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A series of benzene derivatives with different substituents adsorbed on graphene was investigated using a 
density-functional tight-binding method with a dispersion correction. Compared to benzene, the 
derivative with either an electron-withdrawing or -donating substituent exhibits stronger physisorption.  
Moreover, the steric size of the substituent is important in determining the adsorption strength, while the 
direction and number of H atoms in the substituent affect the electron transfer from graphene. NBO 10 

analysis reveals that the stereoelectronic effect of conjugation between the substituent and the benzene 
ring strongly influences the π···π interaction region between the molecule and graphene. The findings can 
deepen the understanding of the interaction between an aromatic molecule and graphene as well as the 
corresponding adsorption mechanism.

Introduction 15 

Molecular adsorption on solid surfaces has attracted great interest 
in the past decades due to the demand of understanding the 
details of the molecular behavior like affinity and its influence on 
the underlying surface as well as the adsorption mechanism. 
Graphene1, 2 possesses unique π-electron networks which enable 20 

it to act as an excellent solid material for adsorbing metal 
adatoms3-14 and inorganic15-33 and organic34-43 molecules, and 
their adsorption mechanisms were also explored based on 
theoretical methods. Of particular interest is the interaction 
between organic molecule and graphene surface via π···π 25 

interaction,34-36, 39, 40, 43 because this interaction plays a significant 
role in chemical and biological engineering.44, 45 
 In recent years, many studies have been devoted to the origin 
of π···π interactions between organic molecules and graphene.36, 

39, 40, 43 A model case is the interaction between adenine and 30 

graphite, which shows that their π···π interaction is due to long-
range electron correlation.39 Similar interactions of the 
nucleobases adenine (A), cytosine (C), guanine (G), thymine (T), 
and uracil (U) with graphene have subsequently been studied, and 
these interactions are believed to be stabilized by a weakly 35 

attractive dispersion force due to molecular polarizability.36 
Recently, Rochefort et al. pointed out that the interaction between 
a substituted benzene and graphene is mainly driven by a 
medium-range interaction between the –COOR group and the 
graphene surface, but to a lesser extent by a long-range π-π 40 

interaction between the aromatic core of the adsorbate and the 
surface.40 Their investigation of the adsorption of an 
aminotriazine on graphene suggests that this process is partly 
driven by the specific attractive interaction of the –NR2 group 
with the underlying graphene surface.43 The above results clearly 45 

indicate that the substituent is a crucial factor in determining the 
adsorption. 

 It is noteworthy that different substituents have different 
properties (such as electron-withdrawing or -donating), on which 
the adsorption strength will strongly depend. According to the 50 

Hunter-Sanders rules,46, 47 an electron-withdrawing substituent on 
a benzene would result in a decrease in the π-electron density on 
the aromatic ring as well as the π-π repulsion between the ring 
and graphene, thereby leading to stronger π-π interaction. 
Conversely, an electron-donating substituent would lead to a 55 

weaker π-π interaction. However, the adsorption of an aniline43 
on graphene does not conform to the Hunter-Sanders rules. It is 
found that the aniline with an electron-donating NH2 group has a 
much stronger adsorption (–14.0 kcal/mol) than benzene does (–
4.5 kcal/mol). This indicates that the electron-donating group can 60 

enhance the π-π interaction, which is also observed in the aryl-
aryl interaction.48 Based on the comparison of the adsorption of a 
melamine and a 2,4,6-tris(dimethylamino)-1,3,5-triazine on 
graphene, Wuest and Rochefort suggested that the enhanced 
adsorption correlates with the number of H atoms in the 65 

substituent. This is because the H atom would interact with the 
graphene surface and accept its additional electrons.43 However, 
investigations of the adsorption of a trimesic acid (TMA, with 
adsorption energy of –22.5 kcal/mol) and a trimethyltrimesate 
(TME, with adsorption energy of –23.0 kcal/mol)40 showed that 70 

replacing the OH units of TMA with OCH3(TME) has little effect 
on adsorption though the TME contains more H atoms. This 
result reminds us that there may be other profound and intrinsic 
factors influencing adsorption. 
 Because the adsorption strength is associated with the number 75 

of H atoms present in the adsorbate,34, 43 the steric effect caused 
by a substituent, like the direction of the H atom, is also of 
considerable significance. One case has apparently been 
implicated in the adsorption of a 2-amino-1,3,5-triazine on 
graphene because the H atoms in the NH2 group direct toward the 80 
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graphene surface.43 Additionally, the larger steric size of a 
substituent should have a larger region of orbital overlap when 
interacting with graphene, so steric size is nonnegligible. On the 
other hand, for an aromatic compound, if its aromatic ring is 
conjugated with the substituent, the π-electrons would delocalize 5 

to the p-orbital of the substituent across an intervening sigma 
bond. Such a stereoelectronic effect, that is, the delocalization of 
π-electrons across all the adjacent aligned p-orbitals, generally 
lowers the overall energy of the molecule and increases its 
stability. This is known as the conjugation effect.49 As a result, 10 

when the compound is adsorbed on graphene, the delocalization 
of electrons would significantly increase the π-π interacting 
region, which contributes to the stability of the complex. 
Consequently, the strength of the adsorption should be related to 
the extent of the conjugation between the substituent and the 15 

aromatic ring. Therefore, the present work investigates the 
adsorption of various benzene derivatives with different 
substituents (Fig. 1) on graphene to elaborate the roles of these 
factors. 

 20 

Fig. 1  Benzene and its derivatives with substituent X (1-13) at different 
positions (a-g). 

 
Fig. 2 An illustration of the top view of the adsorption sites of benzene or 
its derivative with one substituent X on a graphene sheet: (a) a hollow (H), 25 

(b) a bridge (B), (c) an on-top (O) site.  

Computational methods and models 

It is known that conventional density function theory (DFT) is 
unable to describe a complicated system correctly, especially for 
π···π interaction systems50-52 involving dispersion force. To 30 

handle this issue, many efforts have been made to develop new 
methods, such as the self-consistent charge density-functional 
tight-binding (SCC-DFTB) method53 with a dispersion 
correction,54 and many-body dispersion (MBD) @ range-

separated self-consistent screening (rsSCS) of polarizabilities 35 

(MBD@rsSCS).55, 56 In this work, the SCC-DFTB method with a 
dispersion correction was employed to study the energies and 
geometries of the benzene derivative/graphene complexes. This 
method can treat very large complexes correctly and provide 
reliable results for weak interaction systems.51, 53, 54, 57, 58 We used 40 

a supercell of 14.8×14.8×20.0 Å3 consisting of a graphene sheet 
with 72 C atoms. On the sheet, three typical sites (a hollow site, a 
bridge site, and an on-top site) shown in Fig. 2 were considered 
as the adsorption sites. Benzene and its derivatives whose plane is 
parallel to the sheet were placed on these sites. For the benzene 45 

derivatives, its substituent is either electron–donating or electron-
withdrawing. The single, double or triple bond connecting the 
substituent and benzene ring was used to estimate the effect of 
conjugation. The possible trial structures were designed to ensure 
that the contact areas between the benzene derivatives and the 50 

graphene surface are as large as possible. The trial structures 
designed for the derivatives with one substituent (a1–13) were 
fully optimized using a smart algorithm59 with the force 
convergence criterion set at 0.05 kcal/mol and the charge 
convergence criterion set to 10–5 electrons. The k-point was set to 55 

3×3×1 for the Brillouin zone integration. The calculations were 
performed using the DFTB+ program.53, 54 A similar process was 
carried out to obtain the optimal configuration for the derivative 
with two (b2–13, c2–13, d2–13) or three (e2–13, f2–13, g2–13) 
substituents at different positions (ortho, meta and para) of 60 

benzene ring (Fig. 1). 
 The adsorption energy (∆Eads) of the benzene derivatives 
adsorbed on graphene was calculated as: 

)()()( graphenemoleculegraphenemoleculeads EEEE −−=∆  

where E(molecule/graphene), E(molecule), and E(graphene) denote the total 65 

energies of the relaxed molecule/graphene complex, the 
molecule, and graphene, respectively. 
 To evaluate the conjugation effect, the geometries of benzene 
and its derivatives (a1–13) were optimized using the M062X 
functional60 with 6-31+g(d,p) basis set. The calculations were 70 

performed using the Gaussian 09 package,61 and then natural 
bond orbital (NBO)62-64 analysis was implemented at the same 
level to obtain the atomic orbital hybridization for the bond 
connecting the benzene ring with the substituent. 

Results and discussion 75 

The adsorption energies for benzene on graphene at the three sites 
(H, B, O) range from –13.4 to –13.5 kcal/mol (Fig. 3), agreeing 
with the previous theoretical (–13.5 kcal/mol43) and experimental 
(–13.6 kcal/mol65) values, but is quite different from the value (–
4.5 kcal/mol40, 43) at the local density approximation (LDA) level 80 

without dispersion correction. This indicates that dispersion 
interaction should be taken into account because of its significant 
importance in stabilizing the π-π interaction. After examining the 
structures and energies of benzene and its derivatives on the 
graphene sheet, it can be found that the adsorption energies are 85 

insensitive to the adsorption sites (H, B, O), the energy difference 
between these sites is within 1 kcal/mol, as shown in Fig. 3. 
Moreover, the adsorption energies for all the derivatives are 
larger than that of benzene (a1) when one H atom in benzene is 
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substituted by either an electron-donating (–OH (a2), –CH3 (a3), 
–CH2CH3 (a4), –OCH3 (a5) and –NH2 (a6)) or -withdrawing (–
CCH (a7), –NO2 (a8), –CN (a9), –COH (a10), –CHCH2 (a11), –
COOH (a12) and –COOMe (a13)) group.  

 5 

 
Fig. 3 The adsorption energies (∆Eads) for benzene and its derivatives 
(a1–13) at the adsorption sites (H, B, O) of a graphene sheet. 

 
Fig. 4 The optimized geometries for the adsorption of a3 (X=CH3), a4 10 

(X=CH2CH3), a5 (X=OCH3) and a13 (X=COOMe) on graphene.  

 In terms of the Hunter-Sanders rules,46, 47 an electron-donating 
group would increase the π-electron density around the benzene 
ring, causing large π-π repulsion and thus obstructing the 
adsorption. However, strengthened adsorption is observed. One 15 

reason for this result is certainly the intermolecular interaction 
between the substituent and graphene. Because the charge 
transfer usually occurs from the graphene surface to the 
adsorbate,66, 67 the H atom of the substituent may be directed 
toward the graphene surface to accept electrons coming from it. 20 

This can be described as the capacity of the molecule to 
accommodate additional electron density.43 For instance, the 
groups –CH3 (a3), –CH2CH3 (a4), –OCH3 (a5) and –NH2 (a6) 
would have the C–H or N–H bond interacting with the π ring of 
graphene. It may form weak C–H···π or N–H···π interactions, 25 

leading to an effective orbital overlap between the substituent and 
graphene and thus a strong binding. To figure out this, the 
minimal distances (dm) between benzene derivatives and 
graphene were outlined in Table S1 (see ESI for details). As 
observed, the derivatives with –CH3 (a3) and –CH2CH3 (a4) 30 

groups both have H atoms pointing toward the graphene surface 
with distances smaller than 3.0 Å (Fig. 4 and Table S1), and thus 
the C–H···π interactions form, strengthening the adsorption. 

Compared to a3 (–16.4 kcal/mol for H site, –16.5 kcal/mol for B 
site, and –16.6 kcal/mol for O site), the stronger adsorption of a4 35 

(–17.2 kcal/mol for H site, –17.3 kcal/mol for B site, and –17.3 
kcal/mol for O site) is closely related to the larger number of H 
atoms in the –CH2CH3 substituent as well as the interaction 
distance (dm), because the two H atoms pointing toward the 
graphene surface with much smaller distances gain more 40 

electrons (Fig. 4 and Table S1). The larger steric size of the –
CH2CH3 group also contributes. Similarly, steric effects are 
observed for a2 and a5. Compared to the adsorption of a2 on 
graphene (–15.2 kcal/mol for H site, –15.5 kcal/mol for B site, 
and –15.6 kcal/mol for O site), the much stronger adsorption of 45 

a5 (–18.5 kcal/mol for H site, –18.9 kcal/mol for B site, and –
18.5 kcal/mol for O site) is partly due to the larger steric size of 
the –OCH3 group and its H atom which points toward the 
graphene surface. Because the possible formation of the C–H···π 
interaction between the –OCH3 group and the graphene surface 50 

(Fig. 4) should have a strengthening effect. The stronger 
adsorption of the aniline (a6) relative to that of benzene may be 
connected to the H atoms of the NH2 group because of the 
potential formation of an intermolecular hydrogen bond.43 
Moreover, the relationship between the Hammett sigma meta 55 

constant (σm)68 and the interaction energies (see Fig. S1 in ESI for 
details) was investigated because σm constant can be used to 
measure the inductive electron-withdrawal or donation by the 
substituent.69 Different from the substituent effects in benzene 
dimers,69 no good correlation between ∆Eads and σm is observed, 60 

suggesting that the substituent effects in these cases cannot be 
qualitatively understood according to the electron- withdrawing 
or donating character of the substituents. It implies that other 
factors should be considered in the interactions of benzene 
derivatives and graphene due to the huge π-electron networks of 65 

graphene. 
 For an electron-withdrawing group, it can be readily 
understood because the substituent would decrease the π-electron 
density around the benzene ring and thus diminish the π-π 
repulsion, which strengthens the adsorption. Another important 70 

contribution arises from the interaction between the substituent 
and graphene, as illustrated by Rochefort and Wuest.40 The most 
obvious cases are the derivatives with –COOH and –COOMe 
groups. The adsorption energies are –18.5 kcal/mol for H site, –
18.7 kcal/mol for B site, and –18.7 kcal/mol for O site for a12, 75 

while they are –21.2 kcal/mol for H site, –21.3 kcal/mol for B site, 
and –21.7 kcal/mol for O site for a13. In addition, it can be seen 
from Fig. 3 that the adsorption energies for the derivatives with 
the –COOH, –COOMe, and –COH groups are in the order COH 
(a10) < COOH (a12) < COOMe (a13). This can be ascribed to 80 

the different steric effects of these groups. The –COOMe group is 
the largest and so a13 would have the largest orbital overlap with 
graphene, thus contributing to the strongest binding. Meanwhile, 
because the C atom of its Me group is of sp3 hybridization, the 
three H atoms point in different directions. The H atom pointing 85 

toward the graphene surface with a smaller distance (Fig. 4 and 
Table S1) would form a weak C–H···π interaction and obtain 
electrons from graphene. This is another reason why it 
demonstrates the strongest binding. The adsorption of a12 on 
graphene is a little stronger than that of a10 (–18.2 kcal/mol for H 90 

site, –18.6 kcal/mol for B site, and –18.6 kcal/mol for O site) 
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because the larger steric size of the –COOH group gives a larger 
region of orbital overlap, relative to that of –COH group. The 
adsorption for a12 (–12.2 kcal/mol) at the LDA level without 
dispersion correction40 is much smaller than our results. For the 
derivatives with the –CCH (a7) and –CHCH2 (a11) groups, the 5 

electron-withdrawing character and the different steric sizes 
(CHCH2 > CCH) are responsible for the observed order of 
adsorption energies (a11 > a7). However, the order in terms of 
electron-withdrawing abilities (CHCH2 < CCH) is contrary to the 
ranking of adsorption energies, implying that another factor may 10 

be influencing adsorption. The extent of conjugation should be 
the one because of the different bonding characters (double or 
triple bond). For a8 and a9, the adsorption is related to the strong 
electron-withdrawing characters of –NO2 and –CN groups as well 
as the conjugation between these groups and the benzene ring. 15 

Also, the steric sizes of –NO2 and –CN groups contribute to the 
bindings. 
 Note that the electronic structure of graphene can be tuned by 
adsorbing an organic molecule,70 so the electronic properties of 
benzene and its derivatives adsorbing on the graphene surface 20 

could provide useful information of the substituent effect. The 
calculated density of states (DOS) for graphene and 
molecule/graphene systems were depicted in Figure S2 (see ESI 
for details). It is known that graphene is a zero-gap 
semiconductor, and its Fermi level crosses the Dirac point 25 

exactly.71 It can be seen that the DOSs of molecule/graphene 
systems represent no obvious change at the Fermi level compared 
to graphene, so conductance change would not occur after the 
adsorption. In terms of frontier molecular orbital theory, the 
highest occupied molecular orbital (HOMO) and the lowest 30 

unoccupied molecular orbital (LUMO) are associated with the 
intermolecular charge transfer. For the system of molecule 
adsorbing on graphene, if the HOMO of molecule is higher in 
energy than the Fermi energy of graphene, charge transfer would 
occur from the molecule to graphene, while the charge transfer 35 

from graphene to the molecule would take place if the LUMO of 
molecule is below the Fermi energy of graphene.23 The HOMOs 
and LUMOs of molecules (a1–13) were summarized in Table S2. 
The calculated Fermi energy for graphene is –4.64 eV, which is 
higher than their HOMOs and is lower than their LUMOs. It can 40 

be expected that the charge transfer between molecules (a1–13) 
and graphene is very weak, so the role of charge transfer 
interaction (e.g., N–H···π or C–H···π interaction) contributing to 
the adsorption is limited. It indicates that the H atom of the 
substituent directing toward the graphene surface could accept 45 

only small amounts of electrons. 
 Furthermore, the adsorption of benzene derivatives with two 
(b2–13, c2–13, d2–13) or three (e2–13, f2–13, g2–13) 
substituents at different positions of benzene ring was 
investigated. As shown in Fig. 5, the adsorption energies for the 50 

derivatives (b2–13, c2–13, d2–13) are somewhat sensitive to the 
adsorption sites (H, B, O). In some cases, the energy difference 
between these sites is larger than 1 kcal/mol but within 2 
kcal/mol. It is noted that when the derivatives with two 
substituents at the ortho, meta and para positions adsorb on the 55 

three sites (H, B, O), they have different adsorption strength, but 
the energy difference is within 3 kcal/mol. It suggests that the 
positions of substituents affect the adsorption. Compared to the  

 
Fig. 5 The adsorption energies (∆Eads) for benzene and its derivatives 60 

(b1–13, c1–13, d1–13, b1=c1=d1=benzene) at the adsorption sites (H, B, 
O) of a graphene sheet. 

derivatives with one substituent (a1–13), the derivatives (b2–13, 
c2–13, d2–13) have stronger adsorption. When an electron-
donating group is added to the ortho, meta and para positions of 65 

a2–6, the corresponding derivatives (b, c, d) with –OH, –CH3 and 
–NH2 substituents have small increments (ca. 1 kcal/mol) of 
adsorption energies, but the corresponding derivatives with –
CH2CH3 and –OCH3 substituents have increments ranging from 1 
to 5 kcal/mol. When an electron-withdrawing group is added, 70 

large increments (2–8 kcal/mol) are observed for the 
corresponding b7–13, c7–13, d7–13. Note that the adsorption for 
c12 (–19.5 kcal/mol) at the LDA level without dispersion  
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Fig. 6  The adsorption energies (∆Eads) for benzene and its derivatives 
(e1–13, f1–13, g1–13, e1=f1=g1=benzene) at the adsorption sites (H, B, 
O) of a graphene sheet. 

correction40 is also much smaller than our results (–21.9 kcal/mol 5 

for H site, –22.4 kcal/mol for B site, and –22.3 kcal/mol for O 
site). Fig. 6 shows the adsorption energies for the derivatives (e2–
13, f2–13, g2–13) with three substituents. They have stronger 
adsorption than those of a1–13, b2–13, c2–13, and d2–13. The 
adsorption energies are sensitive to the sites (H, B, O) for some 10 

cases like e5, f6, f8, f13, g13, and the energy difference is within 
2 kcal/mol between different sites. Also, the positions of the 
substituents influence the adsorption. For instance, the three –
NO2 groups of e8 are very close to each other, resulting in strong 
steric repulsion. Thereby, the three groups are not coplanar with 15 

the benzene ring, and the weaker adsorption is observed relative 
to those of f8 and g8. The similar phenomena is also observed for 
e12. The adsorption of TMA (f12, with adsorption energies of –
25.8 kcal/mol for H site, –26.1 kcal/mol for B site, and –26.1 
kcal/mol for O site) and TME (f13, with adsorption energies of –20 

32.0 kcal/mol for H site, –34.3 kcal/mol for B site, and –32.4 
kcal/mol for O site) on graphene further confirms that the –OH as 
well as the –OCH3 group also interacts with graphene, and the –
OCH3 group makes a relatively larger contribution. This is 
inconsistent with previous work which concludes that replacing 25 

the –OH unit with an –OCH3 has little effect on adsorption.40 The 
reason for this is that the calculation carried out at the LDA level 
did not consider the dispersion correction,40 and thus did not 
include the possible contribution arising from the interaction 
between the –OH or –OCH3 unit and the graphene surface. Our 30 

results show that besides the C=O unit, the –OH and –OCH3 units 
also participate in the interaction with the graphene surface 
through weak dispersion interactions. 

 
Fig. 7  The relationship between adsorption energy (∆Eads at the H site) 35 

for the derivative with one substituent and n2 in the (spn2)Y atomic hybrid 
state (the dashed pink line indicates the hybrid state of C atom [(sp1.86)C] 
of benzene in which n2=1.86). Only ∆Eads at the H site is used because of 
the insensitivity of ∆Eads to the adsorption sites (H, B, O). 

 In addition, the conjugation effect was also analyzed and the 40 

results are shown in Table 1. The (spn2)Y hybrid state is indicative 
of the conjugation character of the Y atom connecting to the C 
atom of benzene. The closer the hybrid state of Y atom to that of 
the C atom [(sp1.86)C] of benzene, the stronger the extent of 
conjugation. Consequently, the π-electrons would be easier to 45 

delocalize across all adjacent and aligned p-orbitals. This leads 
not only to a decrease of the π-electron density on the benzene 
ring but of the even larger π-interacting region of the whole 
molecule, because the conjugating atom or group is involved in 
the π-π interaction. Therefore, the extent of conjugation is also an 50 

important factor in determining adsorption. As shown in Table 1, 
a2 has (sp1.88)O hybrid state for its O atom, which is close to that 
of benzene (Fig. 7), indicating the good conjugation between O 
and the aromatic ring. This would decrease the π-electron density 
of the aromatic ring and thus counterbalence its electron-donating 55 

effect. It explains the stronger adsorption relative to that of 
benzene. The derivatives a3 and a4 have (sp2.61)C and (sp2.70)C 

hybrid states for their C atoms, respectively. These significantly 
deviate from that of benzene (Table 1), and their n2 values are far 
away from the pink line in Fig. 7. Compared to a2, a stronger 60 
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Table 1 The atomic orbital hybridization for the bond connecting the benzene ring with the substituent X. 

Molecule  σCY
 a  σCY

* a 
 CC CY (spn1)C (spn2)Y  CC CY (spn1)C (spn2)Y 

a1  (Benzene)  0.792 0.611 (sp2.32)C (s)H  0.611 0.792 (sp2.32)C (s)H 
a2  0.578 0.816 (sp2.99)C (sp1.88)O  0.816 0.578 (sp2.99)C (sp1.88)O 
a3  0.715 0.699 (sp2.15)C (sp2.61)C  0.699 0.715 (sp2.15)C (sp2.61)C 
a4  0.712 0.702 (sp2.14)C (sp2.70)C  0.702 0.712 (sp2.14)C (sp2.70)C 
a5  0.570 0.822 (sp3.03)C (sp1.98)O  0.822 0.570 (sp3.03)C (sp1.98)O 
a6  0.635 0.773 (sp2.48)C (sp1.60)N  0.773 0.635 (sp2.48)C (sp1.60)N 
a7  0.714 0.701 (sp2.25)C (sp1.11)C  0.701 0.714 (sp2.25)C (sp1.11)C 
a8  0.609 0.793 (sp3.25)C (sp1.81)N  0.793 0.609 (sp3.25)C (sp1.81)N 
a9  0.714 0.700 (sp2.46)C (sp0.90)C  0.700 0.714 (sp2.46)C (sp0.90)C 
a10  0.730 0.684 (sp2.29)C (sp1.72)C  0.684 0.730 (sp2.29)C (sp1.72)C 
a11  0.718 0.696 (sp2.10)C (sp2.05)C  0.696 0.718 (sp2.10)C (sp2.05)C 
a12  0.721 0.693 (sp2.41)C (sp1.59)C  0.693 0.721 (sp2.41)C (sp1.59)C 
a13  0.720 0.694 (sp2.40)C (sp1.60)C  0.694 0.720 (sp2.40)C (sp1.60)C 

 

 a The general form for the C–Y bond can be represented as: σCY = CC(spn1)C + CY(spn2)Y for the bonding orbital, and σCY
* = CC(spn1)C– CY(spn2)Y for the 

antibonding orbital, where CC and CY are the polarization coefficients for the carbon atom of benzene ring and Y atom of the substituent, respectively. The 
natural atomic hybrids (spn1)C and (spn2)Y are the components for the natural bond orbital of C–Y bond. 

adsorption but less conjugation was observed for a3 as well as 5 

a4. This suggests that the lesser conjugation has little effect on 
adsorption, which is dominated by other factors (such as the 
steric size of the substituent, its direction, and the number of H 
atoms). The Y atom hybrid states of a5 and a6 are (sp1.98)O and 
(sp1.60)N, respectively. They approach that of benzene (Table 1 10 

and Fig. 7), suggesting the formations of well conjugated 
systems. The expanded π-interacting regions of a5 and a6 due to 
π-electron delocalization would certainly produce stronger π-π 

interactions relative to benzene, even though both the –OCH3 and 
–NH2 groups are electron-donating. In comparison with a2, the 15 

lesser conjugation of the O atom for a5 is observed, but the 
adsorption of a5 on graphene is even stronger. This can be 
ascribed to the larger number of H atoms and the larger steric size 
of the –OCH3 group relative to that of the OH group. For a7 and 
a9, the triple bonds of the ethynyl and cyano-group are not 20 

conjugated with benzene rings, as can be seen from their hybrid 
states of (sp1.11)C and (sp0.90)C, indicating the small effect of 
hybridization on their adsorption. In contrast with a6, a similar 
hybrid state of the N atom [(sp1.81)N] for a8 is found, approaching 
to that of benzene. But the stronger adsorption for a8 is observed. 25 

Obviously, besides the conjugation, other factors (such as the 
very strong electron-withdrawing character and larger steric size 
of the –NO2 group, and its special structure with electron 
delocalization which further extends the π-interacting region) are 
also responsible for the adsorption. With respect to a10, a12 and 30 

a13, the hybrid states of the C atoms in the –COH, –COOH and –
COOMe groups are close to that of benzene (Table 1 and Fig. 7), 
indicating that electron delocalization occurs in these compounds 
but to a different extent. Consequently, such conjugation 
certainly contributes to the adsorption. While the order of 35 

adsorption (a13 > a12 > a10) confirms that the steric size and the 
number of H atoms as well as their directions are also of great 
importance. The Y atom of a11 (Y=C) has a (sp2.05)C hybrid state 
close to that of benzene, indicating that the C=C double bond of 

the vinyl is well conjugated with the aromatic ring. Accordingly, 40 

the stronger adsorption of a11 relative to those of a3, a4, and a7 
is found, as can be seen from Fig. 7, which shows that the 
conjugation plays a dominant role. For these compounds (a2–
a13), the correlation between the adsorption and hybridization 
(Fig. 7) shows that a benzene derivative having good conjugation 45 

undoubtedly contributes to a strong adsorption, but the 
aforementioned factors should also be taken into account. For 
compounds with less conjugation, these other factors should 
dominate. 
 To further assess the importance of the factors (that is, the 50 

steric size of the substituent, the direction of the H atom relative 
to graphene, the number of H atoms in the substituent directing to 
the graphene surface, and the conjugation effect), we assume that 
graphene grows from a small aromatic molecule to a big one 
(polyaromatic ring), using the representative examples C10H8, 55 

C14H10, C24H12 and C42H14. Their interactions with benzene and 
the derivatives (a3, a4, a7, a11) were investigated using the 
DFTB+ method. The adsorption energy was calculated by using 
the equation (∆Eads) adopted in the previous calculations for the 
molecule/graphene complex. 60 

 The interactions of the derivative with the aromatic molecules 
become stronger as the number of C atoms increases, as shown in 
Fig. 8. This suggests that to get an accurate interaction energy, 
the graphene adopted in the adsorption model should be large 
enough to ensure that the interacting region accommodates the 65 

whole derivative because of the steric size. The order of 
adsorption for a1 (benzene), a3, and a4 (that is, a1 < a3 < a4) is 
closely related to the direction of the H atoms and the number of 
them directed toward the surface of the aromatic ring. Because a1 
and a3 have one and two H atoms directing toward the surface of 70 

the aromatic molecule, they may form weak C–H···π 
interactions. The electron transfer through the C–H···π 
interaction would strengthen the adsorption. The interactions 
between a7 and the aromatic molecules are weaker than those of 
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a4, suggesting the 
important roles of the number and direction of H atoms, as 
observed in a4. The –CHCH2 group in a11 is almost coplanar 
with the benzene ring, and thus there is no H atom directing 
toward the surface of the aromatic molecule, but the adsorption 5 

energy is stronger than that of a4. Obviously, the conjugation 
between the –CHCH2 group and the benzene ring expands the π-
interacting region of a11 and leads to a strong π-π interaction 
during adsorption. In contrast with a7, the stronger adsorption of 
a11 is ascribed to its better conjugation effect. Surprisingly, when 10 

the number of C atoms rises from 10 to 14, the interactions 
between a7 and the aromatic molecules are weaker than those of 
a3, but are stronger than them when the number of C atoms 
increases from 16 to 42. Evidently, when the smaller adsorption 
model (C10H8, C14H10) is adopted, the contribution from the H 15 

atom in the –CH3 group of a3 (which is directed toward the 
surfaces of the aromatic rings to obtain additional electrons and 
thus strengthens adsorption) is larger than that arising from the 
electron-withdrawing character of the –CCH group (which 
diminishes the π-π repulsion and thus strengthens adsorption). In 20 

contrast, because the adsorption model (C16H10, C24H12 and 
C42H14) adopted is large enough to interact with a7, the larger 
steric size of its –CCH group has a larger orbital overlap with the 
them. This effect, combined with the electron-withdrawing 
character of the –CCH group, surpasses the effect of the H atom 25 

in the –CH3 group of a3. Thereby, the adsorption energy for a7 
becomes stronger than that of a3 when C16H10, C24H12 or C42H14 

is adopted. The stronger adsorption for a7 relative to benzene 
indicates that the electron-withdrawing character of the –CCH 
group plays a dominant role, which is consistent with the Hunter-30 

Sanders rules.46, 47 

 

Fig. 8 The adsorption energies (∆Eads) of C10H8, C14H10, C16H10, C24H12 
and C42H14 with benzene (a1) and the derivatives (a3, a4, a7, a11) versus 
the number of C atoms in the polyaromatic molecules. 35 

 

Conclusions 

Compared to the adsorption of benzene on graphene, the 
derivatives exhibit stronger adsorption energies regardless of the 

electronic property of the substituent, whether electron-40 

withdrawing or -donating. A substituent with a larger steric size 
has a larger region of orbital overlap, and one with H atoms 
directed toward the graphene surface could gain additional 
electrons from it. If either of these factors is present, the 
adsorption energy will be enhanced. Meanwhile, the number of H 45 

atoms in the substituent may be related to the capacity of the 
molecule to accommodate additional electrons, which is also a 
factor influencing adsorption. In addition, the conjugation 
between the substituent and the aromatic ring is very important 
because it not only reduces the π-electron density around the ring 50 

because of the electron delocalization, but also forms a larger π-
interacting region in the π-π interaction. The molecular properties 
like the electron-withdrawing or -donating ability are also 
important, while we note that these properties can be assessed by 
employing the Information Conservation Principle72, 73 to 55 

determine the molecular electrophilicity and nucleophilicity. 
Therefore, a comprehensive understanding of the origin of 
adsorption should take all these factors into account.  
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