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Abstract. Absorption spectra of iodine molecule in water conﬁrm the formation of H2O-I2 C-T complex
with a shifted iodine visible band at 461 nm and a charge transfer (C-T) band at 202 nm. Iodine oxidizes

water leading to the formation of I
3 ion. Absorption bands of I3 the ion at 351 nm and 284 nm are observed

in Iodine solution in water. The concentration of I3 is about 1% of H2O-I2 C-T complex when iodine is
dissolved in water with e value of 16771M-1cm-1 at 351 nm. DFT calculation shows that two I2 molecules
can bind to two lone pairs of O in H2O nearly in tetrahedral geometry with stabilization energy - 8.3 kcal/M.
But, one I2 bonded to one of the lone pairs on oxygen and one H2O molecule is hydrogen-bonded to the
second lone pair on oxygen in nearly tetrahedral geometry is more stable with energy -8.5 kcal/M. By
plotting experimental ionization energies of H2O and I2 from photoelectron spectroscopy, MOs of H2O-I2
C-T complex is constructed. C-T band at 202 nm (6.14 eV) is the excitation from the stabilized sp3 hybridized
oxygen lone pair in H2O to destabilized r* orbital of I2 in the H2O-I2 C-T complex.

1. Introduction

Benesi and Hildebrand1 in 1949 showed iodine in
benzene is pinkish-red in contrast to iodine in carbon
tetrachloride which is violet in colour similar to iodine
vapour. Iodine in alcohol is reddish-brown and it is
called tincture iodine. These observations opened a
new subject in chemistry, namely, ‘‘Charge Transfer
(C-T) complexes’’ or donor-acceptor complexes.
Atoms interact to form molecules with bonding and
anti-bonding molecular orbitals derived from atomic
orbitals. Similarly, a charge transfer molecular complex is formed by donor molecule such as
NH3 ; H2 S; ðC2 H5 Þ2 O with acceptor molecules such as
I2 involving interaction between molecular orbitals.
Because of such an interaction, a new intense colour,
different from either donor or accepter develops due to
a new absorption band called C-T band. A large body
of literature exists on this subject.2–5
Charge transfer absorption bands of iodine with
alcohols, ethers, benzene, ammonia and sulphur containing donors appear in the 200 to 400 nm region.
Invariably, the rise of the background below 300 nm
*For correspondence

due to absorption of solvents makes it difﬁcult to
identify the C-T bands in a double beam UV visible
spectrometer. Accidentally we found that in a single
beam spectrometer, it is possible to deduct the solvent
absorption completely in 190 to 400 nm region and
well resolved and distinct C-T band can be recorded.
Indeed, we recorded absorption spectra of only the CT complexes by dissolving iodine in benzene and
diethyl ether acting as donors where bands due to
either donor or accepter are absent. Further, we could
record I ,I
3 , Br and many such species absorbing
between 190 to 250 nm. This prompted us to study
H2O-I2 charge-transfer complex.
Halogen molecules can accept electrons to form
stable molecular complexes. H2 O is a polar molecule
that interacts with halogen molecules. Among the
donor-acceptor complexes formed by molecules with
n and p donors and halogens, the study of I2 – water
complex is missing in the literature. A recent review
on the structure, dynamics of halogens with water by
Bernal-Uruchurta et al.,6 indeed provides a microscopic explanation of halogen interaction with water.
But H2O–I2 C-T complex is not described. Kereev and
Shnyrev have studied iodine,7 iodide, and tri-iodide in
water and have mentioned that a band at 203 nm is
attributed to iodine, not identifying it as due to H2O-I2
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C-T band. They also report a band at 461 nm but not
identify it due to shifted I2 band in C-T complex.
Therefore, H2O-I2 C-T complex has not been fully
identiﬁed among the oxygen donor- I2 complexes.
Interaction of I2 with water is important biologically.
Formation of Iodine atom - water charge transfer
complex has been identiﬁed and absorption band at
260 nm was reported.8 Also, bromine atom – water
and Chlorine atom – water charge transition bands at
275 nm and 320 nm, respectively have been determined from ﬂash photolysis studies.9
We have previously studied I2, ICl C-T complexes
with ethers and benzene in vapour phase by photoelectron and electron energy loss spectroscopy.10–14
Our interest was to ﬁnd an exact description of the C-T
complexes, speciﬁcally geometry and electron energy
states of C-T complex molecule. VSEPR theory predicts two lone pairs of oxygen in water are equivalent
or degenerate. If one considers sp3 hybridization of
oxygen, there are four orbitals, two lone pairs on
oxygen and two unpaired sp3 orbitals which bind to 2H
atoms forming two O-H bonds. VSEPR theory predicts
that due to the repulsion of lone pair electrons, H-O-H
bond angle decrease from the ideal 109.5 to 104
leaving two lone pairs on the oxygen of H2O molecule
degenerate. This is how the structure of H2O is
described in textbooks.
Photoelectron spectroscopy of the molecules
developed by D.W. Turner15 provides ionization
energies of individual molecular orbitals. Accordingly,
there are four ionization energies due to 4 MOs
observed in H2O at 12.67, 14.74, 18.51 and 32 eV.16
Four MOs are identiﬁed as due to one oxygen lone pair
perpendicular to H-O-H plane with ionization energy
at 12.67 eV, the second lone pair, parallel to H-O-H
plane with ionization energy at 14.74 eV. The third
ionization energy is OH MO at 18.51 eV and the
fourth orbital is also due to OH MO at 32 eV.15 This is
conﬁrmed by DFT calculations described later in this
paper. Thus, the two lone pairs of oxygen are not
degenerate in the water molecule. However, water in a
liquid state as well as water in ice, the two lone pairs
become equivalent due to two hydrogen bonds taking
tetrahedral geometry. Therefore, several questions
arise when H2O interacts with the iodine molecule.
Which of the two lone pairs in the water molecule
binds to iodine and if so what is the geometry of such a
complex? Can two iodine molecules bind with two
lone pairs? Only in the case of HCN with water, it is in
the plane of H2O.17 What exactly happens to the
orbital energies of H2O and I2 upon complex formation? Can we ﬁnd H2O-I2 complex molecule and
identify bonding and antibonding orbitals connecting
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C-T transition from the MOs of H2O and I2? Can we
isolate H2O-I2 C-T complex? DFT calculations of
isolated molecules from open source code such as
Quantum Espresso can give molecular geometry,
energies of all MOs, orbital character, and charge on
each orbital and total charge distribution. Therefore,
we considered it worthwhile to study the iodine-water
C-T complex and ﬁnd answers to these questions. In
this paper we report experimental U-V visible spectra
of iodine with water, identify C-T band of H2O–I2 C-T
complex. We have done DFT calculations on the
geometry of the C-T complex. I2 forms H2O–I2 C-T
complex in H2O liquid. In water, H2O bonded to two
H2O molecules by a hydrogen bond to the two lone
pairs in oxygen and 2 O-H bonds in a tetrahedral
geometry. I2 is replacing one of the hydrogen-bonded
H2O molecules. MOs constructed from experimental
orbital energies of water and iodine shows that the C-T
band is the absorption band from one of the lone pairs
of oxygen no, in tetrahedral geometry in H2O to shifted
r* of I2 in H2O-I2 molecular complex.
2. Experimental
Absorption spectra are recorded in a single beam
Labman UV spectrometer in a quartz cell from 190 nm
to 1100 nm with 1 nm resolution. Spectra of iodine
dissolved in water were recorded with water as the
solvent. Concentrations of H2O-I2, I
3 ions were
obtained by iodometric titration. The calculations are
based on ﬁrst-principles density functional theory, as
implemented in the QUANTUM ESPRESSO code18
with the generalized gradient approximation (GGA)
exchange-correlation potential as parameterized by
Perdew, Burke and Ernzerhof (PBE). Valence electrons and their interactions with ionic cores are
described by the ultrasoft pseudopotential (USPP).
Every chemical species were calculated by placing it
3
in a supercell of 15:87  15:87  15:87Å , so there
will be no interaction between successive chemical
species present in the neighbour cell. Kohn-Sham
wave functions (density) were represented with a
plane wave basis with an energy cutoff of 30 Ry (240
Ry). The structure optimizations of each of them were
carried out until the energy converged to an accuracy
of 10-8 eV. Binding energy is calculated by the formula, B.E = Total energy of the C-T complex—(Total
energy of the donor ? Total energy of the acceptor).
Molecular spectra are simulated from turboTDDFT
code using Liouville–Lanczos approach with 500
lanczos iterations.19 Hybrid functional (HSE) is
employed to get improved excitation energy in
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TDDFT.20 Exchange correlation was parameterized by
PBE with Norm-conserving pseudopotentials.
3. Results and Discussion
To demonstrate the novelty of a single beam spectrometer, I2-diethyl ether, I2-benzene C-T complexes
in the UV-visible region are given in Figure 1.
Absorption of only the C-T complex is observed when
I2 is dissolved in diethyl ether or benzene. The shifted
I2 band at 466 nm and C-T band at 248 nm are distinct
when spectra are taken in a single beam spectrometer
when I2 is dissolved in diethyl ether. Similarly, a
distinct C-T band is observed with I2 in benzene.
These are well-known examples of C-T interaction.
Iodine is weakly soluble in water and colour of the
solution is light yellow. Absorption spectrum of I2 ?
H2O solution is shown in Figure 2. Four absorption
bands are observed at 461, 351, 284 and 202 nm. I2 in
a non-polar solvent, n-hexane, shows the visible band
at 523 nm due to molecular I2 (p* to r*) transition and
Mullikan21 as early as 1950 showed that this band
shifts to lower wavelength when I2 formed C-T complexes with Benzene and other donors. Accordingly,
the ﬁrst band at 461 in Figure 2 is due to the shifted
visible I2 band corresponding to I2 (p* to r*) transition
in the H2O-I2 C-T complex. The second and third
22
The
bands at 351 nm and 284 nm are due to I
3 ion.
last band at 202 nm is due to C-T transition which is
substantiated in this study. The addition of KI to
iodine solution in water consumes iodine bonded to
H2O forming more KI3 : I2 þ I ! I
3 . The inset of
Figure 2 shows a growth of I3- ion bands against the
decrease in the intensity of shifted iodine band with an

Figure 1. Absorption spectra of Benzene-I2 and Diethyl
ether-I2 C-T complex.

Figure 2. Absorption spectra of I2 in water and I2 ? KI in
H2O. Inset shows an increase of triiodide peaks B and C
with a decrease of shifted iodine peak A.

isosbestic point. Indeed, intensities of the second and
third bands due to I
3 increase with a simultaneous
decrease in the intensity of the shifted I2 band at
461 nm. The intensity of C-T band at 202 nm also
decreases with the addition of iodide ion. Therefore,
I2- H2O complex is weaker than I
3 ion because I2 is
extracted from the C-T complex to form more I
3 ion
when iodide ions are added to the iodine solution. At
226 nm, an additional band is observed in H2O ? I2 ?
KI solution (Figure 2, E) and this is conﬁrmed to be
due to atomic (5p–6s) absorption of I- ion as shown in
the KI spectrum in Figure 3. I- ion indeed gives
absorption due to I- (5p6)! I-(6s) transition.
Saturated iodine solution in water contains
1.025 mM/L of I2 determined by iodometric titration.
This solution contains I
3 also. Extinction coefﬁcient
of I
band
at
351
nm
was
determined separately and it
3

Figure 3. Absorption spectra of iodide in water
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solution of iodine in water, the intensity of the C-T
band saturates hence we need to dilute the solution to
get exact transition energy or sharp peak for C-T
transition. Thus iodine in excess water dissociates as
follows:
1
HOI ! HI þ O2 ;
2
þ


HI þ H2 O ! H3 O þ I ; I þ I2 ! I3 ;

I2 þ H2 O ! HI þ HOI;

Figure 4. Absorption spectra of Iodine in water as a
function of concentration.

is 16771M-1cm-1 which is very high. From this, the
concentration of I
3 in the saturated solution of iodine
was found to be 9.11 9 10-6 M/L. Thus, the concentration of H2O-I2 C-T complex in the saturated
solution is 0.934 mM/L. In Figure 4, absorption
spectra of H2O-I2 C-T complex are given as a function
of concentration. One can see the C-T band at 202 nm
at 0.1287 mM/L concentration with an extinction
coefﬁcient value of 9103 M-1cm-1. In a saturated

Finally, H3 Oþ and I
3 are obtained. The pH of the
solution is 4.01 conﬁrming the H3 Oþ formation. Further I
3 to H2O-I2 C-T complex is 1:102 ratio in the
solution. Dissociated I is completely converted to I
3
by combining with I2. The extinction coefﬁcient of I
3
is very high, therefore its peaks are observed in the
spectra of iodine in water even though the concentration of I
3 is about 1%.
3.1 DFT Calculations
The optimized geometry of H2O molecule was
obtained from relax calculation. Calculated O-H bond
length and HÔH bond angle of water are found to be
0.975Å and 104.9o, respectively which agree well with
the experimental values. Self-consistent ﬁeld calculation was carried out by taking coordinates from

Figure 5. Results from DFT calculations: (a) optimum geometry of H2O, charge densities of (b) nO, (c) nO , (d) rOH1 and
(e) rOH2
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Figure 6. Optimum geometry of H2O-I2 C-T complex, charge density mapping and energy of C-T complex as a function
of angle between HOH plane and I2 keeping bond distances same.

optimized geometry. Post-processing calculations like
HOMO, LUMO, charge density and partial density of
states were calculated from wave functions obtained
by PWscf calculation. MOs obtained from these calculations are nO, nO , rOH1 and rOH2 with energies
-13.15 eV, -15.15 eV and -19.0 eV and -32.0 eV
which are close to experimental photoionization
energies at 12.62, 14.74, 18.51 and 32.5 eV.23–26
Geometry and the charge densities of individual
orbitals are given in Figure 5. HOMO of the water
molecule is O(2p) orbital perpendicular to HOH plane,
nO (Figure 5b). The second lone pair nO is O(2p)

orbital parallel to HOH plane (Figure 5c), the third and
fourth orbital (Figure 5 d and e).
Structural relaxation, PWscf calculations and postprocessing of I2 molecule were carried out. Bond
length is 2.6931Å and ordering of MOs
r ; p1 ; p2 ; ðp1 ; p2 Þ; r are in agreement with photoelectron studies but ground state orbital energies from
DFT are more than 2 eV higher than the observed
value. The optimized geometry and total charge distribution of H2O-I2 complex are given in Figure 6. One
can see that the Iodine molecule is bonded to hybridized nO in H2O molecule at 1050. I2 is inclined from

Table 1. Results from DFT calculations.

Compound
H2O
I2
H2O-I2
H2O-H2O-I2
(c)*
I2-H2O-I2
(b)*
H2O-H2OH2O (a)*
I
3
*

I-I Bond
length (Å)

I-O
distance
(Å)

H—
Odistance
(Å)

H-O-H Bond angle
(in degrees)

Energy of Formation
in kcal/mol

Net charge gained
per Iodine

–
2.6931
2.7224
2.7142

–
–
2.7786
2.8677

–
–
–
2.0208

104.9
–
105.3
105.8

–
–
- 5.6
- 8.5

–
–
0.0825
0.0591

2.7085

2.9310

–

106.2

- 8.3

0.0442

–

–

2.0028

105.8

- 7.8

–

2.9511

–

–

–

- 32.2

–

Geometry of a, b and c can be seen in Figure 7.
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Figure 7. Optimized geometry of (a) H2O-H2O-H2O, (b) H2O-H2O-I2 and (c) I2- H2O- I2 complexes.

HÔH plane with an angle of 1050 with I-O bond length
2.78 Å.26 I-I bond length increased by about 1.5%
from free I2. The energy of formation of the CT
complex was calculated by subtracting the energy of
C-T complex from the individual energies of donor
and acceptor obtained in PWscf calculation. Energy of
formation of H2O-I2 CT complex27 is found to be
5.6 kcal/mol and that of I
3 ion is -32.2 kcal/mol
indicating the higher stability of I
3 ion. Stabilization
energies and optimized geometry are given in Table 1.

Figure 8. Molecular orbital diagram of H2O, H2O-I2 C-T
complex and I2.

Single point calculations were carried out by rotating I2 molecule around the oxygen of water with reference to HOH plane by keeping the O-I-I optimized
distance. In Figure 6, binding energy versus angle is
plotted. Clearly, the bonding of iodine with water at
75 and 285 show minimum. These angles are at 105
around oxygen indicates sp3 hybridization. Therefore
in the gas phase, in principle, two I2 molecules can
combine with one water molecule.
In H2O liquid, in each H2O molecule, oxygen is
bonded to two hydrogen and two H2O via hydrogen
bonds in a nearly tetrahedral geometry. These two
H2O can be replaced by I2 if two I2 are bonded to two
lone pairs or one H2O and one I2 bonded to H2O. Both
the geometries were tried and indeed the formation of
H2O-H2O-H2O, H2O-H2O-I2 and I2-H2O-I2 are feasible and the stabilization energies are given in Table 1.
The optimized geometry of H2O-H2O-H2O, H2OH2O-I2 and I2-H2O-I2 are given in Figure 7. We ﬁnd
that H2O-H2O-I2 is more stable than I2-H2O-I2.
Therefore, we predict only one I2 is bonded to one
H2O when iodine is dissolved in water.
In the gas phase, I2-Diethyl ether complex,28 ionization of the complex shows that one iodine molecule
is bonded to one diethyl ether molecule. Only two p*
lone pairs of I2 have been experimentally observed. In
general, I2 – n(oxygen) donor molecule C-T complexes studies, 1:1 donor-acceptor complexes are
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Table 2. Excitation energy and relative intensity of C-T complexes by TDDFT.
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reported.18 Our DFT calculation supports a 1:1 H2O-I2
complex in water.
Which are the two energy states connecting C-T
band in an H2O-I2 C-T complex? If we take energy
levels from the experimental ionization energies of
H2O and I2 energy levels of the complex23 can be
constructed. This is given in Figure 8. Orbital energy
of r* of I2 is known from absorption energy at 523 nm
due to p* ! r* transition. Ionization energy of p* is
at 9.35 eV. Therefore r* is at 6.98 eV. Since the
visible band at 523 nm is shifted to 461 nm in the
complex and taking p* of I2 at about the same
molecular level, r* in the complex should be around
6.66 eV. In general, I2 orbitals in a similar C-T complex namely diethyl ether- I2, I2 orbitals are destabilized by about 0.1–0.15 eV and nO is stabilized by
0.1 eV.28 Therefore, shifting the I2 orbitals in the
complex by 0.1 eV upwards, energy levels of the C-T
complex can be ﬁxed. The visible absorption band at
2.69 eV is due to p* to r* transition in the complex.
The C-T band at 202 nm (6.14 eV) is due to absorption
from nO to r* in the complex. Thus nO is stabilized by
about 0.1 eV. The oxygen lone pair is more likely the
hybridized orbital as described in the DFT calculations. This can be seen in Figure 8. Indeed, C-T
molecular complex is formed due to interaction
between H2O and I2 orbitals. The main interaction is
between one of the hybrid lone pair of H2O and r* of
I2.
TDDFT study of excitation energy and the relative
intensity of the C-T complexes are given in Table 2.
The excitation energy of C-T band of H2O-H2O-I2
complex is observed at 5.95 eV with an intensity of
4.91 which is comparable with experimental C-T
excitation energy 6.14 eV. Absorption spectrum from
turboTDDFT with hybrid functional (HSE) of complex H2O-H2O-I2 agrees well with the experimental
spectrum. But, the excitation energy of I2-H2O-I2 and
H2O-I2 C-T complexes are 5.58 eV and 5.67 eV,
respectively which is not comparable with the experimental value.

4. Conclusions
In conclusion, we have shown that I2 in H2O is present
as H2O-H2O-I2C-T complex as in Figure 7c. C-T band
is due to excitation of electrons from the oxygen lone
pair (BO) to r* (ABO) of the molecular complex at
202 nm where the iodine molecular orbitals are
destabilized and those of water stabilized. When
iodine is bonded with water, the lone pairs on oxygen
become equivalent due to hybridization.
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