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Theoretical study on the supramolecular complexes formed between boron-doped heterofullerene (C59 B) and zinc porphine (ZnP), namely C59 B-ZnP and its anion species
C59 B− -ZnP, was performed by density functional theory calculation at wB97XD/6-31G(d)
level. Strong interaction between porphyrin and heterofullerene moiety was predicted for
these complexes based on geometry and electronic structure analysis. Especially, pseudobonding interaction occurring between the B atom of fullerene and the N atom of porphyrin
was predicted to occur in C59 B-ZnP complex, but be broken in C59 B− -ZnP complex. Timedependent density functional theory calculation manifests the redshift of electron absorption
for ZnP upon the interaction with heterofullerene.
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theory (DFT) study on the substituent influence of C60
on its interaction with zinc porphine (ZnP) [24], which
discloses addition interaction between the substituent
and porphyrin ring. Heterofullerene usually possesses
modified electronic structure, and therefore is believed
to exhibit novel characters in its interaction with porphyrin. A boron-doped fullerene, C59 B, firstly observed
by Poblet and Kroto and was thought as a good electron
acceptor [15], might exhibit special interaction with
porphyrin.
Here, we reported the DFT study on the complex
formed between C59 B and ZnP as well as its anion
species, in order to clarify the influence of doping on
fullerene-porphyrin complex.

I. INTRODUCTION

As an intriguing carbon material with extensive
π electron system, graphite and fullerene have been
widely used in designing functional electronic devices
[1−3]. To further modify the properties of these carbon
material, many methodologies including substitution [4,
5], encapsulating [6, 7], and doping [8−10], have been
developed. Among these methods, heteroatom doping
technology has been a subject of increasing interests. It
has been revealed that N-doped graphite has improved
conductivity and catalytic activity [11−13], and has potential application in designing novel electrode of fuel
cell and catalyst. The doping of fullerene by non-carbon
atoms (such as N, O and B) was also researched [10, 14,
15], and the resulting heterofullerene exhibits different
electronic structure from that of all-carbon precursor,
and consequently novel electronic and optical properties
[15]. Till now many studies focused mainly on the synthesis and properties of heterofullerene itself, whereas
little attention was paid to the interaction between heterofullerene and other functional molecules, which inspires us to perform a theoretical study.
As typical π-π interaction driven complexes, the
fullerene-porphyrin complexes have been extensively
studied both by experimental [16−19] and theoretical
methods [20−23], and the charge/electron transfer observed between porphyrin and fullerene moiety was utilized to mimic some important natural biology processes. Very recently, we reported density functional

II. CALCULATION

All calculations were performed using Gaussian 09
program suit [25], with 6-31G(d) basis set for all
atoms. The wB97XD functional [26], involving the
dispersion correction and performing well in studying the weak interaction between fullerene and porphyrin/phthalocyanin [24, 27], was utilized in this work.
Both isolated heterofullerene and ZnP units were optimized firstly, and the resulting geometry was used to
construct the target heterofullerene-ZnP complex, including C59 B-ZnP and C59 B− -ZnP. In the construction of these two complexes, B atom of heterofullerene,
which possesses the largest positive charge of Mulliken
distribution in fullerene derivatives (0.076 e in C59 B−
and 0.225 e in C59 B, respectively), was chosen as the
closest atom approaching to one nitrogen atoms of ZnP
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TABLE I The association energy (in Hartree, and kcal/mol
in parentheses) of complex C59 B− -ZnP and C59 B-ZnP.

Np

Eassoc
BSSE
Emoiety
Ecomplex a
ZnP
−2767.24878
C59 B−
−2272.30671
C59 B− -ZnP−5039.59064 −5039.555 0.035(22.039) 0.016
C59 B
−2272.18297
C59 B-ZnP −5039.47105 −5039.438 0.033(20.434) 0.018
a
With consideration of BSSE.

2.273
2.081
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FIG. 1 The optimized geometry and selected distance (in
Å) of complex C59 B− -ZnP (a) and (b) C59 B-ZnP.

has the largest negative charge of Mulliken distribution (−0.748 e). Meanwhile, the B−C bond of heterofullerene localizing between two six member rings of
fullerene other than localizing between a six and a five
member rings was chosen as the closest bond approaching to porphyrin ring, in consistent with the general
arrangement of all-carbon fullerene/porphyrin complex
[20−23]. The optimization of the supramolecule was
carried out with consideration of BSSE correction. The
3-D visualization of reduced density gradient (RDG)
calculation was performed using the MultiWFN program [28] by inputting the output file (wfn file) of the
Gaussian calculation, and the resulting cube file was
converted into 3-D graphics using the visual molecular
dynamics (VMD) program [29]. The electronic absorption was simulated by TDDFT calculation at the same
theoretical level. 45 and 80 excitation states were involved for C59 B− -ZnP and C59 B-ZnP complex, respectively, which covers the B and Q absorption region of
ZnP moiety. TDDFT calculations were conducted without the consideration of solvent effect, in order to save
computing time.

III. RESULTS AND DISCUSSION
A. The optimization structure

The final optimized geometry is shown in Fig.1, and
some selected structural parameters are listed too. The
partial structure between porphyrin and heterofullerene
will be discussed in detail. Inspection of Fig.1, it is indicated the distance between the ZnP ring and fullerene
ball is much shorter than that of all-carbon fullereneporphyrin complexes. For example, the distance between the zinc atom of porphyrin ring and the closest C atom of heterofullerene (abbreviated as Cf ) is
about 2.3 Å both for C59 B-ZnP (2.303 Å) and C59 B− DOI:10.1063/1674-0068/27/03/285-290

ZnP (2.30 Å) complex, which is much shorter than the
corresponding distance (2.6−3.0 Å) in all carbon C60 porphyrin complex [20−23], due probably to strong interaction between ZnP and heterofullerene unit. The
most significant difference in structure between these
two complexes is the distance between the B atom of
heterofullerene and the closest N atom of porphyrin
(abbreviated as Np ), which is 3.037 Å in C59 B− -ZnP
complex, but is shortened greatly to 1.717 Å in C59 BZnP complex. This distance in C59 B-ZnP complex is
just a little longer than the normal length of B−N
bond (∼1.57 Å) [30], which indicates that there exists
pseudo-bonding interaction between B and Np atoms
in C59 B-ZnP complex. This strong interaction should
account for the significant out-of-plane distortion of
porphyrin ring predicted by theoretical optimization
for C59 B-ZnP. In such distorted ZnP ring, the 4-fold
symmetric coordination environment for the Zn (II)
ion was disturbed, and the distance between Zn and
the Np atom was elongated from the 2.036 Å of single ZnP to 2.2732 Å for C59 B-ZnP complex. However,
such strong out-of-plane distortion was not observed for
C59 B− -ZnP, in which only slight deviation of central Zn
atom was observed from porphyrin ring toward heterofullerene moiety.
The strong interaction between heterofullerene and
ZnP in these two complexes was further observed to
elongate the fullerene ball along the axis crossing B
atom and the opposite C atom. In summary, the geometry of ZnP-heterofullerene, especially the B· · · Np
distance, depended strongly on the reduction/oxidation
state.
The stabilization energy (Table I) of the complex was
derived from the following equation
Eassoc = Ecom − (EZnP + Efull )

(1)

where Ecom , EZnP , and Efull represent the single point
energy of complex, individual ZnP and fullerene, respectively. The produced Eassoc value for C59 B-ZnP,
20.434 kcal/mol, is surprisingly a little smaller than
that of C59 B− -ZnP (22.039 kcal/mol), which is not
consistent, at first glance, with the observed pseudobonding interaction between fullerene and porphyrin in
C59 B-ZnP, but could be interpreted by the disturbance
of the coordination effect between Zn(II) and N atom of
c
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(a)

TABLE II The population and bond order analysis of complexes C59 B− -ZnP and C59 B-ZnP.
Mulliken population BC59
ZnP
Natural population BC59
ZnP
Mayer Bond order
Np · · · B
Cf −Zn
Zn−Np
Wiberg bond order Np −B
Cf · · · Zn
Zn−Np

C59 B -ZnP
−0.825
−0.175
−0.925
−0.075
0.007
0.329
0.432
0.018
0.146
0.242

C59 B-ZnP
−0.261
0.261
−0.390
0.390
0.437
0.234
0.246
0.574
0.108
0.117

(b)

0.432 e
0.246 e

Zn
0.329 e
B

Zn

Np

0.007 e

0.437 e

0.234 e
Cf

B

Cf

0.800
N

0.686

ELF index

−

Np

287

0.571

N

Zn

N

Zn

N

0.457
0.343
0.229

B

C

B

0.114
0.000
1.000
0.686

LOL

0.571
0.457
0.343

porphyrin moiety, which weakens the relative stability
of ZnP.
It should be noted that the Eassoc of these two
complexes are still larger than that of all-carbon
fullerene/porphyrin complex [24], reflecting the strong
interaction between porphyrin and heterofullerene
caused by B doping.

B. Electronic structure

The charge distribution analyses may shed important light on the interaction between ZnP and heterofullerene, and therefore were performed for these two
complexes. The predicted Mulliken and natural charge
distribution of two units are collected in Table II. As
indicated clearly in Table II, the interaction between
ZnP and C59 B brings about the charge transfer from
ZnP moiety to the electron-defect C59 B moiety, which
consequently results in partial positive charge distribution on ZnP moiety (0.261 e and 0.390 e for Mulliken and natural population, respectively) and partial
negative charge distribution on C59 B moiety. However, the charge transfer occurs in inverse direction for
C59 B− -ZnP that results in a ZnP moiety of negative
charge.
The localized orbit locator (LOL) and electron localization function (ELF) were often used to reveal the
relationship between electronic structure and geometric structure. The graphic LOL and ELF of these two
complexes are shown in Fig.2. It’s clearly indicated
that the region between B and Np atoms has high ELE
and LOL value for C59 B-ZnP complex, even larger than
that between Zn−N bond, which manifests the pseudobonding interaction between the B and Np atoms. On
the other hand, only weak intermolecular interaction
was predicted between the B and Np in C59 B− -ZnP
complex. Meanwhile, weak interactions between the Zn
and Cf atoms were also observed for two complexes,
indicated by small ELE and LOL values.
DOI:10.1063/1674-0068/27/03/285-290

0.229
0.114
0.000

FIG. 2 The Mayor bond orders, ELF and LOL models of
(a) C59 B− -ZnP and (b) C59 B-ZnP.

Bond order analysis also reveals the difference between these two complexes in their electronic structure (see Table II). The Mayer and Wiberg bond orders are predicted to be about 1.1 for the C−C bond
of the heterofullerene, and are about 0.49 and 0.27 for
the Zn−N coordination bond of ZnP, respectively. Calculation predicts a Mayer bond order of 0.437 and a
Wiberg bond order of 0.574 for the B· · · Np interaction in C59 B-ZnP complex, which is at least comparable with that of Zn−N bond. Whereas, longer distance
between B and Np in C59 B− -ZnP complex results in
a much smaller bond order (0.007 and 0.018 in Mayer
and Wiberg bond order, respectively). In addition, two
moderate center bond order (>0.1) was predicted for
Zn· · · Cf interaction both for two complexes. Based
on above analyses, it’s clearly testified that there exists strong interaction between ZnP and heterofullerene
both in these two complexes.
The variation of electron density upon the formation of supramolecule is graphically depicted in Fig.4,
which sheds light on the electron redistribution upon
interaction. For the interaction between Zn and Cf
atom, the transfer of electron density from Cf to Zn is
clearly indicated both for two complexes. Meanwhile,
the pseudo-bonding interaction between B and Np atom
in C59 B-ZnP results in the movement of electron density
from porphyrin N toward heterofullerene. The variation
of electron density is consistent with the afore-discussed
electron distribution.
The visualized analysis based on RDG calculation
was also used to study the weak interaction between
ZnP and heterofullerene. In Fig.3, the red, green, and
c
⃝2014
Chinese Physical Society

288

Jun-ying Weng et al.

Chin. J. Chem. Phys., Vol. 27, No. 3

TABLE III The energy level (in Hartree) of frontier orbital of complex C59 B− -ZnP and C59 B-ZnP. For C59 B and C59 B-ZnP,
the HOMOs series should be SOMOs.
ZnP
C59 B−
C59 B− -ZnP
C59 B
C59 B-ZnP
α
β
α
β
LUMO+4
0.11804
0.10601
0.05750
−0.01265
−0.01474
−0.03047
−0.03902
LUMO+3
0.10041
0.09916
0.05734
−0.01708
−0.05735
−0.04051
−0.04256
LUMO+2
0.05089
0.05530
0.04779
−0.06046
−0.06196
−0.04574
−0.05141
LUMO+1
−0.02848
0.05130
0.04365
−0.06352
−0.06276
−0.05179
−0.05578
LUMO
−0.02848
0.04921
0.04097
−0.06604
−0.10686
−0.05648
−0.07530
HOMO
−0.24338
−0.13917
−0.14595
−0.27628
−0.24378
HOMO-1
−0.24758
−0.16480
−0.15687
−0.28505
−0.28495
−0.25896
−0.25707
HOMO-2
−0.31216
−0.16833
−0.16258
−0.28761
−0.28513
−0.26088
−0.25915
HOMO-3
−0.32179
−0.17131
−0.17353
−0.28910
−0.28645
−0.26437
−0.26314
HOMO-4
−0.32203
−0.17164
−0.17905
−0.28943
−0.28791
−0.26680
−0.26535

(a)

(b)

FIG. 3 The RDG models of (a) C59 B− -ZnP and
(b) C59 B-ZnP. The black solid arrows for these two complexes both indicate the strong attracting interaction (blue
region) between Zn and Cf atom, while the black dash arrow indicates the weak attracting interaction (green region)
between the B and Np atom in C59 B-ZnP.

blue regions represent the strong repulsion interaction,
Van der Waals interaction, and strong attraction interaction, respectively. It’s worth noticing that strong
attracting interaction between ZnP and heterofullerene
for these two complexes was indicated by blue region
between Zn and Cf atom, differing from the weak interaction observed between ZnP and all-carbon C60
[24]. Furthermore, the interaction between B and Np in
C59 B-ZnP is so strong that is presented by a bond other
than blue region in Multiwfn soft by default. However,
for C59 B− -ZnP, the interaction between B and Np is
weakened significantly and therefore is represented by
a green region.
Significant difference between these two complexes in
geometric and electronic structure is promising to bring
about notable difference in their frontier orbits, which
is much more important in studying their response to
external optical stimulation. The frontier orbit graphic
of these two complexes are depicted in Figs. S1, S2
and S3 (supplementary material), and the energy levels
of complexes as well as that of single ZnP and heterofullerene are listed in Table III. Detailed analyses on
DOI:10.1063/1674-0068/27/03/285-290

(a)

(b)

FIG. 4 The variation of the electron density upon the formation of (a) C59 B− -ZnP and (b) C59 B-ZnP. The red and
green isosurface (±0.0046) represent the region where electron density is increased and decreased after the formation
of complexes.

Figs. S1, S2, and S3 reveal strong orbit mixing between two units both in two complexes. In the case of
BC59 − -ZnP, the LUMO and LUMO+1 orbit are pure
fullerene orbit and the HOMO-1 is pure porphyrin orbit, whereas HOMO and HOMO-2 orbit locate largely
on ZnP moiety and partially on the B−C bond of heterofullerene. The HOMO-1 and HOMO orbits, though
locating (or mainly locating) on ZnP moiety, undergo
great increasing in energy level (about 0.1 Hartree) with
respect to that of single ZnP, due probably to strong interaction between ZnP and C59 B− that has relatively
higher frontier orbits. Consistently, the LUMO and
LUMO+1 orbits, locating purely on hetereofullerene,
exhibits marked decreasing in energy level owing to the
interaction with ZnP.
For C59 B-ZnP complex, the LUMO and LUMO+1
are pure porphyrin orbits that decreases slightly (about
0.025 Hartree) with respect to that of single ZnP, due
to strong interaction between ZnP unit with C59 B unit
that has lower frontier orbits. The situation is much
complicated for the occupied orbits, where almost all
c
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FIG. 5 The simulated electronic absorption spectra of (a) C59 B− -ZnP and (b) C59 B-ZnP.

frontier occupied orbits exhibit significant mixing of
orbits originating, respectively, from ZnP and heterofullerene, except the SOMO orbit that has pure orbit
component of heterofullerene.
In summary, the HOMO/HOMO-1 and LUMO/
LUMO+1 orbit in C59 B− -ZnP locates nearly on ZnP
and heterofullerene moiety, respectively, whereas the
situation is different in BC59 -ZnP. This would bring
about different electron transition structures for these
two complexes.

C. The simulation of electronic absorption spectra

The TDDFT calculations of electron transitions were
conducted and the transition assignments are collected
in Table S1, S2, S3 (supplementary material), respectively, for C59 B− -ZnP and C59 B-ZnP. The simulated
electronic absorption spectra are displayed in Fig.5.
For C59 B− -ZnP complex, two transitions were predicted to occur at 342.5 and 343.9 nm, with the
strongest, nearly equal oscillator strength f (∼0.3).
These two transitions consist mainly of the electron excitation from HOMO-2 and HOMO-1 orbits to
LUMO+3 and LUMO+4, as indicated in Table S2 (supplementary material). HOMO-1, LUMO and LUMO+1
orbit are pure porphyrin orbits, while HOMO-2 orbit
locates mainly on porphyrin and partially on heterofullerene. So it is concluded that weak electron transfer
from heterofullerene to porphyrin occurs for these two
transitions.
For C59 B-ZnP complex, the transitions with the
largest oscillator strength (f =0.1428) was predicted at
343.3 nm (see Table S3 in supplementary material),
which receives contribution mainly from electron excitation from SOMO-6(α) to LUOM(α), SOMO-5(α) to
LUMO(α), and SOMO-6(β) to LUMO(β). LUMO(α)
and LUMO(β) are pure porphyrin orbits, while orbit SOMO-6(α) and SOMO-6(β) consist of moderate
fullerene component, which manifests certain electron
movement from fullerene to porphyrin moiety for this
DOI:10.1063/1674-0068/27/03/285-290

transition.
In addition, several transitions with moderate oscillator strength were predicted to occur in the range
of 374−379 nm, to form an apparent strong absorption around 379 nm in the simulated spectrum. All of
there transitions consists mainly of the electron excitation from SOMO-1(α) to LUMO+1(α) or SOMO-1(β)
to LUMO+1(β). Both SOMO-1(α) and SOMO-1(β)
locate largely on fullerene moiety, while LUMO+1(α)
and LUMO+1(β) are pure porphyrin orbits, which also
suppose the photo-induced electron movement from
fullerene to porphyrin, similar to the strongest transition around 343 nm.
It’s worth noticing that the electron transition predicted at about 343 nm for C59 B− -ZnP and C59 B-ZnP
complexes both have similar transition structure to that
of the B absorption of isolated ZnP predicted at 332 nm
(see Table S1 in supplementary material). The ∼10 nm
redshift predicted here for the B band of ZnP moiety
is well consistent with the observation for all-carbon
fullerene-porphyrin complexes [16−24].

IV. CONCLUSION

Based on theoretical calculation, it’s clarified that the
pseudo-bonding interaction between B-doped C60 and
ZnP was formed in C59 B− -ZnP complex, but it is broken in C59 B-ZnP, forming a pure intermolecular weak
interaction. Consequently, the transfer of electron density in ground state was predicted from porphyrin to
fullerene for C59 B-ZnP, but in reverse for C59 B− -ZnP.
Meanwhile, TDDFT calculations also reveal the different electron structure between these two complexes are
shown.
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