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ABSTRACT
The electronic excitations of magnesium porphyrin (MgP), a molecular model for understanding the
physics in light harvesting by biological systems, have been studied extensively. However, the theo-
retical underpinning of experimental measurements is still lacking, especially about the sub-bands
in absorption spectrum. Here we propose that an asymmetry of MgP based on the uneven charge
distribution of pyrrole rings and the linear structure of sp hybridised orbitals in Mg can largely influ-
ence the electronic excitations. Upon a very weak asymmetry of Mg-pyrrole bindings in MgP being
introduced through the uneven distribution of charge, three different excitations are observed in
the Q-band region of the experimental spectrum. Additionally, the predicted B-band excitations are
highly correlated (10−2 eV level) with experimental measurements. In contrast, without this asym-
metry, there are only two degenerate excitations in the Q-band region, and low agreement (10−1 eV
level) of the B-band excitations with the experiment. The key physics of the unexpected and observ-
able asymmetry in MgP is the ability of Mg to form sp hybridised orbitals on the third shell upon Mg
binding to the nitrogen of pyrrole ring. Our findings provide new insight for high-energy efficiency
of natural as well as artificial light-harvesting system for energy challenge.

1. Introduction

Our understanding of the high-efficiency energy trans-
fer in photosynthesis is essentially important for design-
ing light-harvesting devices as a solution for the energy
challenge [1–10]. Magnesium porphyrin (MgP) has tra-
ditionally been used as a molecular model to obtain fun-
damental characteristics of the electronic excitation in
the photosynthetic light-harvesting process [11]. In 1959,
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Gouterman [12] first predicted the Q-band at approx-
imately 2 eV for MgP due to the D4h symmetry of its
molecular conformation, which was confirmed by ab
initio calculations [11,13–20]. One excitation (or two
degenerate excitations), corresponding to the Q-band of
MgP, was found at 2.15 eV by calculations based on
the multiconfiguration second-order perturbation the-
ory (CAS-PT2) [17], 1.68 eV by symmetry-adapted-
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Figure . Schematic representation of asymmetry in MgP triggered by the orbital hybridisation of Mg ion. (a) A Dh symmetric MgP
molecule with an identical distance of Mg to the N, N, N and N of the pyrrole rings I–IV. Besides the spheres labeled by Mg and
N, the rest of spheres denote the Cand H atoms by the large and small, respectively. (b) Asymmetry caused by the orbital hybridisation
of Mg+ and the subsequently different interactions with the pyrrole rings. The dumbbell-shaped clouds indicate the hybridised orbitals
potentially in the Mg ion. The interactions (solid lines) of Mg+ with the N− in the pyrrole rings I and III may be relatively stronger than
those (dashed lines) with the N in the pyrrole rings II and IV, which is potentially triggered by the asymmetric structure of hybridised
orbitals (dumbbell-shaped clouds) in the Mg ion.

cluster configuration-interaction calculations (SAC-CI)
[17], 2.52 eV by configuration interaction with single
excitation calculations (CIS) [18] and 2.47 eV by calcu-
lations based on the time-dependent density functional
theory (TDDFT) [18]. Significantly though, the theoret-
ical calculations are still not consistent with experimen-
tal results. For example, two Q sub-bands as well as one
shoulder peak at their high-energy side were experimen-
tally observed clearly for Mg etioporphyrin I (MgEtioP)
[21], a molecule regarded with the identical electronic
spectrum of MgP in the ultraviolet–visible light region
[20], and three electronic transitions were identified in
the Q-band region of chlorophyll a spectrum by linear
dichroism [22]. It is hard to explain the above band split-
ting based on the previous calculations. Very few works
employed vibronic coupling effects to solve this problem,
but only two electronic excitations were achieved respon-
sible for the Q-band [23,24]. Moreover, the quantitative
difference of the B-band with the experimental data is
large,∼0.2 eV for CAS-PT2 calculations [11,17],∼0.1 eV
for SAC-CI [17] and ∼1.5 eV for CIS [18]. Addition-
ally, in the TDDFT calculations of MgP, the excitations
depended on the applied basis set and functional [18–20],
which leads to difficulty in the estimation and applica-
tion of the results. All of these inconsistencies have seri-
ously hindered our deeper understanding of the quan-
tum mechanism underlying the energy transfer in light
harvesting.

From the physical point of the view, a non-split Q-
band in light absorption spectrum should be a result
of MgP D4h symmetry, which has been strictly derived
based on the four-orbital model [12]. MgP was usu-
ally regarded with a D4h symmetry according to the

molecular conformation (Figure 1(a)). With the exper-
iments and theoretical calculations of molecular con-
formation and vibrations, this symmetry assumption
has been widely accepted [25]. However, the split of
Q-band in the light absorption spectrum [21] implied
that the above symmetrymight be broken inMgP. Recent
high-accuracy ab initio calculations of coupled cluster
with single and double and perturbative triple excita-
tions (CCSD(T)) showed that the s and p orbitals of Mg
were able to be hybridised upon binding to other atoms,
implying a symmetry reduction of Mg p orbitals [26].
Additionally, by terahertz spectroscopy, significant cova-
lent character was found in Mg–H binding, although
the electronegativity was 1.31 for Mg and 2.20 for H
[27]. Moreover, very recent CCSD(T) studies reported
that a Q-band split occurred in a D4h symmetric iron-
porphyrin (its molecular conformation and absorption
spectrum very similar to MgP), which implies the exis-
tence of D2h electronic excitation in a D4h molecule [28].
Therefore, similar symmetry-breaking must potentially
happen when Mg2+ interacts with pyrrole rings in MgP,
leading to a difference in the bindings of Mg2+ with the
pyrrole rings along the up–down and left–right direc-
tions (Figure 1(b)). These would further induce some
asymmetry in MgP properties, especially in its electronic
excitations.

The asymmetry in MgP is very weak, which will
be easily neglected by conventional ab initio calcula-
tions with the applied approximations in the methods
[11,13–20]. Fortunately, the calculation and analysis
based on functional fragments have been success-
fully developed and applied in the studies of sensitive
properties in bio-molecules, where weak inter- or
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Figure . Pyrrole ring-based fragments for retaining MgP asymmetry. (a) and (b) Fragments partitioned fromMgPmolecule. Besides the
spheres labeled by Mg+, N- and N, the rest of spheres denote the Cand H atoms by the large and small, respectively. The solid (between
Mg+ and N-) line and dashed line (between Mg+ and N) represent the relatively stronger (a) and weaker (b) bindings of Mg with N,
respectively. (a) Fragment A (Frag-A) consisting of the pyrrole ring I (or III) (see Figure (b)). Mg+ ion simultaneously binds to the N− of
the pyrrole ring and [NH]

− group, causing the reduction of Mg+ to Mg+. (b) Fragment B (Frag-B) consisting of the pyrrole ring II (or IV).
Mg+ ion binds to the N atom of the pyrrole ring. (c) Binding energies of Mg with the pyrrole rings of Frag-A and Frag-B. The difference
between them is only . eV (. kcal/mol), very close to the thermal fluctuation (∼. eV= . kcal/mol) at a room temperature.

intra-molecular interactions usually play an impor-
tant role in modulating the behaviours of complicated
molecules [29,30]. We believe that this approach can be
used in the situation of MgP light excitations.

Here, we first partitioned the molecule into two types
of isolated pyrrole-ring involved fragments: (a) Mg rela-
tively stronger binding to a pyrrole ring (Figure 2(a)), and
(b) Mg relatively weaker binding to a pyrrole ring (Figure
2(b)). The asymmetry of MgP, caused by the difference of
Mg-pyrrole bindings, thus can be retained in the differ-
ent electronic excitations of these fragments. Based on a
model Hamiltonian of MgP molecule built and param-
eterised from the ab initio results of the fragments, we
calculated the excitation energies of the molecule and
found three electronic excitations corresponding well to
the two sub-bands and one shoulder peak of the Q-band,
respectively. For the excitations belonging to the B-band
of MgP absorption spectrum, our calculations reached a
level of 10−2 eV accuracy as compared to the experiments.
Finally, we revealed that the asymmetry of MgP was trig-
gered by the linear structure of sp hybridised orbitals on
the third shell of Mg ion.

2. Methods

Ab initio calculations: Our ab initio calculations were
based on the density functional theory (DFT) and the
TDDFT, as implemented in the Gaussian09 package [31],
within the generalised gradient approximation (GGA).
We used Becke’s three-parameter hybrid exchange
functional with Lee–Yang–Parr gradient-corrected
correlation (B3LYP) [32]. A basis set 6-31+G(d,p), as

augmented by both the polarisation and diffuse functions
[33], was applied for all atoms. The geometry optimisa-
tions of all compounds were carried out by DFT with the
Berny algorithm [34]. The optimised stationary points
were identified as minima or first-order saddle points.
Electronic excitations were calculated by TDDFT.

3. Results and discussions

3.1. Pyrrole-ring based fragments for retainingMgP
asymmetry

The key approach in our study was to retain the asym-
metry of MgP during the calculations. We first parti-
tioned the molecule into several pyrrole-ring involved
fragments. The geometry optimisation was performed on
MgP molecule by the calculations based on the DFT, and
a symmetric conformationwas obtainedwith an identical
distance 2.066 Å of Mg to the N1, N2, N3 and N4 atoms
of the pyrrole rings I–IV (Figure 1(a)). Fixing the bond
lengths and angles, according to the asymmetric char-
acteristics of Mg-pyrrole bindings shown in Figure 1(b),
we then partitioned the molecule into two types of iso-
lated fragments (Figure 2(a,b)): the fragment A (denoted
as Frag-A) consisting of the pyrrole ring I (or III), and the
fragment B (denoted as Frag-B) consisting of the pyrrole
ring II (or IV). For Frag-A, the N atom, initially in the
pyrrole ring III (or I) opposite to the remained pyrrole I
(or III), was kept and then passivated by two H atoms to
form a [NH2]− group (Figure 2(a)). The C atoms linked
to the left and right sides of the pyrrole ring were passi-
vated by twoH atoms, respectively. In this way, a dangling
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bond appeared in the N atoms of the pyrrole ring and
[NH2]− group, which promised the formed Mg-pyrrole
binding like that of Mg with the pyrrole ring I (or III)
in MgP (Figure 1(b)). Further analysis of the fragment
showed that the Mg ion had a Mulliken charge [35] of
+0.8 e, indicating that the Mg2+ is reduced upon bind-
ing to the two N atoms of the fragment. Therefore, we
applied anMg+ ion for Frag-B (Figure 2(b)). The two car-
bon atoms linked to the pyrrole ring of this fragment were
then passivated by two and three hydrogen atoms, respec-
tively, which promised no dangling bond in the N atom
of Frag-B, and subsequently the Mg-pyrrole binding like
that of Mg with the pyrrole ring II (or IV) inMgP (Figure
1(b)). We have also compared the strengths of Mg bind-
ing to the pyrrole rings of the fragments. Considering the
Mg–N bond order was 0.34 in Frag-A and 0.07 in Frag-B,
we applied the following equation to calculate the binding
energies of Mg,

EFrag−A
binding (Mg) = E(Frag − A) − E(Pyr − A)

−E(MgNH2), (1)

EFrag−B
binding (Mg) = E(Frag−B+) − E(Pyr − B) − E(Mg+),

(2)

where EFrag−A
binding (Mg) and EFrag−B

binding (Mg) denote the bind-
ing energies of Mg with the pyrrole rings of Frag-A and
Frag-B, respectively. The labels Pyr-A and Pyr-B repre-
sent Frag-A without the MgNH2 group and Frag-B with-
out Mg+, respectively. In Equation (1), E(Frag-A), E(Pyr-
A) and E(MgNH2) indicate the energies of Frag-A, Pyr-
A and the MgNH2 group, respectively. In Equation (2),
E(Frag-B+), E(Pyr-B) and E(Mg+) mean the energies of
the positively-charged Frag-B, the Pyr-B and the Mg+

ion, respectively. As shown in Figure 2(c), the binding
energy of Mg with the pyrrole ring was −2.413 eV for
Frag-A and −2.370 eV for Frag-B, indicating that the
binding strength of Mg in Frag-A is a little stronger
than that in Frag-B. Their difference was only 0.043 eV
(0.99 kcal/mol), much weaker than the Mg-pyrrole inter-
actions and a little larger than the thermal fluctuation
(∼0.03 eV = 0.69 kcal/mol) at a room temperature.
Therefore, the weak asymmetry inMgP could be retained
through Frag-A and Frag-B with the help of the weak dif-
ference in the Mg-pyrrole bindings on a sub-picosecond
scale.

3.2. Different electronic excitations of the fragments
induced byMgP asymmetry

To explore the influence of the Mg-pyrrole binding
asymmetry on the electronic excitations, we calculated
the single-electron excitation energies of Frag-A and

Table . Comparison in the energies (eV) of the optically allowed
excitations between the fragments A and B.

TDDFT Experimenta

Frag-A Frag-B MgEtioP Assignment

. – ., . (∼.b) Q
. . . (∼.c) B
. . –

a Gas-phase absorption spectrum of MgEtioP.
b A shoulder peak at the high-energy side of the Q-band.
c A shoulder peak at the high-energy side of the B-band.

Frag-B based on the TDDFT. The results are shown in
Table 1. In the region close to the Q-band ofMgP absorp-
tion spectrum, there was an excitation energy of 2.219
eV from Frag-A and no excitation observed from Frag-
B with a non-vanishing value of oscillator strength. In
the region close to the B-band, there were two excitation
energies (3.268 eV, 3.380 eV) for Frag-A and two excita-
tion energies (3.243 eV, 3.348 eV) for Frag-B, which were
related to themajor peak (3.18 eV) and the shoulder peak
(∼3.4 eV) of the MgEtioP B-band. These results indicate
that the asymmetry ofMgP can be clearly presented in the
difference of electronic excitations between Frag-A and
Frag-B, especially the excitation related to the Q-band.
Therefore, although the effect of MgP asymmetry may be
very weak and ignorable in the Mg-pyrrole interactions
(Figure 2(c)) and subsequently molecular conformation
(Figure 1(a)), it would significantly affect the electronic
excitations of MgP.

3.3. Effects of the asymmetry on the structure in
electronic excitations ofMgP

Because the coupling was weak between the pyrrole rings
of MgP (see the details in Supplementary Information),
we could introduce a model consisting of four quantum
dots (QDs) (I, II, III and IV) (Figure 3(a)) to calculate
the excitation energies of MgP. Based on the excitation
energies of Frag-A and Frag-B (Table 1) and the coupling
strengths of pyrrole rings from the ab initio calculations
on double-pyrrole-ring involved fragments (Figures S1
and S2 in Supplementary Information), a Hamiltonian
was built for themodel with three occupied levels forQDs
I and III (Figure 3(b)) and two occupied levels for QDs II
and IV (Figure 3(c)),

H =
∑

m=I,III

[
εqma

+
m,qam,q +

∑
i

εbm,ia
+
m,i,bam,i,b

]

+
∑

m=II,IV;i
εbm,ia

+
m,i,bam,i,b
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Figure . An asymmetricmodel forMgPmolecule based on the ab initio calculations of fragments. (a) Amodel consisting of four quantum
dots (QDs) (I, II, III and IV) that correspond to the four pyrrole rings (I, II, III and IV) of MgP. (b) and (c) The level structures of QDs related to
the Q and B bands of MgP absorption spectrum. The dot-dashed line denotes the Fermi level. The labels q, b and b indicate the levels
related to the Q- and B-band excitations, respectively. (b) The level structure for QDs I and III. (c) The level structure for QDs II and IV.

+
∑
m�=n

tqm,n

(
a+
m,qan,q + a+

n,qam,q

)

+
∑

m�=n;i, j
tbm,n;i, j

(
a+
m,i,ban, j,b + a+

n, j,bam,i,b

)
,

where m, n = I, II, III and IV. Due to no excitation of
Frag-B with a non-vanishing oscillator strength related
to the Q-band of MgP spectrum (see Table 1), only the
levels responsible for the B-band were introduced in QDs
II and IV. The label εqm represents the energy of the occu-
pied level in the QDm related to the Q-band ofMgP light
absorption spectrum, while εbm,i denotes the energies of
the two levels (i= 1 or 2) related to the B-band. a+

m,q (am,q)
and a+

m,i,b (am,i,b) denote the creation (annihilation) oper-
ators for the electron at the (m, q) and (m, i, b) levels,
respectively. The parameter tqm,n stands for the coupling
strength between the (m, q) and (n, q) levels, and tbm,n;i, j
for that between the (m, i, b) and (n, j, b) levels, where
m � n. Considering that the difference of excitations in
the Q, B and N bands of MgP mainly depended on the

states under the Fermi level [14,15], we took the energy
of electron in the excited state as the reference. Therefore,
based on the excitation energies of Frag-A and Frag-B, we
calculated the energies of occupied levels as follows: εqI =
ε
q
III = −2.219 eV, εbI,1 = εbIII,1 = −3.268 eV, εbI,2 = εbIII,2

= −3.380 eV, εbII,1 = εbIV,1 = −3.243 eV, εbII,2 = εbIV,2 =
−3.348 eV. From the calculations of double-pyrrole-ring
involved fragments (see Figures S1 and S2 in Supplemen-
tary Information), the coupling parameters between QDs
were obtained as the following. For the nearest neigh-
bouring QDs, tbm,n;i, j = 0.2 eV upon i = j, and 0.1 eV
upon i � j, while tqm,n was vanishing due to no corre-
sponding levels applied in QDs II and IV. For the next
neighbouring QDs I and III, tbm,n;i, j = 0.05 eV upon i =
j, and 0.02 eV upon i � j, while tqm,n = 0.05 eV. The cou-
pling of QDs II and IV was ignored because the bindings
of Mg with the pyrrole rings II and IV was weaker than
those with the pyrrole rings I and III. The single-electron
excitation energies of the four-QD model were then cal-
culated based on this Hamiltonian. The results are shown
in Figure 4(a).

Figure. Electronic excitations ofMgP. (a) Effects of the asymmetry on the electronic excitations ofMgP. The spheres and triangles indicate
the calculated excitation energies with and without the asymmetry of Mg-pyrrole bindings, respectively, while the squares denote the
experimental data []. (b) Gas-phase absorption spectrum of MgEtioP []. The vertical dashed lines indicate the locations of shoulder
peaks. Besides themajor peaks, there are two shoulder peaks at the high-energy sides of the Q-band (∼. eV) and the B-band (∼. eV),
respectively. Reprinted with permission from Edwards et al. []. Copyright ©  Published by Elsevier Inc.
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Figure . Origin of the asymmetry inMgP. (a) and (b) Twomolecularmodels employed for revealing the origin ofMgP asymmetry. Besides
the spheres labeled by Mg+, N- and N, the rest of spheres denote the Cand H atoms by the large and small, respectively. The spindle-
shaped cloud locatedbetweenMg+ andN- with the isosurface of . e/Å denotes the electrondistributionof theMg–Ncovalent orbital.
TheMg–N distance remains at the identical value inMgP. (a) Model A: Mg+ binding to a pyrrole ring from the pyrrole I of MgP. UponMg+

binding to the pyrrole ring, a few electrons (. e) transfer from the pyrrole to Mg+, and then majorly occupy the s and py orbitals of
Mg ion. Right: The s orbital of Mg hybridises with the py orbital, leading to two sp hybridised orbitals (dumbbel-shaped clouds). Both
the two front and two back lobes of the hybridised orbitals point in opposite directions, resulting in a linear structure for the transferred
electrons in real space. The sp hybridised orbital further forms a covalent orbital (spindle-shaped cloud) with the orbital of the N in the
pyrrole ring. (b) Model B: Mg+ binding to a pyrrole ring from the pyrrole II of MgP. Very few electrons (. e) transfer from the pyrrole
to Mg+, and then no covalent orbital appears between the Mg and N. (c) Schematic representation for the origin of MgP asymmetry.
Upon Mg+ interacting with the pyrrole rings in MgP, a few electrons transfer to the Mg ion (arrowhead curves, δ ∼ .), inducing the
hybridisation of s and py orbitals in the ion. The sp hybridised orbitals (dumbbel-shaped clouds) of Mg with a linear structure then
triggers the asymmetry of MgP.

Split of Q-band excitations was observed. Based on
the above calculations, we successfully obtained the split
excitations responsible for the Q-band. In the region less
than 3.0 eV, three excitation energies (2.158 eV, 2.258 eV
and 2.713 eV, red spheres in Figure 4(a)) were observed
when the asymmetry of Mg-pyrrole bindings was intro-
duced by the fragments, consistent with the split two sub-
bands (2.14 eV, 2.29 eV) and one shoulder peak (∼2.5
eV) of the Q-band in MgP absorption spectrum (Figure
4(b)). In contrast, in the results (violet triangles in Figure
4(a)) without this asymmetry (namely, TDDFT calcula-
tions directly on the symmetric MgP (Figure 1(a))), only
two degenerate excitations were observed with an energy
of 2.358 eV, which obviously disagreed with the experi-
mental observations of the split Q-band. It is clear now
that this inconsistency is attributed to the D4h symmetry
existing inMgP due to the approximations in the conven-
tional TDDFT calculations.

High accuracy of B-band calculations was achieved.
Our calculations with the asymmetry also showed a very
high accuracy in the B-band excitations. For the region
between 3.0 eV and 3.5 eV, when the asymmetry was
introduced, there were two groups of excitation energies
(3.106 eV, 3.164 eV, 3.243 eV) and (3.340 eV, 3.48 eV,
3.500 eV), which agreed with the major (3.18 eV) and
shoulder (∼3.4 eV) peaks in the experimental B-band,
respectively, with a difference less than 0.1 eV. However,
in the absence of the asymmetry, there were two degener-
ate excitations of 3.458 eV, which onlymatched the shoul-
der peak of the experimental B-band, but was far from the
major peak.

Additionally, we also observed the excitation that was
responsible for the N-band. In the region larger than

3.5 eV, there were values of 3.945 eV and 3.751 eV for
the cases with and without the asymmetry, respectively,
which corresponded to the N-band (3.81 eV) of MgP
absorption spectrum.

All of these results obviously indicate that the asymme-
try of Mg-pyrrole bindings play an important role in the
structure of MgP electronic excitations, especially in the
Q and B bands that are the functional excitations practi-
cally devoted for the light harvesting in photosynthesis.

3.4. An sp hybridisation ofMg ion as a chemical
basis of MgP asymmetry

In order to further reveal the chemical basis for the unbal-
anced charge distribution of pyrrole rings and subsequent
asymmetry in MgP (Figure 1(b)), we explored the inter-
actions of Mg2+ with the pyrrole rings I and II. Two
molecular models were employed as follows: anMg2+ ion
binding to a pyrrole ring from the pyrroles I (denoted
as Model A, Figure 5(a)) and II (denoted as Model B,
Figure 5(a)) of MgP, respectively. The methods similar to
the previous fragment preparation were applied to pre-
pare the models. A dangling bond thus existed on the N
atom of pyrrole in Model A, not in Model B. The Mg–
N distances in both models remained as the identical
value in MgP. First, we compared the ability of the pyr-
role ring donating electron for Mg2+ between the mod-
els. As shown by natural bond orbital (NBO) analyses,
there were 0.86 electrons transferring from the pyrrole
ring to Mg2+ in Model A, and only 0.21 electrons trans-
ferring in Model B, which indicated that more electrons
were donated by the pyrrole ring for Mg2+ in Model A
than inModel B. FurtherNBOanalyses presented that the
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Figure . Twopotential views for the distribution of ‘−’charges in the four pyrrole rings ofMgPmolecule. (a) Dh molecular conformation
of MgP. The Mg–N distances are identical. (b) According to the Dh conformation of MgP, the ‘−’ charges are evenly distributed to the
four pyrroles. (c) According to the resonance structures of MgP, the ‘−’ charges are only distributed to the two of four pyrroles, and the
other two are neutral. The left and right indicate two resonance structures of MgP. The solid and dashed lines denote the covalent and
non-covalent bonds, respectively.

transferred electron in Model A mostly occupied the 3s
and 3py orbitals of Mg ion, while these two orbitals were
hybridised, resulting in two sp hybridised orbitals with an
angle of 180° between them (Figure 5(a), right). It should
be noted that this asymmetry of Mg ion induced by the
sp hybridised orbitals would be very weak because there
were few electrons (∼0.5 e) occupying these hybridised
orbitals. Furthermore, an occupied covalent orbital was
observed containing 20% electrons from one of the sp
hybridised orbitals in Mg and 80% electrons from one
of three sp2 hybridised orbitals in N, indicating that a
chemical bond forms between theMg and N. In contrast,
for Model B, the asymmetry of Mg ion induced by sp
hybridisation could almost be ignored because there were
only 0.21 electrons transferring toMg2+, significantly less
than those (0.86 e) inModel A. Subsequently, no covalent
orbital was observed between Mg and N in this model,
clearly different from the situation inModel A. Addition-
ally, we have also observed the 3s–3py hybridisation of
Mg ion in Frag-A, although the hybridisation degree was
less than that in Model A. All of these results suggest that

it is the sp hybridisation of orbitals in Mg ion that pro-
vides a basis of the uneven charge distribution and conse-
quent asymmetry inMgP (further discussion in Section 3
of Supplementary Information).

3.5. Relation toMgP resonance structures

For the MgP molecule, there are two views for the dis-
tribution of ‘2−’ charges in the four pyrrole rings: (1)
according to the D4h molecular conformation ofMgP, the
‘2−’ charges are evenly distributed to the four pyrroles
(Figure 6(a,b)); (2) according to the resonance structures
of MgP, the ‘2−’ charges are only distributed to the two of
four pyrroles and the other two are neutral (Figure 6(c)).
The first view leads to the Gouterman model, which can-
not directly provide theQ-band split. If the second view is
applied (with the switching between two resonance struc-
tures of MgP), the split can be well understood due to
the symmetry-breaking with help of our previous stud-
ies. Following the second view, at some time, the pyrroles
I and III are negatively charged and the pyrroles II and IV
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are neutral (the left structure of Figure 6(c)). The Mg2+

ion then prefers binding to the N of pyrroles I and III
because the negative charges are majorly localised at N.
Some electron of the negatively-charged N will transfer
to the Mg2+ ion due to that the 3s and 3p orbital of Mg2+

ion is empty. The transferred electron further causes a
sp hybridisation on Mg ion along the y direction, which
induces a formation of covalent orbital with the nitrogen
(N1 and N3). A similar case (the right structure of Figure
6(c)) can also happen at other time due to the resonance
structure switching.

The key is the lifetime of the state, i.e. the time
scale of the switching between two resonance structures.
The times of electron excitation and tunnelling have
been reported to be on a femtosecond scale (<10 fs)
[36–39], and thus the nuclearmovement can be estimated
on a picosecond scale because the mass ratio of nucleus
to electron is on a scale of 103:1 for the atoms in MgP.
The existence of sp hybridised orbital of Mg and subse-
quent Mg–N covalent bonds would slow down the elec-
tron transfer between pyrrole rings, and then result in
the switching of two resonance structures reaching an
interval between the two time scales above. (More dis-
cussions of the time-scale estimations above are shown
in Section 3 of Supplementary Information.) One of the
resonance structures is thus observed by the absorption
spectra (fs scale), which presents a property of D2h sym-
metry, but not D4h.

4. Conclusion

In summary, we showed that the calculations based on
the asymmetry assumption of MgP provides a much bet-
ter result on the structure of the electronic excitations
than the conventional calculations based on the sym-
metry assumption. For the excitations responsible to the
B-band of MgP absorption spectrum, when the asymme-
try was introduced, the calculations could reach a level
of 10−2 eV accuracy as compared with the experiments.
More importantly, three excitations were observed corre-
sponding to the Q-band, consistent with the experimen-
tal spectrum. All of these observations were attributed to
the fact that the D4h symmetry was broken by the differ-
ent interactions of Mg with the pyrrole rings, which ben-
efitted from the linear structure of sp hybridised orbitals
on the third shell of Mg after a few electrons transfer-
ring from the negatively-charged pyrrole rings to Mg2+.
Our findings will shed a new insight on the understand-
ing of the quantum mechanism of the high-energy effi-
ciency in light-harvesting system, promote the studies on
the quantumeffects in biological systems, and inspire new
ideas for the materials and device designing of artificial
photosynthesis.
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