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ABSTRACT: Density-functional theory calculations using B3LYP/6-31+G(d) are
performed on the hydrogen bond interaction between methylene blue (MB+) and water to
analyze the structure, binding energy and change in spectroscopic properties. The
vibrational frequency observed in the region of 1200 cm−1 is found to present the larger
shift (+10 cm−1), and corresponds to the asymmetric in-plane twist mode of C—C bond of
the central ring. The binding energy between MB+ and water is calculated for three
different isomers giving values varying between 3.1 and 5.1 kcal/mol, after correcting for
basis-set superposition error. The binding energy is also calculated using Hartree–Fock
and other density-functionals, such as B3P86/6-31+G(d) and B3PW91/6-31+G(d). In the
most stable isomer considered, the water plays the role of the proton acceptor and the
oxygen atom makes multiple hydrogen bonds with MB+. The stability of this isomer is
also influenced by other electrostatic interaction between MB+ and water. The influence of
the complexation on the characteristic visible absorption band of MB+ is analyzed using
INDO/CIS. Overall, the results indicate that several hydrogen bonds can be formed and
some present multiple bonds. However, they all seem to be numerically unimportant for
the photochemistry of MB+ in water. © 2002 Wiley Periodicals, Inc. Int J Quantum Chem
90: 634–640, 2002
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HYDROGEN BOND INTERACTION BETWEEN METHYLENE BLUE AND WATER

Introduction

M ethylene blue (MB) is a well-known mole-
cule of considerable interest in chemistry

and medicine [1]. It has been implicated in several
medical aspects ranging from alcoholism to photo-
dynamical therapy. In recent years several investi-
gations have appeared related to coagulation fac-
tors [2], DNA damage [3] and binding [4], relaxing
effects of venoms [5], photocatalysis [6], antiviral ac-
tivities of HIV [7], cirrhosis [8], hepatopulmonary
syndrome [9], reproduction and fertility [10], etc.
MB has been implicated also as an emergency aid
in underwater diving-related accidents [11]. There
is an intense research related to the activity of MB in
photodynamic therapy [12 – 16] and singlet-oxygen
reactions [17 – 20]. MB is also a photodynamic an-
timicrobial agent [21] for the inactivation or de-
struction of pathogens contained in blood products.
Obviously the theoretical study of MB activities for
possible medical or chemical interest implies the
necessity of understanding the activities of MB in
solution. It is known that in water MB assumes
its ionic form [22] MB+ and is a known ionic dye.
Recent studies have shown that depending on the
concentration, MB+ forms aggregates and that the
aggregation is an important factor for understand-
ing the spectroscopic factors of MB+ in solution
[23, 24]. As water is the natural biological solvent
it is also important to understand the interaction of
MB+ with water. An important aspect of this inter-
action is the hydrogen bond [25, 26] between MB+
and water. The intermolecular forces involved in the
dimer formation have been studied by Mukherjee
and Ghosh [27]. From previous experimental inves-
tigations [22 – 24] it is expected that hydrogen bond
interaction with water is important but should not
play a decisive role on the spectroscopic proper-
ties. However, the precise extension of this has not
been studied before. This is a point where quan-
tum chemistry can clarify the matter. The field of
quantum chemistry owes much to the pioneering
work of Löwdin. A historical account is given in
Ref. [28]. But he also showed very early the impor-
tance of applying quantum mechanics to biological
problems [29 – 35], including hydrogen bond [33]
and cancer-related issues [34, 35]. This is the subject
of this investigation, where we consider hydrogen
bonds between water and MB+ and calculate its
structure and binding and the consequent changes
in the spectroscopic properties of MB+, a known
dye in the photodynamic therapy of cancer. There

are several positions for binding of a water mole-
cule in MB+. The hydrogen bond on the top of the
MB+ ring is excluded in this present study due to
consideration of hydrophobic forces [22 – 24] and
the formation of dimers MB+:MB+, known to oc-
cur depending on the concentration. Here we make
an attempt to understand quantitatively the role
played by hydrogen bond interactions. Thus we
study three different cases where MB+ acts both as
proton acceptor and proton donor. These cases are
(i) the nitrogen atom of the central ring is the pro-
ton acceptor, (ii) the water is the proton acceptor
with a binding at the hydrogen atom of the lateral
ring; and (iii) the water is proton acceptor out of
the central ring. In these cases multiple hydrogen
bonds can be formed (see Fig. 1). Case (i) implies
a conventional hydrogen bond. Hydrogen bonds
similar to cases (ii) and (iii) have been recently an-
alyzed and shown to be important in amino acids
residues [36]. However, as we shall see in cases (ii)
and (iii), the net positive charge on the sulfur atom
of MB+ and the dipolar interaction influences on
the binding and the position of the water mole-
cule. We use a density-functional theory (DFT) [37]
method to study these interactions between MB+
and water. We focus our attention on the geometry
of the complex after the formation, the binding en-
ergy and the spectroscopic changes in the infrared
(IR) and visible region. These results are aimed at
understanding the influence of hydrogen bonds in
the spectroscopic properties and photochemistry of
MB+ in solution.

Methodology

The use of DFT methods to study hydrogen
bond interactions has increased in recent years
[38 – 43]. Some successful results have been reported
[38 – 41] but it has still not acquired full confi-
dence [43]. It is generally believed that DFT ap-
proximates second-order Møller–Plesset perturba-
tion theory [39, 40]. However, it has the advantage
of including electron correlation effects with a com-
putational effort that is only slightly higher than
Hartree–Fock. Thus it has been suggested, from
studies of hydrogen-bonded network of water [44],
that DFT could be a valid alternative to Møller–
Plesset perturbation theory. Because of the size of
the systems considered here, DFT is a very attractive
theoretical procedure. Full geometry optimizations
are performed using analytical procedures in the
density-functional Becke’s three-parameter hybrid
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FIGURE 1. The calculated structure of the hydrogen
bonded MB+· · ·H2O systems. In case (II) and (III) the
distance to the sulfur atom is also shown. All distances
in angströms.

method using the Lee–Yang–Parr correlation func-
tional, B3LYP [45, 46], with a 6-31+G(d) basis set.
This is termed “B3LYP/6-31+G(d).” There is a total
of 443 basis functions for the complex MB+· · ·H2O,
thus making the geometry optimization a consid-
erable computational effort. Fully optimized struc-
tures are obtained for isolated water and MB+ and
all the hydrogen bonded complexes MB+· · ·H2O
considered here. After obtaining these structures we
analyze the geometric changes. Next we calculate
the hessian (second derivatives) so as to obtain the

theoretical infrared spectrum. MB+ has a total of 108
vibrational modes. The complex MB+· · ·H2O has in
turn a total of 117 vibrational modes, where 6 are
intermolecular vibrations not present in water or
MB separately. This makes it clear that a compari-
son between the individual frequencies is difficult.
There are several vibrational transitions below the
400 cm−1 spectrometer limit. These include not only
the intermolecular vibrations but also a total of 21
vibrational modes of MB+. These are the soft largely
anharmonic modes not seen in the usual IR exper-
iments. Because the vibrational shifts due to the
complex formation are not expected to be large, we
only analyze individually the most intense transi-
tions. Finally, a comparison between the calculated
total energies allows one to obtain the binding en-
ergy. These binding energies are then corrected to
take into account the basis-set superposition error
(BSSE) and the changes in zero-point vibrational en-
ergies (ZPE). All ab initio calculations have been
performed with the program Gaussian98 [47].

Results

Figure 1 shows the structure and the relevant
geometrical parameters of the three hydrogen-
bonded MB+· · ·H2O complexes. In isomer I, the
water plays the role of proton donor and makes a
hydrogen bond with the nitrogen atom of MB+. As
is usual, the OH distance not involved in the bond
is unaffected but the other OH distance is length-
ened compared to isolated water (from 0.969 Å
to 0.976 Å). The NC distance of the central ring is
also slightly increased but by a considerably smaller
amount (from 1.336 Å to 1.337 Å). The hydrogen
bond distance HOH· · ·N is calculated as 2.018 Å. In
isomer II (Fig. 1) the distance between the oxygen
atom of water and the sulfur atom of MB+ is calcu-
lated as 3.39 Å. As can be seen in Figure 1, the dipole
moments of water and MB+ are aligned, suggesting
a strong dipole interaction. A possible weak hydro-
gen bond with the lateral hydrogen atom, with a
long distance of 3.77 Å, is obtained with water play-
ing the role of a proton acceptor. The OH distances
of water are found to be unaffected in this case but
the HOH angle is slightly decreased from 105.5 to
104.9◦. The possibility that this structure becomes
a transition state with the use of other theoretical
models cannot be discarded. Finally, we consider
isomer III (Fig. 1). As we shall see this is the most
bound of the three cases. The water molecule makes
again multiple hydrogen bonds. We find a total of
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three hydrogen bonds, as illustrated in Figure 1.
These hydrogen bonds are formed between the oxy-
gen atom of water and three hydrogen atoms of
MB+. Two of these are more conventional hydro-
gen bonds with distances of 2.290 and 2.952 Å. The
other is more loose involving a longer distance of
3.182 Å. The position of the water molecule in this
isomer is influenced by the positive charge on the
sulfur atom and the dipole interaction. For compar-
ison, we also give the distance between the oxygen
atom of water and the sulfur atom of MB+. Interest-
ingly, we find only a negligible deformation of the
water molecule that essentially preserves its bond
distances and bond angle.

As MB+ has 38 atoms there are 108 vibra-
tional modes and an individual assignment of the
corresponding modes is difficult and largely un-
necessary. The experimental infrared spectrum of
methylene blue shows eight intense characteris-
tic vibrational transitions [48]. Experimentally, the
most intense transitions are those obtained in the
region 1200–1600 cm−1. The two transitions seen in
the IR spectrum at 1142 cm−1 and 1251 cm−1 are cal-
culated at, respectively, 1127 cm−1 and 1319 cm−1

and are those that suffer the largest shift (∼10 cm−1

to the high energy side) upon formation of the
complex MB+· · ·H2O. Both correspond, in approxi-
mate C2v notation, to b2 vibrational modes of the iso-
lated MB+. The first mode calculated at 1127 cm−1 in
MB+ correspond to an in-plane asymmetric scissor
mode, whereas that calculated at 1319 cm−1 corre-
sponds to an asymmetric in-plane twist of the C—C
bond of the central ring with some H symmetric
wag (Fig. 2), leading also to changes in the C=N and
C—S stretches. This is calculated to shift by 10 cm−1

in the case of the isomers I and II.
Now we consider the binding energy of the com-

plex systems. Before showing the calculated binding
energy, two aspects should be considered. First,

FIGURE 2. Illustration of the vibrational mode of MB+
that is calculated to suffer the largest shift upon
complexation with a hydrogen-bonded water. See text.

there is the basis-set superposition error (BSSE) that
becomes operative for incomplete basis sets. This
is corrected here by the counterpoise method [49]
where the energy of the separate parts is calculated
using the entire basis set of the complex. Second,
the correction due to the difference in zero-point
vibrational energy should also be considered. The
intermolecular vibrational modes are largely anhar-
monic and as we discussed before, there are several
intramolecular modes of MB+ that are soft modes
and anharmonic. Thus the use of the harmonic ap-
proximation gives only an estimate of the zero-point
energy correction. The binding energies of the com-
plex MB+· · ·H2O using different DFT methods are
shown in Table I, after correcting for BSSE. The dif-
ference in total energies for the separate parts and
for the complex using B3LYP/6-31+G(d) gives a
binding energy for isomer I of 4.0 kcal/mol. Tak-
ing into account the counterpoise correction to BSSE
this value is decreased to 3.1 kcal/mol (Table I). If
the difference due to zero-point energy correction
is also included, this value is decreased further to
1.3 kcal/mol. This is only 0.7 kcal/mol higher than
the kT energy at room temperature (0.6 kcal/mol),
a very small binding. It may appear to be convenient
to analyze this result with other density-functionals.
Using the exchange correlation of Perdue [50], the
so-called B3P86, and the Perdue–Wang 1991 gra-
dient corrected functional [51], B3PW91, we ob-
tain slightly different values of 3.5 kcal/mol and
2.5 kcal/mol, respectively. To clarify the role of the
electron correlation contribution a Hartree–Fock cal-
culation with the same basis set and the same geom-
etry obtained with B3LYP/6-31+G(d) was made.
The resulting binding energy is only 0.4 kcal/mol.
This value is smaller than kT at room temperature
and decreases further by including zero-point en-
ergy correction; i.e., at the HF level the system I
is unbound. If the results shown in Table I are
subtracted from the zero-point energy correction

TABLE I
Calculated binding energy (kcal/mol) of MB+···H2O.a

Method Isomer I Isomer II Isomer III

B3LYP/6-31+G(d) 3.1 3.3 5.1
B3P86/6-31+G(d) 3.5 3.3 5.2
B3PW91/6-31+G(d) 2.5 3.0 4.5
HF/6-31+G(d) 0.4 3.3 5.1

a Results shown include counterpoise correction to BSSE.
See text and Figure 1.
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obtained at the B3LYP/6-31+G(d) level, the high-
est binding energy is 1.7 kcal/mol (B3P86). Similar
results are obtained for isomer II, except that all
methods, including Hartree–Fock give a bound sys-
tem. In this case the dipole interaction seems to be
the stronger electrostatic contribution but we made
no attempt to separate the different terms. As it
can be seen isomer III is more bound than the pre-
vious two. At the B3LYP/6-31+G(d) it is bound
by 5.1 kcal/mol. Similar results are obtained using
the other two functionals. The difference between
Hartree–Fock and B3LYP could be used as a quick
measure of the electron correlation contribution to
isomer III and this amounts to a negligible value.
These isomer form multiple hydrogen bonds. An in-
teresting aspect is the influence of these hydrogen
bonds in the absorption spectrum.

MB+ is one of the dyes used as a trigger in the
activity of photodynamic therapy [12 – 16, 52 – 54].
In this, a possible mechanism is that MB+ ab-
sorbs radiation in the first singlet state and after
two intersystem crossings it transfers energy to O2

in the excited singlet 1�g state, with the photo-
chemistry path: MB+ + hν → (MB+)∗ 1π–π∗ →
(MB+)∗ 3π–π∗ → O2 (1�g). The singlet oxygen is
a long lived and very reactive species that interacts
with cytochrome-c leading to apoptosis [55, 56]. The
solvent influence on the intramolecular transitions
of O2 has been analyzed before [57 – 59]. The photo-
chemistry of MB+ in interaction with biomolecules
and membranes [60] indicates that other mecha-
nisms of producing oxygen in singlet states are pos-
sible but both the singlet and triplet excited states
are involved. Recent studies [61] have looked at the
Soret band of Fe3+ in cytochrome-c after photody-
namical generation of O2 (1�g). The effectiveness of

the energy transfer is dependent on the relative lo-
cation of the first singlet and triplet excited states.
MB+ presents a well-known strong absorption at
664 nm (∼15,000 cm−1) that gives its blue color.
The change of these transitions in water is very
important. To obtain the separate influence of the
hydrogen bonds on the visible spectrum we have
calculated the absorption transitions for isolated
MB+ and compared the result with that obtained
for the corresponding MB+· · ·H2O cluster. Thus us-
ing this super-molecular approach it is also possible
to separate the contribution of the geometry dis-
tortion of MB+ due to its interaction with water.
Thus the structural contribution shown in Table II
corresponds to the difference in the absorption tran-
sition of MB+ using the optimized geometries of
the isolated molecule and that obtained with the
hydrogen-bonded water after removing the water
molecule. The electronic contribution is then ob-
tained after replacing the water molecule to its opti-
mized position in the corresponding cluster. For all
these calculations we have used the INDO/CIS [62]
method as implemented in ZINDO [63]. In the case
of isomers II and III we find a slight total blue shift
of 80 cm−1 and 57 cm−1, respectively. In the case of
the isomer I we calculate a red shift of 15 cm−1. The
separate contribution of the geometry distortion for
isomers II and III gives a red shift that is compen-
sated by the electronic blue shift. The influence of
the hydrogen bonds on the lowest triplet state of
MB+ is also very mild. The largest shift is calculated
for the least bound system (isomer I) that gives a red
shift of ∼200 cm−1. The influence of the hydrogen
bonds on the solvation effects has also been calcu-
lated by the self-consistent reaction field (SCRF), as
implemented in ZINDO. Thus the solvatochromic

TABLE II
Calculated shift (in cm−1) of the first singlet and triplet electronic transition of MB+ due to the hydrogen bonds
of the three isomers considered here (Fig. 1).a

State Structural Electronic Total HB SCRF

Isomer I 1π–π∗ 8 −23 −15 −59
3π–π∗ 12 −205 −193 —

Isomer II 1π–π∗ −23 113 80 60
3π–π∗ −4 50 46 —

Isomer III 1π–π∗ −11 68 57 42
3π–π∗ 0 0 0 —

a Structural contribution corresponds to the shift obtained by the rearrangement of the geometry of MB+ alone. SCRF includes the
total solvation shift obtained by including the corresponding isomer in the cavity.
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shifts obtained enclosing the MB+· · ·H2O clusters in
the cavity are also shown in Table II. The calculated
SCRF solvent shift for the isolated MB+ in water
is −15 cm−1, giving a very small red shift, as ex-
pected for π–π∗ transitions . The amount of all these
calculated shifts is in accord with the expected low
influence of water on the photochemistry and spec-
troscopic properties of MB+.

Summary and Conclusions

Ab initio density-functional theory methods have
been applied to study the MB+· · ·H2O systems and
the influence of complexation on the spectroscopic
properties of MB+. Using the B3LYP/6-31+G(d)
method we have optimized the geometry of three
isomers and compared with the separate moieties.
A calculation of the changes in the infrared spec-
trum due to the complexation in the central ring
shows that most of the intense transitions are un-
changed. The largest change obtained was 10 cm−1

for the vibrational modes observed experimentally
at 1142 cm−1 and 1251 cm−1.

The binding energy is obtained after correcting
the theoretical results for basis-set superposition
error. The error due to zero-point harmonic vibra-
tions is also approximately considered. The final
calculated binding energy with B3LYP/6-31+G(d)
is 3.1 kcal/mol, 3.3 kcal/mol and 5.1 kcal/mol for
the three isomers I, II, and III, respectively. Using
other functionals with the same basis set we find
similar results to the B3LYP case, but B3PW91 gives
the smaller binding. All considered, we conclude
that the most bound system makes multiple hydro-
gen bonds and the water plays the role of proton
acceptor. When these structures are used in the the-
oretical absorption spectrum we find only a minor
change in the electronic spectroscopic properties of
MB+ in solution. This relative stability is desired for
the activity of MB+ as a trigger for photodynamic
therapy.
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