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The presence of polyiodide complexes have reported several times when carbon-based materials have been doped by iodine
molecules, but their formation mechanism remains unclear. By using first-principles calculations that include nonlocal correlation
effects by means of van der Waals density functional approach, we propose that the formation of triiodide (I−3 ) and pentaiodide
(I−5 ) is due to a large density of iodine molecules (I2) in interaction with carbonaceous substrate. As soon as the concentration
of surface iodine reaches the threshold value of 12.5 % for a graphene monolayer and 6.25 % for a bilayer, these complexes
spontaneously appear. The corresponding structural, energetic aspects, electronic structures and vibrational frequencies support
this statement. An upshift of the Dirac point from the Fermi level with values of 0.45 and 0.52 eV is observed for adsorbed
complexes on graphene and intercalated complexes between two layers, respectively. For doped-graphene, it corresponds to a
graphene hole density to be around 1.1×1013 cm−2, in quantitative agreement with experiments. Additionally, we have studied
the thermal stability at room temperature of these adsorbed ions on graphene by means of ab initio molecular dynamics, also
showing a successful p-doping with polyiodide complexes.

Introduction

Graphene, which belongs to the family of carbon nanoscale
structure has attracted the attention of researches due to in-
teresting physical and chemical properties. These intrinsic
electronic properties and their tunings when molecules are ad-
sorbed, makes this material a suitable candidate for improving
electronic components. Theoretical and experimental studies
have demonstrated that the deposition of halogen molecules
modulates the electronic structure of graphene layer1–15 in a
completely reversible process. Specially, adsorption of iodine
molecules I2 is intriguing because of its intrinsic capability to
exist with different forms,16 with a wide variety of chemical
properties. Among experimental works, Raman spectroscopy
indicates a signature of iodide anion formations, which can be
assigned to the formation of triiodide (I−3 ) and pentaiodide (I−5 ),
when graphene layer is exposed to iodine molecules.14,17,18

Moreover, iodide anions are also present in iodine-doped bi-
layer19, carbon nanotubes (CNTs) and organic polymers.20–25

It is believed that adsorbed iodine molecules generate iodide

0 † Electronic Supplementary Information (ESI) available: [details of any
supplementary information available should be included here]. See DOI:
10.1039/b000000x/
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ions through charge transfer process from structures composed
of carbon atoms, but the origin of the polyiodide complex for-
mation remains unknown. This electronic transfer allows to
provide a negative charge to iodine molecules, which avoids
the creation of cation I+.

In this theoretical work using density functional theory
(DFT), taking into account for weak intermolecular forces, we
first show that monolayer and bilayer of graphene can be effi-
ciently doped by polyiodide ions I−3 and I−5 . We also demon-
strate that the formation of these complexes is due to an ag-
glomeration of iodine molecules on a graphene sheet, which
can also be considered as a reasonable model of large CNT.
The thermal stability of the adsorbed ions is analyzed from
ab initio molecular dynamics (AIMD), carried out at 300 K.
We present our investigations of structural, energetic proper-
ties, electronic structure and vibrational frequencies of iodine
species adsorbed and intercalated on graphene monolayer and
bilayer respectively. Computational details are described in the
following section. Our results of isolated and adsorbed iodine
species are then reported. We can clearly attribute vibrational
modes and their corresponding frequencies to the presence of
I2, I−3 and I−5 . Interestingly we prove that the formation of
these complexes is due to the either a high concentration or a
strong confinement of I2 undergoing strong electronic transfer
from graphene-systems. In fact, the areal hole density of the
graphene monolayer is about 1.1×1013 cm−2. Simulation of
the frequency and energetic properties of adsorbed I2 as a func-
tion of iodine concentration adsorbed on graphene and interca-
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lated between two layers show respectively a threshold value,
12.5% and 6.25%, where the phase transition of diatomic io-
dine molecules to complexes takes place. We conclude, in
section 5, that the polyiodide formation still exists at 300 K
and adsorbed species lead to a power spectrum shift of the G-
peak, around 3 cm−1 indicating successful p-doping with io-
dine species at 300 K.

Computational details

For the carbon structures, we use a lattice constant of graphene
equal to a0 = 2.46 Å, close to the experimentally obtained value
(2.459 Å) for a graphite at low temperatures.26 We also add a
vacuum region of 20 Å to avoid interaction between periodic
images in the z direction, since the stability of the work function
values is insured as soon as the distance between two layers is
17.8 Å. For the bilayer systems, a vacuum of around 22 Å

We have also studied a bilayer structure containing 4 carbon
atoms in its primitive cell with an interlayer distance of 3.33
Å in good agreement with experimentally obtained value.27 In
order to determine the effects of polyiodide creation, several
hexagonal cells containing from 32 to 100 carbon atoms in in-
teraction with 5 iodine molecules are considered. So we use
(4×4) to (5×5) primitive cells of carbon structures, where for
example, (4× 4) corresponds to 15.6% (C325I2 for graphene)
and 7.8% (C645I2 for bilayer) iodine concentration. In the fol-
lowing, we investigate three isolated iodine molecules, I2 and
linear I−3 are each simulated in a 36× 36× 36 Å3 box and an-
gled I−5 located in a 50×50×50 Å3 box. To identify vibrational
modes of the adsorbed complexes, we study triiodide and pen-
taiodide interactions with a graphene layer containing (6× 6)
and (7×7) primitive cells respectively, as illustrated in Figure
1.

Using density functional theory (DFT), the structural and
electronic properties of iodine-graphene and bilayer systems
are obtained with the Vienna ab initio simulation package
(VASP).28–31 Ions cores are modeled with projector augmented
wave (PAW) pseudopotentials.32 The 2s and 2p states of car-
bon, 5s and 5p states of iodine are treated explicitly in the va-
lence. The plane-wave basis set cutoff energy is set to 400
eV with a Gaussian smearing method33 of 0.005 eV width,
in order to assure well converged total energy and force val-
ues. To include van der Waals interactions in our calcula-
tions, we use the optB86b-vdW scheme.34,35 This particular
choice of exchange-correlation functional is based on previous
works.10,36–39. For the sake of comparisons, we have also com-
puted the Tkatchenko-Scheffler (TS) method40,41 on the ad-
sorption of a single iodine molecule which is an interesting test
case for describing the nonlocal anisotropic polarization. vdW-
TS-GGA (PBE functional) predicts the same geometry proper-
ties and adsorption energy than the optB86b-vdW method, see

Table 1 from the Electronic Supporting Information (ESI). This
comparison strongly stress the importance of the many body
van der Waals interactions that stem from the strong anisotropic
polarization of low-dimensional materials, as the TS method is
based on a pair-wise approximation.

All the atoms are allowed to relax until the maximum of all
forces acting on them became smaller than 0.01 eV.Å−1. In
order to determine the distortion effect of graphene layer po-
tentially induced by the iodine adsorption, the cell shape of the
polyiodide-graphene structure, Figure 2(a), was also allowed
to relax but at constant volume, see the ESI for the compar-
ison. Since no drastic changes have been observed, we have
kept fixed the calculation cell dimensions for the rest of the
presented results. The k-point sampling is always based on a
Γ-centered grid for all types of calculations. We use, to opti-
mize the structures, a single k-point for iodine molecules, and
a (9× 9× 1) grid for (4× 4) primitive cells of graphene up to
a (5× 5× 1) grid for the largest graphene and bilayer super-
cells. For the density of states (DOS) calculations, the tetra-
hedron integration method with Blöchl corrections42 is used,
with a (29×29×1) grid for the (4×4) graphene supercell and
a (23× 23× 1) grid for the (4× 4) bilayer supercell. Similar
grids are used to determine charge transfer and band structures
for graphene and bilayer systems. Bader charge analysis is car-
ried out using Henkelman’s group program,43–45 and visualized
with VESTA software.46

We can compare the energy stability of two structures via
the adsorption energy Ead of n iodine molecules on the system
which means graphene or bilayer. This energy can be calcu-
lated from the following equation :

Ead =
1
n

(
EnI2@system−Esystem−nEI2

)
, (1)

where EnI2@system is the total energy of doped system with n
iodine molecules, EI2 is the energy of single free doping iodine
molecule and Esystem is the total energy of the pristine graphene
or bilayer.

Based on the linear dispersion of the band structure near the
Dirac point, the areal hole density of doped graphene can be
estimated using the following equation:

Nh =
1

π(h̄vF)2 | EF −ED |2, (2)

where Nh is hole areal density, vF = 1.1×106 m/s is the Fermi
velocity of graphene, extracted from our calculation on the
graphene primitive cell, consistent with experimental values47.
EF and ED are the energy position of the Fermi level and of the
Dirac point respectively.

The ab initio molecular dynamics simulations were car-
ried out using VASP. A time step ∆t of 0.5 fs was chosen
and the temperature was set to 300 K using a Nosé Hoover
chain thermostat.48–50 Starting from optimized geometries of
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the graphene and graphene-doped systems respectively, 10 ps
were performed. To be sure that the system is properly thermal-
ized, we use in our calculations the last 5 ps. One of the ways
to calculate a vibrational spectrum from ab initio molecular dy-
namics trajectory is the power spectrum P(ω), depending on
the nuclear velocities v = drn/dt, where rn describes the posi-
tion of the nth atom. To approximate the analytical time deriva-
tive, we use centered-difference quotient method at 7 points.
For each atom, the autocorrelation of the velocity is expressed
as 〈v(τ)v(t + τ)〉n and the sum of all the correlation functions
of particles is Fourier transformed to obtain the power spectrum
of the system51 according to

P(ω) = m
∫ +∞

−∞

〈v(τ)v(t + τ)〉e−iωt dt, (3)

where m is the reduced mass of the system and τ equals 5 ps.

Geometric analysis of single and adsorbed polyio-
dides

Like all of the other halogens, iodine occurs naturally as a di-
atomic molecule I2, in solid or gaseous form, but it can form
a series of anions, that consist of chains of iodines with one or
more extra electrons. The two most common of them are the
linear species I−3 and the angled species I−5 , see Figure 2 of the
ESI. In Table 2 of the ESI, we summarize the main geomet-
ric parameters and the vibrational modes after geometry opti-
mizations of isolated diatomic iodine, triiodide and pentaiodide
ions. They are compared with theoretical methods as the mul-
tireference configuration interaction (MRCI)16 and also exper-
imental data. Generally our method using nonlocal functional,
optB86b-vdW gives I-I bond length values and stretching mode
values in good agreement with the experiment and theoretical
results. We have identified the vibrational modes of I−3 and
I−5 ions, as summarized in Table 1. Symmetrical vibrational
frequencies of diatomic iodine molecules, with in-plan or per-
pendicular orientation are 200 and 180 cm−1 respectively, as
extracted from a previous work.10 Although these molecules
are physisorbed, vibrational frequencies are lower than the val-
ues belonging to isolated molecules. In addition, when the
molecule is in-plan orientation, the theoretical value is in agree-
ment with the experimental value of 180 cm−1. The adsorption
height between the ions and the average height of the graphene
layer, 3.69 Å and 3.65 Å for I−3 and I−5 respectively, suggests a
physisorption effect. Their vibrational frequencies correspond
to the isolated ion values, leading to an underestimation of the
symmetric stretching mode value of I−3 , while the theoretical
value of I−5 is in perfect agreement with the experimental value
of 154 cm−1.

In order to understand the formation of polyiodides on
graphene layer, we have studied two nanoscale systems, com-

(a) (b) 

Fig. 1 (Color online) View of different adsorption sites of molecules
(purple circles) on graphene layer (brown circles) : (a) triiodide and
(b) pentaiodide adsorbed on (6×6) and (7×7) primitive cells of
graphene layer respectively.

(a) (b) 

Fig. 2 (Color online) Charge density difference showing electron
transfer between iodine molecules and (4×4) graphene layer (a) and
(4×4) bilayer (b). Yellow represents positive electronic densities
which accept electrons and cyan stands for negative densities which
donate electrons.

posed of five iodine molecules. Figure 2 shows these sys-
tems after geometry optimization : (a) the agglomeration of
five iodine molecules on a small graphene surface, means 15.6
% of iodine concentration; (b) the confinement of these parti-
cles between two graphene layers, means 7.8 % of iodine con-
centration. Table 2 summarizes the energetic and geometric
properties corresponding to the adsorption of I2, Iδ−

3 and Iδ−
5

molecules, with a partial charge δ , at various iodine concentra-
tions up to 15.6 %, since below this value the lateral interactions
between iodine molecules are less important, due to large I2-I2
distances.

At high iodine concentration (15.6 % for graphene system
and 7.8 % for bilayer system), it is clear that triiodide and
pentaiodide species are predominant in these systems. The in-
teratomic distances of I2 is increased by 0.1 Å, while the I··I
bond length and angle values of complexes are similar to those
summarized in Table 1 and Table 2 of the ESI. At low iodine
concentration (10.0 % for graphene system and 5.0 % for bi-
layer system) the molecules remain diatomics, with I-I bond
length value around 2.70 Å. Between these two concentrations,
at 12.5 % for the graphene system and 6.25 % for the bilayer
system, the molecular nature is not clearly defined, and oscil-
lates between I2 and Iδ−

5 states. Therefore, 12.5 % and 6.25
% are the limit value for graphene and bilayer systems respec-
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Table 1 Variation of the bond distance between two iodine atoms (Å), of the angle between three iodine atoms (◦), of the adsorption height
between the molecules and the average height of the graphene layer (Å) and of the vibrational frequencies ν (cm−1) for symmetric and
anti-symmetric stretching modes of adsorbed I2, Iδ−

3 and Iδ−
5 . They are compared with experimental (R = Raman) and other calculated values.

Structure I··I Angle I-graphene ν

Fig.1 Sym. A.Sym.
(a) 2.96 180 3.69 106, 117 (R)14 138
(b) [2.86 ; 3.05] [103 ; 181] 3.65 154, 154 (R)14 140

Table 2 Variation of the adsorption energy Ead (eV), of the bond distance between two iodine atoms (Å) and the angle between three iodine
atoms (◦) of I2, Iδ−

3 and Iδ−
5 , for various concentrations (%), deposited on graphene monolayer and between two layers.

Structure I2 Ead (I2) I-I Angle
Fig.2 concentration I··I I2 Iδ−

3 Iδ−
5 Iδ−

3 Iδ−
5

(a) 15.6 -0.83 2.78 [2.83 ; 3.06] [2.86 ; 3.07] 171 [97 ; 177]
12.5 -0.69 2.71 [2.80 ; 3.30] [85; 172]
10.0 -0.50 2.69

(b) 7.8 -0.59 2.80 [2.93 ; 2.89] [2.86 ; 3.02] 177 [85 ; 176]
6.2 -0.49 2.71 [2.78 ; 3.20] [85; 177]
5.0 -0.21 2.70

tively, where the phase transition of iodine diatomic molecules
to complexes takes place. A high iodine concentration or a con-
finement implies an increase in the adsorption energy, which
means that the creation of new interatomic bonds improves the
system stability, see Table 2.

Analysis of vibrational frequency and electronic
structure of polyiodide complexes

To support our arguments on the polyiodide formation, we
calculated also the vibrational frequencies and the effective
charges of molecules at 0 K, summarized in Table 3. For each
system, the vibrational frequency values obtained from calcu-
lations have been compared and classified, according to the
stretching modes (symmetric and anti-symmetric) of the iso-
lated and adsorbed molecules I2, I−3 and I−5 , see Table 1 and
Table 2 of the ESI. At high iodine concentration, both systems
have vibrational frequency values around 106 cm−1 and 142
cm−1, related to symmetrical and anti-symmetrical modes of
Iδ−
3 respectively, while the vibrational frequency values around

155 cm−1 and 145 cm−1 correspond to symmetrical and anti-
symmetrical modes of Iδ−

5 respectively. At this stage, no vi-
brational frequency related to the diatomic molecule appears.
The decrease iodine concentration up to 12.5% for graphene
and 6.25% for bilayer, brings up a vibrational mode due to
stretching of the diatomic molecules at 194 cm−1, while we are
witnessing the quenching of vibrational modes from Iδ−

3 , leav-
ing only the symmetrical stretching of I2 at 159 cm−1. Upon
reaching the concentration threshold value, only the vibrational
mode of the diatomic iodine appear at 203 cm−1. These results
show that the formation of complexes is related to the high con-

centration or a confinement of iodine molecules.
The calculations of effective charges show that Iδ−

3 and Iδ−
5

have a partial charge of -0.10 and -0.06 for the graphene sys-
tem respectively. In the doped-bilayer system, partial charges
increase by 0.19 and 0.25 electron per Iδ−

3 and Iδ−
5 respectively,

compared to the doped-graphene system. Therefore the sub-
strate plays a significant role in complex formation. The ad-
dition of a second graphene layer allows the increase of the
electronic transfer, see Figure 2.

Γ M K Γ

0

-1

-2

2

1

E
-E

 F
  [

eV
]

50250
DOS [a.u.]

(a) (b) 

Fig. 3 Band structure (a) and total electronic density of states (b) of
halogen complexes adsorbed on (4×4) graphene layer (15.6% of
iodine concentration). The Fermi level is at zero energy.

The effects of the electron transfer between the two sub-
systems on the electronic structure properties of the graphene
mono- and bilayer are shown in Figures 3 and 4 respectively,
for carbon structures containing (4× 4) primitive cells. From
the band structure in Fig.3(a) and Fig.4(a), it is clear that, the
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Table 3 Variation of the vibrational frequencies ν (cm−1) for symmetric and anti-symmetric stretching modes of I2, Iδ−
3 and Iδ−

5 , of the
effective charge of Iδ−

3 and Iδ−
5 (number of electron), for various concentrations (%), deposited on graphene monolayer and between two

layers.

Structure I2 ν (I2) ν (Iδ−
3 ) ν (Iδ−

5 ) δq (Iδ−
3 ) δq (Iδ−

5 )
Fig.2 concentration Sym. A.Sym. Sym. A.Sym.
(a) 15.6 100 142 155 148 -0.10 -0.06

12.5 190 158 -0.05
10.0 206

(b) 7.8 106 133 156 145 -0.29 -0.31
6.2 194 159 -0.11
5.0 203
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(a) (b) 

Fig. 4 Band structure (a) and total electronic density of states (b) of
(4×4) bilayer graphene intercalated with iodine complexes (7.8% of
iodine concentration). The Fermi level is at zero energy.

complexes are physisorbed with a weak adsorption energy of
-0.83 eV and -0.59 eV per diatomic molecules for the doped-
graphene and doped-bilayer respectively. Moreover, the con-
ical crossing band at K point is still present upon adsorption.
The Dirac point is shifted above the Fermi level, 0.45 eV and
0.52 eV for graphene and bilayer systems respectively, corre-
sponding to an electronic transfer from the substrate to the io-
dine complexes. In order to go further in the interpretation of
the electronic band structure, we have also calculated the areal
hole density of the graphene system using the equation 2. It
is equal to 1.1× 1013 cm−2, suggesting an effective hole dop-
ing of graphene. This result is consistent with the experimental
value 4.4×1013 cm−2 obtained in the case of a graphene mono-
layer doped by a Br2 vapor.11 It does suggest that Br−3 and Br−5
complexes may indeed adsorbed on the graphene sheet. Our
value is much greater than the single adsorbed molecule value
of 3.9×1011 cm−2,10 reflecting the fact that an agglomerate of
iodine molecules leads to a larger electron transfer. An impu-
rity band due to the iodine complexes appears just around the
Fermi level (E−EF = 0). As shown in Fig.3(b) and Fig.4(b),
this resonance located above and below the Fermi level can be

attributed to localized p-type orbitals of the halogen complexes,
which a predominance of the py state for both structures.

Polyiodide molecules adsorbed on graphene at
300 K
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Fig. 5 (Color online) Power spectra at 300 K of graphene layer
(black line) compared to the iodine species adsorbed on the same
graphene layer (red line).

The spectra obtained for a pristine and iodine molecules ad-
sorbed on graphene layer at 300 K are shown in Figure 5. The
theoretical curves were fitted to Lorentzian functions, where
peak’s half-width is set to 10 K. The peak intensities have been
normalized relative to the G-band. In these calculations the in-
tensity is not physical. The power spectra shows the G-band
peak exactly at the right position. It corresponds to the C-C
stretching vibrations from graphene52, around 1595 cm−1 for
the pristine, and it is slightly shifted by 3 cm−1 for the adsorbed
system. This upshift is fully consistent with experimental data7

and is quite sensitive to a p-doping effect from graphene layer,
that could be modified by the iodine molecule concentration10.
As non adiabatic effects are not taken explicitly into account, it
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is not possible to determine accurately the Raman shift induced
by the iodine doping. Nevertheless, we can take advantage of
this to conclude about the sign of the doping. Due to bond
length variation, a downshift is associated to n-doping and up-
shift to p-doping53.

In both cases, it can be seen that other features are local-
ized below the G-band frequency. The study of graphene opti-
cal characteristic by means of Raman spectrum does not show
these vibration modes,15 due to the selection rules. A theo-
retical calculation of Raman spectra can be obtained from the
polarizability along the normal mode vectors (not shown here).
However, the difference between our graphs leads to the emer-
gence a frequency range [106 ; 203] cm−1 (blue zone), related
to vibrational modes of iodine molecules. Using the values
summarized in Tables 1 of the ESI and 1, we can identify the vi-
brational modes in this frequency range. Therefore, 106 cm−1,
160 cm−1 and 203 cm−1, represent the symmetric stretching
modes of I−3 , I−5 and I2, respectively. The frequency peaks
around 140 cm−1, show the presence of anti-symmetric stretch-
ing modes of I−3 and I−5 respectively. The power spectra at 300
K show the same information as our previous calculations done
at 0 K. Moreover, these results are in agreement with experi-
mental data15. The agglomeration of iodine particles leads to
the formation of complexes.

Conclusion

In this paper, the study of the polyiodide formation on graphene
layer using DFT calculations, including the nonlocal correla-
tion correction, are reported, including the energetic, geomet-
ric aspects, as well as the vibrational frequencies and the elec-
tronic properties of doped systems. The complex formation ap-
pears when the iodine concentration is greater than 12.5% and
6.25% for the graphene and bilayer doped respectively. More-
over, impurity bands below and above the Fermi level appear,
corresponding to an effective hole doping of graphene equal to
1.1×1013 cm−2. Additionally, we have studied the thermal sta-
bility of the adsorbed ions from ab initio molecular dynamics,
carried out at 300 K. At this temperature, the polyiodide com-
plexes still exist, the adsorbed species lead to a power spectrum
shift of the G-band, around 3 cm−1, indicating successful p-
doping. Therefore, we can conclude that the high concentration
or strong confinement of iodine molecule on a graphene layer
generates iodide anions through a charge transfer process.
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