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Abstract Several experimental and theoretical approaches
can be used for a comprehensive understanding of solvent
effects on the electronic structure of solutes. In this review, we
revisit the influence of solvents on the electronic structure of
the fluorescent probes Prodan and Laurdan, focusing on their
electric dipole moments. These biologically used probes were
synthesized to be sensitive to the environment polarity.
However, their solvent-dependent electronic structures are
still a matter of discussion in the literature. The absorption
and emission spectra of Prodan and Laurdan in different
solvents indicate that the two probes have very similar elec-
tronic structures in both the ground and excited states.
Theoretical calculations confirm that their electronic ground
states are very much alike. In this review, we discuss the
electric dipole moments of the ground and excited states
calculated using the widely applied Lippert–Mataga equation,
using both spherical and spheroid prolate cavities for the
solute. The dimensions of the cavity were found to be crucial
for the calculated dipole moments. These values are compared
to those obtained by quantum mechanics calculations, consid-
ering Prodan in vacuum, in a polarizable continuum solvent,
and using a hybrid quantum mechanics–molecular mechanics
methodology. Based on the theoretical approaches it is
evident that the Prodan dipole moment can change even
in the absence of solute–solvent-specific interactions,
which is not taken into consideration with the experi-
mental Lippert–Mataga method. Moreover, in water, for
electric dipole moment calculations, it is fundamental to con-
sider hydrogen-bonded molecules.

Keywords Prodan . Laurdan . Optical absorption and
fluorescence . Electric dipolemoment . Lippert–Mataga
equation . Quantummechanics calculations

Introduction

The solvent effect on electronic properties of molecules is a
topic of great interest, both in the experimental (Reichardt
2004; Lippert 1955; Mataga et al. 1956) and theoretical
(Tomasi 2004; Tomasi et al. 2005; Miertus et al. 1981; Field
et al. 1990; Coutinho and Canuto 1997) areas. Solvents can
produce significant changes in molecular properties, such as
absorption and emission spectra, reactivity, electrochemistry,
solubility, among others (Reichardt 2004). Several experimen-
tal and theoretical approaches can be used for a comprehen-
sive understanding of solvent effects. In this review, we revisit
the influence of solvents on the electronic structure of the
fluorescent probes Prodan and Laurdan, focusing on the elec-
tric dipole moments of these fluorophores.

Prodan and Laurdan (Fig. 1) are largely used in biological
relevant systems. They were synthesized to be sensitive to the
environment polarity, so their emission spectra shift about
120 nm from cyclohexane to water (Weber and Farris 1979;
Parasassi et al. 1986; Catalan et al. 1991; Lakowicz 2006).
When inserted into membranes, their emission spectra are
extremely dependent on the lipid bilayer phase (gel or fluid)
(Zeng and Chong 1991; Rottenberg 1992; Ferretti et al. 1993;
Ambrosini et al. 1994, 2001; Alleva et al. 1995; Bell et al. 1996;
Bagatolli et al. 1997; De Vequi-Suplicy et al. 2006; Moyano
et al. 2008; Lucio et al. 2010; Vequi-Suplicy et al. 2013).

However, the mechanism that makes Prodan and Laurdan
so sensitive to polarity changes, and to lipid gel–fluid phase
transition, is still under discussion. A number of polemic
points are presented in the literature on the structure and
electronic distribution of the fluorophores in different
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solvents, both in the ground and excited states (Balter et al.
1988; Bunker et al. 1993;Mennucci et al. 2008). For example,
one very controversial point is the structure and electronic
distribution of the excited state. At least two emission bands
are present in the emission spectra of Prodan or Laurdan.
These have been attributed to two excited electronic states: a
locally excited state (LE), and an internal charge transfer
(ICT) or a twisted ICT state (TICT) (Rollinson and
Drickamer 1980; Nowak et al. 1986; Ilich and Prendergast
1989; Parusel et al. 1997, 1998, 2001; Viard et al. 1997;
Parusel 1998; Kozyra et al. 2003; Tomin et al. 2003; Tomin
2006; Tomin and Hubisz 2006; Novaira et al. 2007, 2008;
Adhikary et al. 2009; Morozova et al. 2009; Everett et al.
2010; ). In the latter state, the dimethylamine and the
propanoyl groups would be rotated out of the naphthalene
ring due to the high charge separation. However, several
authors do not agree with the above explanation (Balter
et al. 1988; Catalan et al. 1991; Bunker et al. 1993; Samanta
and Fessenden 2000; Lobo and Abelt 2003; Mennucci et al.
2008; Rowe et al. 2008).

Another discussion in the literature concerns the dipole
moment values of Prodan and Laurdan (Weber and Farris
1979; Nowak et al. 1986; Balter et al. 1988; Balter et al.
1988; Ilich and Prendergast 1989; Catalan et al. 1991;
Bunker et al. 1993; Sun et al. 1997; Parusel et al. 1997,
1998, 2001; Parusel 1998; Kawski et al. 2000; Frisch et al.
2004; Huang et al. 2006), and this is the focus of the present
review. Here we consider the evaluation of electric dipole mo-
ments for Prodan and Laurdan using two different approaches.
The experimental approach is based on the largely used
solvatochromic shift method, with the Lippert–Mataga equation
(Lippert 1955; Mataga et al. 1956), and on a modification of this
equation, considering a different geometry for the solute cavity
(Scholte 1949). This methodology assumes that the fluorophore
electric dipole moments, both for the ground and the excited
states, are independent of the solvent. Conversely, theoretical

calculations of the ground state electric dipole moment will be
discussed, considering both the polarizable continuum model
(PCM) (Miertus et al. 1981; Tomasi et al. 2005) and a more
complex discrete model, with quantum mechanics/molecular
mechanics hybrid calculations (S-QM/MM) (Coutinho and
Canuto 1997; Canuto et al. 2000; Georg et al. 2006).

Comparing the optical absorption and emission spectra
of Prodan and Laurdan

To understand the electric structure of Prodan and Laurdan, it
is fundamental to analyze the optical absorption and emission
spectra of the fluorophores in different solvents. Figure 2
shows the absorption spectra of Prodan (black) and Laurdan
(red) in solvents with different polarities: cyclohexane, chlo-
roform, dichloromethane, acetonitrile, methanol and water1.
Considering that the word “polarity” is used in a very wide
way (Reichardt 2004), Table 1 shows the different parameters
for the solvents cited above, developed to assess the sample
polarity: refraction index (n), electric dipole moment (μ),
dielectric constant (ε), and the polarity scales, Δf (Lippert
1955; Mataga et al. 1956) and ET

N (Reichardt 1994).
In all solvents used, Prodan and Laurdan can be seen to

display very similar optical absorption spectra (Fig. 2), apart
from water, where Laurdan is not soluble. This is a strong

1 Several papers mention the wavelengths of the maximum absorption of
the lower energy band of Prodan in different solvents (Weber and Farris
1979; Heisel et al. 1987; Balter et al. 1988; Catalan et al. 1991; Kawski
1999;Moyano et al. 2006). Possibly due to the broad absorption band, the
cited positions of the maximum absorption of the lower energy band vary
from 354.9 to 361 nm in chloroform, and from 356.8 to 364 nm in water.
In some solvents, the Prodan optical absorption spectrum has been
published (Bunker et al. 1993; Parusel et al. 1998; Artukhov et al.
2007; Sun et al. 1997). To our knowledge, this is the first time that
absorption spectra of Laurdan are published and compared with Prodan
in different solvents.
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(bottom) structures and atom
numbers used in the text
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indication that the two probes have very similar ground state
energies and geometries. Although that was expected, it need-
ed to be confirmed. For instance, the Laurdan hydrocarbon
chain could induce steric repulsion on solvent molecules,
changing its optical absorption spectrum. Spectra were found
to be temperature independent in the range 25–40 °C. The
lower energy band, around 362 nm, seems to be more solvent
dependent than the other two bands at higher energies (lower
wavelengths), around 250 nm and 280 nm (Fig. 2).

As it is well-known (Weber and Farris 1979; Catalan et al.
1991; Sun et al. 1997; Kawski 1999; Kawski et al. 2000;
Rowe et al. 2008), Prodan and Laurdan fluorescence spectra
are extremely dependent on the polarity of the solvent.
Figure 3 shows the fluorescence spectra of the two probes in
the solvents mentioned above, together with their lower

energy (higher wavelength) absorption band (the latter also
shown in Fig. 2): from cyclohexane to water, there is a shift of
125 nm (approx. 6.0×10−3 cm−1), as the Prodan emission
spectrum (maximum intensity) goes fromapproximately
395 nm in cyclohexane to 525 nm in water (Fig. 3). Similar
to the absorption spectra, the emission spectra of the two
probes are very much alike, except in water, where Laurdan
is not soluble. Therefore, it can be concluded that their ground
and excited state energies are very close, indicating that the
two fluorophores have very similar electronic structures and
that the different molecular groups bound to the C6 atom have
negligible influence.

Experimental approaches for electric dipole moment
calculation

The Lippert–Mataga equation (Lippert 1955; Mataga et al.
1956) has been largely used to calculate the ground (μG) and
excited (μE) states of the electric dipole moments of
fluorophores (Seliskar and Brand 1971; Simon and
Thompson 1990; Suppan 1990; Ghoneim and Suppan 1995;
Siddlingeshwar and Hanagodimath 2010; Dwivedi et al.
2011). This approach is also called the solvatochromic shift
methodology, where the fluorophore is supposed to occupy a
spherical cavity in a continuous, homogeneous solvent, no
specific solute–solvent interaction is considered, and hence
the electric dipole moment of the solute is assumed to be
independent of the solvent. The organization of the solvent
around the solute is only dependent on the solvent refractive
index n (fast, electronic reorganization) and on the solvent

Fig. 2 Comparing Prodan (black
line) and Laurdan (red line)
absorption spectra in water (a),
methanol (b), acetonitrile (c),
dichloromethane (d), chloroform
(e) and cyclohexane (f).
[Prodan]=[Laurdan]=4 μM.
Dashed lines at 280 and 350 nm
are for guiding the eyes only

Table 1 Polarity parameters for the solvents used in this review

Solvent εa μ (D)a na Δf b ET
Nc

Cyclohexane 2.0 ∼0 1.43 0.00 0.006

Chloroform 4.8 1.0 1.45 0.15 0.259

Dichloromethane 8.9 1.6 1.42 0.22 0.309

Acenonitrile 36.6 3.9 1.34 0.30 0.460

Methanol 33.0 1.7 1.33 0.31 0.762

Water 78.9 2.7 1.00 0.32 1.000

ε, Dielectric constant; μ, electric dipole moment, n, refractive index, Δf,
ET

N , polarity scales. Temperature was approx. 25 °C
a Lide et al. (2002)
b Δf ¼ ε−1

2εþ1−
n2−1
2n2−1

c Normalized polarity scale ET (Reichardt 1994)
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dielectric constant ε (slow, electronic and molecular reorgani-
zation). Accordingly, the relationships between the absorption
(νab) and emission (νem) wavenumbers of a fluorophore in a
specific solvent can be shown to be (Lippert 1955; Balter et al.
1988; Lakowicz 2006):

νab−νem ¼ g
f εð Þ− f nð Þ

hc
μE−μGð Þ2 þ const ð1Þ

νab þ νem ¼ −g
f εð Þ þ f nð Þ

hc
μ2
E−μ

2
G

� �þ const ð2Þ

where g is a geometrical factor, g=2/a3, a is the cavity radius, and

f nð Þ ¼ n2−1
2n2 þ 1

and f εð Þ ¼ ε−1
2εþ 1

ð3Þ

The usual experimental procedure is to measure the optical
absorption and emission spectra of the solute in different
solvents with no specific interactions and then plot (νab −
νem) and (νab + νem) as a function of [f(ε) − f(n)] and [f(ε) +
f(n)], respectively. This method allows the graphical assess-
ment of (μE − μG)

2 and (μE
2− μG

2) (angular coefficients of the
linear fittings of Eqs. 1 and 2) and, thereby, the calculation of
the ground (μG) and excited (μE) state electric dipole moments
of the fluorophore.

As mentioned above, Eqs. 1 and 2 consider the solute in a
spherical cavity in the solvent. However, considering that the
fluorophore structure of Prodan or Laurdan is closer to a
spheroid prolate than to a sphere, the equations developed by

(Scholte 1949) will be also considered here. Scholte showed
that for a spheroide prolate cavity, in a continuous solvent
medium, one could arrive at equations similar to Eqs. 1 and 2,
but with g=3/abd, where a, b, and d are the prolate dimensions,
a>b=d, and

f nð Þ ¼ A1 1−A1ð Þ n2−1ð Þ
n2 þ 1−n2ð ÞA1

and f εð Þ ¼ A1 1−A1ð Þ ε−1ð Þ
εþ 1−εð ÞA1

ð4Þ

A1 ¼ −1
p2−1

þ p
ffiffiffiffiffiffiffiffiffiffiffi
p2−1

p 3 ln pþ
ffiffiffiffiffiffiffiffiffiffiffi
p2−1

p� �
and p ¼ a=b: ð5Þ

The experimental data and linear fittings for Prodan are
presented in Fig. 4. The black symbols are data obtained from
spectra shown in Fig. 3 (positions of νab and νem are listed in
Table 2), and the red symbols are data obtained fromWeber and
Farris (1979)2. Open symbols represent protic solvents, where
hydrogen bonds are present; so, as discussed above, they are not
expected to follow the Lippert–Mataga equation and were not
considered in the fittings. In Fig. 4a, b, data were fitted with
Eqs. 1 and 2 for solute spherical cavity, and in Fig. 4c, d, a solute
spheroid prolate cavity was considered, as discussed above.

In each graph of Fig. 4 (a–d), three different sets of data
were considered for the fitting: black lines correspond to the
best linear fittings considering our data only, red lines are

2 Different values of νab and νem obtained by different groups could
possibly be attributed to the very broad band of Prodan and Laurdan,
mainly the absorption spectra, as mentioned before (see Fig. 3 and
Table 2).

Fig. 3 Prodan (black) and Laurdan (red) emission spectra (solid line) and
absorption spectra (dashed line) in water (a), methanol (b), acetonitrile (c),
dichloromethane (d), chloroform (e), and cyclohexane (f). Dotted lines

assign the positions considered as the maximum band intensities, as
presented in Table 2. For each solvent, λexc is that ofmaximum absorption
intensity (assigned)
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those obtained considering data from Weber and Farris
(1979), and blue lines correspond to the best fittings consid-
ering all data shown in Fig. 4 (apart from those relative to
protic solvents, open symbols). Similar plots were performed
for Laurdan, but using data presented here only (Table 2).

To calculate the ground (μG) and excited (μE) state electric
dipole moments of the fluorophores, it is necessary to estimate
the dimensions of the cavity occupied by the molecule in the
solvent; this can be either a spherical cavity, with radius a, or a
spheroid prolate cavity, with dimensions a > b = d.

To our knowledge, Prodan has always been considered in a
spherical cavity, the radius of which has been mostly assumed
to be 4.2 Å, half the distance between the atoms O5 and N26
in the molecule (Fig. 1). Values obtained by the different
fittings in Fig. 4a, b are listed in Table 3. It can be observed
that values yielded by the different fittings, for a spherical
cavity of radius 4.2 Å, are rather similar. However, 3.0 D
seems to be a low electric dipole moment value for the ground
state of Prodan in view of the expected molecule charge
separation (Weber and Farris 1979; Parusel et al. 1997).
Considering the dimensions of Prodan (12.5×5.6×1.8 Å, ob-
tained from the geometry optimized with quantum mechan-
ics), larger cavity radii were considered here, namely, 5.6 and
6.3 Å (half of the larger dimension), yielding larger ground
and excited state dipole moments (Table 3). Hence, this meth-
odology is extremely dependent on the assumed radius for the
fluorophore cavity. As expected, due to the very similar opti-
cal absorption and emission spectra (Fig. 3), the electric dipole
moments of Prodan and Laurdan were found to be very much
alike (Table 3).

Considering the above discussion on the relevance of the
cavity dimensions for dipole moment calculations, and since
Prodan and Laurdan molecules are closer to a spheroid prolate
geometry than a spherical one, a prolate cavity was also
considered. Cavity dimensions were assumed to be half of
the largest dimensions of Prodan (6.3 and 2.8 Å, for a and
b = d, respectively, in Eqs. 1, 2, 4 and 5). It is interesting to

Fig. 4 Plots for Prodan data,
following Eqs. 1 and 2. νab, νemare
the absorption and emission
wavenumbers, respectively, of
Prodan in different solvents, as
listed in Table 2. f(ε) and f(n)were
calculated using a spherical
cavity, according to Eq. 3 (a, b),
and for a spheroid prolate cavity
according to Eqs. 4 and 5 (c, d).
Black symbols (open and closed
squares) are data obtained from
spectra shown in Fig. 3, red
symbols (open and closed circles)
are data obtained fromWeber and
Farris (1979). Open symbols
represent protic solvents and were
not considered in the fittings.
Black lines correspond to the best
linear fittings considering our data
only, red lines are those obtained
considering data from Weber and
Farris (1979), blue lines
correspond to the best fittings
considering all data

Table 2 Absorption (νab) and emission (νem) maxima used to calculate
the difference (νab− νem) and the sum (νab+νem) for Prodan and Laurdan
in several solvents

Solvent Prodan Laurdan

νab
(×10

3
cm

−1
)

νem
(×10

3
cm

−1
)

νab
(×10

3
cm

−1
)

νem
(×10

3
cm

−1
)

Water 27.8 (360) 19.1 (524) - -

Methanol 27.5 (363) 20.0 (500) 27.4 (365) 20.0 (500)

Acetonitrile 28.4 (352) 21.1 (474) 28.2 (355) 21.2 (471)

Dichloromethane 28.1 (356) 22.5 (444) 27.8 (360) 22.6 (442)

Chloroform 27.8 (360) 22.7 (440) 27.8 (360) 22.7 (440)

Cyclohexane 29.1 (344) 25.0 (400) 29.1 (344) 25.2 (397)

These values were used in Fig. 4. The values in wavelength (nm) are
presented in parentheses
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observe that the values obtained for μG and μE are similar to
those yielded considering de fluorophores in a spherical cavity
of radius 4.2 Å (Table 3). So, this apparently more appropriate
cavity geometry does not strongly influence the dipole mo-
ment already calculated considering a spherical cavity.

Table 4 presents the electric dipole moments reported for
Prodan using experimental approaches. For the molecule in
the ground state, the values vary from 2.1 to 7 D, and for the
excited state, from 6.4 to 20.0 D. As discussed above, part of
this discrepancy can be attributed to the broadness of the
absorption and emission bands; hence, the uncertainty about
νab and νem values and the choice of the appropriate shape and
dimensions for the fluorophore cavity in the solvent.
However, it is important to keep in mind that the largely used
solvatochromic shift methodology assumes that the
fluorophore electric dipole moment is independent of the
solvent, and this assumptionmight not be correct, as discussed
below.

Theoretical approaches for the ground state electric dipole
moment

In vacuum: electronic distributions and dipole moments

In the last three decades, the electric dipole moment for the
ground state of Prodan in vacuum has been calculated by
different authors who have used both quantum mechanics
with semi-empirical (MNDO, CNDO and AM1) and ab initio
methods such as Hartree-Fock (HF), density functional theory
(B3LYP), and second-order Møller–Plesset perturbation the-
ory (MP2). These values are presented in Table 5 in chrono-
logical order. For all calculations, the Prodan optimized ge-
ometry is almost the same (planar conformation), and the
major difference is the theoretical method used to calculate
the charge distribution and the dipole moment. Considering
the calculation level, the most reliable values are those obtain-
ed with B3LYP (Mennucci et al. 2008) and MP2 (this work),
particularly those with larger basis functions (6-311+G** and
aug-cc-pVDZ, respectively). Therefore, the best theoretical
values for the Prodan ground state dipole moment in vacuum
are in the range of 5.8–6.1 D. Hence, when these values are
compared with the experimental estimation values presented
in Tables 3 and 4, it is clear that the cavity radius current used
for Prodan (4.2 Å) is underestimated. The best comparison
between the theoretical calculations (5.8–6.1 D) and experi-
mental estimation (5.5 D) for the dipole moment is obtained
with a cavity radius of 6.3 Å.

To compare the fluorophore structure in the two molecules
(Fig. 1), theoretical calculations were performed with isolated
Prodan and Laurdan in vacuum. The geometries were obtain-
ed with density functional theory, B3LYP/6-31G* (Becke
1988; Lee et al. 1988; Stephens et al. 1994; Hertwig and
Koch 1997), and dipole moments and atomic charges were
calculated using second order perturbation theory (MP2/cc-
pVDZ; Moller and Plesset 1934). Electronic transitions and
molecular orbitals were calculated using semiempirical meth-
od with spectroscopic parameterization (INDO/S), which uses
the configuration interaction method with single excitation

Table 3 Calculated electric dipole moments for Prodan and Laurdana for
different cavity dimensions and shapes, using Eqs. 1–5 and data and
fittings from Fig. 4

Dimensions:b

a or a, b, d (Å)
This work Weber and

Farris (1979)
All

μG (D) μE (D) μG (D) μE (D) μG (D) μE (D)

Spherical

4.2 3.0 (3.2) 10.9 (11.4) 2.4 9.5 2.6 10.0

5.6 4.6 (5.0) 14.6 (15.2) 3.7 14.6 4.0 15.4

6.3 5.5 (5.9) 20.0 (20.9) 4.4 17.5 4.8 18.3

Spheroid prolate

6.3, 2.8, 2.8 3.6 (4.8) 13.5 (14.4) 2.3 11.8 3.1 12.4

μG, μE, Ground and excited states of the electric dipole moments of
fluorophores
a Calculated electric dipole moments for Laurdan are given in parenthesis
b Spherical cavity, with radius a, or a spheroid prolate cavity, with dimen-
sions a > b = d.

Table 4 Prodan electric dipole
moments obtained with different
experimental methodologies

Reference Methodology a (Å) μG (D) μE (D)

Weber and Farris (1979) Solvatochromic shift 4.2 5-7 -

Balter et al. (1988) Solvatochromic shift 4.2 2.9 10.9

Catalan et al. (1991) Solvatochromic shift 4.7 4.7 11.7

Bunker et al. (1993) Solvatochromic shift 4.2 2.85 9.8

Kawski (1999) Solvent perturbation 4.2/4.6 2.1/2.5 6.4/7.4

Kawski et al. (2000) Solvatochromic shift 4.2/4.6 2.14/2.46 6.46/7.37

Kawski et al. (2000) Thermochromic shift 4.2/4.6 2.45/2.80 6.65/7.60

Samanta and Fessenden (2000) Microwave absorption - 5.2 10.2

This work Solvatochromic Shift 6.3 5.5 20.0
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(CIS) (Ridley and Zerner 1973; Bacon and Zerner 1979;
Canuto et al. 2000), as implemented in ZINDO program
(Zerner 2000). Table 6 shows the obtained electric dipole
moments and electronic transition wavelengths and
wavenumbers. Values obtained for Prodan and Laurdan were
found to be very similar. Interestingly, calculated dipole mo-
ments in vacuum (Table 6) are comparable to experimental
values obtained using the Lippert–Mataga equations, but con-
sidering a large spherical cavity of 6.3 Å radius (Table 3),
suggesting that the cavity radii used in the literature to date
(Table 4) are too small, leading to an underestimated dipole
moment. The electronic transition values are very similar to
the maximum of the lower energy absorption band measured
for Prodan and Laurdan in cyclohexane (Fig. 2; Table 2).

In Fig. 5, we show the calculated molecular orbitals for
Prodan and Laurdan: HOMO (highest occupied molecular
orbital) and LUMO (lowest unoccupied molecular orbital)
states. It is possible to identify a small displacement of the
orbitals (HOMO–LUMO) from N→ O. Therefore, this result
is in accord with those reported by authors who assigned the
HOMO–LUMO transition for Prodan as a charge transfer
transition between the O5 and N26 atoms (Parusel et al.
1997; Viard et al. 1997; Parusel 1998). The orbital symmetry

related to the aromatic rings shows that HOMO is a π orbital
and LUMO is a π*. So the electronic transition can be char-
acterized as a π–π* transition, with a small charge transfer.
The data in Table 6 and Fig. 5 reinforce the fact that the ground
state of Prodan and Laurdan are very much alike, as discussed
above (Fig. 3).

In solvents: electronic distributions and dipole moments

The electronic polarization of the solute, due to the presence of
the solvent environment, is an important effect that emerges from
the solute–solvent interaction. Therefore, solvents with different
polarities can induce different polarizations on the solute, thereby
changing the electric dipole moment of the solute.

A simple way to estimate the induced dipole moment with
quantum mechanics calculations is to use the PCM (Miertus
et al. 1981; Tomasi 2004; Tomasi et al. 2005) where the
solvent is considered as a dielectric and continuum medium,
and includes a self-consistent polarization process.

A more detailed and realistic model of the solvent can also
be used. The sequential quantum mechanics (QM) and mo-
lecular mechanics (MM) methodology (S-QM/MM) was de-
veloped to describe the electronic properties of molecules in
solution (Coutinho and Canuto 1997; Canuto et al. 2000;
Georg et al. 2006). To calculate the induced dipole moment

Table 5 Dipole moments for Prodan ground state in vacuum

Article Methodology μG (D)

Nowak et al. (1986) MNDO 6.7

Balter et al. (1988) CNDO/2 3.8

Parusel et al. (1997) HF/D95** 5.6

HF/3-21+G* 5.7

Parusel et al. (1998) AM1-DFT 5.0-5.7

Parusel (1998) AM1 (CISD=10) 6.0

AM1 5.2

Parusel et al. (2001) AM1 4.5

Huang et al. (2006) TD-B3LYP/6-31+G* 6.0

Mennucci et al. (2008) TD-B3LYP/6-311+G** 6.1

This worka MP2/aug-cc-pVDZ 5.8

This worka MP2/cc-pVDZ 5.5

a Program Gaussian03 was used

Table 6 Calculated values for the ground state electric dipole moment
using second order perturbation theory (MP2/cc-pVDZ)a and HOMO–
LUMO transition parametersb

Molecule μG (D) Wavelength (nm) Wavenumber (×103 cm−1)

Prodan 5.5 344 29.1

Laurdan 5.6 341 29.3

a Calculated with Gaussian03
bHOMO, Highest occupied molecular orbital); LUMO, lowest unoccu-
pied molecular orbital states. Calculated using semiempirical method
with spectroscopic parametrization (INDO/S) with program ZINDO

Fig. 5 Comparing the molecular orbitals HOMO (highest occupied
molecular orbital) and LUMO (lowest unoccupied molecular orbital) for
Prodan and Laurdan, calculated with the ZINDO program (Zerner 2000)
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of a solute in the presence of the solvent, this methodology can
be applied iteratively, starting with the charge distribution of
the solute in vacuum and concluding with a charge distribu-
tion of the solute in the presence of the solvent (Georg et al.
2006). In this procedure, it is possible to follow the charge
redistribution of the solute due to the presence of the solvent in
each iterative step, through the evaluation of the induced
dipole moment up to its convergence (see Fig. 6).

For Prodan, MM simulations were performed using the
standard Monte Carlo (MC) method, with the Metropolis
sampling technique in the NpT ensemble at standard condi-
tions (T=298 K, p=1 atm), in a parallelogram box. The system
consisted of one Prodan and 1,000 water molecules or 500
molecules for the other solvents (cyclohexane, dichlorometh-
ane, acetonitrile)3. The intermolecular interactions were de-
scribed by the Lennard–Jones plus Coulomb potential, with
three parameters for each atom I (εi, σi, and qi).

4

All MC simulations were performed with the program
DICE (Coutinho and Canuto 2009), consisting of a thermal-
ization process of 1.2×108 MC steps, followed by 1.2×108

MC steps to obtain the average values and configurations. In
all solvents, 75 statistically uncorrelated configurations were
selected. Using these 75 configurations, it was possible to
generate one electrostatic average configuration (ASEC), as
described by Coutinho and co-workers (Coutinho et al. 2007).
This ASEC configuration was used in the polarization process
of Prodan in solution.

The polarization process was started with the atomic
charges calculated for Prodan in vacuum (5.8 D). Figure 6
presents the evolution of the induced dipole moment value as
a function of the number of iterations in the polarization
process. In cyclohexane, the final induced dipole moment
was achieved in the first iteration, 6.1 D, and an increase of
only 5 % compared to the value obtained in vacuum is
observed. In dichloromethane, it took three iterations to
achieve the final induced dipole, 7.7 D, with an increase of
33 %. For acetonitrile, eight iterations were necessary to
achieve a dipole stabilization in 8.0 D, with an increase of
38%. Finally, for Prodan in aqueous solution, the stabilization
was confirmed after nine iterations, with a dipole moment of

10.2 D, which is 76 % larger than the dipole in vacuum. The
final values for the Prodan induced electric dipole moments
(μQM/MM) in the four solvents are presented in Table 7.

For comparison, electronic dipole moments were also cal-
culated using PCM with MP2/aug-ccpVDZ/CHELPG (μPCM,
Table 7). It is interesting to note that only in water is there a
significant difference between the PCM calculated dipole,
μPCM, and the iterative S-QM/MM calculated dipole, μQM/

3 Solvents average density: water 1.022±0.008 g/cm3, cyclohexane
0.770±0.006 g/cm3, dichloromethane 1.19±0.01 g/cm3, acetonitrile
0.834±0.009 g/cm3.
4 For Prodan, the εi and σi were obtained from OPLS force field
(Jorgensen et al. 1996), and the atomic charges were calculated with
quantum mechanics (MP2/aug-cc-pVDZ), using the fitting of the elec-
trostatic potential, theCHELPGprocedure (Breneman andWiberg 1990).
The geometry and the parameters for the four solvents used were: single
point charge model (SPC/E; Berendsen et al. 1987) for water, theMadden
model (Bohm et al. 1983) for acetonitrile, and OPLS-AA for dichloro-
methane and cyclohexane, the latter in chair conformation (Jorgensen
et al. 1996). The geometry for Prodan was obtained using the QM
calculation, with density functional theory (B3LYP/6-31G*), starting
from a X-ray geometry (Ilich and Prendergast 1989).

Fig. 6 Convergence of Prodan ground state electric dipole moment
during the polarization process in several solvents (sequential quantum
mechanics and molecular mechanics methodology): Filled green
diamond Cyclohexane, filled blue triangle dichloromethane, filled red
circle acetonitrile, filled black squarewater. Horizontal line is the dipole
moment in vacuum

Table 7 Prodan ground state induced electric dipole moment (D) in
several solventsa

Prodan ground
state-induced
electric dipole
moment

Cyclohexane Dichloromethane Acetonitrile Water

This work

μQM/MM 6.1 7.7 8.0 10.2

μPCM 6.2 7.6 7.9 8.2

Mennucci et al. (2008)

μPCM 7.7 - 9.3 9.4

μvacuum
b - - - 9.8

μPCM
c - - - 13.2

For comparison, results from Mennucci et al. (2008) are included (see
text)
a Calculated using the sequential quantum mechanics (QM) and molecu-
lar mechanics (MM) methodology (S-QM/MM; μQM/MM) procedure and
the polarizable continuum model (μPCM), both with MP2/aug-ccpVDZ/
CHELPG (see Fig. 6 and text)
b In this calculation, the water environment was modeled as two hydro-
gen-bonded water molecules only.
c In this calculation, the water environment was modeled as two hydro-
gen-bonded water molecules plus PCM model
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MM. In this solvent, with PCM, the dipole moment increases
only by 41 % when compared with the vacuum dipole, but
with iterative S-QM/MM, it increases by 76 %. Hence, spe-
cific interactions, as hydrogen bonds, which are included in
the S-QM/MM methodology but not in PCM, are extremely
important for Prodan polarization in water.

Prodan electric dipole moments calculated by Mennucci
et al. (2008), using a modified PCMmodel, are also presented
in Table 7. In vaccum (Table 5), acetonitrile, and cyclohexane,
these dipole moment values are greater than those obtained by
us using S-QM-MM calculations, probably due to the differ-
ence in the QM level of calculation. In their paper, these
authors also calculated the dipole for an optimized cluster: a
Prodan with two water molecules hydrogen-bonded to the O5
atom. They calculated the dipole moment of this cluster in the
absence (μvacuum

*) and in the presence of the PCM (μPCM
*)

(see Table 7). Interestingly, in vacuum, with the two hydrogen
bonds only, the value obtained by Mennucci et al. (2008), 9.8
D, is very similar to that obtained by us with the iterative S-
QM-MM methodology, showing that the specific interaction
between Prodan and these two water molecules is fundamen-
tal to describing Prodan–water interactions. The optimized
geometry (Mennucci et al. 2008) probably overestimates the
solute–water interactions, as it is able to reach the μQM/MM

value, which takes into account both hydrogen bonds and bulk
interactions. When the two hydrogen bonds were considered
in the PCMmodel (Mennucci et al. 2008), the obtained dipole
moment is overestimated (13.21 D) compared with the μQM/

MM value (10.2 D). Using the S-QM-MM method, after the
polarization process, the number of water molecules
hydrogen-bonded to the O5 was found to be 2.7 per configu-
ration, on average. This value is compatible with the two
water molecules used by Mennucci et al. (2008). However,
in the optimized cluster used by these authors, hydrogen-bond
interactions are stronger because the model neglects the re-
maining water–water interactions, which are considered in the
S-QM-MM simulation.

The final calculated atomic charges of Prodan in the itera-
tive S-QM/MM procedure are presented in Table 8.
Surprisingly, no expected charge separation between O5 and
N26 was observed in the ground state, as proposed by Weber
and Farris (1979), which is in agreement with the results of
Nitschke et al. (2012). As the solvent polarity increases,
from cyclohexane to water, the O5 atom becomes more
negative, but the negative charge is not coming from
the N26 atom, but mostly from the C4 atom, which is
bonded to O5 (see Fig. 1), showing a local charge
separation between the two atoms. It is possible to
observe that the carbon atoms in the naphthalene ring
(C2, C3, C6-C25) also have their charge modified in order
to favor the charge separation between C4 and O5. Therefore,
this collective effect results in the increase of Prodan dipole
moment in water.

Conclusions

We confirm the assignment of the Prodan and Laurdan elec-
tronic transition as a π–π* transition (HOMO–LUMO), with a
small charge transfer (N → O). The HOMO and LUMO of
both fluorophores are localized in the region between the
amine and carbonyl groups and show a negligible influence
of the hydrophobic tail of Laurdan in the orbitals involved in
the electronic transition. Therefore, the calculated HOMO
and LUMO for Prodan and Laurdan indicate almost
identical electronic structures for both molecules and
explain the similarity between the experimental absorp-
tion spectra of Prodan and Laurdan in different solvents.
The very similar emission spectra of Prodan and
Laurdan indicate the similarity of the excited state structures
of the two probes.

Values of the ground and excited state electric dipole
moments, μG and μE, of Prodan and Laurdan are shown, as
obtained using the Lippert–Mataga equation and the QM
calculation of the isolated molecules in vacuum. Although
the values obtained with the Lippert–Mataga equation depend
on cavity shape and dimensions, comparing both methodolo-
gies, we suggest that the best estimate values are μG=5.5 D
and μE=20.0 D for Prodan, and μG=5.9 D and μE=20.9 D for
Laurdan. This value for the Prodan ground state is in
good agreement with the most reliable theoretical values
presented in literature (6.1 D) and in this work (5.8 D).
Additionally, using an iterative and sequential hybrid
method with QM and MM, it is shown that the

Table 8 Atomic charges calculated after the polarization process with
iterative S-QM/MM

Atom Vacuum Cyclohexane Dichloromethane Acetonitrile Water

C2 −0.193 −0.121 −0.096 −0.092 −0.056
C3 0.014 −0.065 −0.093 −0.089 −0.157
C4 0.364 0.456 0.495 0.474 0.601

O5 −0.444 −0.537 −0.604 −0.590 −0.761
C6 0.123 0.118 0.134 0.145 0.141

C9 −0.062 −0.052 −0.052 −0.057 −0.040
C13 0.024 0.100 0.102 0.090 0.116

C15 −0.089 −0.183 −0.193 −0.190 −0.193
C17 0.133 0.294 0.297 0.303 0.322

C18 −0.202 −0.319 −0.337 −0.342 −0.363
C20 0.274 0.395 0.415 0.426 0.430

C21 −0.019 −0.116 −0.110 −0.114 −0.103
C23 −0.143 −0.058 −0.050 −0.051 −0.041
C25 0.235 0.127 0.117 0.118 0.105

N26 −0.275 −0.284 −0.307 −0.328 −0.291
C27 0.125 0.123 0.140 0.151 0.144

C31 0.135 0.123 0.142 0.146 0.146

In bold, the most relevant data discussed in the text
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Prodan ground state electric dipole moment is very
dependent on the medium, even for non-protic solvents.
In vacuum, its calculated dipole moment is around 5.5
D and increases to 6.1 D in cyclohexane, 7.7 D in
dichloromethane, 8.0 D in acetonitrile, and 10.2 D in
water. Here, we identify that the Prodan polarization,
induced by the presence of the solvent, is responsible
for local charge separation in the C=O bond of Prodan.
This is different from what could be initially expected,
considering that the chemical structure of Prodan pre-
sents an electron donor group, N(CH3)2, and an electron
acceptor group, C=O.

For comparison, the solvent as PCM was also used to
calculate the induced electric dipole moment of Prodan in
solution. Although PCM is a simple solvent model, it was
able to well describe the polarization of Prodan in solution
except for water, where it was found important to include at
least two water molecules hydrogen-bonded to Prodan.
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