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Silicon represents a common intrinsic impurity in graphene, bonding to either three or four carbon
neighbors, respectively, in a single or double carbon vacancy. We investigate the effect of the latter
defect (Si–C4 ) on the structural and electronic properties of graphene using density functional theory.
Calculations based both on molecular models and with periodic boundary conditions have been performed. The two-carbon vacancy was constructed from pyrene (pyrene-2C) which was then expanded
to circumpyrene-2C. The structural characterization of these cases revealed that the ground state is
slightly non-planar, with the bonding carbons displaced from the plane by up to ±0.2 Å. This nonplanar structure was confirmed by embedding the defect into a 10 × 8 supercell of graphene, resulting
in 0.22 eV lower energy than the previously considered planar structure. Natural bond orbital analysis
showed sp3 hybridization at the silicon atom for the non-planar structure and sp2 d hybridization for the
planar structure. Atomically resolved electron energy loss spectroscopy and corresponding spectrum
simulations provide a mixed picture: a flat structure provides a slightly better overall spectrum match,
but a small observed pre-peak is only present in the corrugated simulation. Considering the small
energy barrier between the two equivalent corrugated conformations, both structures could plausibly
exist as a superposition over the experimental time scale of seconds. Published by AIP Publishing.
https://doi.org/10.1063/1.4999779

I. INTRODUCTION

The modification of the physical properties of graphene
sheets and nanoribbons, in particular the introduction of a
band gap via chemical adsorption, carbon vacancies, and the
incorporation of dopant species has gained a great deal of attention.1,2 Silicon is an interesting element as a dopant as it is
isovalent to carbon. It is also a common intrinsic impurity in
graphene sheets grown by chemical vapor deposition3,4 (CVD)
and in graphene epitaxially grown by the thermal decomposition of silicon carbide.5,6 Further, dopant impurities have been
shown to have significant effects on the transport properties of
graphene.7–9
Silicon dopants in graphene exist predominantly in
two previously identified forms: a non-planar, threefoldcoordinated silicon atom in a single carbon vacancy, referred
to as Si–C3 , and a fourfold-coordinated silicon atom in a
double carbon vacancy, called Si–C4 , which is thought to
be planar. An experimental work from 2012 by Zhou and
co-authors10 showed via simultaneous scanning transmission
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electron microscopy (STEM) annular dark field (ADF) imaging and electron energy loss spectroscopy (EELS) and, additionally, by density functional theory (DFT) calculations that
the two forms of single silicon doped graphene differ energetically, that the silicon atom in Si–C3 has sp3 orbital hybridization, and that the silicon atom in Si–C4 is sp2 d hybridized.
Similarly, EELS experiments combined with DFT spectrum
simulations confirmed the puckering of Si in the Si–C3 structure and supported the planarity of the Si–C4 structure.11
However, a less satisfactory agreement of the simulated spectrum with the experimental one was noted in the latter case.
The results suggested that d-band hybridization of Si was
responsible for electronic density disruption found at these
sites. Experiments and dynamical simulations performed on
these defects have demonstrated12 how the Si–C4 structure is
formed when an adjacent carbon atom to silicon is removed.
However, it was concluded that the Si–C3 structure is more
stable and can be readily reconstructed by a diffusing carbon
atom.
Past investigations of the electronic structure of graphene
defects have shown the usefulness of the molecule pyrene
as a compact representation of the essential features of
single vacancy (SV) and double vacancy (DV) defects.
Using this model, chemical bonding and the manifold of
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structural relaxation. Finally, periodic DFT simulations of
graphene with the Perdew-Burke-Ernzerhof (PBE) functional21,22 will be compared to the molecular calculations
and an EELS spectrum simulated based on the computed
Si–C4 structure compared to an atomic resolution STEM/EELS
measurement.
II. COMPUTATIONAL DETAILS

FIG. 1. Optimized pyrene-2C + Si structure P1 (D2 symmetry) using the
B3LYP/6-311G(2d,1p) method with frozen carbon atoms marked by gray
circles.

electronic states were investigated by multireference configuration interaction (MRCI) calculations.13–16 In the case of
the SV defect,13 the calculations showed four electronic states
(two singlets and two triplets) within a narrow margin of 0.1
eV, whereas for the DV structure,14 a gap of ∼1 eV to the lowest excited state was found. For the DV defect, comparison
with density functional theory using the hybrid Becke threeparameter Lee, Yang, and Parr (B3-LYP) density functional17
showed good agreement with the MRCI results. Whereas for
the covalently bonded Si–C3 structure, no further low-lying
states are to be expected, and the situation is different for
the Si–C4 defect since in this case an open-shell Si atom is
inserted into a defect structure containing low-lying electronic
states.
Based on these experiences, a pyrene model will also be
adopted in this work to investigate the geometric arrangement
and orbital hybridization around the silicon atom in a double
carbon vacancy (Fig. 1). In a second step, a larger circumpyrene structure (Fig. 2) will be used to study the effect of
increasing number of surrounding benzene rings. Two types
of functionals will be employed, the afore-mentioned B3LYP
and, for comparison, the long-range corrected Coulombattenuating B3LYP method (CAM-B3LYP).18 Special emphasis will be devoted to verifying the electronic stability of
the closed-shell wavefunction with respect to triplet instability19,20 and of the optimized structures with respect to

Pyrene doped with a single silicon atom was investigated by first optimizing the structure of pristine pyrene
using the density functional B3LYP17 with the 6-31G*23 basis
set. The two interior carbon atoms were then removed and
replaced with one silicon atom, referred to in this investigation as pyrene-2C + Si. This unrelaxed structure was subjected to a variety of closed-shell [restricted DFT (RDFT)] and
open-shell [unrestricted DFT (UDFT)] geometry optimizations using the hybrid density functionals B3LYP and CAMB3LYP in combination with the 6-311G(2d,1p)24–28 basis set.
To extend to a larger system, pyrene-2C + Si was surrounded
by benzene rings (circumpyrene-2C) and this structure was
optimized using the B3LYP/6-31G** approach. Finally, the
geometry optimization of circumpyrene-2C + Si was performed using the B3LYP functional and the 6-311G(2d,1d)
basis.
To simulate the geometric restrictions present in a large
graphene sheet, the Cartesian coordinates of all carbon atoms
on the outer rims of pyrene-2C + Si (Fig. 1) and circumpyrene2C + Si (Fig. 2) that are bonded to hydrogen atoms were frozen
during the course of geometry optimization to their values
in the pristine structures. The coordinates of both pyrene-2C
+ Si and circumpyrene-2C + Si were oriented along the y-axis
(the long axis) in the xy-plane.
The orbital occupations of the open-shell structures
were determined using the natural orbital population analysis (NPA)29 calculated from the total density matrix, while
the bonding character at the silicon for each structure was
investigated using natural bond orbital analysis.30–34
The discovered corrugated ground state structure of the
Si–C4 defect was then introduced into a periodic 10×8 supercell of graphene, and the structure relaxed to confirm that this
corrugation is reproduced at that level of theory. Finally, the Si
L 2,3 EELS response of the defect was simulated11,35 by evaluating the perturbation matrix elements of transitions from
the Si 2p core states to the unoccupied states calculated up to
3042 bands, with no explicit core hole.36 The resulting densities of state were broadened using the OptaDOS package37 with a 0.4 eV Gaussian instrumental broadening and
semi-empirical 0.015 eV Lorentzian lifetime broadening.
The Gaussian 09 (Ref. 38) and TURBOMOLE39 program
packages were used for the molecular calculations, and the
GPAW40 and CASTEP41 packages were used for the graphene
simulations.
III. RESULTS AND DISCUSSION
A. The pyrene-2C + Si defect structure

FIG. 2. Optimized circumpyrene-2C + Si structure CP1 (D2 symmetry) using
the B3LYP/6-311G(2d,1p) method with frozen carbon atoms marked by gray
circles.

The geometry of the unrelaxed, planar pyrene-2C + Si was
first optimized using the B3LYP/6-311G(2d,1p) method at the
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TABLE I. Open-shell character, structural symmetry, spin multiplicity, bond distances (Å), and relative energies
(eV) of selected optimized structures of pyrene-2C + Si.

Structure

Closed/
open
shell

Triplet
instability

#imaga

High/
low
spin

Si–Cb

C3–C13

C3–C6

∆E

1.940
1.932
1.933

2.652
2.634
2.610

2.860
2.826
2.852

0.000
0.736
0.922

2.645d
2.648
2.648
2.616
2.631
2.599
2.598

2.847d
2.852
2.857
2.820
2.828
2.777
2.772

0.000
0.040
0.056
0.602
0.734
0.770
0.826

B3LYP/6-311G(2d,1p)
P1 (D2 )c
P2 (D2h )
P3 (D2h )

Closed
Closed
Open

No
No
...

0
2
0

Low
Low
High

CAM-B3LYP/6-311G(2d,1p)
P4 (D2 )c
P5 (D2 )c
P6 (D2 )c
P7 (D2h )
P8 (D2h )
P9 (D2 )e
P10 (D2h )

Open
Weakly open
Closed
Open
Closed
Open
Open

No
No
Yes
No
Yes
...
...

0
0
0
1
2
0
1

Low
Low
Low
Low
Low
High
High

1.933d
1.936
1.938
1.923
1.931
1.900
1.900

a Number

of imaginary frequencies.
always stays in-plane.
c The out-of-plane distance of carbon atoms that were not frozen in D structures is ±0.2 Å.
2
d Averaged value of the four bonding carbons.
e The out-of-plane distance of carbon atoms that were not frozen is ±0.07 Å.
b Silicon

closed-shell level resulting in the D2h structure denoted as P2.
There were two imaginary frequencies present in the Hessian
matrix. A displacement of the geometry of structure P2 along
either of these imaginary frequencies led to a distortion of the
planarity, lowering the point group to D2 and producing the
minimum energy structure P1, which was 0.736 eV lower in
energy than structure P2 (Table I). The carbon atoms bonded to
the silicon atom (atoms 3, 6, 10, and 13) were displaced from
planarity by about ±0.2 Å, while the silicon atom remained
co-planar with the frozen carbon atoms on the periphery of
pyrene-2C + Si. A similar tetrahedral geometry has been found
for doping Al and Ga into DV graphene.42 No triplet instability
was found for either of the D2h and D2 structures. Optimizing
the planar pyrene-2C + Si structure at the UDFT/B3LYP/6311G(2d,1p) level for the high-spin case resulted in structure
P3, which was planar and belongs to the D2h point group. No
imaginary frequencies were found in the Hessian matrix of
structure P3; it is located 0.922 eV above the minimum energy
structure P1.
Structures P1-P3 were investigated also using the CAMB3LYP/6-311G(2d,1p) method (Table I). For the planar geometry (D2h symmetry), two low-spin structures were found.
The first one was the closed-shell structure P8 that, however, turned out to be triplet instable. Re-optimization at the
UDFT/CAM-B3LYP level under D2h restrictions led to the
open-shell structure P7 that was 0.13 eV more stable than the
corresponding closed-shell structure. Structure P8 also had
two imaginary vibrational frequencies, both of which were
out-of-plane, leading to D2 symmetry. Displacement along
these modes and optimization at the closed-shell level gave
the non-planar structure P6 of D2 symmetry. Similarly, following the out-of-plane imaginary frequency found in the Hessian
of structure P7 led to a new structure P5 (D2 symmetry) that
was 0.016 eV lower in energy than structure P6. It had only a

small open-shell character as can be seen from a natural orbital
(NO) occupation of 0.089 and 1.911 e, respectively, for the
lowest unoccupied natural orbital (LUNO) and highest occupied natural orbital (HONO). This is much smaller than the
NO occupation of the open-shell low-spin structure P7 whose
LUNO-HONO occupations were 0.302 and 1.698 e. Searching along the imaginary frequencies found for the previous
structures and considering the triplet instability present in the
wavefunctions led to structure P4 (D2 symmetry), the new
low-spin, open-shell minimum-energy CAM-B3LYP structure which was 0.04 eV more stable than structure P5. The
HONO-LUNO occupation for structure P4 was 1.899 e and
0.101 e, respectively. Comparing the occupations from CAMB3LYP to B3LYP shows that the range-corrected functional
CAM-B3LYP presents a more varied picture than that found
with the B3LYP functional. In particular, open-shell structures with non-negligible deviations of NO occupations from
the closed-shell reference values of two and zero, respectively, were found. However, the energy differences between
these different states are quite small, only a few hundredths of
an eV.
Structure P10 of Table I was obtained using the unrestricted high-spin approach in the geometry optimization.
The Hessian contained one imaginary frequency and an outof-plane bending mode leading to D2 symmetry. Following
this imaginary frequency led to structure P9 that was about
0.06 eV more stable than structure P10. The bonding carbons
of this new high-spin structure were slightly out-of-plane by
0.07 Å.
Selected bond distances of the silicon-2C + Si complex
are given in Table I for the B3-LYP and CAM-B3LYP results.
Looking first at the distances from the silicon atom to its
bonding carbon atoms computed at the B3LYP/6-311G(2d,1p)
level, the Si–C bond distances are found to vary by less than
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0.01 Å in the different structures. The D2 structure has the
longest Si–C bond distance as would be expected from moving
the bonding carbon atoms out-of-plane from D2h to D2 symmetry. The internuclear distance between adjacent, non-bonded
carbon atoms C3 and C13 along the direction perpendicular
to the long axis is 2.65 Å for structure P1, which is the largest
among the three structures. This is again a result of the outof-plane character of structure P1. The distance C3–C6 along
the long axis of pyrene is ∼0.2 Å longer than the perpendicular distance, reflecting the restrictions imposed by freezing the
carbon atoms which would be connected to the surrounding
graphene sheet (Fig. 1).
Next, we characterize the structures computed with the
CAM-B3LYP/6-311G(2d,1p) method. The largest C3-C13
bond distance (Table I) is 2.65 Å for the low-spin structures
P5 and P6 (D2 ), while the smallest, 2.60 Å, is found for the
high-spin, open-shell structure P10. The dependence of the
Si–C distances on the different structures and spin states is
not very pronounced though the high-spin planar structures,
structures P9 and P10, were found to have the smallest Si–C
and C3–C13 distances; the same situation that was seen using
B3LYP/6-311G(2d,1p).
Comparing the above two methods for pyrene-2C + Si, the
most noticeable effect is that there is a greater open-shell character for the low-spin structures when using the CAM-B3LYP
functional. The Si–C bond distance and C3–C13 intranuclear
distances are also slightly smaller when using the CAMB3LYP functional. But overall, agreement between the two
methods is quite good.
B. The circumpyrene-2C + Si defect structure

Pyrene-2C + Si was then surrounded by benzene rings
to create the larger circumpyrene-2C + Si structure (Fig. 2)
as a better model for embedding the defect into a graphene
sheet. The edge carbon atoms linked to hydrogen atoms were
again frozen. Description of the geometry of circumpyrene2C + Si is presented in Table II for the B3LYP/6-311G(2d,1p)
method. The geometry of the planar, unrelaxed circumpyrene2C + Si was optimized using a closed-shell approach that led to
the D2h structure CP2, which had one out-of-plane imaginary
frequency. Following this mode, the non-planar D2 symmetric structure CP1 was obtained that contained no imaginary
frequencies. Optimizing the geometry of the planar, unrelaxed
circumpyrene-2C + Si using an open-shell, high-spin approach

resulted in a geometrically stable (no imaginary frequencies)
planar structure CP3 with D2h symmetry. The wave functions
of circumpyrene-2C + Si structures CP1 and CP2 were triplet
stable.
The Si–C bond distances for the three investigated structures are very similar (Table II). The C29–C39 distance is
largest for the non-planar, closed-shell structure P1 and smallest for the planar structures P2 and P3, but the differences are
less than 0.03 Å.
The difference in energy between the non-planar and planar low-spin structures decreases markedly when the 2C + Si
defect is embedded in a larger hexagonal sheet (compare ∆E
values in Tables I and II). The energy difference decreases
by ∼0.6 eV from 0.74 eV in pyrene-2C + Si to 0.12 eV
in circumpyrene-2C + Si. Also noteworthy, when comparing
pyrene-2C + Si and circumpyrene-2C + Si, is that the Si–C
bond distances in circumpyrene-2C + Si are shorter by about
0.03 Å on average for the low-spin cases. The differences
in the internuclear distance between adjacent, non-bonded
carbon atoms C29 and C39 (perpendicular to the long axis)
and C29–C32 (parallel) is much less pronounced than in the
pyrene case, which is a consequence of the more flexible
embedding into the carbon network where none of the four
C atoms surrounding Si is bonded to another atom which is
frozen.

C. The graphene-2C + Si defect structure

To confirm the obtained geometry and to validate that
periodic DFT simulations reproduce the observed ground state
structure, the Si–C4 defect with an alternating ±0.2 Å corrugation of the four C atoms was placed in a 10 × 8 supercell
of graphene, and the structure and cell were relaxed using
the PBE functional. The structural optimization preserved
the out-of-plane corrugation and resulted in a total energy
0.22 eV lower than that of the flat structure. Thus, standard
DFT is able to find the correct, non-planar structure when
initializing away from the flat geometry. Further, a nudged
elastic band calculation43 shows that the two equivalent conformations (alternating which C atoms are up and which are
down) are separated only by this energy barrier, leading to a
Boltzmann factor of 1.7 × 10 4 at room temperature and thus
a rapid oscillation between the two equivalent structures for
any reasonable vibration frequency.

TABLE II. Structural symmetry, open-shell character, spin multiplicity, bond distances (Å), and relative energies
(eV) of selected optimized structures of circumpyrene-2C + Si.

Structure

Closed/
open
shell

Triplet
instability

#imaga

High/
low
spin

Si–Cb

C29–C39

C29–C32

∆E

2.690
2.668
2.662

2.741
2.713
2.745

0.000
0.118
1.254

B3LYP/6-311G(2d,1p)
CP1 (D2 )c
CP2 (D2h )
CP3 (D2h )
a Number

Closed
Closed
Open

No
No
...

0
1
0

Low
Low
High

1.909
1.902
1.912

of imaginary frequencies.
always stays in-plane.
c The out-of-plane distance of non-frozen carbon atoms is ±0.2 Å in structures that are D symmetric.
2
b Silicon
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Bader analysis44 of the charge density shows that the
Si–C bonds are rather polarized, with Si donating 2.61 electrons shared by the four neighboring carbons. This is even
larger than the bond polarization in 2D-SiC, where Si donates
1.2 electrons (although each C has three Si neighbors, bringing
the total to 0.4 per C instead of 0.65 here).45
D. Natural bond orbital analysis

Natural bond orbital (NBO) analysis was used to further
characterize the bonding of pyrene-2C + Si and circumpyrene2C + Si and to describe in detail the charge transfer from silicon
to carbon in the various structures.
The NBO analysis of pyrene-2C + Si is presented in
Table III. The linear combination factor of Si is less than
half of that of the bonding C, a sign of the greater electronegativity of carbon compared to silicon. The non-planar,
low-spin, closed-shell structure P1 (D2 symmetry) shows sp3
orbital hybridization at silicon and sp3 orbital hybridization
at the bonding carbon, consistent with the slight tetrahedral
arrangement about the silicon center. The planar closed-shell
structure P2 shows sp2 d hybridization at the silicon center, consistent with previous experimental and computational interpretations,10 and approximately sp3 hybridization at the bonding
carbons. The high-spin structure P3, which also has D2h symmetry, shows also sp2 d hybridization at silicon. Compared
to B3LYP (structures P1-P3), bonding from CAM-B3LYP
(Table SI of the supplementary material) is essentially the
same.
The NBO analysis of circumpyrene-2C + Si is presented
in Table IV. The bonding character of structure CP1 is essentially sp3 for both silicon and the bonding carbon as in structure
P1 of pyrene-2C + Si although the p orbital character on the
carbon atom of this structure is reduced by about 0.60 e. Structure CP2 presents an interesting case, as no bonding NBOs
were found. Instead, a series of four unoccupied valence lone
pairs (LP*), one of s orbital character and three of p orbital
character, were located on silicon and a corresponding set of
occupied valence lone pairs (LPs), one for each bonding carbon, was found with sp3.58 d0.01 character. It is noted that the
Si–C bonding character of the high-spin structure CP3 changes
markedly between the alpha shell and beta shell. In the alpha
shell, both the silicon and carbon atoms exhibit sp1 orbital
hybridization with no d orbital contribution on silicon, but in
the beta shell, the silicon atom shows sp2 d hybridization and
the carbon atoms show sp3 hybridization as in the other planar
cases.

TABLE IV. NBO bonding character analysis of circumpyrene-2C + Si. The
discussed carbon atom is the one of the four bonded to silicon.
Structure

Bonding character
B3LYP/6-311G(2d,1p)

CP1 (D2 ) closed shell

0.51(sp2.96 d0.04 )Si + 0.86(sp2.62 d0.01 )C

CP2 (D2h ) closed shell

Four LP*: one [1.0(s)Si ] + three [1.00(p)Si ]a
Four[1.00(sp3.58 d0.01 )C ]b

CP3 (D2h ) open shell,
high spin

α: 0.68(sp1.00 d0.00 )Si + 0.74(sp1.00 d0.00 )C
β: 0.55(sp2.00 d1.00 )Si + 0.84(sp3.41 d0.01 )C

a Four
b One

unfilled valence lone pairs (LP*) on silicon (occupation less than 1 e).
occupied valence lone pair on each bonding carbon.

The shapes of the NBOs describing the bond between Si
and C are depicted in Fig. 3 for structures P1 (D2 symmetry) and P2 (D2h symmetry) using the B3LYP/6-311G(2d,1p)
method. They appear very similar in spite of the different
hybridization on Si (sp3 vs. sp2 d, Table III). The plots of the
NBOs for all other structures, even those for circumpyrene-2C
+ Si, are almost identical. The exception is structure CP2 of
circumpyrene-2C + Si in which no Si–C bonds were found
during the NBO analysis. The NBOs shown in Fig. S1 of the
supplementary material for this structure consist of the valence
lone pairs found on each carbon atom (Table IV) possessing sp3.58 orbital hybridization with a lobe of electron density

TABLE III. NBO bonding character analysis of pyrene-2C + Si using
B3LYP/6-311G(2d,1p). The discussed carbon atom is one of the four bonded
to silicon.
Structure

Bonding character
B3LYP/6-311G(2d,1p)

P1 (D2 ) closed shell
P2 (D2h ) closed shell
P3 (D2h ) open shell, high spin

0.54(sp2.98 d0.02 )Si + 0.84(sp3.24 d0.01 )C
0.46(sp2.00 d1.00 )Si + 0.89(sp2.97 d0.01 )C
α: 0.46(sp2.00 d1.00 )Si + 0.89(sp2.81 d0.01 )C
β: 0.55(sp2.00 d1.00 )Si + 0.83(sp3.61 d0.01 )C

FIG. 3. NBO plots for pyrene-2C + Si using the B3LYP/6-311G(2d,1p)
approach for structures P1 and P2. Isovalue = ±0.02 e/Bohr3 .
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found facing the silicon center. The NBOs of silicon are lowoccupancy valence lone pairs, representing one s and three p
NBOs. Even though this classification of bonding by means
of lone pairs according to the NBO analysis looks quite different, the combination of these lone pairs is not expected to
look substantially different from the localized bonds shown in
the other structures, especially considering the strong polarity
of the silicon-carbon bonds as discussed below.
Natural charges are instructive for illustrating the polarity
of the silicon-carbon bonds and the charge transfer between
silicon and the surrounding graphitic lattice. These are shown
in Fig. 4 for circumpyrene-2C + Si (structures CP2 and CP3)
using the B3LYP/6-311G(2d,1p) method. The silicon center is strongly positive in all cases and more positive in
circumpyrene-2C + Si for the low-spin cases (1.7–1.8 e, structures CP1 and CP2) than the high-spin case (1.4 e, structure
CP3). It thus seems that the Bader analysis presented above
overestimates the charge transfer by over 40%, despite being
qualitatively correct. The bonding carbon in each case shows
a larger negative charge compared to the remaining carbon
atoms of circumpyrene. The charge on the bonding carbon in
the low-spin structures CP1 and CP2 is more negative than that
of the high-spin structure CP3.
The natural charges of the remaining carbon atoms in
circumpyrene-2C vary depending on whether they are bonded
to other carbon atoms or to hydrogen. For the low-spin structures CP1 and CP2, the natural charges on C atoms on the
periphery of circumpyrene bonded to other C atoms is about
one-third as negative as the natural charges of C atoms bonded

J. Chem. Phys. 147, 194702 (2017)

to H atoms, while the natural charges of carbon atoms in
the interior of circumpyrene and not bonded to Si are much
smaller. Taken together, the magnitude of the Si-graphene
charge transfer can be seen to be largest for the planar, closedshell, low-spin structure CP2 and smallest for the planar,
high-spin structure CP3.
The natural charges for pyrene-2C + Si using B3LYP/6311G(2d,1p) are plotted in Fig. S2 of the supplementary material. The low-spin structures P1 and P2 have respective positive
charges on the silicon atom of 1.596 and 1.953 e, a larger
difference than in the low-spin structures CP1 and CP2 of
circumpyrene-2C + Si where the silicon atom has positive
charges of 1.726 and 1.821 e. Correspondingly, the difference in the negative charges of the bonding carbon atoms
is also larger between these two structures than in circumpyrene. For the other carbons in pyrene, the magnitude of
their charges varies less than in circumpyrene. For pyrene2C + Si using the CAM-B3LYP/6-311G(2d,1p) method, the
natural charges are plotted in Fig. S3 of the supplementary
material. The same trend is seen for this method as in our other
cases, namely, that the closed-shell, low-spin planar structure
P8 has the largest positive charge on silicon and the largest
negative charge on the bonding carbon compared to the other
structures.
E. Molecular electrostatic potential

The molecular electrostatic potential (MEP) was computed for each structure and is presented in Fig. 5

FIG. 4. Natural charges (e) of carbon and silicon in
circumpyrene-2C + Si using the B3LYP/6-311G(2d,1p)
method.
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FIG. 5. Molecular
electrostatic
potential
for
circumpyrene-2C + Si mapped onto the electron density isosurface with an isovalue of 0.0004 e/Bohr3
[B3LYP/6-311G(2d,1p)].

for circumpyrene-2C + Si using the B3LYP/6-311G(2d,1p)
method. The plots illustrate the natural charge transfer discussed previously: for structures CP1-CP3, the positive potential at silicon corresponds to the positive charge buildup as
discussed above. This positive potential at silicon is more
positive for structures CP1 and CP2 than for CP3 following the trend of the natural charges. There is also a negative potential diffusely distributed on the carbon atoms in
circumpyrene.
The MEP plots for pyrene-2C + Si using the B3LYP/6311G(2d,1p) method is shown in Fig. S4 of the supplementary material. Similar results are obtained when using
the CAM-B3LYP functional (shown in Fig. S5 of the supplementary material). Finally, the low-spin planar structures P2, P7, and P8 have a much more positive potential
than either the non-planar structures or the high-spin planar structures, represented by the deeper blue coloring in the
figures.

Fig. S6 of the supplementary material for the unprocessed
spectrum).
The new spectrum closely resembles the originally
reported one apart from a small additional peak around 96 eV.
Comparing the recorded signal to the simulated spectra, the
overall relative intensities of the π* and σ* contributions
match the flat structure better, but both simulations overestimate the π* intensity at 100 eV. Intriguingly, despite the
better overall match with the flat structure, the small pre-peak
present in the new signal is only present in the spectrum simulated for the lowest energy corrugated structure, providing

F. Electron energy loss spectrum

The Si–C4 defect in graphene was originally identified
through a combination of atomic resolution STEM and atomically resolved EELS. In that study,11 it was concluded that a
Si–C3 defect is non-planar due to a significantly better match
between the measured and simulated EELS spectra; however, the simulated spectrum of a flat Si–C4 defect matched
the experiment less well. Because of this discrepancy and
the findings described above, we also simulated the EELS
spectrum of the corrugated Si–C4 graphene defect. Figure 6
displays the simulated spectra of both the flat and the corrugated defect (normalized to the π* peak at 100 eV), overlaid on a new background-subtracted experimental signal
that we have recorded with a higher dispersion than the
original spectrum11 (average of 20 spot spectra, with the
Si–C4 structure verified after acquisition by imaging; see

FIG. 6. Comparison of simulated and experimental EELS spectra of the Si–
C4 defect in graphene. Despite the out-of-plane distorted structure being the
ground state, the originally proposed flat spectrum provides an overall better
match to the experiment, apart from the small peak at ∼96 eV that is not
predicted for the flat structure. The inset shows a colored medium angle annular
dark field STEM image of the Si–C4 defect (the Si atom is brighter due to its
greater ability to scatter the imaging electrons).
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spectroscopic evidence for its existence. The lowest unoccupied states responsible for this peak are π* in character and form a “cross-like” pattern across the Si site, as
shown in Fig. S7 of the supplementary material, markedly
different from the lowest unoccupied states of the flat
structure. However, considering the small energy barrier
between the equivalent corrugated conformations discussed
above, even at room temperature the spectrum may be integrated over a superposition of corrugated and nearly flat
morphologies.

IV. CONCLUSIONS

Density functional theory calculations (both restricted
and unrestricted) were performed on pyrene-2C + Si and
circumpyrene-2C + Si producing a variety of structures that
were characterized using natural orbital occupations, natural
bond orbital analyses, and molecular electrostatic potential
plots. A non-planar low-spin structure of D2 symmetry was
found to be the minimum for both cases, followed energetically by a low-spin planar structure, 0.6 eV higher in energy for
pyrene-2C + Si, but with a much smaller (only ∼0.1 eV) energy
difference for circumpyrene-2C + Si. A periodic graphene
model with the non-planar defect had a 0.22 eV lower energy
than a flat one. In the molecular calculations, the out-ofplane structure was shown to be a minimum by means of
harmonic frequency calculations. The structures of the highspin state are much higher in energy than the minimum: about
0.85 eV higher for pyrene-2C + Si and about 1.3 eV higher for
circumpyrene-2C + Si.
For pyrene-2C + Si, B3LYP and CAM-B3LYP were compared showing that there was not much difference energetically
either in the NBO characterization or in the MEP plots. One
feature of interest is that CAM-B3LYP shows greater openshell character in the low-spin case than was seen for B3LYP.
This open-shell character demonstrates the variety of electronic structures which can be found in seemingly ordinary
closed-shell cases.
NBO analyses showed the expected bonding configurations for the two structural symmetries present. The bonding of the silicon atom in the planar structure was found to
have sp2 d orbital character, while in the non-planar structures, the bonding orbitals are sp3 hybridized. The natural
charges illustrated the charge transfer that occurs, demonstrating the buildup of positive charge at silicon and the
diffusion of negative charge into the pyrene-2C/circumpyrene2C structure, which was further evident in the MEP
plots.
Despite carefully establishing the non-planar ground state
nature of the Si–C4 defect in graphene, electron energy loss
spectra still seem to match the flat structure better, but imperfectly especially concerning a small peak at ∼96 eV. Since
the electrons used in transmission electron microscopy can
impart large amounts of kinetic energy in addition to the available thermal energy, perhaps the defect is not able to stay in its
ground state, but rather exists in a superposition of slightly
different configurations that result in an average spectrum
resembling the flat state.

J. Chem. Phys. 147, 194702 (2017)

SUPPLEMENTARY MATERIAL

See supplementary material for NBO analysis, NPA
charges, MEP for the pyrene-2C + Si structures, lowest
unoccupied states of the graphene Si–C4 defect, and Cartesian
coordinates for the different optimized structures.
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