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Abstract The photophysical properties of chlorin e6
(Ce6) in twelve different protic, aprotic and non-polar
solvents were investigated using ultraviolet–visible and
fluorescence spectroscopic methods. Solvatochromic
effects were determined by the changes in quantum
yield, Stokes shift, fluorescence half-life and excited
state dipole moments of Ce6 in the different solvents.
The absorption shifts observed in different solvents were
further analyzed using the Kamlet-Abboud-Taft model
and the nature of solute-solvent interactions between
Ce6 and different protic and aprotic solvents was eluci-
dated. The quantum yields were found highest in protic
solvents (except water), followed by aprotic and non-
polar solvents. Solvent polarity parameters showed a
linear increasing trend with Stokes shift and fluores-
cence half-life, which indicated the presence of Ce6-
solvent interaction. Using the Kamlet-Abboud-Taft mod-
el, a direct correlation between the solvent polarity
parameters and absorption shift was observed, which
substantiated the existence of Ce6-solvent interaction
by hydrogen bond formation. The excited state dipole
moments in specific protic and aprotic solvents were
found to be higher than the ground state dipole moments,
implying a more polar nature of Ce6 during excited state
transition.
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Introduction

The solute-solvent interaction is an important consider-
ation for organic dyes as solvents often facilitate changes
in the electronic state distribution of dye molecules upon
excitation [1]. One of the simplest techniques to study
such interactions is with the use of ultraviolet–visible
(UV–vis) absorption spectra and fluorescence spectra.
Interactions of a solute (dye) with various solvents usually
correlate with shifts in absorption wavelengths. This shift
is commonly termed as solvatochromism and depends on
the electronic structures of the dye and the solvent mole-
cules [2]. Solvatochromism is mainly caused by the dif-
ferential solvation of the ground and the first excited state
of the solute molecule of interest. The positive or negative
shift in the λmax depends on the relative stabilization of
the ground and excited states. The solvent-induced shift in
electronic spectra has been widely used to study the
changes in electronic distribution in excited state of solute
molecules [3]. Fluorescent probes have been extensively
used for determination of solvent polarity in the studies of
heterogeneous media as well as biochemical and biologi-
cal systems [4, 5]. An understanding of the excited state
properties not only helps in the classification of a new
molecule but also determines the potential performance of
compounds after photoexcitation. For example, fluorescent
active drugs have been widely used in the treatment of
superficial cancers by photodynamic therapy. The under-
lying mechanism lies in the photoexcitation of the fluo-
rescent active drug molecules, which after excitation are
promoted to triplet state and generate singlet oxygen [6].
These generated species are highly reactive free radicals,
which are capable of destroying the localised tumor cells.
The efficiency of singlet oxygen generation depends on
spontaneous π−π* transition from ground to triplet state.
In other words, these events are affected by solute-solvent
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interaction and microenvironment of the solute. Some of the
potential factors which may affect the photophysical proper-
ties of therapeutic dyes include aggregation and solvent-
induced monomerization of the dye molecules. Aggregation
of dyes is particularly notable in aqueous solutions by H-
bonding between dye molecules, although some aggregates
could also result from strong hydrophobic bonds in certain
solvents [7]. Some solvents form H-bonding with the dye
molecules, thus breaking down the aggregates. Therefore,
understanding of certain photophysical parameters like quan-
tum yield, fluorescence half-life and excited state dipole mo-
ment can help to illustrate the photophysical nature of the
fluorophore in excited state [8]. The dipole moments of a
molecule depend on its electronic distribution, which is af-
fected by the polarity, dielectric constant and polarizability of
the surrounding medium. Therefore, the resultant dipole mo-
ment determines polarity of the fluorophore [9]. In addition,
variation in fluorescence half -life in different solvents can
delineate the underlying solute-solvent interactions. A lower
fluorescence half- life value indicates nonspontaneous trans-
formation from ground to excited state, which could probably
be indicative of the aggregated state of the dye molecules [10].

Several solvent studies were conducted on the metallo-
porphyrin, porphyrin complexes and highly substituted
porphyrin compounds [11–13]. However, studies on the
porphyrin macrocyle and its photophysical changes in the
presence of different solvents are still limited. Chlorin e6
(Ce6) is an example of a photoactive dye with simple
porphyrin nucleus and it is used in photodynamic therapy
to treat mucosal tumors (Fig. 1a) [14]. Its therapeutic
efficacy is often limited by the formation of aggregates,
which drastically reduces the quantum yield of Ce6 and
thus, the efficiency for photodynamic treatment. Hence,
the aim of this study was to investigate the appropriate-
ness of various solvents for Ce6 in order to produce high
fluorescence activity for photodynamic therapy through
specific favorable solute-solvent interactions. Therefore,
the influence of various solvents on the photophysical
properties of Ce6 in ground and excited states was inves-
tigated. The quantum yield, fluorescence half life and
excited state dipole moments of Ce6 in different solvents
were evaluated to provide a better understanding of the
excited state properties of Ce6 and conditions correlated
to aggregate formation,

Theoretical Background

The commonly used equations in fluorescence spectroscopy
are proposed by Lippert and Mataga et al. [15]. These
equations are based on the Onsager reaction field theory,
which assumes that the fluorophore is a point dipole resid-
ing in the centre of a spherical cavity with radius, a, in a

homogeneous and isotropic dielectric medium with relative
permittivity, ε. However, the Lippert-Mataga equation does not
hold true for non-specific interaction, specific fluorophore-
solvent interaction such as hydrogen bonding or electron pair
acceptor-donor interaction. Furthermore, Lippert equation was
also reported to be inaccurate for estimating the radius of
molecules with an ellipsoidal shape [8]. Kawski and co-
workers developed a simple quantum mechanical second-
order perturbation theory of absorption and fluorescence band
shifts in different solvents of varying permittivity and refrac-
tive index. According to this theory, the following equations
were proposed [16]:

va � vf ¼ m1 f "; nð Þ þ constant ð1Þ

va þ vf ¼ �m2 f "; nð Þ þ 2gðnÞ½ � þ constant ð2Þ
where υa and υf are the energy of absorption and emission
respectively and their difference is denoted by Stokes shift.
n is the refractive index of the solvent medium, f(ε,n) and g
(n) are the polarity parameters and their experimental esti-
mate is given by
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where h is the Planck’s constant, c is the velocity of light in
vacuum and a is the radius of the solute. The parameters, m1

and m2, are the slopes of the linear plots described by Eqs.
(1) and (2) respectively. The dipole moments at ground (μg)
and excited states (μe) can be given as
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or

μe ¼
m2 þ m1

m2 � m1
μg;m2 > m1 ð9Þ

According to Ravi et al., the excited state dipole moment is
calculated by [18]:

va � vf ¼ 11307:6
$μ

ΔμB

� �2 aB
a

� �3
" #

EN
T þ constant ð10Þ

where ΔμB is the dipole moment change on excitation and
aB is the onsager radius for betaine dye. The values of ΔμB

and aB are 9 D (debye) and 6.2 Å respectively. EN
T is the

normalized transition energy which can be calculated for
each solvent using water and tetramethylsilane (TMS) as
extreme reference solvents with the following equation:

EN
T ¼ ET solventð Þ � ET TMSð Þ

ET waterð Þ � ET TMSð Þ

¼ ET solventð Þ � 30:7

32:4
ð11Þ

Therefore, the change in the dipole moment is determined by
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wherem is the slope of the linear plot ofEN
T versus Stokes shift

ua � uf
� 	

described by Eq. (10).

Materials and Methods

Materials

Chlorin e6 was purchased from SPE Chemical Co. Ltd.
(Shanghai, China) and used as supplied. All the solvents used
in this studywere fromMerck (Singapore) and of spectroscopic
grade. The solvents were of three primary classes, polar protic

(water, methanol, ethanol, isopropanol and glycerol), polar
aprotic (acetone, acetonitrile, dimethylsulfoxide [DMSO] and
tetrahydrofuran [THF]) and non-polar (dichloromethane
[DCM], dioxane and hexane) solvents. Rhodamine 6 G (Sigma
Aldrich, Singapore) was used as standard for quantum yield
calculation.

Method

Absorption spectra and fluorescence emission spectra were
recorded in a UV–vis spectrophotometer (Shimadzu 2101PC,
Japan) and spectrofluorometer (Fluoromax-P Jovin Yvon,
USA) respectively. For all the fluorescence measurements,
excitation wavelength and slit width were set at 405 nm
and 2 nm, respectively. Fluorescence lifetime measurements
were performed with a time-correlated single-photon count-
ing fluorometer (Fluoromax-4 Jovin Yvon, USA) for all the
solvents. Ce6 ground state geometry was optimized by
employing semi-empirical AM1 parameterization using a
molecular modelling software (Hyperchem 8.0, Hypercube
Inc., USA). The value of solute cavity radius (a0) was
calculated from the molecular volume of Ce6 according
to the following equation [19]:

a0 ¼ 3M 4pdN=ð Þ1 3= ð13Þ
where δ is the density of the solute molecule, M is the molec-
ular weight of the solute and N is the Avogadro’s number.

Fluorescence quantum yield (ϕ) which represents the
activity of a fluorophore, is defined as the ratio of number
of photons emitted to number of photons absorbed. There-
fore, quantum yield values theoretically lie within 0 to 1.
Quantum yields of Ce6 in each of the solvents were calcu-
lated using the following equation,

f1
f2

¼ 1� 10A2ð Þ
1� 10A1ð Þ

n21
n22

a1

a2
ð14Þ

where A is the absorbance, n is the refractive index and
α is the area under the fluorescence emission spectra for

a b

HOMO LUMO

Fig. 1 a Molecular structure of
Ce6 and b isosurfaces of
HOMO and LUMO orbitals of
Ce6 for first singlet excited
state
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standard (sample 1) and test (sample 2) respectively.
Quantum yield was determined using rhodamine 6 G
as standard (ϕ00.64 in ethanol). All the measurements
were carried out at room temperature (298 K), keeping
the dye concentration very low in order to avoid self-
absorption. For quantum yield determination, Ce6 con-
centration in each of the solvents was adjusted such that
absorbance value was around 0.2 to ensure that roughly
equal number of photons was absorbed. Fluorescence
emission spectra were then collected subsequently for each
of the solvents.

Results and discussion

Photophysical Properties of Ce6 in Different Solvents

Ce6 belongs to the porphyrin class of photosensitizers that
produces intense fluorescence emission in the red region.
Due to electron transfer through the porphyrinic macro-
cycle, charge transfer bands, characterized by large Stokes
shift values (generally>200 nm) are observed for chlorin-
based photosensitizers [17]. Figure 1b shows the isosurfaces
of HOMO and LUMO orbitals of Ce6 in the first singlet
excited state. Theoretical calculations obtained from Hyper-
chem semi-empirical model showed the first singlet excited
state of Ce6 at 376 nm (in gas phase). This corresponded to
experimentally observed Soret band around 400 nm and
clearly revealed that electron transfer from HOMO to
LUMO orbital was largely confined to pyrrole nucleus of
porphyrin macrocycle due to the presence of highly polar-
isable NH groups.

The UV–vis spectra of Ce6 in three distinct classes of
solvents are shown Fig. 2. The wavelength of maximum
absorption and its corresponding emission for each of the
solvents are shown in Table 1. The polar protic solvents
exhibited Soret band at around 403 nm and Q band at
664 nm with notable deviations shown by water and glyc-
erol (Fig. 2a). As can be seen, sharp Soret and Q bands were
observed for all the protic solvents except water. A broad
spectrum along with spectral shifts of Soret and Q bands
suggested extensive intermolecular aggregation of Ce6 in
water. For polar aprotic solvents, clear Soret band around
403 nm (except DMSO, λmax0407 nm) and Q band at
664 nm were found (Fig. 2b). Figure 2c shows the UV–vis
spectra of Ce6 in non-polar solvents. Soret and Q bands in
this class were found from 401 nm to 405 nm and 667 nm
respectively. Increased baseline values of Ce6 in specific
solvents, such as water, DMSO and hexane suggested its
strong hydrophobicity in those solvents. Figure 3 collective-
ly shows the fluorescence emission spectra of Ce6 in differ-
ent class of solvents. A couple of important observations
were noted here. For all the solvents, emission occurred at

higher wavelengths (positive Stokes shift) than the absorp-
tion, implying a π-π* transition in the excited state. The λem
varied from 651 nm for water to 669 nm for other polar and
apolar solvents. Although absorbance values of all the sol-
vents were kept relatively constant, the fluorescence emis-
sion intensities of the solvents varied significantly. From the
polar protic class, the lowest emission intensity was ob-
served for water, followed by glycerol while alcohols
showed highest fluorescence intensity. The polar aprotic
class of solvents generally showed higher fluorescence in-
tensity with the exception of DMSO, which was found close
to water. The non-polar solvent like DCM and dioxane

Fig. 2 UV–VIS absorption spectra of Ce6 in a polar protic, b polar
aprotic and c non-polar solvents
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showed higher fluorescence than that of hexane, which was
also similarly close to water. The strikingly higher intensity
for dioxane could be explained on the basis of possible H-
bond formation with the pyrrolic NH groups of Ce6, which
increased polarity of the medium [18]. Marked reduction of
fluorescence intensity of the afore-mentioned solvents could
be ascribed to non-spontaneous transition to the excited
state because of strong hydrophobicity or aggregation in
those solvent environments. The areas under the fluores-
cence emission spectra were calculated using Origin Pro
8.1 software (Origin Lab Inc., USA) to determine the quan-
tum yield (ϕF) of Ce6 in each of the solvents (Table 2).
From Eq. (14), quantum yield is directly dependent on the
fluorescence intensity and ϕF varied largely for different
solvents. ϕF was found highest in alcohols and lowest in
water. Among the non-polar solvents, dioxane showed
higher ϕF value, while aprotic solvents exhibited moderate
ϕF values less than that of alcohols. Interestingly, a signif-
icantly lower ϕF was observed for polar solvents like glyc-
erol and DMSO. ϕF has been reported to be higher in
glycerol for various dyes. This was attributed to the high
viscosity of glycerol, which restricted the rotational move-
ments of the fluorophore and thus the excited state energy
was released mostly through the relaxation pathways, result-
ing in high ϕF [19]. From the initial observations, it was
postulated that deviations of ϕF, as well as spectral features,
were likely to be due to specific solute-solvent interactions
such as H-bonding between fluorophore and solvent and
aggregation of Ce6 through intermolecular H-bonding. The
influence of the various polarity parameters on Ce6 photo-
physical properties was further investigated. Figure 4 shows a
linear dependence of Soret band energy (υa) with Reichardt
polarity parameter [f (n2)]. It has been reported that extensive
H-bonding with solvent molecules results in non-planarity of

porphyrin macrocycle [20]. Since Soret band energy (cm−1) is
inversely related with λmax, from Fig. 4 it could be deduced
that an increase in solvent polarity resulted in further red shift
of Ce6 in these solvents. A fairly good correlation (r200.88)
was obtained between Soret band energy and Reichard polar-
ity parameter, excluding methanol and hexane. This indicated
that the extent of non-planarity of porphyrin macrocycle is
dependent on solvent polarity, however profound H-bonding
in methanol had caused further non-planarity in Ce6 molecule
and thus deviated from the plot. Significant deviations for
non-polar solvent like hexane suggested weak bond-dipole
interactions were the major attractive solvation forces between
solute and solvent resulting in least non-planarity of the Ce6
nucleus in hexane. This suggested that specific H-bonding
existed between Ce6 and polar group of solvents. To corrob-
orate the evidence, dependence between Lipert’s polarity pa-
rameter [f (ε,n)] and Stokes shift was investigated. Figure 5a
shows no dependence between f (ε,n) and Stokes shift, clearly
suggesting specific solute-solvent interaction [8]. Therefore,
Chamma-Viallet modified polarity parameter [f (ε,n)+2 g(n)]
of different solvents were plotted against (υa+υf) and the
results showed the presence of two distinct clusters in the plot
(Fig. 5b). The invariant cluster (circled) mainly comprised
polar solvents except glycerol and DMSO suggesting the
presence of H-bonding between Ce6 and polar group of
solvents. Interestingly, these two solvents along with non-
polar solvents showed a fairly good correlation with a nega-
tive slope (r200.81). The significant deviation of glycerol and
DMSO from the cluster suggested less favorable orientation
for H-bonding. Next, the Soret band energy values were
plotted against polarizability of different solvents. Polarizabil-
ity (π*) measures the ability of the solvent to stabilize a charge
or a dipole by virtue of its dielectric effect. The π* scale runs
from 0.0 for cyclohexane to 1.0 for DMSO. Figure 6a shows

Table 1 Absorption and emission maxima of Ce6 in various solvents and corresponding polarity parameters

Solvent λ (nm) ε n f(ε,n) g(n) Ce6 absorption (υa) and emission (υf) energy

Abs Em υa υf υa - υf υa+υf

Water 401 652 80.7 1.33 0.914 0.082 24938 15337 9601 40275

Methanol 405 666 32.7 1.33 0.855 0.081 24691 15015 9676 39706

Ethanol 402 667 24.5 1.36 0.813 0.086 24876 14993 9883 39869

Isopropanol 404 664 20.3 1.38 0.779 0.09 24752 15060 9692 39812

Glycerol 407 667 42.5 1.47 0.835 0.1 24570 14993 9577 39563

Acetonitrile 400 666 38.8 1.34 0.866 0.083 25000 15015 9985 40015

Dimethylsulfoxide 407 667 47.2 1.48 0.841 0.102 24570 14993 9577 39563

Acetone 403 667 20.7 1.36 0.790 0.086 24814 14994 9820 39808

Tetrahydrofuran 405 669 7.52 1.41 0.547 0.093 24691 14948 9743 39639

1,4 dioxane 404 669 2.20 1.42 0.04 0.095 24752 14948 9804 39700

n-hexane 401 667 1.88 1.37 −0.002 0.089 24938 14993 9945 39931

Dichloromethane 405 670 2.20 1.46 0.014 0.099 24570 14925 9645 39495
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the variations of Soret band energy with solvent polarizability,
with glycerol and DMSO deviating from the linear relation-
ship. An increase in λmax with π

* indicated increased capabil-
ity of the solvent to form H bonds in solution [17]. Significant
deviation shown by glycerol and DMSO further suggested
that H-bonding in these solvents was somehow restricted. The
unusual behaviour of these solvents could be explained on the
basis of intermolecular dye aggregation. Dye aggregation is a
commonly observed phenomenon, where strong hydropho-
bicity in the solvent medium results in intermolecular associ-
ation of dye molecules. Such association reduces the
availability of free dye molecules to interact with

neighbouring solvent molecules. In the present study, extent
of Ce6 aggregation reduced the availability of free Ce6 mol-
ecules for H-bonding with the afore-mentioned solvents. Fur-
thermore, the viscosity of DMSO and glycerol (1.99 and 1400
cp respectively) was relatively higher than that of other sol-
vents, which might have affected the flexibility of Ce6 mole-
cules and rendered them in a state of orientation, which was
susceptible to aggregate formation [21]. This was evidenced
by slightly higher anisotropy values of Ce6 in DMSO and
glycerol (~ 0.08), compared to other solvents (< 0.005), sug-
gesting rotational movement of Ce6 was substantially restrict-
ed in the presence of these solvents.

The postulation of aggregate formation in the afore-
mentioned solvents provides an answer for the low ϕF

values in glycerol and DMSO. In order to further substan-
tiate the postulation, the influence of fluorescence half-life
(τF) on protic and aprotic solvents was investigated. As a
rule, the dependence between τF and ET30 suggests specific
solute-solvent interactions such as H-bonding [10]. ET30

value of a solvent is defined as the amount of energy (with
respect to water) required to promote one mole of the
standard fluorophore, dissolved in that specific solvent,
from its electronic ground state to its first excited state. A
high ET30 value of the solvent is therefore associated with
higher polarity and greater stabilization effect on the fluo-
rophore [8]. Figure 6b shows the variation of τF with solvent
polarity parameter ET30. As can be seen, significant devia-
tions from linear dependence were observed for water, glyc-
erol and DMSO. This could be ascribed to factors such as
aggregation of Ce6. Table 2 represents the fluorescence half-
life of Ce6 in different solvents. Interestingly, water showed
the lowest τF, followed by non-polar solvents. Polar sol-
vents showed a significant increase in τF with the exception
of glycerol and DMSO, whose τF values were found to be
intermediate. A low half-life value indicates a non-spontaneous
transition from ground to excited state, thus suggesting the
possible existence of fluorophore aggregates in the medium
[22]. Hence, the typical behaviours of specific polar solvents
such as, water, glycerol and DMSO appeared to preferentially
favor aggregate formation with concomitant low τF and ϕF

values. In case of non-polar solvents, weak van derWaals force
of interaction existed possibly because of Ce6 aggregation,
which was accounted for the low ϕF and τF values of Ce6 in
these solvents.

Determination of Excited State Dipole Moment

In the next stage, determination of the dipole moment of
Ce6 in protic and aprotic classes of solvents was carried out.
Determination of excited state dipole moment is an impor-
tant consideration as it would reveal the excited state prop-
erties such as polarity, geometrical structure and course of
photochemical transformations [23]. The conventional

Fig. 3 Fluorescence emission spectra of Ce6 in a polar protic, b polar
aprotic and c non-polar solvents
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equations for determination of excited state dipole moment
are those described by Lippert-Mataga, Chamma-Viallet and
Bakhshiev et al. [15]. However, in the case of specific
solute-solvent interaction, non-linearity of the plots does
not allow accurate determination of excited state dipole
moment. In such cases, Eq. (10) as described by Ravi et
al. is used. Semi-empirical molecular modelling AM1 was
carried out using Hyperchem software for structural geom-
etry optimization to calculate the ground state dipole mo-
ment. The molecular volume obtained was used in Eq. (13)
to calculate the solute cavity radius of Ce6. The solute
cavity radius and ground state dipole moment were found
to be 5.14 Å and 5.7 D respectively. Figure 6c shows
variation of Stokes shift with normalized transmission ener-
gyEN

T . Water, glycerol and DMSO showed marked deviation
and were not considered in the following correlation analy-
sis. Stokes shift for alcoholic solvents and selected aprotic
solvents showed a good correlation withEN

T (r2>0.9) and the
excited state dipole moment was calculated from the slope

of the graph as given in Eq. (10). The excited state dipole
moments of Ce6 in these solvents were found to be higher
than that of the ground state of Ce6 alone (Table 3). These
findings suggested the occurrence of enhanced π-π* transi-
tion of Ce6 in these solvents, which existed with higher
polarity in the excited state.

Kamlet-Abboud-Taft (KAT) Model

The effect of solvents on absorption energy had been dem-
onstrated by the Kamlet-Abboud-Taft (KAT) model [24].
The model proposed by Kamlet et al. is composed of sol-
vatochromic parameters π*, α and β, a linear combination of
which is correlated with absorption energy of a fluorophore
in different solvents. KAT model is shown by Eq. (15):

ua ¼ u0 þ sp* þ aa þ bb ð15Þ
KAT model provides the advantage of incorporating all

the relevant polarity parameters in a linear form to illustrate
specific solute-solvent interactions. Values of π* for various
non-chlorinated, non-protonic aliphatic solvents with a sin-
gle dominant bond dipole, have been shown to be generally
proportional to molecular dipole moment. The α scale of
polar protic (H-bond donor) solvents describes the ability of
the solvent to donate a proton in a solvent-to-solute hydro-
gen bond. The β scale of polar aprotic (H-bond acceptor)
solvents provides a measure of the solvent’s ability to accept
a proton (donate an electron pair) in a solute-to-solvent H-
bond. These parameters of different solvents used in this
study are shown in Table 2. The coefficients of KAT param-
eters were obtained by fitting the absorption energy of
different solvents in this model by multiple linear regression
and shown in Table 3. When absorption energies of all the
solvents were fitted in the model, a poor correlation was
found (r200.52). This showed that protic and aprotic sol-
vents had specific interactions with Ce6 on the basis of their

Table 2 Solvent parameters,
fluorescence half-life and
quantum yield of Ce6 in various
solvents

Solvent EN
T π* α β τF (ns) ΦF

Water 1 1.09 1.17 0.18 1.13 0.18

Methanol 0.762 0.63 0.92 0.62 2.27 0.75

Ethanol 0.654 0.54 0.83 0.77 2.76 0.77

Isopropanol 0.546 0.48 0.76 0.95 2.97 0.83

Glycerol 0.812 0.73 0.98 0.52 1.59 0,39

Acetonitrile 0.46 0.75 0.19 0.31 2.21 0.64

Dimethylsulfoxide 0.386 1 0 0.76 1.7 0.35

Acetone 0.355 0.71 0.08 0.48 2.21 0.63

Tetrahydrofuran 0.207 0.58 0 0.55 2.4 0.60

1,4 dioxane 0.164 0.55 0 0.37 1.13 0.38

n-hexane 0.009 −0.08 0 0 1.09 0.14

Dichloromethane 0.052 0.28 0 0 1.07 0.29

Fig. 4 Plot of Soret band energy vs. Reichard polarity parameter
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H-bond acceptor and donor capabilities. Interestingly, protic
solvents except water showed excellent correlation (> 99 %).
Whenwater was included, correlation coefficient was lowered
to 0.77. The decrease in linearity could be ascribed to exten-
sive aggregate formation, which affected the solute-solvent
interaction. Similar results were obtained for polar aprotic
solvents, which also showed more than 99 % correlation
between absorption energy and KAT parameters. This eluci-
dated the specific solute-solvent interaction, i.e., H-bonding
abilities of protic and aprotic solvents with Ce6. Excellent
linearity with correlation above 0.99 indicates successful ap-
plicability of KAT equation to model solvent effect on
porphyrin-based photosensitizer like Ce6. Moreover, excel-
lent fitting of glycerol and DMSO in contrast to water further
suggests that the extent of aggregate formation in these sol-
vents were lower than in water.

Conclusion

Specific solute-solvent interaction was observed for Ce6
with protic and aprotic solvents. These solvents exhibited
H-bonding with Ce6, while intermolecular Ce6 aggrega-
tion was observed particularly in water, glycerol, DMSO
and other non-polar solvents. Aggregation and H-
bonding were elucidated using fluorescence quantum
yield, half-life and KAT model parameters for the var-
ious solvents. Specific solvents such as alcohols, ace-
tone, acetonitrile and THF facilitated high fluorescence
quantum yield, half-life and excited state dipole

Fig. 5 Plot of a Stokes shift vs.
Lipert’s polarity parameter and
b (υa+υf) vs. Bakshievs
polarity parameter

Fig. 6 Plots of a Soret band energy vs. polarizability, b fluorescence
half-life vs. transition energy and c Stokes shift vs. normalized transi-
tion energy of Ce6 in polar protic and aprotic solvents

Table 3 KAT model parameters and excited state dipole moments of
selected protic and aprotic solvents

Kamlet-Taft correlation Excited state Dipole
moment (D)

Solvent
type

s a b Correlation
coefficient

Protic −2508 −3960 −3060 0.997 7.49

Aprotic −9981 34714 19385 0.992 6.71
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moment. All these properties indicated that Ce6 was in
aggregate-free state and more polar after excited state
transition in those solvents. The information about the
photophysical properties of these solvents will be useful while
selecting a suitable vehicle for preparing pharmaceutical dos-
age forms of Ce6.
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