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Based on the density functional theory (DFT) calculations, we showed that the interactions between different valence
anions (PO3−

4 , CH3PO2−
4 , (CH3)2PO−4 ) and graphene significantly increased as the valence of anion increased from nega-

tive monovalence to negative trivalence. The adsorption energy of (CH3)2PO−4 on the electron-rich graphene flake (C84H24)
is −8.3 kcal/mol. The adsorption energy of CH3PO2−

4 on the electron-rich graphene flake (C84H24) is −48.0 kcal/mol,
which is about six times that of (CH3)2PO−4 adsorption on electron-rich graphene flake (C84H24) and is even much larger
than that of CO2−

3 adsorption on electron-deficient aromatic ring C6F6 (−28.4 kcal/mol). The adsorption energy of PO3−
4

on the electron-rich graphene flake (C84H24) is −159.2 kcal/mol, which is about 20 times that of (CH3)2PO−4 adsorption
on the graphene flake (C84H24). The super-strong adsorption energy is mainly attributed to the orbital interactions between
multivalent anions and graphene. This work provides new insights for understanding the interaction between multivalent
anions and π–electron-rich carbon-based nanomaterials and is helpful for the design of graphene-based DNA biosensor.

Keywords: graphene, multivalent anions, anion–π interaction, density functional theory
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1. Introduction

Anion–π interactions play important roles in various
chemical and biological processes,[1–14] such as supramolec-
ular self-assembly,[10] inhibition of the enzymatic activity,[7]

design of selective anion receptors, and molecular recog-
nition of anion.[6] Generally, anion–π interactions involved
the interactions between anion and electron-deficient sub-
strate, such as interaction between anions and hexafluoroben-
zene (C6F6).[1,4,15] For the simplest aromatic ring with π

electron-rich structure benzene (C6H6), previous research[16]

showed that the binding energy between F− and C6H6

was 1.5 kcal/mol and the binding energy between Cl−

and C6H6 was 1.1 kcal/mol, which indicated the unfavor-
able adsorption of common halide ion (F− and Cl−) on
the simple benzene (C6H6). However, researchers find
unexpectedly strong anion–π interactions between halide
ions and the graphene flake containing multi-aromatic rings
with π electron-rich structures,[17,18] for example, the ad-
sorption energy between F− and the graphene flake was
as large as −16.3 kcal/mol.[17,18] Nowadays, the research
about anion–π interactions mainly focused on the interac-
tions between monovalent anions (F−, Cl−, Br−, CN−, NO−3 ,
etc.),[1,4,5,8,13,16] and electron-deficient substrate, some diva-
lent anions have also been reported, such as the adsorption

energy between CO2−
3 and C6F6 was −28.4 kcal/mol, which

was larger than that between monovalent halide ions with
C6F6.[1] Recently, combined the experiment and theoretical
computations,[14] researcher reported anion–π–cation interac-
tion between different anions and methyl amide of the π-
conjugated quinone (QMA)–K+ pair in aqueous solution and
showed the anion–π interactions follow the trend phosphate
ester >HPO2−

4 >SO2−
4 >NO−3 . However, the anion–π inter-

actions between multivalent anions and electron-rich graphene
still remains unknown.

Recently, graphene/graphene oxide (GO)-based materials
have been employed for the development of DNA biosensors
and are widely used in genetics, clinical medicine, pathology,
and many other fields.[19–23] These applications are related to
the interaction between graphene/GO and DNA.[24–26] How-
ever, most researches focused on the interaction between nu-
cleic acid bases and graphene,[27–30] the interaction of back-
bone phosphate groups are ignored. As an important compo-
nent of DNA/RNA backbone, phosphate groups played impor-
tant roles in biochemistry.[31] In the backbone of DNA/RNA,
phosphoric group links two nucleotides and still ionized as
monovalent anion. At the termini of DNA/RNA, phosphoric
group is bivalent anion.[32] Thus, it is necessary to investigate
the interaction between phosphate groups with different va-
lence and graphene from the molecular level to provide assis-
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tance for the design and application of graphene-based DNA
biosensor. Methyl phosphate[33] can be regarded as a simple
analog of phosphate moieties in DNA/RNA to research the
interaction between multivalent anions and the electron-rich
graphene.

In this work, using DFT calculations, we take methyl
phosphate as an example to investigate the interactions be-
tween multivalent anions (PO3−

4 , CH3PO2−
4 , (CH3)2PO−4 ) and

the graphene flake (C84H24). We found that as the valence
of anion increased from negative monovalence to negative
trivalence, the interaction significantly increased. The ad-
sorption energy of (CH3)2PO−4 on the electron-rich graphene
flake (C84H24) is −8.3 kcal/mol. The adsorption energy be-
tween negative divalent anion (CH3PO2−

4 ) and the graphene
flake (C84H24) is −48.0 kcal/mol, which is about six times
of that between negative monovalent anion ((CH3)2PO−4 ) and
the graphene flake (C84H24), and is even larger than that
CO2−

3 adsorption on electron-deficient aromatic ring C6F6

(−28.4 kcal/mol).[1] The adsorption energy between nega-
tive trivalent anion (PO3−

4 ) and graphene flake (C84H24) is
−159.2 kcal/mol, which is about 20 times of that between neg-
ative monovalent anion ((CH3)2PO−4 ) and the graphene flake
(C84H24). The energy decomposition analysis indicated that
the super-strong adsorption energy is mainly attributed to the
orbital interactions between multivalent anions and graphene.
Meanwhile, the adsorption of anions decreased the HOMO–
LUMO (highest occupied molecular orbital–lowest unoccu-
pied molecular orbital) gap of the systems, which benefits the
enhancement of electrical conductivity.

2. Methods
We performed DFT calculations using B3LYP method to

describe the intermolecular interactions with the Gaussian-16
package.[34] The electron wave functions in the Gaussian func-
tion basis are used. For geometry optimization, the double-
ζ basis is used. At the same time, we introduce a diffuse
function into the basis set and add a d-polarization function
to carbon atoms, phosphorus atoms, and oxygen atoms, re-
spectively, as well as one p-polarization function to the hy-
drogen atoms [marked with 6-31+G(d,p)]. The geometry op-
timizations were performed via the Berny algorithm with the
convergence criteria of a maximum step size of 0.0018 a.u.
and a root-mean-square (RMS) force of 0.0003 a.u. We also
calculated the single-point energy with dispersion-corrected
DFT functional ωB97X-D to show the effect of dispersion
interaction at ωB97X-D/6-31+G(d,p) level. We have taken
a small system of PO3−

4 interaction with benzene as an ex-
ample and performed the calculations with different methods
and basis sets (see details in Supplementary material PS1), the
results showed that calculation at the ωB97X-D//B3LYP/6-
31+G(d,p) level is suitable for the research about the inter-

action between anions and graphene. We decomposed the to-
tal interaction energy into electrostatic interaction, Pauli re-
pulsion and orbital interactions via an energy decomposition
analysis (EDA) at the B3LYP method (the basis set of C, H,
P, and O are TZP, TZP, ET-QZ3P-1DIFFUSE, and ET-QZ3P-
1DIFFUSE, respectively) in the framework of DFT in the ADF
program.[35]

3. Results and discussion
We first performed the geometry optimizations of dif-

ferent anions adsorption on hydrogenated-graphene flake
(C84H24). Figure 1 shows the most stable geometry-optimized
structures of different anions (PO3−

4 , CH3PO2−
4 , (CH3)2PO−4 )

adsorption on the graphene surface. The negative trivalent
PO3−

4 was adsorbed to the graphene surface with two oxygen
atoms forming covalent bonds with the meta-carbon atoms of
hexagonal ring. The average nearest oxygen–carbon distance
was 1.513 Å. Two meta-carbon atoms on the graphene flake
surface close to PO3−

4 were pulled up, resulting to the defor-
mation of the graphene flake. We noted that PO3−

4 is unsta-
ble in the gas phase,[36,37] it can exist in the solution with
high pH,[38,39] in this situation PO3−

4 is hydrated by water
molecules, thus we further calculated the hydrated PO3−

4 ad-
sorption on the graphene flake, (see details in Supplementary
material PS2). Figure S2 shows that as the number of water
molecules increased, the adsorption energy decreased. When
PO3−

4 is hydrated by three water molecules, the adsorption en-
ergy is −77.3 kcal/mol, which is about 130 kBT (∼ 16 times
hydrogen bonds between water molecules) at the room tem-
perature, thus can be stable adsorbed on the graphene flake.

The negative bivalent CH3PO2−
4 was adsorbed on the

graphene surface with two oxygen atoms locating above the
C–C bond on the para position of hexagonal ring, the average
nearest oxygen–carbon distance was 2.778 Å. The negative
monovalent (CH3)2PO−4 was adsorbed on the graphene sur-
face with two dangling oxygen atoms locating above the C–C
bond on the para position of hexagonal ring and other two oxy-
gen atoms saturated by methyl locating above the para-carbon
atoms of hexagonal ring. The average nearest oxygen–carbon
distance was 3.080 Å. As the valence of anion increased from
negative monovalence to negative trivalence, the average near-
est oxygen–carbon distance gradually decreased.

We calculated the adsorption energy with the formula

Eads = Eanion@G−EG−Eanion, (1)

where Eanion@G, EG, and Eanion are the total energy of the an-
ion adsorption on a graphene flake, the isolated anion, and a
graphene flake, respectively. For different anions, the adsorp-
tion energies, average nearest oxygen–carbon distances, and
transfer Mullikan charges are shown in Table 1.
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PO3-@G CH3PO2-@G
-

(CH3)2PO4 @G 
4 4

(a) (b) (c)

Fig. 1. Top and side views of the most stable geometry-optimized structures of different anions PO3−
4 (a), CH3PO2−

4 (b), and (CH3)2PO−4 (c)
adsorption on the graphene flake (G), respectively. Atoms are colored as follows: C, cyan; O, red; P, yellow; H, white.

Table 1. Adsorption energies (Eads), average nearest oxygen–carbon distance (Roxygen−C), and transfer Mullikan charges for different anions
adsorption on the graphene flake at B3LYP/6-31+G(d,p) level. “–” in transfer Mullikan charge represents that the anions lose electrons.
Adsorption energies (E ′ads) for different anions adsorption on the graphene flake at ωB97X-D/6-31+G(d,p)//B3LYP/6-31G+(d,p) level.

Anions–graphene clusters Eads (kcal/mol) E ′ads (kcal/mol) Roxygen−C (Å) Transfer Mullikan charge

PO3−
4 @G −159.2 −173.0 1.513 −2.675

CH3PO2−
4 @G −48.0 −45.9 2.778 −0.778

(CH3)2PO−4 @G −8.3 −15.7 3.080 −0.009

From Table 1, the adsorption energy of PO3−
4 is

−159.2 kcal/mol at B3LYP/6-31+G(d,p) level, which is about
20 times that of (CH3)2PO−4 (−8.3 kcal/mol) and is about
three times that of CH3PO2−

4 (−48.0 kcal/mol) at B3LYP/6-
31+G(d,p) level. This indicates that as the valence of anion
increased from negative monovalence to negative trivalence,
the interaction remarkably increased. We also calculated
the adsorption energy at ωB97X-D/6-31+G(d,p)//B3LYP/6-
31G+(d,p) level to show the effect of dispersion interaction.
As shown in Table 1, As the valence of anion increased from
negative monovalence to negative trivalence, the adsorption
energy significantly increases, which is in agreement with the
results using B3LYP/6-31+G(d,p). The dispersion interac-
tion has some effect on the specific value of adsorption en-
ergy. The adsorption energy of PO3−

4 was −173.0 kcal/mol
and increased to 13.8 kcal/mol compared to the adsorption
energy (−159.2 kcal/mol) using B3LYP/6-31+G(d,p). The
adsorption energy of CH3PO2−

4 was −45.9 kcal/mol and de-
creased to 2.1 kcal/mol compared to the adsorption energy
(−48.0 kcal/mol) using B3LYP/6-31+G(d,p). The adsorp-
tion energy of (CH3)2PO−4 @G was −15.7 kcal/mol and in-
creased to 7.4 kcal/mol compared to the adsorption energy
(−8.3 kcal/mol) using B3LYP/6-31+G(d,p). We have also
researched how the size of graphene flake affects their inter-
action, as the size of graphene flake increased, the adsorption
energy between anions and graphene increased. As the va-
lence of anion increased from negative monovalence to neg-
ative trivalence, the adsorption energy increased on the same
size of graphene (see details in Supplementary material PS3).

To understand the super-strong interactions between mul-

tivalent anions and the graphene flake, we performed the Mul-
liken charges analysis. Figure 2 shows the Mulliken charges
distribution of different anions adsorption on the graphene
flake (see details in Supplementary material PS4). The resid-
ual Mulliken charge of PO3−

4 is −0.325 e after PO3−
4 ad-

sorption on the graphene flake (C84H24), which demonstrates
electron is easier to transfer from the anion to the graphene
flake (C84H24) and the graphene flake (C84H24) exhibits strong
electron-withdrawing ability and accept partial electron dur-
ing the anion adsorption. The PO3−

4 loses partial electrons
(2.685 e) and transfers these electrons to the graphene flake.
The transfer Mulliken charge is calculated by the difference
of initial Mulliken charge of the isolated anions and the resid-
ual Mulliken charge after anions adsorption on the graphene
flake. The residual Mulliken charge of CH3PO2−

4 is −1.222 e
after CH3PO2−

4 adsorption on the graphene flake (C84H24) and
the residual Mulliken charge of (CH3)2PO−4 is −0.991 e after
(CH3)2PO−4 adsorption on the graphene flake (C84H24). From
Table 1, the amount of transfer Mulliken charges between
different valence anions and the graphene flakce (C84H24)
increased as the valence of anion increased from negative
monovalence to negative trivalence, which indicated the more
charge transfer, the stronger interaction between anions and
the graphene flake. We also performed the Hirshelf charge
analysis and listed the transfer Hirshfeld charge in Table S2
in Supplementary material. The amount of transfer Hirshelf
charges between different valence anions and the graphene
flakce (C84H24) increased as the valence of anion increased
from negative monovalence to negative trivalence, which is in
agreement with that of transfer Mulliken charge. We also note
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that the adsorption of anions decreased the HOMO–LUMO
gap of the systems, which benefits the enhancement of electri-
cal conductivity (see details in Supplementary material PS6).

We also performed the molecular orbitals analysis. We
checked the occupied molecular orbitals from highest occu-
pied molecular orbital (HOMO) to HOMO-6. Figure 3 shows
the representatives of molecular orbitals of the interactions be-
tween different anions and the graphene flake. Four occu-
pied molecular orbitals (HOMO-2, HOMO-3, HOMO-4, and
HOMO-6) of PO3−

4 @G complex, three occupied molecular or-
bitals (HOMO-2, HOMO-3, and HOMO-6) of CH3PO2−

4 @G
complex and two occupied molecular orbitals (HOMO-4 and
HOMO-5) of (CH3)2PO−4 complex were plotted, which indi-
cated the electron delocalized distribution of the graphene was
disturbed when anions were adsorbed on the graphene sur-
face and the clearly coupling between the delocalized π or-
bitals of graphene and the molecular orbital of anions. The
other molecular orbitals of the interactions between different

anions and the graphene flake (C84H24) can be seen in Sup-
plementary material PS5. The nature of bonding can be char-
acterized by the values of electron density (ρ) and the sign
of the Laplacian of electron density (∇2ρ). Higher ρ values
along with negative ∇2ρ values are indicative of interactions
involving covalent interaction. Lower ρ values along with
positive ∇2ρ values are indicative of interactions involving
non-covalent interaction.[40] We further performed the atoms
in molecules (AIM) analysis using Multiwfn[41] to distinguish
whether the interaction between anions with different valence
states, and graphene is covalent interaction or non-covalent in-
teraction and listed the data in Table 2. The AIM analysis indi-
cated that PO3−

4 surely formed covalent bond between oxygen
atom and the nearest carbon atoms of graphene, CH3PO2−

4 and
(CH3)2PO−4 formed non-covalent bond with graphene, and the
bond strength between CH3PO2−

4 and graphene is larger than
that between (CH3)2PO−4 and graphene.

PO3-@G CH3PO2-@G
-

(CH3)2PO4 @G 
4 4

-2.2 0 2.2 -2.2 0 2.2 -2.2 0 2.2

Fig. 2. Mulliken charges distribution of different anions adsorption on the graphene flake.

44
4HOMO 2 (PO3-@G) HOMO 3 (PO3-@G) HOMO 4 (PO3-@G)

HOMO 2  (CH3PO2-@G) HOMO 3  (CH3PO2-@G)
4HOMO 6 (PO3-@G) 4 4

- -HOMO 6  (CH3PO2-@G) HOMO 4 ((CH3)2PO4 @G) HOMO 5 ((CH3)2PO4 @G) 4

Fig. 3. The representatives of occupied molecular orbital for PO3−
4 @G, CH3PO2−

4 @G, and (CH3)2PO−4 @G, respectively. The atoms are
colored as follows: C: cyan; H: white; O: red; P: yellow. The molecular orbital is plotted with iso-values of ±0.01 a.u., where blue and green
areas denote opposite signs (±) of the orbital phase.
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Table 2. Bond critical point properties [electron density (ρ); Laplacian of
electron density (∇2ρ); potential energy density (Vb); Lagrangian kinetic
energy (Gb); energy density Hb] of oxygen and carbon bonds in the studied
complexes at the B3LYP/6-31+G(d,p) level.

Anions–graphene clusters ρ ∇2ρ Vb Gb Hb |Vb|/Gb

PO3−
4 @G 0.211 −0.317 0.323 0.122 0.201 2.648

CH3PO2−
4 @G 0.015 0.049 −0.01 0.011 0.001 0.909

(CH3)2PO−4 @G 0.009 0.028 −0.05 0.006 0.001 0.833

Moreover, to illustrate the underlying physics of the in-
teractions, we performed the energy decomposition analysis
(EDA) using ADF program.[35] As shown in Table 3, the
total interaction energies between anions (PO3−

4 , CH3PO2−
4 ,

(CH3)2PO−4 ) and the graphene flake (C84H24) were decom-
posed into Pauli repulsion, orbital interaction and electrostatic
interaction. The EDA results showed that the attractive energy
is mainly attributed to the orbital interaction, the repulsive en-
ergy is mainly attributed to Pauli repulsion and electrostatic in-
teraction for the (CH3)2PO−4 adsorption on the graphene flkae
(C84H24). The attractive energy is mainly attributed to the or-
bital interaction and electrostatic interaction, the repulsive en-
ergy is mainly attributed to Pauli repulsion for the multivalent
anions (PO3−

4 , CH3PO2−
4 ) adsorption on the graphene flkae

(C84H24).
We also investigated the hydrogenated phosphate anions

(HPO2−
4 , H2PO−4 ) adsorption on the graphene flake (C84H24),

the adsorption energy of H2PO−4 is −5.3 kcal/mol, which is
smaller than that of (CH3)2PO−4 (−8.3 kcal/mol). The adsorp-
tion energy of HPO2−

4 is −49.7 kcal/mol, which is slighter
larger than that of CH3PO2−

4 (−48.0 kcal/mol). The adsorp-
tion energy of hydrogenated phosphate anions also increased
as the valence of anions increase from negative monovalence
to negative trivalence, which is in agreement with that of
methyl phosphate anions. These results indicated the func-
tional groups type to saturate the dangling oxygen atom of
phosphate anion has little effect on the interaction between dif-
ferent valence phosphate anions and the graphene flake. The
detailed discussions about molecular orbital analysis and Mul-
liken charge distribution of hydrogenated phosphate anions
(HPO2−

4 , H2PO−4 ) adsorption on graphene flake (C84H24) can
be seen in Supplementary material PS7.

Table 3. Electrostatic interaction, Pauli repulsion, and orbital interaction be-
tween anions with different valance and graphene calculated at the B3LYP
method.

Anions–graphene Pauli repulsion Orbital interaction Electrostatic
clusters (kcal/mol) (kcal/mol) interaction (kcal/mol)

PO3−
4 @G 771.79 −601.21 −375.82

CH3PO2−
4 @G 34.98 −77.02 −6.64

(CH3)2PO−4 @G 9.13 −16.4 2.67

HSO-@G

SO2-@G

OH-@G

O2-@GCO2-@G

HCO-@G4 3

4 3

(a) (b) (c)

Fig. 4. Top and side views of the most stable geometry-optimized structures of HSO−4 /SO2−
4 , HCO−3 /CO2−

3 , and OH−/O2− adsorption on
graphene flake, respectively. Atoms are colored as follows: C, cyan; O, red; S, brown; H, white.
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We also calculated other anions of various charges
(HSO−4 /SO2−

4 , HCO−3 /CO2−
3 , and OH−/O2−) interaction with

the graphene flake. Figure 4 showed the optimized most stable
structure of HSO−4 /SO2−

4 , HCO−3 /CO2−
3 , and OH−/O2− ad-

sorption on graphene flake, respectively. We have listed the
adsorption energy of all the anions calculated in Fig. 5. The
results showed that the adsorption energy of other anions of
various charges is also larger than that of the corresponding
monovalent anion, which are in agreement with the results
as the valence of anion increased, the adsorption energy in-
creased. The AIM analysis (Table S8) indicates that OH−/O2−

also formed covalent bonds with graphene flake, the average
nearest oxygen–carbon distance of O2− (1.475 Å) adsorption
on graphene flake is smaller than that of PO3−

4 (1.513 Å) ad-
sorption on graphene flake, and the adsorption energy of O2−

is larger than that of PO3−
4 .
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Fig. 5. Adsorption energy of different anions adsorptions on the graphene
flake at the B3LYP/6-31G+(d,p) level.

4. Conclusion
In conclusion, based on DFT calculations, we investi-

gated the interactions between different valence anions (PO3−
4 ,

CH3PO2−
4 , (CH3)2PO−4 ) and the graphene flkae (C84H24), and

found that the valence of anion increased from negative mono-
valence to negative trivalence, the interaction remarkably in-
creased, which was mainly due to the orbital interactions be-
tween the multivalent anions and graphene flkae (C84H24).
Meanwhile, the adsorption of anions decreased the HOMO–
LUMO energy gap of the systems, which is beneficial to the
enhancement of electrical conductivity. We also researched
hydrogenated phosphate anions (HPO2−

4 , H2PO−4 ) adsorption
on graphene flake (C84H24), and found that adsorption energy
of hydrogenated phosphate anions (PO3−

4 , HPO2−
4 , H2PO−4 )

also increased as the valence of anions increased from neg-
ative monovalence to negative trivalence, and the functional
groups type to saturate the dangling oxygen atom of phosphate
anion has little effect on the interaction between different va-
lence phosphate anions and the graphene flake. The adsorp-
tion energy of other bivalent anion (SO2−

4 , CO2−
3 , and O2−)

is also larger than that of the corresponding monovalent anion
(HSO−4 , HCO−3 , and OH−).

Comparing to the monovalent halide anions adsorption on
the graphene flake (the F−/Cl−/Br− adsorption energies are
−16.3 kcal/mol, −7.7 kcal/mol, and −6.0 kcal/mol, respec-
tively), the adsorption of multivalent anions on graphene flake
(PO3−

4 /CH3PO2−
4 adsorption energies are −152.9 kcal/mol,

−48.0 kcal/mol, respectively) should be considered as ‘su-
per strong’, even larger than the cation–π interaction between
common alkali and graphene ( the Na+/K+ adsorption ener-
gies are −39.6 kcal/mol, −28.7 kcal/mol).[42,43] Thus, these
remarkably strong interactions between high valence anions
and graphene cannot be ignored in the related research fields.

This work provides new insights for understanding the
interactions between multivalent anions and π–electron-rich
carbon-based nanomaterials and is helpful for design and ap-
plication of graphene-based DNA biosensor.
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Chem. Theory Comput. 7 3012
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