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Chromium fragments coordinated with graphene provide a potentially powerful method for the
modification of graphene. The newly reported density functional theory method, M11-L, is employed to
elucidate the coordination of chromium fragments with graphene. Oligoacenes were chosen to model
graphene. The radii of the centrosymmetric oligoacenes were systematically increased to find the limit
required to model graphene. Meta-trisubstituted benzene coordinated chromium fragments were
employed to study the electronic effect of the complexation of chromium with graphene. The movement
and arrangement of the chromium fragments on graphene is also studied.

Introduction

Graphene, a single atomic sheet of graphite, is a two-dimensional
planar sheet of sp? hybridized carbon atoms.* Single-layer
graphene was first isolated in the laboratory in 2004 by Geim and
co-workers.® Since then, graphene has become widely used
because its delocalized = electron structure provides the basis for
unique physical phenomena.*® Graphene has great potential as an
electronic material because its unique Fermi surface and ballistic
conductance yield excellent transport properties. However,
graphene by itself cannot be directly used as the core component
in conventional field-effect transistors because it does not have an
energy gap.”® Therefore, functionalization of graphene is an area
that has been given large attention.*'® Meanwhile, methods on
how to controllably functionalize graphene™ and how to
efficiently produce single layer graphene sheets™ are two main
challenges in the extension of the applications of graphene.
Modification of pristine graphene is one of the most important
fields in graphene chemistry.”® Graphene can be defined as
alternating multiple conjugated double bonds and the conduction
and valence bands (the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO))
that cross at the Dirac point.'*™® The Diels-Alder reaction is a
simple and efficient way to functionalize graphene. Graphene can
react with both diene and dienophile. Graphene is very versatile
and it can be prepared under very mild conditions.’**® 1,3-dipolar
cycloaddition acts as a powerful tool for functionalizing
graphene.®® Azomethine ylide is often used as a substrate to
react with graphene, which has generated some potential
electronic materials. Some other cycloaddition reactions have
also been used to functionalize graphene, such as nitrene
addition? and diazonium coupling.?? The covalent bonds that
form reactions can be used to generate aryl-graphene,®%
graphene oxide,?*® graphane®3? and fluorographene.**%® The
adsorption of metal atoms on graphene is another method for
modifying graphene, except for the organic synthesis. The
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interactions between the metals and graphene were studied
theoretically.” Bangert and co-workers used high-resolution
scanning transmission electron microscopy and found that
chromium atoms interacted more strongly with a clean single-
layer graphene than with other transition metals.®**

Organic reactions can easily modify pristine graphene and the
sp2 hybridized carbon atoms can usually be converted to sp3
hybridized carbon. In these cases, the conjugated double bonds
are irreversibly broken. Therefore, the material being fabricated is
difficult to control.* Recently, Haddon and co-workers reported
the first organometallic method to functionalize graphene.”* As
shown in Scheme 1, graphene can react with (n°
benzene)Cr(CO); or Cr(CO)s in refluxed tetrahydrofuran (THF),
and either graphene-Cr(n’-benzene) or graphene-Cr(CO); is
generated, respectively. Graphene-chromium complexes can be
decomposed by adding mesitylene and the graphene obtained can
be reversibly isolated. In the formed graphene-chromium
complexes, the conjugated & electrons donate the empty d orbital
in chromium and a unique Fermi level electronic structure is
obtained. This work introduces a new method for functionalizing
graphene, but the interactions between graphene and the
coordinated chromium complex were not clear. Calculations
using density functional theory (DFT) were performed to
investigate the interactions between graphene and the coordinated
chromium complex. In the current study, the movement of the
chromium complexes on two-dimensional graphene surfaces is
explained along with how multiple chromium complexes can
coordinate with graphene.

L-Cr(CO)s, THF reflux, 20-48h

L = (n®-benzene) or (CO)3

L-Cr{ne-meslty\enej mesitylene, 150°C, 8-12h

Scheme 1. The formation and decomposition of graphene-chromium
complexes.

This journal is © The Royal Society of Chemistry [year]

[journal], [year], [vol], 00-00 | 1



3

4

2

a

S

5

S

RSC Advances

Page 2 of 5

Computational method

All of the DFT calculations were carried out with the
GAUSSIAN 09 program.”? The hybrid B3LYP functional “*
and the combinatorial basis set BSI (the SDD basis set*** was
used for chromium and the 6-31G(d) basis set was used for all of
the other atoms) were used to optimize the geometries of all of
the local minima and saddle points. The relative energies were
obtained with a single point calculation using the M11-L*"*
functional with the combinatorial basis set BSII (the SDD basis
set was used for chromium and the 6-311G+(d) basis set was
used for all of the other atoms).

Results and discussion

In this study, centrosymmetric oligoacenes (shown in Scheme 2)
were employed as a model to study the reactivity of single-layer
graphene. The six-membered ring center of the limited
oligoacene was set as the reaction point, which could be modeled
as a unit of unlimited graphene. The radii of the model
oligoacenes were set from 1 to 5 and the relative binding energies
for (C¢Hg)Cr and (CO)sCr with graphene models 1-5 are shown
in Figure 1. To begin, benzene, the simplest "oligoacene" (radius
= 1) was used. M11-L was used to calculate the binding energy of
benzene 1 with (CO)sCr, giving 37.0 kcal/mol. The binding
energy for coronene 2 with (CO)sCr was 19.5 kcal/mol, which
was 17.5 kcal/mol lower than that for benzene. Information on
the geometries of the coordination complexes is given in Scheme
3. The bond length of C(oligoacene)-chromium in complex 7 was
0.17 A longer than that in complex 6. When oligoacenes 3, 4 and
5 were employed as graphene models to calculate the binding
energy with (CO)Cr, the binding energies were 22.3 kcal/mol,
20.7 kcal/mol and 23.0 kcal/mol, respectively. When the radii of
the oligoacenes were larger than two, the binding energies for the
oligoacenes with (CO)sCr were closed and the binding energies
with an odd radii oligoacenes were about 3 kcal/mol higher than
those with an even radii oligoacenes.

PEee
1(radi=1) LI
g

Scheme 2. Centrosymmetric oligoacenes, which were employed to model
a single layer of graphene.

The binding energies for (CgHg)Cr were also calculated with
graphene models 1-5 (blue lines in Figure 1). The binding
energies for (CgHg)Cr with benzene 1 and coronene 2 were 54.8
kcal/mol and 34.5 kcal/mol, respectively. When the radius was
larger than 3, the binding energies were between 42.5 kcal/mol
and 38.8 kcal/mol, displaying the same trend as (CO)sCr. The
B3LYP calculations gave the same trend as the binding energies

45 (dashed lines in Figure 1). However, for oligoacenes 3-5, the
binding energies calculated with the B3LYP functional were
about 10 kcal/mol lower than those calculated using the M11-L
functional because B3LYP functional underestimate the back-
donation of oligoacenes.

AG) 1L (AGp3Lyp)
54.8 keal/mol

53.0)

60

50

42.5

10 |50 399 AGI(CgHg)Cr, M11-L]

(29.6)
-~ AG[(C4Hg)Cr. B3LYP]

(26.6)

23.0
0 = AG[(CO)Cr, MI1-L]
20.7
o 5.2

asey 073 _18%i61(coyCr, B3LYP]

10 o

(14.4)

5 | P 3 4 5 radii

Figure 1. Binding energies for graphene models 1-5 with either (CO);Cr
or (CgHg)Cr. The closed lines were obtained using the M11-L functional
and the dashed lines are the B3LYP calculated values. The values are
given in kcal/mol.
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Scheme 3. The geometries of graphene models 1-5 bound with either
(CO)sCr or (CeHs)Cr, calculated using the M11-L functional.
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The DFT calculations showed that when the radius was larger
than 2, the binging energies were vibrative, but the changes in the
binding energies were lower than 5 kcal/mol. Therefore, complex
3 and its derivatives were chosen to model graphene and to study

s the reactivities.

The meta-trisubstituted benzene coordinated chromium
fragment, 16 was chosen to study the binding energy with
graphene model 3. The B3LYP and M11-L functionals were used
to calculate the binding energies, as shown in Table 1. The

10 electron-donating groups (X = CHs, NH, or OH) give high
binding energies and the electron-withdrawing groups (X =
CO;Me or CN) give low binding energies. However, when the
substituent group was made of halogen atoms, the opposite trend
occurred. A Hammett plot of the binding energies, calculated

15 using the M11-L functional, is shown in Scheme 4, in which the
Kxand Ky are the equilibrium constant of the binding reaction of
substituted and unsubstituted benzene respectively. The positive
slope of o(p), which is Hammet constant,*** indicated that the
electron-donating groups on complex 16 had higher binding

20 energies when complex 16 was coordinated with graphene model
3. However, the low R? revealed that some substituent groups did
not follow this rule.

Table 1. The calculated binding energies of graphene model 3
with complex 16 using the B3LYP and M11-L functionals. The
25 values are given in kcal/mol.

X
B3LYP M11-L o(p)
Method
H 31.7 41.8 0.00
CH3 36.2 50.8 -0.07
NH; 35.6 495 —-0.16
OMe 33.1 51.4 0.12
F 35.9 43.6 0.34
Cl 24.6 40.1 0.37
Br 23.0 38.2 0.39
COoM 25.5 45.0 0.37
CN 27.9 42.6 0.56
1.0

08 log Ky/Ky

i [ J
0.0 o ¢
-0.5 L [}

1.0 /
[ )
-1.5
-2.0 e . a(p)

-0.80 -0.60 -0.40 -0.20 0.00 0.20 0.40 0.60 0.80

Scheme 4. The Hammett plot of the binding energies calculated using the
M11-L functional. The calculated relative binding equilibrium constant
30 could be described by log Kx/Ky = 1.39 o(p) — 0.60 and R2 = 0.43.

As shown in Figure 3, graphene models 18 and 19 were used to
explore the arrangement of coordinated (CO)sCr and (CsHg)Cr. In
model 18, when one Cr(CO); fragment was coordinated at
position a, the binding energy of another (CO)sCr fragment at

35 position ¢ was 24.5 kcal/mol. The binding energies for (CO)Cr at
positions d, e or f were 27.1 kcal/mol, 27.8 kcal/mol and 28.5
kcal/mol, respectively, which were about 3-4 kcal/mol higher
than that at position c¢ because the repulsion between two
neighboring Cr(CO); fragments is larger when the second

40 Cr(CO); fragment is at position c. This result indicated that, if the
distance between two neighboring Cr(CO); fragments was more
than three units, there were no interactions evident between the
two neighboring Cr(CO); fragments, however the closest distance
between two neighboring Cr(CO); fragments has not been

ss reported experimentally.*® Figure 3 shows that model 19 also
followed the same rule. When one (CgHg)Cr fragment was
coordinated with the graphene model at position a, the binding
energy of another (C¢Hg)Cr fragment at either position d, e or f
was about 7-8 kcal/mol higher than that at position c.

50

Figure 3. The M11-L binding energies of a second fragment of either
(CO)5Cr or (CeHs)Cr on the chromium coordinated graphene model. The
values are given in kcal/mol.

123 12.3

55 Scheme 5. The free energy profile for the migration of (CO)3Cr fragment
calculated using the M11-L functional.
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As shown in Scheme 5, oligoacene 20 was chosen as the
graphene model to study the migration of a (CO)sCr fragment on
a graphene surface. The intermediate 21 was formed by the n6-
coordination of oligoacene, 21 with the (CO)sCr fragment and
was set relative to zero for the free energy profile. The n'-
coordinated intermediate, 23 was formed with a 10.8 kcal/mol
free energy increase via a n>-coordinated transition state, 22-ts.
The barrier for this step was 12.3 kcal/mol. For the n6-
coordinated complex 25, in which the (CO);Cr fragment migrated
from unit a to unit b, could be formed by the isomerization of
intermediate 23 via the transition state 24-ts. The overall barrier
for the migration of the (CO)sCr fragment to a neighboring unit
was 12.3 kcal/mol, which was about 8 kcal/mol lower than the
coordination energy of the (CO);Cr fragment with graphene. The
lower migration barrier indicated that the movement of the
(CO)sCr fragment on the graphene surface was easy. This result
is consistent with the experimental observations.*

Conclusions

DFT calculations with the newly reported M11-L functional were
performed to study the coordination of (C¢Hg)Cr and (CO)sCr
fragments with graphene. Oligoacenes were chosen to model
graphene and the binding energies of the (CsHg)Cr and (CO)sCr
fragments indicated that when the radii of the centrosymmetric
oligoacenes were larger than 3 unit, graphene could be modeled
by oligoacenes to study the reactivities of the coordination with
metal fragments. The meta-trisubstituted benzene coordinated
chromium fragment was chosen to study the electronic effects.
The Hammett plot showed that the electron-withdrawing
substituent groups on the chromium fragments were favorable for
the coordination of chromium fragments with graphene. The
barrier for the migration of the (CO)s;Cr fragment to a
neighboring unit was low, therefore the (CO)sCr fragment could
freely move on the graphene surface. The closest distance
between two neighboring Cr fragments on the same surface was
three units.
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