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Curcumin,  the  main  yellow  bioactive  component  of turmeric,  has  recently  acquired  attention  by chemists
due  its  wide  range  of  potential  biological  applications  as  an  antioxidant,  an  anti-inflammatory,  and  an
anti-carcinogenic  agent.  This  molecule  fluoresces  weakly  and  poorly  soluble  in  water.  In  this  detailed
study  of  curcumin  in  thirteen  different  solvents,  both  the  absorption  and  fluorescence  spectra  of  curcumin
was  found  to  be  broad,  however,  a narrower  and  simple  synchronous  fluorescence  spectrum  of  curcumin
was obtained  at  ��  = 10–20  nm.  Lippert–Mataga  plot  of  curcumin  in  different  solvents  illustrated  two
sets of  linearity  which  is  consistent  with  the  plot  of  Stokes’  shift  vs.  the ET30.  When  Stokes’s  shift  in
wavenumber  scale  was  replaced  by  synchronous  fluorescence  maximum  in  nanometer  scale,  the  solvent
polarity  dependency  measured  by �max

SFS vs.  Lippert–Mataga  plot  or ET30 values  offered  similar  trends  as
measured  via  Stokes’  shift  for protic  and  aprotic  solvents  for curcumin.  Better  linear  correlation  of  �max

SFS vs.
max max
�* scale  of  solvent  polarity  was  found  compared  to  �abs or �em or Stokes’  shift  measurements.  In Stokes’

shift  measurement  both  absorption/excitation  as well  as  emission  (fluorescence)  spectra  are  required
to compute  the  Stokes’  shift  in  wavenumber  scale,  but  measurement  could  be  done  in  a  very  fast  and
simple  way  by  taking  a single  scan  of  SFS  avoiding  calculation  and  obtain  information  about  polarity  of
the  solvent.  Curcumin  decay  properties  in  all  the  solvents  could  be  fitted  well  to  a  double-exponential

decay function.

. Introduction

Curcumin, 1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-
eptadiene-3,5-dione, is the main yellow bioactive component of
urmeric (Curcuma longa), a perennial plant of the ginger family
Zingiberaceae), which is native to tropical South Asia [1].  It is
xtensively used as a spice, food preservative and coloring agent.
t is a non-toxic, highly promising natural antioxidant compound
aving a wide range of biological applications. It is anticipated that
urcumin may  find applications as a novel drug in the near future
o control various diseases, including inflammatory disorders,
arcinogenesis and oxidative stress-induced pathogenesis [1–4].
urcumin has drawn intense interest recently due to its potential
harmaceutical importance [5–16].

Curcumin has two aromatic rings with phenolic OH groups con-
ected by an �,�-unsaturated-�-diketone (as given in Scheme 1).
he �-diketone structure undergoes keto–enol tautomerism in
olutions [17]. The relative contributions of the keto and enolic tau-
omers as well as their cis or trans form depend on factors such

s solvent characteristics, temperature, polarity and substitution
n curcumin [17–19].  However, at room temperature, the enolic
orm of diketones is in general predominant [19–21].  Curcumin
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absorbs in the visible region and gives fluorescence with low quan-
tum yield. Emission properties highly depend on the polarity of
its environment [17]. Its photochemistry, including reactions with
oxygen, depends on the specific microenvironment of the molecule,
such as polar or non-polar and protic or aprotic solvents. Cur-
cumin is highly soluble in polar organic compounds but is slightly
soluble in aliphatic or alicyclic organic solvents like hexane and
cyclohexane.

In conventional fluorescence, an emission spectrum is obtained
by scanning the emission monochromator at various emission
wavelengths, �em, at a particular excitation wavelength, �ex, and
an excitation spectrum is obtained by scanning the excitation
monochromator at various excitation wavelengths keeping the
emission monochromator constant at a particular wavelength. The
other possibility is to scan both the monochromators simultane-
ously, which is called synchronous fluorescence scan/spectroscopy
(SFS). Synchronous fluorescence intensity (Is) is directly related to
the concentration of the analyte sample (c) as [22]

Is = Kcb Ex(�ex) Em(�ex + ��);
or, Is = Kcb Ex(�em − ��) Em(�em);

where Ex is the excitation wave function at a given wavelength;

Em is the emission wave function at a given wavelength; b is
the thickness of the sample; K is the instrumental geometry and
related parameters. SFS has been successfully used for various spec-
troscopic and spectrometric applications [23–27].  In this paper,
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Scheme 1. Protonated, neutral

he behavior of curcumin in different solvents is investigated in
etailed by synchronous fluorescence spectroscopy and compared
ith conventional fluorescence measurements.

. Materials and methods
.1. Materials

Curcumin was obtained from Acros Organics and used without
urther purification. To prepare the stock solution, curcumin was
eprotonated form of curcumin.

dissolved in spectroscopic grade dichloromethane (Acros Organ-
ics). A desired amount of the stock sample was taken in a vial and
the solvent, dichloromethane, was  evaporated by gentle heating.
Final sample solution was prepared by adding required amount of
desired solvent into the same vial. Cyclohexane, ethanol, hexane,
dichloromethane (DCM), 1,2-dichlorobenzene (DCB), 1,4-dioxane,

tetrahydrofuran (THF), methanol, acetonitrile, n-butyronitrile
(nBN), dimethylsulfoxide (DMSO) and N,N-dimethylformamide
(DMF) were of spectroscopy grade and obtained from Acros Organ-
ics. The solvents were used without further purification.
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Fig. 1. Absorption spectra of curcumin in solvents of different polarity. The low intense spectra in water, DCM, DMSO and THF are separately highlighted.
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.2. Spectroscopic measurements

The absorption spectra in various solvents were recorded at
oom temperature using a JASCO V-570 UV-VIS-NIR Spectropho-
ometer. Fluorescence measurements were done on a JOBIN YVON
oriba Fluorolog 3 spectrofluorometer. The excitation source was a
00 W xenon lamp. The detector used was R-928 operating at a volt-
ge of 950 V. The excitation and emission slits width were 5 nm.  The
ynchronous fluorescence spectra were measured at ��  = 5 nm,
0 nm,  50 nm,  100 nm,  150 nm and 200 nm.  ��  = 10 nm was  chosen
or the analytical measurement because of its high sensitivity and

arrower spectrum in the synchronous fluorescence wavelength
ange 250–700 nm.  The spectral data were collected using Fluo-
oescence software and data analysis was made using OrginPro 6.0
oftware.
2.3. Lifetime measurements

The fluorescence lifetime measurements were done using a
Jobin–Yvon–Horiba Fluorolog III time correlated single photon
counting fluorometer attached with a pulsed diode laser. A 405 nm
diode laser was  used as excitation source. The detector used was
R-928 operating at a voltage of 950 V. The fluorescence decay was
acquired with a peak preset of 10,000 counts. The decay data was
analyzed using Data Analysis Software.

3. Results and discussion
Fig. 1 depicts the absorption spectra of curcumin recorded in
different solvents. The absorption is well extended to the visible
region in all solvents under study. Generally, curcumin showed a
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Table  1
Absorption maxima, emission maxima and Stokes’ shift of curcumin in various
solvents.

Compound Solvents �abs

(max)/cm−1
�em

(max)/cm−1
Stokes’
shift/cm−1

Curcumin Acetonitrile 23,923.45 19,723.87 4199.58
Cyclohexane 24,509.80 22,883.30 1626.51
Water 24,154.59 18,621.97 5532.62
DCB 23,640.66 20,120.72 3519.94
DCM 23,866.35 20,964.36 2901.99
1,4-Dioxane 23,752.97 20,833.33 2919.64
DMF 23,529.41 21,321.96 2207.45
DMSO 23,041.47 19,305.02 3736.46
Ethanol 23,696.68 19,011.41 4685.28
Hexane 24,630.54 22,779.04 1851.50
Methanol 23,696.68 18,726.59 4970.09
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constant and the index of refraction of the solvents, respectively
[33]. The Lippert–Mataga plot can be obtained by plotting the
n-Butyronitrile 23,584.91 18,656.72 4928.19
THF 23,696.68 20,964.36 2732.32

trong and intense absorption band in the 350–480 nm wavelength
egion in all the investigated solvents. The spectra in hexane and
yclohexane are structured. A loss of the vibrational fine struc-
ure was observed on going to more polar solvents. In these two
on-polar and non-interacting solvents the lowest energy 0–0
bsorption band is clearly seen around 400–410 nm.  There is appre-
iable change in the energy of transitions in the different solvents
uggesting that solvent stabilization of ground state species is sig-
ificant. The absorption spectrum in each solvent is very broad
nd the presence of more than one shoulder probably indicates
he presence of more than one isomeric form in the ground state
5,17] (see Scheme 1). Curcumin is practically insoluble in water
t neutral and medium acidic pH, while soluble in both polar and
on-polar organic solvents. It is more soluble in alkaline solvents
nd in extremely acidic solvents, presumably due to the ioniza-
ion of the phenolic or enolic groups, or due to the degradation
r change in each dissociated form. There are two kinds of acidic
ydrogens in the curcumin molecule, one is phenolic hydrogen,
nd the other is active methylene hydrogen of �-diketones. The
Ka values for the dissociation of these acidic protons in curcumin
ere reported to be 7.8, 8.5, and 9.0 respectively [28]. Based on sol-

ent media, the absorption maxima of curcumin were found to be
ocated in four different wavelength region: (1) cyclohexane and
exane; (2) water; (3) THF, N-butyronitrile, 1,4-dioxane, acetoni-
rile, DCM, methanol, ethanol, DCB and DMF; and (4) DMSO. A large
athochromic shift of absorption maximum was  observed for cur-
umin from hexane (406 nm)  to DMSO (434 nm), suggesting a red
hift in absorption maxima for more polar solvents. However, in
he case of water a blue shift was observed compared to DMSO,
egative solvatochromism; and red shifted absorption maximum
ompared to hexane, positive solvatochromism. The absorbance
as also reported to be very weak for water. The absorbance of

urcumin strongly depended on the solvent polarity.
The fluorescence excitation and emission spectra given in

ig. 2A and B respectively demonstrate significant solvent
ependent shifts in emission maxima. Curcumin showed a
tructured emission in non-polar solvents like hexane and
yclohexane, whereas on other solvents of moderate and high
olarity it showed a broad and structureless emission. The fluores-
ence maximum of curcumin broadly shifted to longer wavelength
rom non-polar to polar solvents, such as 439 nm in hexane, 518 nm
n DMSO and 536 nm in N-butyronitrile. The fluorescence quantum
ield was found to be low in cyclohexane, hexane and water com-
ared to acetonitrile or DCM. Table 1 summarizes the absorption
axima, emission maxima and Stokes’ shift of curcumin in the sol-
ents investigated. Stokes’s shift was calculated as the difference
etween absorption and emission maxima obtained from the cor-
ected spectra on the wavenumber scale. There was a remarkable
Fig. 2. Normalized fluorescence excitation (A) and emission (B) spectra of curcumin
in  solvents of different polarity.

increase in the Stokes’ shift of around 3343 cm−1 between hexane
and methanol, similarly the increase was  about 3906 cm−1 between
water and cyclohexane (see Table 1). The excitation/absorption
spectra of curcumin showed mirror image to the emission spec-
tra in various solvents. Hence the absorption band obtained in the
350–450 nm regions could be attributed to the S0–S1 transition,
which is intensified at the cost of absorption intensities of other
transitions.

To comprehend the polarity effect of curcumin in various sol-
vents, solvent dependent spectral shifts was  investigated. The
Lippert–Mataga equation [29–32] shows that the solvent depen-
dence of the Stokes’ shift for a compound depends on the change in
the dipole moment of the fluorescence moiety upon excitation, the
dielectric constant, and the refractive index of the solvents being
used [29–35]:

�A − �F = 2
hc

(
ε − 1

2ε + 1
− n2 − 1

2n2 + 1

)
(�E − �G)

a3
+ Constant

where �A and �F are the wave numbers (cm−1) of the absorbance
and fluorescence emission respectively, h is Planck’s constant, c is
the speed of light in vacuum, a is the radius of the cavity in which
the fluorophore resides, �E and �G are the dipole moments in the
excited and ground states, respectively, ε and n are the dielectric
Stokes’ shift vs. the term in the brackets in the above equation,
referred to as the orientation polarizability (�f) of the solvent,
which is the result of both the mobility of the electrons in the
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ig. 3. Lippert–Mataga plot of curcumin in different solvents showing the variation
f  Stokes’ shift of curcumin as a function of orientation polarizability of the solvents.

olvent and the dipole moment of the solvent.

f  = ε − 1
2ε + 1

− n2 − 1
2n2 + 1

Fig. 3 represents the Lippert–Mataga plot of curcumin in dif-
erent solvents. The plot illustrates two sets of linearity: one
or aprotic solvents such as cyclohexane, hexane, dichloroben-
ene, dichloromethane, acetonitrile, DMF  and DMSO and the other
or protic solvents like water, methanol and ethanol, suggest-
ng a specific interaction of curcumin with water, methanol and
thanol. Curcumin in aprotic solvents showed general solvent effect
hereas in water, methanol and ethanol, it deviated from the gen-

ral solvent effect due to specific interactions such as the hydrogen
onding ability with curcumin [19]. In the case of charge transfer in

 molecule, the gross solvent polarity indicator scale such as ET30
s more applicable [36,37]. Plot of Stokes’ shift vs. the ET30 values
f the solvents is given in Fig. 4 which showed a similar trend for
rotic and aprotic solvents.

SFS is highly selective compared to conventional fluorescence
mission or excitation spectral measurements. In SFS, apprecia-
le results are obtained, mainly due to the narrowing of spectral
and, simplification of emission spectra, and contraction of spec-

ral range. From an analytical view point, the whole spectrum

ight not be of much interest and a narrower and simplified spec-
rum in contraction spectral range can provide high selectivity
or identification and estimation compared to a broad emission
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ig. 4. Correlation of solvent induced Stokes’ shift of curcumin with ET30 parameter.
Fig. 5. Synchronous fluorescence spectra of curcumin in solvents of different polar-
ity.

or excitation spectrum. The synchronous fluorescence studies at
wavelength interval ��  = 10 nm of curcumin in different solvents
(see Fig. 5) furnish three different kinds of maxima. Similar to
absorption and fluorescence emission spectra, the SFS spectra of
curcumin in hexane and cyclohexane could be easily distinguished
from the rest of spectra in various other solvents. The SFS spec-
trum was  narrow and sharp with a single peak around 438–442 nm
for curcumin in hexane and cyclohexane. In case of acetonitrile,
DCB and THF the SFS peak of curcumin was around 464–465 nm.
In water curcumin showed two  sharp SFS peaks, one main peak at
412 nm and a second peak at 290 nm.  Curcumin in dioxane, ethanol
and DCM also demonstrated two  peaks at around 462–463 nm
and 298 nm respectively. Other solvents showed more than two
peaks in SFS spectra. For example the SFS peaks for DMF  were
around 300 nm,  355 nm and 470 nm,  for DMSO 480 nm, 299 nm and
330 nm,  for methanol 468 nm,  414 nm,  378 nm and 295 nm,  and for
n-butyronitrile these were 466 nm,  482 nm,  341 nm and 295 nm.
In all the cases the main peak was  around 430–480 nm except in
case of ethanol where it was  298 nm and DMF  at around 300 nm.
In all the solvents under investigation, curcumin showed at least a
SFS peak at around 440–480 nm.  Except the case of hexane, cyclo-
hexane, acetonitrile, DCB and THF, curcumin confirmed to have an

additional SFS peak at around 290–300 nm.  The peak with highest
synchronous fluorescence intensity above 400 nm was always cho-
sen as �max

SFS in that particular solvent. The relation between �max
SFS
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Table  2
Fluorescence lifetime analysis of curcumin in homogeneous environment.

Compound Solvent Fluorescence life time

�1 (B1)/ps �2 (B2)/ps �2

Curcumin Acetonitrile 474 (85%) 1737 (15%) 1.6
Cyclohexane 284 (92%) 3640 (8%) 2.5
Water 699 (4%) 4033 (96%) 1.2
DCB 376 (91%) 2128 (9%) 2.4
DCM 392 (91%) 2230 (9%) 2.1
Dioxane 378 (91%) 2114 (9%) 2.2
DMF  340 (79%) 4004 (21%) 1.5
DMSO 346 (90%) 2532 (10%) 1.8
Ethanol 353 (90%) 2295 (10%) 1.6
Hexane 242 (82%) 2340 (18%) 4.5
Methanol 314 (74%) 1740 (26%) 1.3
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s. �f  and �max
SFS vs. ET30 is plotted in Figs. 6 and 7 respectively.

s depicted for Stokes’ shift, the solvent polarity dependency of
urcumin for �max

SFS gave two sets of linearity confirming different
inds of interaction between protic and aprotic solvents. It is found
hat except the case of water, with the increase in solvent polar-
ty leaded to a positive solvatochromism (bathochromic shift) in
FS spectra of curcumin implying that curcumin in the first excited
tate is better stabilized relative to that in the ground state. Since
he time required for electronic excitation (in femtosecond scale)
s much shorter than that required time to execute vibrations to
otations (picosecond time scale), the nuclei of absorbing entity
absorbing molecule plus salvation shell) do not appreciably change
heir position during electronic transition [33]. Hence, the first
xcited state of a molecule in solution has the same solvation pat-
ern as the corresponding ground state, whereas the ground state
orresponds to an equilibrium ground state. If the lifetime of the
xcited molecule is large enough, then reorientation of the solvent
olecules, as per the new excited state situation takes place which

esults a relaxed excited state with a solvent shell in equilibrium
ith this state. From this equilibrium state (excited) fluorescence

ccurs. The fluorescence lifetime of curcumin showed biexponen-
ial decays in various solvents (refer to Table 2). Among them

ajor component one was a short component in the picosecond
ime scale and other minor component was in longer nanosec-
nd time scale. The longer nanosecond fluorescence lifetime was

ajor component in case of water, which deviated from rest of

he solvents. The short component fluorescence lifetime altered
otably from hexane/cyclohexane to n-butyronitrile and water, but
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there was no regular and systematic change with solvent polar-
ity. There is also a Frank–Condon ground state after emission
with the solvation pattern of equilibrium state (excited), which
persists briefly until the solvent molecules reorganize to the equi-
librium ground state. The differential solvation of these two states
is responsible for the solvent influence on emission fluorescence
spectra. Since in SFS both the excitation and emission spectra are
scanned simultaneously, it contains information related to both
Frank–Condon ground state as well as excited state. Dye molecule

with a large change in their permanent dipole moment upon exci-
tation generally exhibits strong solvatochromism. The absorption,
fluorescence and SFS spectral studies showed in general a posi-
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ig. 9. Plot of �max
SFS of curcumin as a function of the �* scale of solvent polarity.

ive solvatochromism except the case of water indicating that the
urcumin (solute) dipole moment increases during the electronic
ransition (�E > �G). However, beside change in dipole moment
pon excitation, the ability of solute to donate or accept hydrogen
ond to/from the surrounding solvent molecules in its ground and
rank–Condon excited state determines further the extent and sign
red or blue shift) of solvatochromism. Curcumin has a strong abil-
ty to form H-bonding with solvent like water, methanol, ethanol
tc. in neutral and deprotonated form as acceptor, whereas possi-
ility of H-bonding in acetonitrile, dioxane, DMSO etc. could not
e avoided in the neutral/protonated from of curcumin as donor.
urcumin showed an inverted solvatochromism in SFS spectra
eaning �max

SFS of curcumin exhibited first a bathochromic (hexane
o THF) and then a hypsochromic shift (THF to water) as solvent
olarity increases. This is due to a solvent induced change in the
lectronic ground state structure from a less dipolar (in non-polar
olvents) to a more dipolar chromophore (in polar solvents) with
ncreasing solvent polarity [38]. The �* scale of solvent polarity
ccounts both non-specific as well as specific interaction between
olute and solvent [39,40].  When the �* scale is used to quantify
olvent polarity–polarizability effects, it is correlated with either
eaction rate, or equilibrium constant or position/intensity of spec-
ral absorption [39]. It has also been correlated with the position
f emission maximum in wavenumber scale [34]. To correlate the
olvatochormic effect of curcumin for specific and non-specific
nteraction, �* scale of solvent polarity vs. absorption maximum
�max

abs ) or emission maximum (�max
em ) or Stokes’ shift are plotted

n Fig. 8. Among them a linear correlation (R = 0.90) was obtained
nly for �max

abs vs. �* scale of solvent polarity except the case of
ater whereas both �max

em and Stokes’ shift did not show any lin-
ar correlation (scattered image) vs. �* scale of solvent polarity.
owever, when �max

SFS was plotted against �* scale of solvent polar-
ty (see Fig. 9) a better correlation and good linearity (R = 0.96)

as obtained except the case of water. Deviation of water in all
he cases could be explained due to poor solubility of curcumin in
ater and/or complex interaction with multiple H-bonding abili-

ies of curcumin with water. The better linear correlation of �max
SFS

ith the �* scale of solvent polarity compared to �max
abs or �max

em
r Stokes’ shift might be due to combination of ground as well as
xcited state information provided by SFS. Thus, �max

SFS could serve as
 suitable spectroscopic parameter to investigate solvent polarity.
nlike Stokes shift measurement where both absorption/excitation
s well as emission (fluorescence) spectra are required to calculate

he Stokes’ shift, a single scan in synchronous fluorescence spec-
roscopy that simultaneously scan both excitation and emission
pectra, can easily provide information about polarity of the solvent
n a very fast and simple way.

[
[

[
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4. Conclusion

The properties of curcumin in homogeneous environment were
investigated using spectroscopic techniques. Spectral properties of
curcumin indicate a solvent polarity dependency. Curcumin in all
the solvents showed a double-exponential decay function with a
short component in picoseconds time scale. Lippert–Mataga and
ET30 values plots for curcumin in different solvents illustrated two
sets of linearity for protic and aprotic solvents; the solvent polarity
dependency of curcumin for �max

SFS showed similar trends. However,
a better correlation of �max

SFS vs. �* scale of solvent polarity was found
compared to �max

abs or �max
em or Stokes’ shift measurements. Instead of

measuring absorption/excitation and fluorescence spectra, a single
SFS scan, which simultaneously contains information about both
the ground and excited state, may  help to investigate polarity of
the solvent and study solute–solvent interaction. SFS method is
not only sensitive but also could be done in a very simple, easy
and fast ways compared to conventional Stokes’ shift calculation to
investigate solvent–solute interaction and general/specific solvent
effects.
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