
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
D

ec
em

be
r 

20
14

. D
ow

nl
oa

de
d 

on
 3

/1
2/

20
26

 4
:5

9:
33

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Photophysics of
Department of Chemistry, Indian Institute o

India. E-mail: debabrata@iitp.ac.in; Fax: +9

† Electronic supplementary informa
10.1039/c4ra14998j

Cite this: RSC Adv., 2015, 5, 3814

Received 21st November 2014
Accepted 4th December 2014

DOI: 10.1039/c4ra14998j

www.rsc.org/advances

3814 | RSC Adv., 2015, 5, 3814–3824
lumichrome in anionic and
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The photophysics of lumichrome was studied in the presence of different cationic and anionic micellar

environments. The change in ground and excited state spectral characteristics of lumichrome has been

reported. Lumichrome showed excitation and emission wavelength dependent emission behaviour in

micellar media. It is due to the presence of different species of lumichrome. The binding constants and

free energy changes are dependent on the hydrophobic alkyl tail group of the surfactant. The time

resolved area normalised emission spectra (TRANES) reveal the presence of an isoemissive point. It is

due to two different emissive species present in the micellar media.
1. Introduction

Presently, photophysical studies on dyes in the presence of
surfactants have drawn much importance due to their several
applications in pharmaceutical science, luminescence,
biochemistry, analytical chemistry, and applied science.1–6 The
self-assembly of amphiphilic surfactant molecules in aqueous
solution, (above a certain concentration of surfactant, known as
critical micellar concentration [CMC]) forms thermodynami-
cally stable ‘molecular-clustered’ called micelles. The surface
active amphiphiles or surfactants are either ionic (cationic,
anionic and zwetterionic) or non-ionic. The microenvironment
of the uorophore inside the micellar system is signicantly
different compared to the bulk solution.7–9 The micropolarity of
the water molecule gradually drops from the boundary surface
to the core region inside the micelles. The most astonishing
feature of organised assembly is that it has inclination to bind
and stabilise the probemolecules that are insoluble or sparingly
soluble in bulk solvents. The slow dynamics of water in micelles
compared to the bulk solution is due to the specic interactions
and conned geometry.10 The formation of micelles is governed
by the decrease of free energy of the system due to divergence of
hydrophobic tail segments from the aqueous periphery and
reorganising of hydrogen bond network in water. This type of
additional energy gain is responsible for van der Waals bond
formation between hydrophobic pockets in the core of the
micelles.11,12

Flavins, generally consists of tricyclic heteronuclear
organic moiety, are found in many biological systems and
undergo important redox reactions, electron transfer and
f Technology Patna, Patna 800013, Bihar,

1-612-2277383

tion (ESI) available. See DOI:
signal transduction.13,14 Lumichrome (LCM) is one of the most
important archetype model chromophore in avin members
related to lumazine and isoalloxazines. LCM act as triplet
photosensitizers, originate singlet oxygen (1O2) and auspicate
oxidation of many living organs like enzymes, proteins,
nucleic acids and hormones.15,16 This molecule suppresses the
avin reductase in living Escherichia coli cells and prevents
food poisoning.16 LCM consists of both hydrogen bond donor
and acceptor centres (–O atoms, –N atoms, –N–H groups) and
nitrogen-unsubstituent alloxazine scaffold and undergoes
tautomerisation process via N(1) to N(10) atoms. DMAL
species (7,8-dimethyl alloxazine) is the ground state analogue.
The excited state proton-transfer (ESPT) occurs via tautomer-
isation process. It forms isoalloxazine scaffold DMIS species
(7,8-dimethyl isoalloxazine) in the presence of hydrogen bond
donating molecules such as pyridine derivatives, acetic
acid.17,18 DMAL is the most ascendant species in ground state
and DMIS is formed in the excited state. LCM converted from
alloxazine to isoalloxazine species in the presence of mixed
solvents like acetic acid–ethanol and dioxane–pyridine
mixtures.19–21 Biczók and co-worker reported that LCM
undergoes tautomer formation in ground state in the pres-
ence of cucurbit[7]uril and strong hydrogen bond acceptor
anions (such as uoride, acetate anion).22,23 LCM is the major
product of photodecomposition of riboavin (vitamin B2)
under neutral or acidic pH. Using quantum mechanical
calculation, Sikorski et al.24 found an excited state double
proton transfer (ESDPT) occurs in the LCM dimer in the solid
state. A different type acid–base equilibrium of LCM at
different pH values suggested the existence of different
species LCM such as neutral species (DMAL and DMIS), two
monoanions, and one dianion species.25,26 The photophysics
of LCM has been subjected to intense research in homoge-
neous media and in numerous bio-mimicking conned media
over the years.27–34
This journal is © The Royal Society of Chemistry 2015
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We reported the photophysics of LCM in the presence of
aqueous and non-aqueous reverse micelles.34 Here, in this
perspective we are interested to know the effect of connement
on the emission behaviour of LCM in the presence of various
cationic and anionic micellar media. The objective of our study
is to show the effect of different-charged surfactants and nature
of the polar head group of the micelles on the photophysics of
LCM. The dependence of the hydrophobic alkyl chain lengths of
the surfactants on the photophysics of LCM was discussed. The
different species of LCM present in different cationic and
anionic micelles was also discussed. The excitation and emis-
sion wavelength dependent uorescence dynamics of LCM in
micelles was discussed.
2. Experimental section
2.1. Materials

LCM (Scheme 1) was purchased from Sigma-Aldrich and used as
received. The surfactants (Scheme 1) sodium dodecyl sulphate
(SDS), sodium octyl sulphate (SOS), dodecyl trimethyl ammonium
bromide (DTAB), myristyl trimethyl ammonium bromide (MTAB)
and cetyl trimethyl ammonium bromide (CTAB) were purchased
from Sigma-Aldrich and were used as received. All chemicals were
of the highest available purity and used as received. Millipore
water was used for preparation of all solutions. The concentration
of LCM in the solution was maintained 2 � 10�5 M. The nal
concentrations of SDS, DTAB, MTAB and CTAB surfactants were
maintained �20 times of their critical micellar concentration
(CMC) value. The concentration of SOS was maintained�3 times
of CMC to ensure the formation of micelles.
Scheme 1 Schematic representation of LCM in neutral (DMAL and
DMIS) and anionic (A1 and A2 monoanion) species and different
anionic and cationic surfactants.

This journal is © The Royal Society of Chemistry 2015
2.2. Instrumentation and methods

The steady-state absorption and uorescence emission
measurements were done using ultraviolet-visible (UV-Vis)
spectrophotometer (Model: UV-2550, Shimadzu) and spectro-
uorometer (Model: Fluoromax-4P, Horiba Jobin Yvon)
respectively. For absorption and uorescence measurements
the path length of the used quartz cuvette was 1 cm. All the
steady state measurements were carried out at 298 K by using a
refrigerated bath circulator (Model: RW0525G, Jeoitech). The
uorescence quantum yield of LCM in micellar media were
measured using quinine sulphate solution in 0.1(N) H2SO4 (FR

¼ 0.546) as reference.35 We have calculated the quantum yield
(FS) value by using the following equation:

FS ¼ FR

�
AS

AR

� AbsR

AbsS
� nS

2

nR2

�
(1)

where, ‘F’ represents the quantum yield, ‘A’ is the integrated
area under the uorescence curve, ‘Abs’ is absorbance of the
respective solution at the excitation wavelengths and ‘n’ stands
for refractive index of the medium. The subscript ‘S’ and ‘R’
stands for experimental sample and reference respectively.

The uorescence lifetime decays were collected by using
picosecond time-correlated single photon counting (TCSPC)
technique. We have used a time-resolved uorescence spectro-
photometer from Edinburgh Instruments (model: LifeSpec-II,
UK). The samples were excited at 375 nm, 405 nm and 445
nm by using picosecond diode laser. The signals were collected
at magic angle (54.7�) using Hamamatsu MCP PMT (3809U) as
detector. The instrument response function of our setup is 80
ps. The analyses of the decays were done using F-900 decay
analysis soware. All experiments were carried out three times
to check the reproducibility of the data. In the case of time
resolved measurement, the temperature was maintained at 298
K by using a Peltier-controlled cuvette holder (Model: TLC-50,
Quantum Northwest).
3. Results and discussion
3.1. Steady state absorption studies

The UV-Vis absorption spectral studies of LCM were carried out
in the presence of cationic and anionic micelles. LCM exhibits
two characteristic absorption peaks in the aqueous solution, it
was also reported in the literature.27–29,34 The rst absorption
maximum appears at 353 nm along with a shoulder at 385 nm.
The two absorption maxima of LCM are due to two independent
p–p* transitions of neutral DMAL species of LCM.36 In addition,
we have also observed a tail in the absorption spectra (Fig. 1a) of
LCM, extends upto �450 nm, in the presence of pure water and
micelles. Similar kind of behaviour was also reported by Douhal
and co-workers.31 In the presence of micelles, we observed that
the rst absorption maximum undergoes blue shi (Table 1)
compared to that in pure water, while the position of shoulder
band remains almost xed. Noticeably, the rst absorption
maximum was blue shied by 11 nm in the presence of SOS
micelles compared to pure water. Similarly, for SDS micelle, the
rst absorption maximum was observed at 349 nm. Moreover,
RSC Adv., 2015, 5, 3814–3824 | 3815
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Fig. 1 (a) The change in absorption and (b) emission spectral position of LCM in different micellar media and in pure water.
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the rst absorption maximum was blue-shied compared to
pure water and appeared at 344 nm, 345 nm and 349 nm in
DTAB, MTAB and CTAB micelles respectively, when concentra-
tion of the surfactants reached 20 times of their CMC values.
This result indicates that the environment of uorophore gets
modied in the presence of micellar media compared to the
aqueous solution. Upon successive addition of surfactants in
the aqueous solution of LCM, the intensity of the rst absorp-
tion band slightly decreases and a hypsochromic shi was
observed. This result showed the interaction of LCM molecule
with the respective micelles in the ground state. Fig. 1a displays
modication of the absorption spectra of LCM in the presence
of both cationic and anionic micelles compared to pure water.
The weak absorption tail found at �450 nm in the presence of
pure water and micelles is due to small population of the
isoalloxazine species of LCM anion.31 This clearly reects that
the location of uorophore gets modied with addition of
surfactant in the aqueous solution of LCM.
3.2. Steady state uorescence emission studies

In pure water, LCM shows emission maximum at 471 nm, and
the peak position remains unchanged upon varying the excita-
tion wavelengths. We have studied the emission spectral char-
acteristics of LCM in different micelles to know the inuence of
micellar environments on the emission spectra. With increase
in the concentration of anionic surfactants the uorescence
intensity of LCM is quenched. But this effect is less prominent
compared to the cationic surfactants. In both cases, we have
found a hypsochromic shi on the emission spectra of LCM in
different micellar environment as shown in the Table 1 and
Table 1 Photophysical parameters and binding constants of LCM with d

Surfactants labsmax (nm)
lemi
max

(nm)
lexi
(nm)

CM
(in

SOS (n ¼ 8, anionic) 342, 385 458 375 134
SDS (n ¼ 12, anionic) 349, 384 457 8
DTAB (n ¼ 12, cationic) 344, 384 450 15
MTAB (n ¼ 14, cationic) 345, 384 461 4
CTAB (n ¼ 16, cationic) 349, 383 468 0

a hsfi ¼ a1s1 + a2s2 + a3s3.

3816 | RSC Adv., 2015, 5, 3814–3824
Fig. 1b. These suggest that LCM sensed less polar environment
inside the micellar environment compared to the aqueous
media. In case of SOS micelle, the emission peak is blue-shied
by 13 nm compared to the aqueous solution. In SDS micelles,
the emission maximum of LCM is shied from 471 nm (in
aqueous solution) to 457 nm ([SDS] ¼ 20 times of CMC).
Therefore, in the presence of anionic micelles it is evident that
the proximity of peak position is same. This reveals that the
micropolarity around the probe inside the anionic micellar
environment remains almost identical. The emission peak
position of LCM in cationic micelles is blue shied compared to
pure water. The uorescence intensity also gradually decreases
as shown in Fig. 2. The emission peak positions of LCM were
found at 450 nm, 461 nm and 468 nm in DTAB, MTAB and CTAB
micellar environment, respectively. This states that polarity of
the medium plays a crucial role. This is true for all micellar
media studied by us and it can be ratiocinate in terms of
binding of LCM molecule with less polar micellar media as
compared to the aqueous medium. Moreover, we found that the
quantum yield of LCM in pure water is 0.063 (ref. 34) and this
value decreases in the presence of cationic surfactants as shown
in Table 1. The change of quantum yield of LCM follows the
order DTAB > MTAB > CTAB. It is pointed out that with gradual
increase of the alkyl chain length of the surfactant the quantum
yield value gradually increases. In the case of anionic surfac-
tants, the quantum yield value of LCM in SOS and SDS are 0.039
and 0.053 respectively. The decrease of the uorescence
quantum yield and the blue shi of emission spectra of LCM in
anionic micelles compared to that in aqueous solution, suggest
that the environment around the probemolecule in themicellar
solutions get modied compared to that in pure water. The low
ifferent micelles

C36,37

mM) Ff hsfia (ns) c2
Binding constant
(K) (in M�1)

0.039 1.40 1.03 2.18 � 103 (�120)
.3 0.053 1.48 1.04 4.30 � 103 (�370)
.6 0.006 0.16 0.85 5.80 � 103 (�300)
.2 0.011 0.28 0.91 13.79 � 103 (�455)
.92 0.022 0.87 0.96 26.00 � 103 (�1035)

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 The emission spectral profile of LCM (lexi ¼ 375 nm) in cationic (a) DTAB, (b) MTAB and (c) CTAB micelles. Inset shows the variation of
fluorescence intensity against respective [Micelle].
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emission quantum yield of LCM in the presence of different
micelles maybe due to low polarity of the micellar system
compared to bulk solution. Similar behaviour of LCM in the
presence of other conned media was reported in the litera-
ture.31,32,34 It is evident from Table 1 that on going from DTAB,
MTAB and CTAB micelles, the extent of quenching of uores-
cence emission decreases as evident from uorescence
quantum yield and average lifetime values. Similar type of
observation is also found in case anionic micelles where, the
extent of uorescence quenching decreases from SOS to SDS
micelles. These results indicate that with increasing hydro-
phobic alkyl chain length of the surfactants, the efficiency of
uorescence quenching phenomenon decreases.
3.3. Steady state uorescence excitation spectra

The normalised uorescence excitation spectra (monitored at
450 nm and 570 nm) of LCM in pure water and in anionic and
cationic micelles are shown in Fig. 3 and S1.† It shows the
presence of different species of LCM. The shape of the nor-
malised uorescence excitation spectra, monitored at 450 nm,
is similar to absorption spectra of LCM. This observation in
pure water and in the micelles indicates that the alloxazine
(DMAL) species of LCM is the predominant species in the
emission maximum region. Signicant increase of the shoulder
intensity around 430–460 nm region was observed, when the
This journal is © The Royal Society of Chemistry 2015
uorescence excitation spectra was recorded at longer wave-
length (lemi ¼ 570 nm). When excited state proton transfer
(ESPT) occurs, then the excitation spectrum of LCM should be
invariant of the emission wavelength, because it is only allox-
azine species that absorbs the light. However, when there is
already tautomerism in the ground state, then there are two
emitting species present. Then the excitation spectra must
exhibit changes as we have observed in our experiments. The
weak tail around the long wavelength region in the absorption
spectra is due to the different species of LCM exists in pure
water and micelles. Therefore, from the absorption, emission
and excitation spectra, of LCM in pure water and micelles
indicate two component behaviour of LCM (alloxazine and
isoalloxazine). In presence of pure water, LCM molecule is
unable to tautomerise and therefore the formation of tauto-
meric neutral isoalloxazine species of LCM in the ground state
and the excited state can be excluded based on uorescence
excitation spectra as well as the literature reports.22,27,31 There-
fore, in presence of pure water, two different species of LCM are
neutral alloxazine species (DMAL) and deprotonated mono-
anionic A1 species.31 Similar kind of the observation on LCM in
pure water was also reported in the literature.31 In presence of
the studied micellar system, the tautomeric species of LCMmay
also present in the ground state and therefore we have found
different excitation spectra, which are independent of emission
wavelength. It is well known that interfacial pH of micelle–water
RSC Adv., 2015, 5, 3814–3824 | 3817
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Fig. 3 The normalised fluorescence excitation spectra of LCM in (a) SOS (anionic) and (b) CTAB (cationic) micelles. The observation wavelengths
were at 450 nm (black) and 570 nm (red).
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is different compared to bulk pH. The pH of SDS and CTAB
micelle–water interface are <7 and 10.8 respectively.37,38 There-
fore, in our studied micellar systems we may assume that pH of
micelle–water interface lies in between 7 > pH < 11. Sikorski
et al.27 reported earlier that 6 < pH # 10, the neutral and
monoanionic species of LCM molecule coexists. Therefore, in
our systems, we may also assume that both the neutral (tauto-
meric form) and the monoanionic species of LCM coexist.25,27

3.4. Wavelength sensitive uorescence emission behaviour
of LCM

We have observed excitation wavelength dependent uores-
cence emission behaviour of LCM in aqueous solution. Douhal
and co-workers31 also observed excitation wavelength depen-
dent behaviour of LCM in water at pH 6.7, suggesting two
emissive species is formed in solution. The excitation wave-
length dependent uorescence emission behaviour of LCM
entrapped in different micellar environments has been
observed. The emission peak position of LCM at some selected
excitation wavelengths are tabulated in Table 2. In SOS micelle
we have observed 54 nm red shiing of the emission peak
position of LCM by changing the excitation wavelength from
375 nm to 445 nm (Fig. 4a). This phenomenonmaybe due to the
existence of different emitting species of LCM present in the
aforesaid medium. Feitelson and co-workers25 proposed that in
aqueous solution, due to interaction of LCM molecule with
water, it form H-bond and produce deprotonated anionic
species of LCM. Therefore, it can be assumed that the stable
DMAL is the predominant species, with minor population of
deprotonated monoanionic species. The origins of such exci-
tation wavelength dependent uorescence emission maybe due
to different species of LCM present in micelles. In SDS micelle,
the excitation wavelength dependent emission behaviour is also
observed. The shi in emission peak position is 23 nm
(Fig. S2a†). In the case of DTAB, MTAB and CTAB micelles, the
shi of emission peak positions are 63 nm, 52 nm and 46 nm
respectively, with changing the excitation wavelength from 375
nm to 445 nm (Fig. 4 and S2†). Chen et al.39 found that the
emission peak position of quinine is strongly dependent on the
excitation wavelength and gave an explanation that distinct
emission peak arises due to two different species of the mole-
cule. Since, different species of LCM exists. So, we may interpret
3818 | RSC Adv., 2015, 5, 3814–3824
that the reason of excitation wavelength dependent uores-
cence emission behaviour is maybe due to different species of
the LCM molecule in the micellar media.
3.5. Probe-micelles binding study

With increase of hydrophobic alkyl chain length of the surfac-
tant molecule, the hydrophobicity of the micellar medium
increased. For this reason tendency of aggregation of surfactant
molecules are increased and it reduced the CMC value. To
elucidate, how potently a probe molecule binds with micelles,
we have determined the binding constant value of LCM with
micelles. The binding constant (K) values have been determined
from the variation of uorescence intensity against the
concentration of different micelles using the 1 : 1 nonlinear
least-squares regression analysis method:40

F ¼ Fwater þ FmicelleK1½Micelle�
1þ K1½Micelle� (2)

where, Fwater and Fmicelle are the uorescence intensities of LCM
in water and in different micelles, when complete binding of
dye with the micelle has occurred. K1 is the binding constant.

The micellar concentration is determined by:

½Micelle� ¼ ðS � CMCÞ
N

(3)

where, ‘S’ represents the concentration of respective surfactant
under experimental condition, CMC is the critical micellar
concentration and ‘N’ stands for the aggregation number of the
micellar system. The values of CMC and ‘N’ have taken from
literature.41–43 The binding constant value (K) have been deter-
mined from the plot of variation of uorescence intensity
against the concentration of different micelles (shown in inset
of Fig. 2 and S3†). From Table 1, we have found that in SOS
micelle, the binding constant value (K) is 2.18 � 103 M�1

whereas, in CTABmicelles this value enhances�12 times. It has
been noticed that the binding constant value gradually
increases with increase of hydrophobic chain length of the
surfactants, for both anionic and cationic surfactants. The
binding ability is strong in the case of cationic micelles
compared to the anionic micelles as evidenced from the
binding constant value. It has been observed that binding
constant is maximum in the case of CTAB micelle and
This journal is © The Royal Society of Chemistry 2015
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Table 2 The components of time resolved emission decays of LCM in micelles at different excitation and emission wavelengths

Surfactants
lexi
(nm)

lemi
max

(nm) lemi (nm) s1 (ns) a1 s2 (ns) a2 s3 (ns) a3 hsfia (ns) c2

SOS (n ¼ 8, anionic) 375 458 458 0.16 0.204 1.52 0.620 2.44 0.176 1.40 1.033
580 0.24 0.093 1.75 0.557 5.49 0.350 2.92 0.998

405 466 466 0.14 0.246 1.55 0.562 2.39 0.192 1.36 0.960
580 0.13 0.094 1.77 0.476 5.50 0.430 3.22 1.100

445 512 512 0.06 0.219 1.55 0.117 5.53 0.664 3.87 1.073
580 0.06 0.122 1.43 0.104 5.55 0.774 4.45 1.052

SDS (n ¼ 12, anionic) 375 457 457 0.12 0.139 0.61 0.102 1.85 0.759 1.48 1.043
580 1.76 0.789 5.70 0.211 2.59 1.053

405 460 460 0.11 0.221 0.49 0.076 1.82 0.703 1.34 0.941
580 1.76 0.783 5.67 0.217 2.61 1.054

445 480 480 0.45 0.105 1.75 0.807 3.31 0.088 1.75 1.069
580 1.58 0.830 4.60 0.170 2.10 1.020

DTAB (n ¼ 12, cationic) 375 450 450 0.08 0.653 0.23 0.321 1.20 0.026 0.16 0.846
580 0.21 0.709 0.83 0.228 5.14 0.063 0.66 1.031

405 454 454 0.06 0.533 0.19 0.438 1.06 0.029 0.15 0.887
580 0.21 0.700 0.82 0.230 5.09 0.070 0.70 1.070

445 513 513 0.05 0.940 0.84 0.030 5.18 0.030 0.22 1.207
580 0.13 0.530 0.78 0.210 5.07 0.260 1.56 0.980

MTAB (n ¼ 14, cationic) 375 461 461 0.10 0.676 0.29 0.253 1.97 0.071 0.28 0.911
580 0.28 0.607 1.71 0.307 4.87 0.085 1.11 1.023

405 463 463 0.06 0.526 0.21 0.401 1.90 0.073 0.25 0.988
580 0.24 0.614 1.57 0.288 4.69 0.098 1.06 1.06

445 513 513 0.04 0.921 1.14 0.044 4.90 0.035 0.26 1.188
580 0.14 0.430 1.07 0.245 5.00 0.325 1.95 1.00

CTAB (n ¼ 16, cationic) 375 468 468 0.11 0.552 0.36 0.145 2.51 0.303 0.87 0.956
580 0.27 0.295 2.21 0.505 4.36 0.200 2.07 1.026

405 470 470 0.07 0.447 0.23 0.325 2.45 0.228 0.66 1.066
580 0.24 0.365 2.14 0.450 4.47 0.185 1.87 1.04

445 514 514 0.04 0.840 1.56 0.066 5.00 0.094 0.61 1.129
580 0.10 0.280 1.45 0.205 5.03 0.515 2.92 1.01

a hsfi ¼ a1s1 + a2s2 + a3s3.
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minimum in the case SOS micelle. This maybe due to degree of
penetration of the uorophore is more inside the cationic
micelles compared to anionic micelles. Moreover, the water
content is rich in anionic micellar periphery compared to
cationic micelles.44

In the excited state of LCM, proton transfer process is
facile.17,29 From quantum chemical calculation36 it was dis-
closed that the molecule exist as an anionic species. In case of
cationic micelles, the strong electrostatic force between the
Fig. 4 The excitation wavelength dependent emission spectral profile o

This journal is © The Royal Society of Chemistry 2015
positive polar head groups and LCM is operated. The hydrogen
bonding interaction of water in the Stern-layer with negatively
charged LCM causes strong binding. With gradual increase of
hydrophobic chain length of the surfactants, the hydration layer
becomes drier and strengthens the electrostatic interaction.
3.6. Time resolved uorescence emission study

The excited state lifetime of the probe molecule is a sensitive
indicator for analysing the local environment around the
f LCM in (a) SOS and (b) CTAB micelles.

RSC Adv., 2015, 5, 3814–3824 | 3819
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uorophore and it gives an idea about the excited state behav-
iour of LCM. To elucidate the microenvironment around the
uorophore, we have studied the time resolved uorescence
emission behaviour of LCM inmicellar media. The uorescence
emission decays of LCM in different micellar media are tted by
three exponential functions. The uorescence emission decays
of LCM in the presence of micelles are found to be dependent
on both the excitation and emission wavelength. With succes-
sive addition of surfactants beyond their respective CMC values,
the relative contribution of both the rst component and
second component gradually increases whereas, the long
component drastically decreases. This result gets support that
the photophysics of LCM in the presence of micellar media is
modied compared to aqueous media. The emission decays of
LCM in different micelles and in pure water are shown in Fig. 5.

Fig. 6a shows a comparison of emission decays of LCM in
pure water and in the presence of SOS micelle. LCM molecule
bound to anionic SOSmicelle shows three lifetime components,
s1 (0.16 ns), s2 (1.52 ns) and s3 (2.44 ns), with average lifetime
value of 1.40 ns (when lexi ¼ 375 nm). The s1 component is due
to the interaction of LCM anion with micellar surface and its
relative population is �20%. Similar type of component was
reported by Douhal and co-workers.31 and proposed that this
component is due to different interaction of LCM with HSA
protein. The second component (s2) is due to the excited state of
the complexed alloxazine species (LCM–SOS) with its relative
Fig. 6 The time resolved fluorescence emission decays of LCM with gra

Fig. 5 The time resolved fluorescence emission decays of LCM in
different micellar media and in pure water.

3820 | RSC Adv., 2015, 5, 3814–3824
population 62%. Similar type of component also reported by
Biczók and co-workers22 in the presence of cucurbit[7]uril. The
third component (s3) is slightly changed from 2.7 ns to 2.44 ns
and its relative population is 18%. The second component (s2)
and the third component (s3) looks like quite identical because
of the insufficient lifetime difference of LCM–SOS complex and
free LCM molecule. Biczók and co-workers22 reported that
emission decay from the two coexisting emissions cannot be
resolved and as a result we have found the lifetime component
is quite different as compared to the LCM–SOS complex and
free LCM molecule (lifetime 2.7 ns). Monitoring the uores-
cence decay from emission peak maxima to red end (580 nm),
the magnitude of s3 component changes from 2.44 ns to 5.49 ns
and relative population gradually enhances. Biczók and co-
workers22 reported similar type of 5.1 ns component of LCM in
presence of CB7 and they assigned this component is due to the
tautomer–CB7 complex. Therefore, in our case we may also
assume that 5.49 ns component is due to the tautomer–SOS
complex. Briey, we can attribute that in presence of SOS
micelles, LCM molecule induces structural change from allox-
azine to isoalloxazine species. The emission wavelength
dependent lifetime decays of LCM (lexi ¼ 375 nm) in the pres-
ence of SOS micelles are shown in Fig. 7a. When, lexi ¼ 405 nm,
we have found almost similar type of components and relative
amplitude, suggesting that no signicant change of the species
of LCM by varying excitation wavelength from 375 nm to 405
nm. When lexi ¼ 445 nm, rst two components (s1 and s2)
remain almost same but, the slow component (s3) is remarkably
changed and found a 5.53 ns component. This is also assigned
for the tautomer–SOS complex of LCM present in the excited
state. For all excitation wavelengths, we have found �5.5 ns
component, when emission was collected at the red end, sug-
gesting the existence of tautomer–SOS complex.

In the case of other micelles we have found similar type
behaviour of LCM molecule. The emission decays of LCM
gradually quenched with the gradual addition of respective
surfactants as shown in Fig. 6 and S4.† The lifetime compo-
nents and their relative amplitudes of LCM in presence of
different micelles are tabulated in Table 2. In all the cases we
have found tautomer–micelles species of LCM exists in micellar
media. In presence of SDS, DTAB, MTAB and CTAB micelles the
average lifetime values of LCM are 1.48 ns, 0.16 ns, 0.28 ns and
0.87 ns respectively (when lexi ¼ 375 nm). In SDS micelles, the
dual addition of (a) SOS, (b) CTAB.

This journal is © The Royal Society of Chemistry 2015
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Fig. 7 The emission wavelength dependent lifetime decays of LCM in (a) SOS and (b) CTAB micelles.
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three components are 0.12 ns (s1), 0.61 ns (s2) and 1.85 ns (s3)
and their relative amplitudes are 14%, 10% and 76% respec-
tively. The components s1 and s2 can be presumed due to the
different type of interaction of anionic LCM with the micellar
media. Douhal and co-workers31 also observed 0.14 ns and 0.83
ns components of LCM in the presence of HSA protein and
presumes the components are due to different interactions of
the anions with the protein. The long component (s3) is due to
the excited state of the complexed alloxazine species22 which is
deviated from the lifetime decay of free LCM molecule (lifetime
of DMAL species of LCM is 2.7 ns). In DTAB micelles, the three
components of LCM are 0.08 ns (s1), 0.23 ns (s2) and 1.2 ns (s3)
and their relative amplitudes are 65%, 32% and 3% respectively.
The long component (s3) is due to the monoanionic A2 species
of LCM and its relative population is very small. Feitelson and
co-workers25 and Douhal and co-workers31 found similar type of
long component from emission decay of LCM at pH � 10.3. In
presence of MTAB micelles (lexi ¼ 375), the lifetime compo-
nents are 0.1 ns (s1), 0.29 ns (s2) and 1.97 ns (s3) with relative
population �68%, 25% and 7% respectively. The third
component (s3) maybe due to excited state of the complexed
alloxazine species.22 In CTAB micelles, the lifetime components
of LCM are 0.11 ns (s1), 0.36 ns (s2) and 2.51 ns (s3) with relative
populations are 55%, 15% and 30% respectively. The long
component (s3) is also deviates from the emission decay of
DMAL species of LCM (lifetime 2.7 ns) and it maybe assigned as
excited state of the complexed alloxazine species.22 Similar type
of structural change from alloxazine (normal DMAL species of
LCM) to the isoalloxazine species (either in ionic or the neutral
tautomeric species) of LCM exists in the presence of different
micelles was observed from the excitation and emission wave-
length dependent behaviour. Pill-Soon-Song et al. have reported
that in presence of pyridine–dioxane and acetic acid–ethanol
mixtures, the alloxazine species of LCM undergoes excited state
proton transfer via N-1 to N-10 atom to form isoalloxazine
species.19,20 Biczók et al. also reported that in presence of
cucurbit[7]uril, the proton transfer of LCM takes place due to
phototautomerisation process.22 In our case, we may assume
that in the excited state of LCM, proton transfer takes place in
micelles as we have obtained one isoemissive point. This clearly
indicates the presence of tautomeric species of LCM in the
micelles. We have obtained two distinct emission peaks (470
nm and �515 nm) with variation of the excitation wavelength.
This journal is © The Royal Society of Chemistry 2015
The two distinct emission peaks are due to alloxazine (470 nm)
and the isoalloxazine (�515 nm) species as reported by Song
et al.19,20 We have observed that changing the emission wave-
length from the peak maxima to the far red end (580 nm), the
long component along with their relative amplitude changes
(Table 2). The emission wavelength dependent lifetime decays
of LCM in respective micelles are shown in Fig. 7 and S5.† The
emission wavelength dependent lifetime decays suggests a
switch over of the structural change of LCM in the micellar
media.

Berr et al.45 by neutron scattering method proposed that the
water molecule can penetrate into the micelle upto a certain
region. The compactness of the micelle headgroup increases,
with increase of hydrophobic alkyl chain length of the surfac-
tant. Thereby, degree of water penetration will be less. In other
words, micellar hydration will be small. In case of anionic
micelles (such as SDS) due to the smaller headgroups, proba-
bility of water penetration will be less46,47 compared to CTAB. In
other words, water molecule can enter inside the micellar core
depending on the compactness of the micellar units.46 In case of
cationic micelles, the strong binding interaction between
probe-micelles can be attributed from the fact that the N-atom
in LCM possesses negative charge, as found from quantum
chemical calculation.36 This is responsible for strong binding
interaction. In the Stern-layer, cationic –N(CH3)3

+ head groups
and Br� counterions are poorly solvated compared to anionic
micelles like SOS and SDS. This is due to the intervening methyl
group of the positively charged head groups, which causes the
inhibition of water penetration in the corresponding micelles.
This statement is supported from the literature.48–50 Since the
hydrophilic headgroups of cationic surfactants are same in case
of DTAB, MTAB and CTAB. The only difference is their hydro-
phobic alkyl chain length. Due to this reason hydration of
micelles retarded and becomes drier. So the binding ability
increases from DTAB / MTAB / CTAB. To ascertain the
location of the probe molecule, we have measured the emission
peak position of LCM in non polar isooctane solvent and found
that the peak appeared at 420 nm (Fig. S6b†). LCM exhibits very
poor solubility (it may form aggregates in isooctane) and it
shows low absorbance value in nonpolar isooctane solvent
(Fig. S6a†). The emission peak position of LCM in isooctane is
not identical with LCM in different micellar environment. We
have noticed that in micellar media the uorescence intensity at
RSC Adv., 2015, 5, 3814–3824 | 3821
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420 nm is very low compared to their emission peak intensity.
So it maybe assumed that the uorophore resides at the
micellar interfacial region (Stern-layer) and the probability of
probe molecule in the micellar core region is very less
(Scheme 2).

Micelles comprise of cationic surfactants (DTAB, MTAB,
CTAB), the counter anion is bromide. The blue shied emission
spectra of LCM compared to that in pure water, as well as the
life time value drastically decreases in the presence of cationic
micelles. It is known that bromide ion may act as potent
dynamical quencher and one may expect that the quenching of
uorescence of LCM is due to the presence of bromide anion.
To know whether, the quenching of uorescence of LCM is due
Fig. 8 The time resolved area normalised emission spectra (TRANES) of L
375 nm).

Scheme 2 Schematic representation of LCM in micellar media.

3822 | RSC Adv., 2015, 5, 3814–3824
to the cationic micellar environment or due to the presence of
bromide anion. We have studied the photophysics LCM in
presence of benzyl dimethyl hexadecyl ammonium chloride
(BHDC) surfactant and also in presence of several salts such as
KBr, tetramethyl ammonium bromide (TMAB), KCl and tetra-
methyl ammonium chloride (TMAC). We have observed that
with successive addition of BHDC beyond the CMC value, the
uorescence intensity, quantum yield and the uorescence
lifetime values gradually decreases. In presence of BHDC
surfactants (concentration �20 times CMC), the average uo-
rescence lifetime value becomes 1.10 ns. In addition, we have
found similar type of lifetime components, as observed in the
case of other cationic surfactants. The uorescence intensity as
well as the lifetime value signicantly affected in presence of
higher concentration [1 (M)] of bromide and chloride salts
(Fig. S7 and S8†). Previously, Biczók and co-workers reported23

that the photophysics of the LCMmolecule changes in presence
of the uoride (F�) and acetate anion (CH3COO

�). The uo-
rescence intensity signicantly decreases in presence of the
anion.23 We have also found similar results in presence of
bromide and chloride anions. We have found that in presence
of 1(M) (KBr, TMAB, KCl and TMAC) salts, both the uorescence
intensity and lifetime values are signicantly quenches (Table
S1†). We have also noticed that in presence of KBr and TMAB
salts (where Br� is counter anion) the quenching efficiency is
comparatively high as compared to the KCl and TMAC salts
(where Cl� is counter anion). This increase of quenching effi-
ciency in the presence of bromide ion is due to the effect, that
CM in (a) MTAB and (b) CTAB and (c) DTABmicellar environments (lexi¼

This journal is © The Royal Society of Chemistry 2015
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bromide ion may also acts as a potent quenching source. In
presence of micelles we have found three lifetime components
(Table 2 and S1†). Therefore, from this observation we can
demonstrate that the emission behaviour of LCM molecule in
the presence of micelles are different compared to that in salts.
3.7. Time resolved area normalised emission spectra
(TRANES)

To explicate different emissive species present in the micellar
systems and to perceive the interrelation between them, we have
constructed the time resolved area normalised emission spectra
(TRANES) using the procedure as reported by Periasamy and co-
workers.51,52 They proposed that the presence of an isoemissive
point in TRANES depicts the two distinct emissive species in the
excited state.51,52 In present study, we have found a clear iso-
emissive point present in cationic micellar media. The TRANES
shows isoemissive point at 21 190 cm�1, 21 270 cm�1, 21 700
cm�1 in the case of DTAB, MTAB and CTAB micelles respec-
tively. The TRANES of LCM in the presence of cationic micellar
environments are shown in Fig. 8. So, from TRANES analysis, we
have inferred that the emission arises from two distinct species
of LCM.We have also found the isoemissive point of LCM in our
previous results.34
4. Conclusion

In this study, the photophysical properties of LCM in anionic
and cationic micellar environments have been reported, using
the UV-Vis absorption, steady-state and time-resolved uores-
cence spectroscopy. The ground state and excited state maxima
position of LCM are modied in the presence of micelles. The
experimental results suggest the structural dynamism of LCM
in micelles. The spectral behaviour of LCM is dependent on
both the excitation and emission wavelength. Variation of alkyl
chain length of the hydrophobic tail group of surfactants along
with compactness of head group, play an important role and
changes the ground state and excited state characteristics as
well as binding constant values and free energy changes. The
excitation wavelength dependent uorescence emission
behaviour of LCM was observed in micellar media. It is due to
the presence of two different species of LCM. The time resolved
area normalised emission spectra (TRANES) reveals the pres-
ence of an isoemissive point. This clearly depicts existence the
two distinct emissive species.
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