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Three  different  ruthenium  complexes  have  been  synthesized  and  their  luminescence  properties  in differ-
ent  solvent  environments  are reported.  Luminescence  intensities  and  excited  state  lifetimes  of  Ru-I,  Ru-II
and Ru-III  vary  with  solvent  viscosity.  The  excited  state lifetime  of Ru-I  linearly  increases  in  the  viscosity
range  1.76–12,100  cP.  Ru-II  shows  two  linear  increases:  one  in  the  low  and  another  in  the  high  viscosity
ranges,  whereas  Ru-III  illustrates  a linear  enhancement  only  in the  low  viscosity  range.  Interestingly,
luminescence  intensities  and  excited  state  lifetimes  of Ru-I,  Ru-II  and  Ru-III  are  found  to  be sensitive  to
nano-aggregation.  However,  the surfactant  head charge  and  that of the  ruthenium  center  as  well  as  the
hydrophobic  tail  of the  ancillary  ligand  of the  complexes  have  a  great  role  in  deciding  the  nature  of  the
interaction  and  on the  excited  state  properties  at micellar  surfaces.  It  is  proposed  that  the  long  lifetime
of  Ru-III  in  water  could  be due  to the  coiling  of  the carbon  chain  of the  ancillary  ligand  around  the  ruthe-
nium  center.  At  micelle  surface,  this  coiling  of the carbon  chain  is  lost  due  to the  parallel  alignment  with

surfactants  and  thus  quenching  of  the  excited  state  lifetime  is  seen.  Furthermore,  it is  shown  that  the
variation  of  the  excited  state  lifetime  with  respect  to the  change  in  surfactant  concentration  is a  result  of
the  formation  of micelles  from  the  surfactant  monomer,  thus,  a  novel  technique  for  the  determination
of  the  critical  micelle  concentration  (cmc)  based  on  the  long  excited  state  lifetime  of  Ru-III  located  at  the

 is re
micellar  nano-aggregates

. Introduction

Transition metal complexes have drawn much interest because
f their chemotherapeutic applications [1]. Ruthenium complexes
ave shown less general toxicity than platinum complexes [2–5],
hich sets them at the heart of research for various applica-

ions, in addition to their usage in solar cells [6–9]. Ruthenium(II)
olypyridyl complexes have attracted significant interest due
o their exciting photophysical and photochemical properties
10–15]. In a transition metal complex, one can broadly classify the
lectronic transitions into at least four different categories, though
uch approximation may  not describe the electronic structures
ery well. These four transitions include (i) intra-ligand transition

�L–�*

L) which is similar to that of the free ligand, (ii) metal to lig-
nd charge transfer, MLCT (t2g–�*

L), (iii) metal centred (MC) or dd
ransition (t2g–eg orbitals), (iv) and ligand to metal charge trans-

∗ Corresponding authors. Fax: +9611365217.
E-mail addresses: dp03@aub.edu.lb (D. Patra), tg02@aub.edu.lb (T.H. Ghaddar).
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927-7765/© 2015 Elsevier B.V. All rights reserved.
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fer (�L–eg). Other transitions include ligand to ligand and metal
to metal charge transfers. The lowest excited state of a ruthenium
complex is luminescent with a sufficiently long lifetime that could
engage in photo-redox and photo-chemical reactions. Judiciously
choosing the pH, solvent and the polypyridyl ligand, one can alter
these properties [16–22]. Tuning the excited state properties of
ruthenium complexes is central to defining their practical appli-
cations.

In our day-to-day life and in industry, surfactants have extensive
uses in many consumer products. Surfactants are the powerhouse
of detergents, toothpastes, cosmetics etc. The type of surfactant
in use depends on the application, such as the removal of dirt
and grease from fibers and surfaces and the conditioning of the
former. Micellar solutions have immense applications in catalysis,
drug delivery and material sciences [23–26], such as gold nanorod
preparation [27] and multicomponent analysis of poly-aromatic

heterocycles (PAHs) without a separation procedure [28,29].

In aqueous solution, micelles with concentrations above the
critical micelle concentration (cmc) exhibit extraordinary physio-
chemical properties as a result of surfactant nano-aggregation

dx.doi.org/10.1016/j.colsurfb.2015.11.037
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colsurfb.2015.11.037&domain=pdf
mailto:dp03@aub.edu.lb
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23,30]. Both the size and the shape of these surfactant aggregates
re known to depend on a variety of factors such as surfactant
nd salt concentrations, temperature, pH, etc. [23]. cmc of sur-
actants can be either determined by simple techniques, such
s osmotic pressure, ionic conductance, capillary electrophoresis,
cattered light intensity and Hyper-Rayleigh Scattering [30], or by
pectroscopic techniques, such as NMR  and fluorescence. Fluores-
ence/luminescence methods appear to be more practical due to
heir simplicity, sensitivity, and fast execution; they also do not
equire special solvents such as the ones used in NMR. Among the
umerous probe molecules that has been reported in the literature

or cmc  determination [31–34] pyrene is the most widely used one
31].

The change in fluorescence/luminescence intensity of a probe
s a function of surfactant concentration determines the cmc. A
reak in the plot of fluorescence intensity versus concentration
ften signifies the formation of micellar aggregates. Knowing that
he fluorescence/luminescence intensity is sensitive to the amount
f the fluorophore/probe present in solution, the amount of the
robe should be carefully controlled. On the other hand, the excited
tate lifetime is insensitive to the probe amount. Therefore find-
ng a probe molecule that is sensitive to cmc  formation based on
ts excited state lifetime is highly desirable. In this work, we have
ynthesized three different ruthenium(II) complexes as given in
cheme 1. The spectroscopic characterization of these three com-
lexes, named as Ru-I, Ru-II and Ru-III,  has been evaluated in
arious solvent environments. Luminescence properties of these
omplexes have been investigated in glycerol/water mixtures to
nderstand the influence of solvent viscosity on the lumines-
ence intensity, luminescence spectrum and excited state lifetime.
inally, the photophysical properties of these complexes, especially
u-II and Ru-III,  have been studied in five different cationic, anionic
nd neutral surfactant solutions. Not only the luminescence inten-
ity of Ru-III was able to sense cmc  of these surfactant solutions
ut also its excited state lifetime offered an alternative approach to
stimate cmc. We,  herein, propose a possible mechanism on how
mc  can be inferred from the excited state lifetime of the Ru-III
omplex.

. Experimental

.1. Materials

For synthesis, all solvents, reagents and organic starting mate-
ial were purchased from Sigma–Aldrich and used without further
urification, unless otherwise stated. All metal complexes were
urchased from Strem Chemicals Inc. (MA, USA). For spectroscopic
easurements, the solvents used were of spectroscopic or HPLC

rades. The surfactants, CTAB [hexadecyltrimethylammonium bro-
ide, 99+%], SDS [dodecyl sulphate sodium salt, 98%] and TX100

4-(1,1,3,3-tetramethylbutyl) phenyl–polyethylene glycol] were
btained from Sigma–Aldrich. HDPB [hexadecyl pyridinium bro-
ide] and DBSA [dodecyl benzene sulphonic acid] were received

rom Acros. The surfactant solutions of different concentrations
ere prepared by dissolving the respective surfactant in different

mounts of doubly distilled water. The stock solutions consisted of
0 mM CTAB, 10 mM HDPB, 100 mM SDS, 100 mM DBSA and 10 mM
X-100.

.2. Synthesis of Ru-I, Ru-II and Ru-III
4-Dodecylsulfanylbenzaldehyde [35], Ru-I [36], 4,4′-distyryl-
,2′-bipyridine and 4,4’-bis-[2-(4-dodecylsulfanyl-phenyl)-vinyl]-
,2’-bipyridine [37] were prepared according to previously
escribed procedures in the literature.
 Biointerfaces 138 (2016) 32–40 33

Preparation of Ru-II and Ru-III:  cis-Dichloro-bis(2,2′-bipyridine)
ruthenium(II) (Eq. (1)) and the corresponding bipyridine ligand
(1 eq.) were dissolved in ethanol and 10% distilled water was
added. The reaction mixture was  refluxed under nitrogen for 24 h
in the absence of light. After cooling, the solvent was evapo-
rated under reduced pressure and the crude solid was  dissolved
in water/acetone. Upon stirring, ammonium hexafluoro phosphate
in water was added and the resulting precipitate was  filtered. The
crude solid was  purified by gel-filtration chromatography on a
Sephadex LH-20 column.

Ru-II: 1H NMR  (d6-DMSO), ı (ppm): 7.38 (d, J = 17 Hz, 2 H),
7.43–7.58 (m,  6 H), 7.65 (s, 2 H), 7.70–7.84 (m,  16 H), 7.86 (d,
J = 17 Hz, 2 H), 8.17 (t, 2 H), 8.82 (d, J = 8 Hz, 4 H), 9.08 (s, 2 H). APPI
MS  (m/z): calculated for C46H36F6N6PRu [M – PF6]+, 919.2; found,
918.6.

Ru-III: 1H NMR  (d6-DMSO), ı (ppm): 1H NMR  (d6-DMSO),
ı (ppm): 0.82 (t, 6 H), 1.21–1.37 (m,  36 H), 1.40–1.64 (m,  4 H), 2.89
(t, 4 H), 7.30 (d, J = 16 Hz, 2H), 7.40–7.55 (m,  6 H), 7.70–7.80 (m,
14 H), 7.80 (d, J = 16 Hz, 2 H), 8.17 (m,  4 H), 8.80 (d, J = 8 Hz, 4H), 9.05
(s, 2 H). APPI MS  (m/z): calculated for C70H84F6N6PRuS2 [M – PF6]+,
1319.5; found, 1318.7.

2.3. Spectroscopic measurements

The absorption spectra in various solvents and in cationic
CTAB/HDPB, anionic SDS/DBSA, and neutral TX-100 were recorded
at room temperature using a JASCO V-570 UV–VIS–NIR spectropho-
tometer. Luminescence measurements were obtained on a JOBIN
YVON Horiba Fluorolog 3 spectrofluorometer. The excitation and
emission slits width were 5 nm.  The excitation source was a 100 W
Xenon lamp and the detector used was R-928 operating at a voltage
of 950 V. The spectral data were collected using Fluorescence soft-
ware and OrginPro 6.0 software was  used for further data analysis.
For excited state lifetime measurements the same instrument was
used, wherein a diode laser with a 405 nm excitation wavelength
was used for excitation.

3. Results and discussion

3.1. Spectral properties

Among the various ruthenium polypyridyl complexes,
Ru(bpy)3

2+ is most widely studied for its photophysical and
excited state properties [38–45]. Since photophysical properties
of Ru(bpy)3

2+ are relatively well understood, it is often used as a
reference complex for comparing it with other Ru (II) polypyridyl
complex. The visible absorption spectrum of Ru(bpy)3

2+ is related
to a spin allowed metal-to-ligand charge transfer (MLCT) process
where its excitation with light in the UV–visible regions leads
to the well-known charge transfer phenomena from the lowest
excited state [38–45].

Ru(bpy2+
3 ) → [Ru(bpy2+

3 )]
∗

(1)

Ru(bpy)3
2+ shows an absorption maximum at around 453 nm and

an emission maximum at around 597 nm in water [46]. The lowest
excited state of Ru(bpy)3

2+ is a triplet metal to ligand charge trans-
fer state (3MLCT) which is below the 3MC  and 1MLCT excited states
[47]. The lowest 3MLCT is in fact a combination of closely lying three
excited states that are at equilibrium at and above 77 K but distin-
guishable at 5 K [48,49]. However, a fourth 3MLCT lies above these
three lower energy states and is populated at temperatures above

200 K [47]. This fourth 3MLCT state has considerably more singlet
character than the other three lower lying 3MLCT states, and thus
makes the inter-system crossing and relaxation to the ground state
by a non-radiative process more feasible. However, the photochem-
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Scheme 1. Structure

stry of Ru(bpy)3
2+ mainly arises from the 3MC  excited state. The

MC  lies above the 3MLCT and can be thermally populated from
he latter. At the same time the 3MC  state is distorted with respect
o the Ru–N bond distance compared with the 3MLCT excited state
nd the ground state. The 1MLCT, 1MC  and �L–�*

L transitions lie
bove the 3MC.  These transitions have been observed in electronic
bsorption spectra with absorption bands at 185 nm and 285 nm
or �L–�* transition and at 240 nm and 452 nm for 1MLCT [50].
egardless of their formal multiplicity, the excitation of Ru(bpy)3

2+

o all higher excited states is followed by fast internal conversion
IC) and inter-system crossing (ISC) to the lowest lying manifold of

LCT excited states with near unity efficiency [51]. It is noted that
ncreasing the temperature above 77 K dramatically reduces lumi-
escence quantum yield and emission lifetime which is due to the
ontribution of the solvent vibrational modes to the non-radiative
ecay of the 3MLCT.

In our present case, replacing one of the bipyridine ligand with
 4,4′-dimethyl-2,2′-bipyridine in Ru-I did not change the absorp-

ion maximum as shown in the excitation spectrum of Ru-I in Fig.
1 (see Supporting information), which showed a maximum at
53 nm.  However, the emission maximum of Ru-I shifted slightly
III

-I, Ru-II and Ru-III.

to 614 nm in water with an additional band at ∼660 nm. To enhance
the hydrophobic nature of the ancillary ligand, the 4,4′-dimethyl-
2,2′-bipyridine ligand was replaced with a phenylvinylene group
in Ru-II. This modification did not change the absorption maxi-
mum but red shifted the emission maximum to 677 nm in Ru-II
(see Fig. S2, SI). Furthermore, introducing a 12 carbon long chains
in the p-position of the phenylvinylene groups as in Ru-III with a
thioether linkage shifted the absorption maximum to 460 nm and
the emission maximum to 680 nm,  as shown in Fig. 1, indicating
that the thioether linkage lowered the energy band gap of the MLCT
band. The excited state lifetime of Ru-I showed a mono-exponential
decay but the luminescence lifetime value was reduced from 580 ns
to 322 ns when compared to Ru(bpy)3

2+ in water [52]. This lifetime
was further reduced to 300 ns in the case of Ru-II in water. How-
ever, a biexponetial decay was  observed for Ru-III,  where the longer
component has a lifetime in the microsecond time scale and the
calculated average excited state lifetime of Ru-III was  remarkably
enhanced by at least a 3.5 fold to a value of 1190 ns in water. This

enhancement could be due to the introduction of the long carbon
chains (the mechanism will be discussed at a later stage).
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Table  1
Luminescence spectroscopic properties of Ru-I, Ru-II and Ru-III in various solvents.

Compound Solvent �ex (nm) �em (nm) � (ns) �2 Stokes shift

Ru (bpy)2+ Water 453 600 580
Ru-
I

Methanol 452 603 224 1.06 5540
Ethanol 451 605 227 0.94 5644
Acetonitrile 451 608 151 0.91 5725
DMSO  455 620 350 0.89 5848
n-Butyronitrile 451 608 183 0.98 5726
Chloroform 455 618 286 1.11 5797
Water  453 614 322 1.08 5788

Ru-
II

Methanol 450 644 97 1.07 6694
Ethanol 460 639 83 0.87 6090
Acetonitrile 442 661 87 1.10 7496
DMSO  461 674 414 1.03 6855
n-Butyronitrile 452 661 98 0.89 6995
Chloroform 455 663 72 1.62 6895
Water  453 677 300 1.39 7304

Ru-
III

Methanol 456 668 93 0.81 6960
Ethanol 460 669 112 1.01 6791
Acetonitrile 457 671 100 0.78 6979
DMSO  460 679 393 1.12 7012
n-Butyronitrile 452 669 125 0.94 7176
Chloroform 460 670 115 1.19 6814
Water  460 680 339 (17%) 1.23 7033
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Fig. 1. Luminescence excitation and emission spectra of Ru-III in different solvents.
The excitation spectrum was  recorded at emission wavelength 680 nm and emission
spectrum was  recorded at excitation wavelength 433 nm.
1364(83%)
(�av. = 1190 ns)

3.2. Effect of solvent

Generally, solvents with different polarities always influence
the luminescence properties of most fluorescence probes. As seen
in Fig. 1 (see Figs. S2&S3, SI; data given in Table 1), the excitation
and emission spectra of Ru-I, Ru-II and Ru-III were influenced by
changing the solvent environment irrespective of the type of ruthe-
nium complex. A red shift in the excitation and emission maxima
in water and DMSO compared to methanol/acetonitrile was  seen.
The excited state lifetimes were also found to be longer in water
and DMSO and fitted best to a mono-exponential decay. However,
the fluorescence decay profile of Ru-III in water could be best fitted
by a bi-exponential decay as mentioned above. The bi-exponential
decay could be due to two  separate interactions of Ru-III in water;
where the positive charge head group would interact favorably
with polar solvents and hence increases the excited state lifetime. In
addition, the long carbon chain present in Ru-III would encourage a
monolayer formation due to the hydrophobic nature and mismatch
with the solvent molecules and affect the excited state lifetime.
Stokes shift of Ru-I was found to be smaller than that of Ru-II and
Ru-III,  but there was  no appreciable change in Stokes shift with
respect to change in polarizability (�f) and ET (30) [34] (as given
in Fig. S3, SI), suggesting that this complex may not be useful to
investigate the polarity of the solvent medium.

To understand the effect of solvent viscosity on the lumi-
nescence behavior, glycerol was  added to aqueous solutions in
different proportions, thus, the viscosity of the solution was
increased from 1.76 cP to 12,100 cP. The luminescence spectra of
Ru-I (Fig. S4a, SI) and Ru-II (Fig. S4c, SI) did not change remarkably
upon increasing the glycerol concentration, however, Ru-III (Fig.
S4e, SI) showed a blue shift of about 5–6 nm in glycerol mixtures,
which could be due to a specific interaction between the solute
(Ru-III) and the solvent (water), solvent and co-solvent (glycerol)
and/or solute and co-solvent. Since the effect of solvent polarity
on the spectral properties of Ru-I, Ru-II and Ru-III was minimal;
the spectral shift in the case of Ru-III could be more due to some

interactions with glycerol. This is further evident from the fact that
the luminescence intensity of Ru-I (Fig. S4b, SI), Ru-II (Fig. S4d, SI)
and Ru-III (Fig. S4f, SI) consistently increased with the increase in
viscosity, however, the increase was  remarkably higher for Ru-I
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nd Ru-II when compared to Ru-III.  The excited state lifetime of
u-I increased consistently with increasing viscosity from 1.76 cP

o 12,100 cP, but that of Ru-II and Ru-III gave two breaking points
s provided in Fig. 2a. The lifetime values increased substantially at
nd above 90% glycerol for Ru-II whereas at and above 60% glycerol
he excited state lifetime of Ru-III remained almost unchanged. The
ualitative relationship between fluorescence parameters, such as

ifetime (�) of a molecule and the viscosity (�) of the immediate
nvironment, is expressed by the Forster–Hoffmann equation [53]
s

og � = m log � + C (2)

here C is a term reflecting relaxation rate and temperature, and m
s a molecule and temperature dependent constant. Under our mea-
urement conditions in the aqueous glycerol mixtures (0–100%) we
id not find a good linear fit (see Fig. 2b) for the whole viscosity
ange for any of the ruthenium complexes under investigation that
ts well in a viscosity range lower than 100 cP.

.3. Effect of surfactant solution

For potential biological applications the photophysical proper-
ies under physiological conditions are crucial. In order to mimic

 biological membrane, the photophysical properties of Ru-I, Ru-

I and Ru-III were investigated in neutral, cationic and anionic
urfactant solutions, below and above the cmc. The interface of
icelle-water is different from the bulk aqueous phase in many

spects. The micelle–water interface has many interesting proper-
 Biointerfaces 138 (2016) 32–40

ties; increased solubilisation of hydrophobic drug molecules is of
particular interest. The size of such micelle aggregation has been
found to be ∼5 nm in diameter [54] and is influenced by various
parameters. The nano-aggregation of a micelle is mostly due to
electrostatic and hydrophobic interactions and thus, depending on
the structure, probe molecules can be solubilized at a number of
different sites. For this purpose five different surfactant solutions,
two cationic surfactants, two anionic surfactants and a neutral one,
were investigated using Ru-I, Ru-II and Ru-III.

3.4. Effect of cationic surfactant solution

The effect of cationic surfactant solutions on the luminescence
spectra of the ruthenium complexes was studied. The luminescence
spectra of Ru-I in CTAB did not change in its position and shape
as reflected in Fig. S5a (Supporting information), where the lumi-
nescence intensity varied marginally till the cmc  and afterwards
remained more or less unchanged (see Fig. S5b, SI). The lumines-
cence alteration of Ru-I in CTAB compared to aqueous solution
confirms microencapsulation of the ruthenium complex into the
micellar medium. Generally speaking, the excited state properties
of ruthenium (II) complexes are not expected to be significantly
affected in the presence of the cationic CTAB surfactant since the
Coulombic repulsion between the cationic head group of CTAB and
the positive charge of ruthenium (II) will force the complex to
remain in the aqueous phase. This was further supported by the fact
that there was  no remarkable change in the excited state lifetime
of Ru-I in CTAB surfactant solutions when compared to aqueous
solution (see Fig. 3a and d). Interestingly, based on luminescence
intensity change, a break point was observed around the cmc  (see
Fig. S5b, SI); the cmc of CTAB using luminescence intensity mea-
surements is given in Table 2. Using Ru-I, the cmc of CTAB was
estimated to be around 0.07 mM (breaking point), which is much
lower than the one quantified by conductivity measurements [55]
and the value reported in the literature [56]. It should be noted here
that the value from conductivity measurements has been found
to be slightly higher than the ones quantified by other methods
reported in literature. Similarly, the luminescence intensity of Ru-II
consistently increased with CTAB concertation without any change
in luminescence spectral position. However, after the cmc  point the
luminescence intensity increased slowly for Ru-II (see Fig. S5c&d,
SI). The obtained cmc using Ru-II as a probe was 0.09 mM.  The
excited state lifetime of Ru-II, as shown in Fig. 3b, was  quenched
in CTAB surfactant solution when compared to the aqueous solu-
tion, but the lifetime value almost remained independent of the
CTAB concentration (see Fig. 3d). This suggests that the introduc-
tion of the phenylvinylene group in Ru-II somehow overcomes
the unfavorable Coulombic repulsion between the ruthenium (II)
center and the CTAB head groups. Interestingly, the trend in the
spectral position changed as soon as long alkyl chains were intro-
duced in the ancillary ligand as in Ru-III.  Luminescence spectra of
Ru-III (see Fig. S5e, SI) red shifted when going from water to CTAB
surfactant solution, which is attributed to a strong hydrophobic
interaction between the alkyl chains of the ligand in Ru-III and
the alkyl chain of CTAB that overcomes any unfavorable Coulom-
bic repulsions between the head groups of Ru-III and CTAB. The
induced dipole moment within the complex upon the MLCT exci-
tation reorients or displaces to the most favorable orientation on
the CTAB micelles during the excited state lifetime. The change in
luminescence intensity was dramatic with the addition of CTAB
until the cmc was  attained (see Fig. S5f, SI). The estimated cmc
based on luminescence intensity change of Ru-III was found to be

0.26 mM,  which is the same as the reported value in the literature
[56] (refer to Table 2). Similarly, the excited state lifetime of Ru-III
was quenched by CTAB as depicted in Fig. 3c, and it decreased until
the cmc was  reached, but at high post micelle concentration the life-
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Fig. 3. Luminescence decay profile of Ru-I (a), Ru-II (b) and Ru-III (c) in CTAB surfactant solution. The excitation wavelength used was 405 nm. Luminescence was  collected
at  614 nm for Ru-I, at 677 nm for Ru-II and at 680 nm for Ru-III.  (d) Plot of excited state lifetime (�) vs. CTAB concentration for Ru-I, Ru-II and Ru-III,  error bars are given in
SD  (n = 3).

Table 2
Obtained cmc  from luminescence intensity and excited state lifetime measurements.

Surfactant Cmc values in mM

Luminescence intensity measurement Excited state lifetime measurement Conductivity measurement [55,59] Literature values [56–58]

Ru-I Ru-II Ru-III Ru-I Ru-II Ru-III

CTAB 0.07 0.09 0.26 ND ND 0.21 0.98 0.26
SDS  NM 7.1 7.1 NM 2.1 7.0 8.0 6.0–8.0
HDPB  NM ND 0.2 NM ND 0.19 0.96 0.91
DBSA  NM 2.67 2.6 NM ND 2.2 1.2 1.6
TX100  NM 0.11 0.15 NM ND 0.11 0.29 0.9

NM:  Not measured due to poor response of the probe.
ND: Not detected despite measurement was carried out.

Scheme 2. Illustration of alignment of Ru-III in aqueous phase, anionic micelle and cationic/neutral micelle along with their luminescence properties.
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Fig. 4. (a) Plot of excited state lifetime (�) vs. HDPB concentration for Ru-II and Ru-
III;  (b) Plot of excited state lifetime (�) vs. SDS concentration for Ru-II and Ru-III.
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bic tail that is buried inside the core of the micelle (see Scheme 2).
The cmc estimated by both luminescence intensity and excited
state lifetime of Ru-III correlates well with the literature value
rror bars are given in SD (n = 3).

ime remained unchanged. The variation in lifetime gave a breaking
oint at cmc  (see Fig. 3d) and the cmc  estimated for CTAB using
xcited state lifetime of Ru-III was as per the reported value [56]
see Table 2). The difference in cmc  value obtained from lumines-
ence intensity and excited state lifetime measurements of Ru-III
s within the error margin. We  propose that the hydrophobic tail of
u-III plays a significant role in altering the excited state properties
f the ruthenium center. The long lifetime of Ru-III could be due to
oiling of the carbon chain around the ruthenium center and lig-
nds (see Scheme 2). In a micelle, this coiling of chain is lost and the
ong chain aligns along with the surfactant (as shown in Scheme 2)
hus causing quenching of the fluorescence lifetime of Ru-III.  This
s also true for the short component of the excited state lifetime
n non-polar solvent. Among the three ruthenium complexes, the
uminescence intensity of Ru-I was the least sensitive to aggre-
ation of surfactants. Similarly, the excited state lifetime of Ru-I
id not show any change before and after micelles were formed,
hich could be due to its relatively less hydrophobic nature. Since

he excited state properties of Ru-I did not show sensitivity upon
icellization, further studies in anionic and neutral surfactants or
icellar media for Ru-II and Ru-III were chosen. When another

ationic surfactant (HDPB) was used, the results obtained for Ru-II
nd Ru-III were similar to that obtained in the presence of CTAB.
he cmc value obtained from luminescence intensity (shown in Fig.
6, SI) and excited state lifetime (see Fig. 4a) was comparable with

he reported value in the literature [57] (Table 2).
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3.5. Effect of anionic surfactant solution

The luminescence spectrum of Ru-II in SDS surfactant solution is
depicted in Fig. S7a (Supporting information). The emission spec-
trum of Ru-II initially had a remarkable (more than 40 nm) blue
shift with an equally appreciable enhancement in luminescence
intensity upon going from an aqueous medium to the SDS surfac-
tant solution. Indeed the emission spectrum showed a new band
at ∼630 nm which became the new emission maximum. Such a
blue shift in the luminescence spectrum is due to the alteration
of the medium from the aqueous phase to SDS surfactant pre-
aggregates and micellar formation, which is favoured due to the
attraction forces between the positive charge on the ruthenium
(II) center and the negative charge of SDS. However, as the sur-
factant concentration further increased to higher concentrations,
especially after the cmc, the emission spectrum shifted back to
the red (to the original emission maximum) with a decrease in
the luminescence intensity at ∼630 nm.  This shifting back of the
emission spectrum suggests that the new band at ∼630 nm is a
result of strong Columbic attraction forces between the positive
charges of the ruthenium(II) center and the negative head group
of the surfactant molecule. With increase in the SDS concentra-
tion, hydrophobic interactions of SDS dominates by encouraging a
micelle formation, thus, the strong monomer interaction between
SDS and ruthenium(II) due to Columbic interactions subsidizes.
This is further supported by the fact that the luminescence inten-
sity of Ru-II increased until the cmc then decreased as shown in
Fig. S7b (Supporting information). Therefore, the initial increase
in luminescence intensity at lower concentration (below cmc) of
SDS is ascribed to the progressive formation of pre-micellar aggre-
gates, but as soon as a micelle is formed, the excited state of the
ruthenium is quenched (see luminescence decay profile in Fig.
S8a). The excited state lifetime also showed a similar behavior,
where it was  quenched marginally till the cmc  and after wards
remained unchanged (see Fig. 4b), especially at around the cmc
where the lifetime value gave a quite unstable trend by introduc-
ing a high level of inaccuracy in cmc estimation. Therefore, the
cmc obtained from the excited state lifetime measurement is much
smaller than the one obtained from the luminescence intensity
measurement of Ru-II. For Ru-III,  the luminescence spectrum in
SDS surfactant solution (given in Fig. S7c, SI) showed a remarkable
blue shift compared to that in water. In this case the lumines-
cence intensity increased until the cmc and afterwards it decreased
as depicted in Fig. S7d (Supporting information). The blue shift
in the case of Ru-III suggests that not only the Columbic inter-
actions between the positively charged center of Ru-III and the
negatively charged head group of SDS surfactant in addition to
the hydrophobic interactions between the tail of Ru-III and the
tail of the surfactant are facilitated. The cause of the appreciable
blue shift in the spectrum is due to strong hydrophobic interac-
tions that encourage the probe molecule to get buried easily into
the surfactant structure and align itself parallel with the surfactant
molecules. However, variation of the excited state decay profile
(see Fig. S8b) and lifetime (Fig. 4b) of Ru-III with SDS concen-
tration was  found to be complex. This is understood because of
the fact that the initial quenching of lifetime is favored by both
Columbic attraction forces and hydrophobic interactions among
individual SDS surfactant molecules and Ru-III.  Later on when the
micelle forms, more and more surfactant molecules join the nano-
aggregation process, and therefore Ru-III acts as a stabilizer with
the head groups of the surfactant molecules. This process exposes
the ruthenium center to the aqueous phase despite the hydropho-
[54] and within the marginal error. The results obtained for the
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ig. 5. (a) Plot of excited state lifetime (�) vs. DBSA concentration for Ru-II and Ru-
II;  (b) Plot of excited state lifetime (�) vs. TX100 concentration for Ru-II and Ru-III.
rror bars are given in SD (n = 3).

nionic surfactant, DBSA, were similar (given in Fig. 5a) and the
btained cmc value is similar to the reported one in literature [58]
see Table 2).

.6. Effect of neutral surfactant solution

The luminescence spectra of Ru-II and Ru-III were investigated
n the neutral Triton X-100 surfactant (TX100) and are provided
n Fig. S9a&c (Supporting information). In both cases, the lumines-
ence spectra showed red shifts in TX100 when compared to water.
he luminescence intensities of Ru-II and Ru-III increased until the
mc  was attained and remained constant post cmc (see Fig. S9b&d,
I). Similarly, the excited state lifetime profile (see Fig. S10a) of Ru-
I increased slightly until cmc is reached and remained constant as
hown in Fig. 5b. This could be attributed to the coiling of the neutral
urfactant chain around the ruthenium complex which increases
he excited state lifetime, similar to the earlier proposed case for
u-III in water. However, the variation of the excited state lifetime
rofile (see Fig. S10b) of Ru-III was similar to that observed in CTAB
urfactant solution (see Fig. 5b). The cmc  obtained in TX100 using
u-III excited state lifetime variation is similar to the reported one

n the literature [56,59] and is given in Table 2.

. Conclusion
Three different ruthenium complexes were successfully stud-
ed in various micellar solutions. The luminescence properties of
hese three complexes in different solvent environments did not
how appreciable solvatochromic effects, but luminescence inten-

[
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sity and excited state lifetimes of Ru-I, Ru-II and Ru-III were altered
with varying the viscosity of the solvent. The excited state lifetime
of Ru-I linearly increased in the viscosity range 1.76–12, 100 cP.
Ru-II gave two linear rises: one corresponding to low and another
to high viscosity ranges, whereas Ru-III showed a linear enhance-
ment only in low viscosity ranges. The luminescence intensities of
Ru-II and Ru-III were found to be sensitive to nano-aggregation.
However, the charge on the head of the surfactant molecule and
the ruthenium center as well as hydrophobic interactions con-
cluded the nature of the excited state properties. The luminescence
studies of Ru-I, Ru-II and Ru-III discussed here demonstrate that
Ru-III can be advantageously applied as an excited state lifetime
probe molecule for the determination of cmc  of surfactant solu-
tions. Thus, a novel technique for the determination of cmc  based
on the measurement of the excited state lifetime of Ru-III located at
the micellar aggregate is reported. We  conclude that the long life-
time of Ru-III in water is due to coiling of the carbon chain of the
ligand around the ruthenium(II) center, however, in micellar solu-
tions (or organic solvents) this coiling of the carbon chain is lost due
to parallel alignment of the alkyl chains along with the surfactant’s
and thus quenching of the excited state lifetime is seen.
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