognizing that pure DFT overemphasizes delo-
calisation.?’ In terms of the semiempirical Hubbard model,?
pure DFT underestimates U (the energy lost when two electrons
occupy the same site) and overestimates the hopping integral ¢
(the energy gained when an electron is free to move between
sites). This leads to a too small U/t ratio, overemphasizing de-
localization.?’

Hybrid DFT can provide a better balance between localiza-
tion (U) and delocalization (¢) by including some percentage
(usually 20-50%) of exact exchange (EE), which lowers the en-
ergy of all same-spin electron pairs. Therefore, the addition of
EE promotes localization, or increases U/t, which comes at the
expense of increased computation time and worse description
of static correlation.*

By admixing different proportions of EE to the pure PBE
(Perdew-Burke-Ernzerhof®!) functional, we found that at least
35% EE is necessary to break the square symmetry and open a
band gap in ZnP (Figure 2). Similar results were obtained in
case of cyclo[18]carbon (an 18-membered all-carbon ring) and
butadiyne-linked Zn porphyrin nanorings, which both require
30-35% EE to optimize to the experimentally found symmetry-
broken geometries.*> 3 For these reasons, all subsequent work

/L
77

1.6 - "v"Eg,d [eV] Eg=0 — Eg¢0 .
1] & By leV -

--O- 1 — alb [%] Aa--0
1.2 | ,0-9"& O
1.0 4 R4

0.8 1
0.6 1

[eV], 1 - alb [%]
o)

o 0.4

E,
>

0.2- R
.0
00} @--@=F % -kl

T 7/ T T T T T T

0 15 20 25 30 35|40 45 50

% exact exchange  37.5
Figure 2. Direct (Egq, purple triangles) and indirect band gap (Egind, pink
triangles), and unit cell asymmetry (1 — a/b; grey circles) of ZnP at different
levels of EE, obtained using PBExx, where xx indicates the amount of exact
exchange. Metallic conductors are shown in orange, and semiconductors in
blue. Results obtained using PBE38 are outlined in black.

presented here was done using the PBE38 (37.5% exact ex-
change) functional, which was also found to be the optimal pro-
portion of EE in several benchmarks.**

ZnP and antiaromatic molecules. The symmetry breaking and
gap-opening in ZnP may be rationalized by comparing it to an-
tiaromatic (4n) annulenes, where # is the number of carbon at-
oms. In the absence of bond length alternation (BLA), 4n annu-
lenes such as cyclobutadiene (n = 1) or planar cyclooctatetraene
(n=2) have a half-filled degenerate orbital pair related by a 90°
rotation (i.e. sine and cosine solutions of the Hiickel model; Fig-
ure 3a). This D4, configuration is unstable; in fact, it is a tran-
sition structure connecting two equivalent broken symmetry
D»,» minima, which have nonzero BLA.** 3" Introducing BLA
breaks the degeneracy of the orbital pair, with one orbital (with
density on shorter bonds) becoming occupied (i.e., the HOMO),
and the other (with density on longer bonds) unoccupied (i.e.,
the LUMO; Figure 3a). As a result, the extent of BLA in 4n
annulenes directly affects their HOMO-LUMO gap.

The band structure of D4, ZnP shows two half-filled bands
related by a 90° rotation (Figure 3b). They are responsible for
its metallic conductivity. At the M reciprocal space point, at
which the wavefunction is periodic with respect to the square
2x2 porphene fragment which contains the antiaromatic eight-
membered circuit (whole structure in Figure 1b), these two
bands are exactly degenerate. Breaking the Dy, symmetry by
introducing BLA lowers the energy of the band concordant with
the introduced BLA pattern (making more of it filled) and in-
creases the energy of its rotational partner (making less of it
filled), in a direct analogy to symmetry breaking in cyclobuta-
diene (Figure 3). When this Peierls distortion is sufficiently
large, a metal to insulator transition occurs (Figure 3b right).
Therefore, ZnP is an antiaromatic 2D polymer, characterized
by two equivalent semiconductive D», minima connected by a
gapless Dy, transition structure.
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ZnP. Density of frontier bands in ZnP in Do, geometry at the M reciprocal
space point. Density associated with highest occupied and lowest unoccu-
pied orbitals or bands is shown in green and pink, respectively.

B. First transition row metalloporphenes. To understand the
effect of inserting different metals into porphene, we have in-
vestigated 36 first row metalloporphenes in their Dy, and Day
minima. These metalloporphenes can be described with the
general formula "'M(q)XP, where the metal M, which is in
oxidation state g, ranges from Sc to Zn. X denotes the axial lig-
and (oxide or chloride, if present) and 2S+1 the unit cell multi-
plicity. In addition to band structures, we report the band gap
E,, effective masses m. (in semiconductors) and conductivity
(in gapless systems), the energy difference between the lowest-
energy Do, and D4y, geometries (when they are distinct), and the
work function. Finally, the variation in C—C bond lengths is de-
scribed with a modified HOMA.** ** Further details are given
in the experimental section.

In virtually all cases, we found that the bands close to the
Fermi level have a dominant © character (Figures 5 and 6),

indicating that the analogy between metalloporphenes and an-
nulenes may be generally valid. This motivated us to classify
the metalloporphenes according to the number of 7 electrons in
their unit cell (Table 1). Chart 1 displays a “periodic table” of
first transition row metalloporphenes, showcasing a variety of
open- and closed-shell metallic conductors and semiconductors.

Most metalloporphenes, including Zn(II)P, belong to group
0, in which the number of n-electrons remains unperturbed by
the presence of the metal. Therefore, all group 0 metallopor-
phenes have 26 m electrons per unit cell and display antiaro-
matic features. They can be divided further according to the ex-
tent of electron delocalization, or ascending U/t ratio: 0” (no
Peierls distortion, gapless), 0' (distorted, gapless), 0Y (antiaro-
matic semiconductors), and 0YY (Baird aromatic semiconduc-
tors), as shown in Figure 4.

In group —1 (25 = electrons per unit cell), an electron is
transferred from the 7 system into a low-energy d orbital, while
in group 1 (27 m €") an electron is donated from a high-energy
d orbital into the & system. Members of both —1 and 1 are half-
metals, which may be compared to open-shell radical cations
(group —1) or anions (1) of annulenes.

The only first-transition row member of group 2 is singlet
titanium porphene, in which titanium donates both of its d elec-
trons to the m system, resulting in 28 m-electrons per unit cell
and a metalloporphene which may be written as '"Ti(IV)*'P*.
Adding two electrons to conjugated hydrocarbons usually re-
verses their aromaticity,** *' so it is not surprising that
ITi(IV)*'P* shows behavior consistent with an aromatic com-
pound.

Table 1. Classification of Metalloporphenes.

¢

grp n.' S/M®  sym® metalloporphene

2V(III)*CLP-, SFe(III)*CL,P",
=1 = M Danacony P, Fe(Iln) OP-

o 26 M Dan 'Ti(IV)CLP, *‘Cr(II))CIP

ICo(IMCIP, Ni(IMP, 2Mn(IT)P,

o 26 M Dy *FeCI(I)P, *FeCI(II)P, Co(IN)P,
SCoCI(IIT)P, 2Cu(IT)P, *Cr(I)P
Mg(IT)P, 'ScCI(II)P, 'Cr(IT)P,
oY 26 S Don 'Fe(IT)P, *Fe(IT)P, 'Zn(IT)P,

'Fe(IV)CLP
Dy Cr(IIMCIP, *Fe(IV)OP
Ds  3Co(ICIP, 3Cr(I)P, 2V(IT)P

Do Sc(II*P*, “VII)* P+

1 27 M n STi(II)** P>, “Mn(IID)* P>,
h ‘Mn(II1)*'P*", *Fe(II1)* ‘P>
2 28 S Dy ITi(IV)*P*

Bold: lowest-energy spin state for this combination of metal and ligand.
Orange: metallic conductors; blue: semiconductors.

“ Number of m-electrons in the unit cell; * Presence (S) or absence (M) of a
band gap; ¢ Point group of the lowest minimum.

To emphasize electron transfer, formulas of metalloporphenes
in groups —1, 1, and 2 in are written as in the example above. In
Figure 4, minimal band structures for each metalloporphene
group are shown, alongside analogous frontier MO diagrams.
Throughout the text, metallic conductors are shown in orange
and semiconductors in blue. The next section provides an over-
view of metalloporphene groups with a few examples; data for
all systems can be found in the SI.
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Chart 1. Most stable electronic states of first row metalloporphenes.

axial metalloporphene
ligand d' & & d & d° d & & dv
Crp °FeP 1ZnP

none 'TiP* 2yp

[0.29] [0.21]

'ScCIP  'TiCLP 2VCLP ’CrCIP *FeOP 3CoCIP
CLO0 2FeCIP SFeOP
[0.35] [0.01]

Gapless metalloporphenes are shown in blue, and semiconductors in orange; closed-shell singlets are shown with a grey background.
* Spin states within 0.5 eV/unit cell relative to the most stable state, with relative energy in brackets.

(a) group=1;25me

/(b) 0%

conductivity. These features are consistent with a small U/t ratio
(U = 0), which prevents the Peierls distortion and consequently
the gap-opening (bond length variation is still present, cf.
HOMA values in Table 2). Members of 0” may be compared to
Dy, cyclobutadiene (Figure 4b bottom), in which the rotation-
ally related orbitals A and B share two opposite-spin electrons,
leading to an open-shell singlet with very strong antiaromatic-
ity.

Members of 0’ are formed with metals which have at least a
half-filled d-shell (Mn—Cu). They undergo a Peierls distortion
to Don, which breaks the band degeneracy at the M point (Figure
4c¢), but which is insufficiently large to open a band gap. This
may be attributed to a slightly larger U/t ratio compared to 0%,
resulting a marginally more localized electronic structure. An
analogous annulene would be cyclobutadiene with very slight
BLA (Figure 4c bottom), in which both open-shell character
and antiaromaticity are slightly reduced relative to 0%. Com-
pared to other metalloporphenes, members of 0” and 0’ tend to
have relatively high work functions and conductivities (Table
2).

1Zn(IDP (Figure 5c) belongs to the 0V group, in which elec-
tron repulsion is sufficiently large to both induce a distortion
and to open a band gap. This corresponds to a closed-shell elec-
tronic structure in cyclobutadiene at its equilibrium geometry
(Figure 4d). The relatively high U/t ratio in 0V is reflected in
large effective masses (corresponding to poorer electron mobil-
ity; Table 3), compared to similar porphyrin-based systems.*?

Table 2. Properties of selected gapless metalloporphenes.

Dy, | Dy, (Dgn)
X M T X M X M
more antiaromatic larger Ult
B Ap By
4+ | |
A B N A :
4 A Bus
(f) group 1; 27 me~ (g) group 2; 28 T e~
1e” (Dap) B Dy, 2e
Pkt
R ' R
m
A
Py A B
Aot Bt bt

Figure 4. Minimal band structures and analogous MO diagrams for metal-
loporphenes in groups —1 (a), 0% (b), 0’ (c), 07 (d), 0% (e), L (f), and 2 (g),
showing only bands close to the Fermi level along X-M-I', and frontier mo-
lecular orbitals. In spin-polarized systems, dashed (full) lines and arrows
correspond to a (f) spin.

Group 0. All metalloporphenes in group 0 have 26 n-electrons
but differ significantly in electronic structure and properties.
Members of 0” always feature axial ligands and have (mostly)
empty d-shells (e.g. 'Ti(IV)CLP, Figure 5a). They optimize to
D4y, minima, which results in two half-filled bands degenerate
at the M point (Figure 4b and 5a) and leads to metallic

grp cmpd AE* wr ¢ HOMA
V(L) CLP- 6.17 0.33 0.65
1 SFe(IIT)*CL.P- 0 6.58 0.84 0.41
4Co(D'P- 5.53 0.46 0.64
o ITiCLP 0 6.20 0.94 0.01
SFeCIP 0.03 5.57 0.49 0.41
o INiP 0.01 5.08 0.91 0.40
CuP 0.05 4.90 0.47 0.39
2Sc(1ID)* P 0.01 4.65 0.31 0.70
STi(II)* P 0.40 4.84 0.26 0.90
1 VI P*- 0.68 4.77 0.23 0.92
“Mn(I11)>P3- <0.01 4.93 0.29 0.09
Energy difference between the Da and Do minima (eV).

® work function (eV); ¢ conductivity (MS/m)
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Figure 5. Band diagrams and density of states plots for (a) 'Ti(IV)CL2P (0%, D4, geometry), (b) 'NiP (0, Dy), (c) 'Zn(ID)P (0Y, D), and (d) *Cr(I1)P
(0YY, Dy). Red and blue colors denote p and d band character, respectively; black dashed line shows the Fermi level (top of valence band in
semiconductors). In spin-polarized systems, different spins are shown with dotted and full lines in the band diagram and as positive and negative values in

the density of states plots.

In the lowest triplet state of cyclobutadiene, both rotation-
ally related orbitals A and B are singly occupied with same-spin
electrons, resulting in a Baird aromatic D4, geometry (Figure 4e
bottom). If U is sufficiently large, the triplet can even become
the ground state, as found in some indenofluorenees.*** This is
analogous to the electronic structure of 0YY metalloporphenes
(Figure 4e), which must be spin-polarized. As the frontier bands
in Y are spatially almost identical, these metalloporphenes
have similar electron and hole mobilities. Due to their Baird ar-
omatic character, they tend to have significantly larger band
gaps and smaller BLA than 0¥ metalloporphenes (Table 3).

Table 3. Properties of selected gapful metalloporphenes.

Egi* mypd

grp cmpd. AEY we HOMA
Egqa
0.31 0.19
1
ScCIP 121 0.06 5.77 037 0.02
o s 0.48 0.17
L FeP 307 0.43 4.89 023 0.09
0.22 0.18
1
ZnP L13 0.10 4.91 041 0.04
0.77 0.24
2
CrCIP 220 2.78 5.88 016 0.64
0.61 0.22
v 3
I CrP o1 0 513 o1s 0.66
0.82 0.25
3
CoClIP 558 0 5.68 0.20 0.59
2 ITi(VD)*P+ 217 0 5.54 1.20 0.74
= i 228 : 0.42 ’

* Indirect (E,) and direct (Egq) band gap.

® Energy difference between the Daw and D2y minima (eV).

¢work function (eV); ¢ valence (mvs) and conduction (mcs) eff. mass
Groups —1 and 1. When the transition metal inserted into por-
phene has a vacant low-lying d orbital, an electron can be trans-
ferred from the 7- to the d-system, resulting in a group —1 met-
alloporphene (Figure 4a). One such example is cobalt porphene
in its quartet state (Figure 6a). If we assume cobalt is divalent,
it will have a singly occupied low-energy d,, orbital which can

accept a m-electron from porphene, thus making *Co(1)*P".

Conversely, when the transition metal has an occupied high-
energy d-orbital, d — = single-electron transfer can occur,
forming a group 1 metalloporphene. An obvious example is

1p
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Figure 6. Band diagrams and density of states plots for (a) *V(III)'CL.P
(group =1, Dan geometry), (b) 2Sc(II1)*'P*~ (1, Dan), (c) 'Ti(IV) *'CI* (2,
Dan). Red and blue colors denote p and d band character, respectively; black
dashed line shows the Fermi level (top of valence band in semiconductors).
In spin-polarized systems, different spins are shown with dotted and full
lines in the band diagram and as positive and negative values in the density
of states plots.
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scandium porphene: in the absence of axial ligands, scandium
will oxidize to Sc(IIl) by giving its electron to the m-system to
form 2Sc(I1D)**P- (Figure 6b).

These metalloporphenes may be compared to radical cati-
ons and anions of annulenes, which tend to have low BLA.*>%
This leads to a small SOMO-SUMO gap, consistent with half-
metallic behavior in groups 1 and —1.

Group 2. Adding two electrons to the porphene n-system (rel-
ative to group 0) completely fills up both rotationally related
bands (Figure 4g), which leads to a D4, geometry and a rela-
tively large band gap (>2 eV, Table 3) in 'Ti(IV)*P* (Figure
6¢). Its electronic structure is similar to that of benzene (Figure
4f), indicating that a general form of Huckel’s rule (adding or
removing two electrons reverses aromaticity) is applicable to
the electronic structure of metalloporphenes. Group 2 metal-
loporphenes seem to be relatively rare, probably because they
require metals with very high—energy d-electrons (i.e. strong re-
ducing agents).

Outlook. At this point, it may be useful to identify several po-
tential areas of application for metalloporphenes:

(i) Molecular wires. Due to their high conductivities, group 0*
and ¢ metalloporphenes may be useful as molecular wires. Pos-
sible diamagnetic candidates are 'Ti(IV)CLP and 'Ni(II)P,
both of which belong to 0. Preparing these metalloporphenes
would also provide a simple test of the predictions made here.

(i) Tunable semiconductors. Semiconductive metallopor-
phenes (07, 0YY, and 2) have a large variety of band gaps (1-3
eV), making them similar to quantum dots,*” except that the
electronic properties are controlled by choice of metal instead
of by size. Accurate band gap measurements (e.g. for 'Zn(II)P)
will also enable the validation and refinement of these compu-
tational predictions.

(ili) Mechanical properties. In 0' and 0¥ metalloporphenes,
there exist two equivalent D, orientations of each unit cell. As
the barrier for their interconversion is low (~0.1 eV/unit cell, cf.
Table 2, 3, and SI), the macroscopic properties of these metal-
loporphenes may be governed by statistics at the macroscopic
scale, and controlled by mechanical stretching.

(iv) Patterning. As noted previously,'* metalloporphenes might
be used to build nanoscale circuits by inserting different metals
in a specific pattern. Our results suggest that 0“Y or 0¥ metal-
loporphenes could be used as a non-conductive blank canvas,
which one could pattern by inserting metals forming 0” and 0*
metalloporphenes.

(V) Magnetism. The potential for use of metalloporphenes in
spintronics is currently speculative, as their magnetic ground
state and exchange coupling is still unknown. Unless the ex-
change interaction through the n-system is very strong, the rel-
atively large separation (~8.5 A) between metallic centers will
prevent fast decoherence,”® which is essential for building
multi-qubit devices. Fine control over the strength of the ex-
change coupling could be achieved by metal choice: for exam-
ple, the metallic conductor 2Cu(II)P will likely have a larger
coupling than the semiconducting 2Cr(IL)CIP. Finally, the
half-metallic behavior (i.e. conduction through only a single
spin channel) of groups —1 (e.g. 2V(III)*CLP") and 1 suggests
applications in spin filtering.*: ¥

Limitations. To paraphrase Imre Lakatos, the quality of a the-
ory is determined by the accuracy of its predictions.’! While hy-
brid DFT has undoubtedly been very successful in predicting
properties of many materials, the procedure for choosing the

ideal amount of exact exchange (or the Hubbard U) is not al-
ways clear, especially when geometry optimizations and large
unit cells are involved, preventing the use of higher-level meth-
ods such as MP2 and GW. In case of metalloporphenes, using
less than 35% EE yields a qualitatively wrong electronic struc-
ture (Figure 2), while using a significantly larger amount over-
estimates localization, predicting too high spin multiplicities.
For instance, PBE50 wrongly predicts the ground state of
iron(II) porphyrin to be a quintet, while PBEO and PBE38 cor-
rectly predict a triplet.’> Therefore, our choice of the “best”
amount of EE is bound on both sides, and inaccuracies resulting
from our choice are likely limited to subgroups of 0 (e.g. ZnP
is predicted to be in 0’ if 20-30% EE is used, and in group 0”
with <20% EE, cf. Figure 1). Neglect of spin-orbit coupling
may be a larger issue, but its inclusion is very costly due to the
loss of time-reversal symmetry, making it impractical to per-
form such calculations on a large scale.

CONCLUSIONS

This paper provides a theoretical description of ZnP that
agrees with experiment and accounts for its semiconductive na-
ture. ZnP has an electronic structure analogous to antiaromatic
molecules, making it susceptible to Peierls distortion. This dis-
tortion is sufficiently large to produce two equivalent semicon-
ductive Dy, minima connected through a low-energy Dy, gap-
less transition structure, which can be captured with DFT only
if a hybrid functional with a sufficient amount of exact ex-
change is used.

Exploring many first transition row metalloporphenes, we
find a large variety of diamagnetic and paramagnetic semicon-
ductors and metallic conductors, unravelling an unexplored
landscape of tunable, fully conjugated 2D materials, which may
show interesting electronic, mechanical, and magnetic proper-
ties. It is our hope that the classification presented here will
serve as both a motivation and a guiding beacon for further in-
vestigation of these systems.

More generally, we have accounted for a large variety of
metalloporphene band structures, and properties related to
them, by applying the concepts of antiaromaticity and (Baird)
aromaticity. Antiaromatic motifs in materials are desirable as
they are often associated with low redox potentials,” open-shell
character,™ and high carrier mobility,” and this work is a step
towards a deeper understanding of their electronic structure.

METHODS

DFT calculation details. All calculations were done with the
VASP code.’**® Geometry optimizations were done using the
PBE38 functional with D3BJ dispersion corrections, with a
planewave kinetic energy cutoff of 420 eV, and a 6x6x1
gamma-centered grid of reciprocal space points. The polymer
was positioned in the xy plane, and 10 A of vacuum were added
inz (13 A when axial ligands were present). Total energies were
converged to 0.1 meV. Finally, a single-point calculation was
done at an 8x8x1 k grid to evaluate the electronic structure and
total energy more accurately; the output of this calculation was
used in subsequent analysis.

The vacuum level was determined using Vaspkit.** Band di-
agrams, effective masses, and electron mobilities were obtained
by interpolating band energies obtained at the 8x8x1 k grid us-
ing BoltzTrap2;* to obtain an estimate of conductivity, the con-
stant relaxation time approximation (z = 10~'* s) was employed.
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HOMA (Harmonic Oscillator Model of Aromaticity) index was
calculated according to:

a ¢ —
HOMA = 1- — Z(Ri - R)?
i=1

where o = 1682.792, R; is the length of the ith C-C bond, and R
is the average C-C bond length in 'TiP. o is chosen so that the
HOMA value of the Dy, geometry of '"MgP, which has the high-
est amount of bond length variation, is equal to 0.
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