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a  b  s  t  r  a  c  t

The  interesting  protonation  reaction  between  the  well-known  xanthene  dye,  fluorescein  and  Vitamin  C
(ascorbic  acid)  has been  followed  by UV–visible  absorption  and  fluorescence  spectroscopy.  Ascorbic  acid
has been  observed  to  exert  a profound  effect  on fluorescein.  At  high  dye  concentration,  ascorbic  acid  leads
to very  efficient  deaggregation  while  at low  dye  concentration  it affects  the  protonation  equilibrium  of
the dye.  In  addition  to  this,  stable  silver  nanoparticles  have  been  incorporated  into  the  above  system
eywords:
anthene dye
rotonation equilibria
ggregation
eaggregation

and  interesting  results  have  been  noted.  While  no  strong  action  of  the  nanoparticles  has  been  observed
at low  dye  concentration,  at high  dye  concentrations,  the  nanoparticles  lead  to  a  more  profound  effect
on  the protonation  equilibrium  of the  dye  and better deaggregation  of  dye  aggregates.  The  results  are
rationalized  in terms  of  the  surface  effects  exerted  by  the  nanoparticles.

© 2011 Elsevier B.V. All rights reserved.

anoparticle

. Introduction

Xanthene dyes are widely studied due to their interesting
pectral characteristics and their wide-ranging applications as bio-
ogical stains, sensitizers, laser dyes, quantum yield standards etc.
1–3]. Two of their important spectral characteristics are their
i) pH–dependent chemical equilibria [4,5] and their (ii) aggrega-
ion behavior exhibited at high dye concentration [4,6–9].  Earlier
eports indicate significant alteration of the UV–visible absorption
nd fluorescence spectra both with change of the pH of the medium
nd with dye concentration [4–9].

In this work, we used fluorescein (FL), a xanthene dye and stud-
ed its reaction with a weak reducing agent, ascorbic acid (AA) i.e.
itamin C. Under normal circumstances, we would expect AA to
ffect only the protonation equilibrium of FL. However, our study
eveals interesting effects of AA on the aggregation behavior of
he dye also. This unexpected result was investigated in detail. We
erformed our study in neat water and in micellar media in order
o understand the importance of electrostatic and/or hydrophobic
nteractions on the aggregation process.

Metal nanoparticles are known to often catalyze/retard rates of
eactions [10–12].  We  also studied the effect of silver nanoparticles

n the protonation and/or aggregation behavior of fluorescein in
resence of AA. In recent years, there has been an increasing trend
owards the study of photophysical and photochemical properties

∗ Corresponding author. Tel.: +91 9831244131; fax: +91 33 25828282.
E-mail address: swati de1@rediffmail.com (S. De).

010-6030/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2011.07.002
of multicomponent nanostructure assemblies consisting of metals
and photoactive dyes. There are few reports which show that asso-
ciation of such dye molecules onto the nanoparticle surface leads
to aggregation effects [13,14].  However, to the best of our knowl-
edge, there is no report till date of de-aggregation of xanthene dyes
in presence of nanoparticles. Such dye-nanoparticle hybrid species
have various applications in optical devices, sensors and in light
conversion and imaging [15].

2. Materials and methods

The dye fluorescein (FL) and ascorbic acid (AA) from E-Merck,
Germany, was used as such. The surfactants sodium dodecyl sul-
phate (SDS), cetyl trimethyl ammonium bromide (CTAB) and Triton
X-100 (TX-100) were purchased from E-Merck, and were used as
such. Concentrated stock solutions (5 × 10−3 M)  of dyes were pre-
pared by dissolving weighed amounts in the solvent, the working
solutions were then prepared by proper dilution. The final surfac-
tant concentration was fixed at 1 × 10−2 M i.e. much above the
respective critical micellar concentration (CMC) of all the three
surfactants. The silver nanoparticles were prepared in different sur-
factant media. The final working [Ag+] was fixed at 1 × 10−4 M. For
all the studies, ascorbic acid was  used as the reducing agent.

The absorption spectra were recorded with a Shimadzu UV
2401-PC spectrophotometer (Kyoto, Japan). The fluorescence spec-

tra were recorded with a Perkin Elmer LS 55 spectrofluorimeter.
The solutions in this case, were excited both at the maximum
of dye absorption and also at the shoulder. In order to excite
any species absorbing at shorter wavelengths, we sometimes used

dx.doi.org/10.1016/j.jphotochem.2011.07.002
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:swati_de1@rediffmail.com
dx.doi.org/10.1016/j.jphotochem.2011.07.002
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ex = 430–435 nm.  For recording the excitation spectra, �em was
xed at 550–570 nm.  Fluorescence lifetimes were determined from
ime-resolved intensity decays by the method of time correlated
ingle photon counting (TCSPC) using a diode (IBH, UK) nanoLED-
7 as the light source at 438 nm.  The full width at half maxima
FWHM) of this excitation source is 70 ps. The decay curves were
nalyzed using IBH-6 decay analysis software. The decays were
iven both single exponential and bi-exponential fits and depend-
ng on the �2 values and the residuals it was decided to be either
ingle or bi-exponential. The pH of the solutions was measured with

 systronics pH-meter. Dynamic light scattering studies were per-
ormed with a Nano-ZS (Malvern) instrument, which is equipped
ith a 4 mW He–Ne laser (� = 632 nm). The samples for this study
ere prepared by filtering the solutions with a 0.2 �m filter. The

esolution of the experimental setup is 0.6 nm.  Transmission Elec-
ron Microscopic (TEM) studies of the nanoparticles were carried
ut at a resolution of 1.9 Å unit with a JEOL, JEM-2100 Electron
icroscope from Japan. TEM specimens were prepared by placing
icro-drops of solutions on a carbon film supported by a copper

rid. The absorption spectra were resolved using the specwin 32
rogram, based on the principal component analysis (PCA) method
16]. The structures of the different protonated forms of FL have
een optimized by MM2  calculations using the software CS Chem.
D Ultra, Version 10.

. Results and discussion

It has been previously reported that in aqueous media, FL dye
orms aggregates at concentrations greater than 1 × 10−5 M [4,7]. In
rder to study the effect of AA on dye protonation and aggregation
eparately, we have performed our study at two different dye con-
entrations [A] 1 × 10−6 M (non-aggregating concentration) and [B]

 × 10−4 M (aggregating concentration). Thus the entire work will
e discussed for two different dye concentrations.

.1. Non–aggregating dye concentration, [FL] = 1 × 10−6 M

At [FL] = 1 × 10−6 M,  the dye is present in monomeric form only.
he absorption spectrum of 1 × 10−6 M FL in neat water (Fig. 1(i))

hows the presence of mainly the dianion with a peak at 485 nm,
nd a much smaller contribution from the monoanion (shoulder at
460 nm). Our inference about the different spectral forms of flu-
rescein dye originates from the work of Margulies et al. [5] and

ig. 1. Absorption spectra of 1 × 10−6 M Fluorescein in neat water, (i) 0 M AA,
ii)  5 × 10−6 M AA, (iii) 1 × 10−5 M AA, (iv) 5 × 10−5 M AA, (v) 1 × 10−3 M AA, (vi)

 × 10−2 M AA.
otobiology A: Chemistry 223 (2011) 71– 81

Sjoback et al. [17], where the various protonated forms of fluo-
rescein dye were discussed in detail along with their absorption
spectra. (Scheme 1) shows the geometry-optimized structures of
the different forms of the dye. Considering the pH of neat water i.e.
6.1 the presence of mainly the dianion along with small amounts
of monoanion can be understood, this correlates well with liter-
ature [18] (Scheme 2) where the different protonated forms of
FL dye and their respective pKa’s are given. As AA was  gradually
added to the medium, the spectrum undergoes a change i.e. per-
centage of monoanion increases, and the spectrum resembles the
reported monoanion spectrum (with peaks at 475 nm and shoulder
at 440 nm)  at 5 × 10−5 M AA (Fig. 1(iv)). At this stage, the measured
pH of the medium is 4.6. The existence of the monoanion at this
stage is understandable from (Scheme 2). It should be noted that
the pK1 of AA is 4.2, thus it is obvious that AA loses a proton at this
pH which is taken up by the dye. The monoanion is characterized by
a broad spectrum in general [5,17].  As AA is increased, further pro-
tonation occurs until the neutral species (characterized by a peak
at 435 nm and shoulder at 475 nm)  is formed (Fig. 1(v)). At a very
high AA concentration i.e. 1 × 10−2 M,  when pH of the medium is
3.5, only the neutral dye species exists (Fig. 1 (vi)). Further proto-
nation to the cation i.e. FL+ does not occur as is obvious from Fig. 1.
Thus we  observe very good correlation between the appearance
of the various protonated forms of FL dye and the respective pKa

values of FL (Scheme 2).
Subsequent fluorescence emission studies were undertaken

at three excitation wavelengths i.e. 485 nm (to excite the dian-
ion), 460 nm and 435 nm (to excite any lower absorbing species).
For �ex = 485 nm,  fluorescence decreases with increase in AA con-
centration (Fig. 2a). This is because, for FL, the dye dianion and
monoanion are usually the more fluorescent species [5,17].  With
gradual addition of AA, these species get depleted and are replaced
by the weakly fluorescent neutral form of the dye, thus fluores-
cence decreases. One should keep in mind that at �ex = 485, we  are
principally exciting the dianion (�em = 515 nm). At 460 nm excita-
tion, we  are principally exciting the monoanion [5,7,17]. For 460 nm
excitation, the fluorescence intensity is much less than for 485 nm
excitation but the same trend in fluorescence spectra is observed.
However, the fluorescence emission spectra for �ex = 435 nm differ
from those at �ex = 485 nm and 460 nm.  The fluorescence inten-
sity for the former are much less than the latter indicating that,
the species absorbing principally at blue wavelengths is not very
fluorescent. With increasing AA, fluorescence intensity decreases
accompanied by a spectral change – the main dianion emission at
515 nm is seen accompanied by a prominent shoulder at 540 nm.
This indicates that the shoulder arises due to emission from some
species that absorbs at shorter wavelengths. This may be due to the
neutral form of the dye or some dye aggregate. At this stage, it is
not possible to assign the exact origin of this new shoulder in the
emission spectra. However, at this low dye concentration possibil-
ity of existence of dye aggregates is quite low [1,4,6,8,19]. Further,
fluorescence excitation spectra were taken keeping �em fixed at
550 nm.  In the fluorescence excitation spectra too, the same trend
i.e. the transition dianion → monoanion → neutral is observed as
AA increases (Fig. 2b). It may  be noted that the fluorescence excita-
tion spectra do not show any splitting thus confirming the absence
of aggregates at low dye concentrations [1,4,7,19]. Thus the 540 nm
shoulder in the fluorescence emission spectra is not due to dye
aggregates.

To comprehend the steady-state fluorescence results well,
time-resolved fluorescence studies were carried out. The set-up
discussed in Section 2 was used, with �ex = 438 nm. The results are

summarized in (Table 1). The time resolved fluorescence decay of
1 × 10−6 M FL in water fits well to a bi-exponential with time con-
stants of 500 ps and 3.6 ns, the latter being the major component.
This is consistent with earlier studies on fluorescein [1,7,17,20].
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Scheme 1. Geometry-optimized structures of the various protonated forms of FL dye and ascorbic acid (AA).
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Table 1
Time-resolved fluorescence studies of 1 × 10−6 M fluorescein in various media, �ex = 438 nm.

System �1 (ps) �2 (ps) a1 a2 <�>(ps) �2

Water
1 × 10−6 M FL/water 500 3610 0.201 0.7987 2983.8 1.09
1  × 10−6 M FL/water +1 × 10−2 M AA 390 2970 0.1917 0.8082 2475.11 1.04
1  × 10−6 M FL/water + 1 × 10−4 M Ag-np 490 3970 0.317 0.6827 2865.64 1.11
Aqueous TX-100
1 × 10−6 M FL/1 × 10−2 M TX-100 770 3850 0.2685 0.7314 3022.63 1.04
1  × 10−6 M FL/1 × 10−2 M TX-100 + 1 × 10−4 M Ag-np 500 3810 0.3242 0.6757 2736.51 1.02
Aqueous CTAB
1 × 10−6 M FL/1 × 10−2 M CTAB 230 4420 0.131 0.8685 3868.9 1.13
1  × 10−6 M FL/1 × 10−2 M CTAB + 1 × 10−2 M AA 720 2475 0.856 0.1437 971.97 1.09
1  × 10−6 M FL/1 × 10−2 M CTAB + 1 × 10−4 M Ag-np 580 4460 0.2233 0.7766 3593.15 1.05
Aqueous SDS
1 × 10−6 M FL/1 × 10−2 M SDS 825 3930 0.244 0.7559 3171.98 1.06
1  × 10−6 M FL/1 × 10−2 M SDS + 1 × 10−2 M AA 450 3760 0.4096 0.5903 2403.84 1.09
1  × 10−6 M FL/1 × 10−2 M SDS + 1 × 10−4 M Ag-np 720 3990 0.1984 0.8015 3340.83 1.08

�1 and �2 are the life time components arising out of bi-exponential fits.
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1 and a2 are the corresponding amplitudes of these components.
�> is the average lifetime given by a1�1 + a2�2.
2 is the fitting parameter Chi-squared, �2 close to 1 means a good fit.

n adding AA to the system, there is slight change i.e. the shorter
omponent is now 390 ps while the larger component is 2.9 ns.

As mentioned earlier, the studies were also performed in micel-
ar media in order to study medium effects on the reaction. All the
urfactants were maintained at concentrations much higher than
heir respective critical micellar concentrations (CMC) to ensure
hat micelles are formed. First the studies were performed in
he neutral surfactant i.e. TX-100, where electrostatic effects are

inimized. The spectra indicate that initially in aqueous TX-100,
he FL dianion is present. With increasing concentration of AA,
he monoanion is generated. However, the neutral species is not
ormed at all. Thus we note that protonation is much more efficient
n neat water compared to aqueous TX-100 as for the latter reaction
tops at the monoanion stage and does not proceed to the neutral
orm.

Next, the cationic micelles formed by CTAB were tried. On
dding increasing amounts of AA, the dianion spectrum gets
eplaced by the monoanion-like spectrum. Here only the monoan-
on is obtained even at the highest AA concentration i.e. no further
rotonation to the neutral form is seen. The fluorescence emission
pectra of FL show gradual quenching of emission with increase of
A. The distinct difference with water or aqueous TX-100, is that

n aqueous CTAB, the additional red shifted emission shoulder at
50 nm is not seen even for shorter �ex values. This is because the
onoanion that is formed participates in electrostatic interaction

ith cetyl trimethyl ammonium (CTA+) cation coming from CTAB

.e. the mono-anion has no independent existence. The electrostatic
actor also rules out the possibility of aggregation in CTAB at this
ow dye concentration. Thus the attractive electrostatic interaction

cheme 2. Scheme showing the protonation equilibria of FL dye along with the
espective pKa’s.

Taken from “Principles of Fluorescence Spectroscopy” by J. R. Lakowicz, 2nd ed.,
luwer Academic/Plenum, New York, 1999, Page 638.)

Fig. 2. a. Fluorescence emission spectra of 1 × 10−6 M Fluorescein in neat water
(�ex = 485 nm), (i) 0 M AA, (ii) 1 × 10−5 M AA, (iii) 5 × 10−5 M AA, (iv) 1 × 10−3 M
AA. b. Fluorescence excitation spectra of 1 × 10−6 M Fluorescein in neat water
(�em = 550 nm)  (i) 0 M AA,(ii) 5 × 10−5 M AA, (iii) 1 × 10−4 M AA, (iv) 1 × 10−3 M AA,
(v)  1 × 10−2 M AA.
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ig. 3. Absorption spectra of 1 × 10 M Fluorescein in aqueous SDS micelles
SDS] = 1 × 10−2 M,  (i) 0 M AA, (ii) 1 × 10−5 M AA, (iii) 5 × 10−5M AA, (iv) 1 × 10−4 M
A, (v) 5 × 10−3 M AA.

etween the negatively charged dye and the positively charged
icelle leads to efficient incorporation of the dye by the micelle.

n the fluorescence lifetime studies, severe lifetime shortening is
bserved. This indicates that a fast nonradiative process is deplet-
ng the FL excited state in aqueous CTAB micelles. This is because
he reaction is faster due to the anchoring effect exerted by CTAB.
owever, reaction stops at the mono anion stage unlike in water
here it proceeds up to the neutral dye form.

Finally, the reaction was performed in an anionic surfactant
olution i.e. aqueous SDS micelles. In SDS, the results are unique.
nitially up to 1 × 10−5 M AA, the FL dianion-like spectrum is seen.
bove this concentration, we almost directly observe the absorp-

ion spectrum of the neutral dye i.e. the stage wise transition
ianion → monoanion → neutral is not observed [5,17].  Then at
igher [AA], the FL cation type spectrum is observed with a peak at
45 nm [5,17].  With further increase in AA concentration, the cation

ike spectrum along with a new blue shifted peak at 405 nm is seen
Fig. 3). This new peak is most probably a metachromatic peak,
ue to formation of a ground state complex/aggregate between
he newly formed FL cation and SDS anion [21,22]. This metachro-

atic peak was not observed for the neutral or cationic surfactants,
s there the dye cation is not formed. The fluorescence emission
esults show a sharp drop in fluorescence with increase in AA.
his is because the FL cation, which is formed, is non fluorescent.
ere too, as for neat water, for shorter excitation wavelength, an
dditional emission shoulder at 550 nm is observed. It needs to
e emphasized here that the red-shifted shoulder in emission is
bserved only when we see strong indication of formation of the
eutral species. The fluorescence excitation spectra indicate the
ransition from dianion → neutral → cation as AA increases. How-
ver, the metachromatic band at 420 nm is not observed, probably
ecause this arises due to ground state complexation and is thus
ot reflected in excited state fluorescence.

Summarizing the results for low dye concentrations, we find
hat in neat water protonation of FL dianion by AA proceeds to the
eutral stage while for neutral and cationic micelles, protonation
tops at the monoanion stage. For the anionic micelle, the protona-
ion proceeds even a step further i.e. to the cation stage and also a
ew metachromatic band is observed. The fluorescence quenching

f FL by AA is due to change in the protonated forms of the dye
rought about by AA-induced pH effects. To ascertain the nature of
uenching brought about by AA, Stern–Volmer plots were made.
owever, the Stern–Volmer plots (not shown) are quite nonlinear
Fig. 4. Excitation spectra of 1 × 10−4 M Fluorescein in neat water (�em = 570 nm), (i)
0  M AA, (ii) 1 × 10−5 M AA, (iii) 1 × 10−3 M AA, (iv) 1 × 10−2 M AA.

indicating a complex quenching mechanism [23]. Thus, they are
not very informative.

3.2. Aggregating dye concentrations, [FL] = 1 × 10−4 M

The entire study as discussed in the earlier section was  also per-
formed at high dye concentrations i.e. 1 × 10−4 M FL where FL is
known to form aggregates [1,4,6,7,19]. The absorption spectrum
in neat water shows a relatively broad peak centered at ∼485 nm
with a slight shoulder at ∼455 nm.  The absorption spectrum for
both high and low dye concentration are almost similar except
for broadening of the peak for high dye concentrations. This peak
broadening is indicative of dye aggregation [1,4,6,7]. With increas-
ing AA, the same transition (dianion → monoanion → neutral)
is observed as was seen at low dye concentration. However,
here the transition appears to be as follows: dianion aggre-
gate → dianion → monoanion → neutral. Subsequent fluorescence
emission studies were undertaken at two  excitation wavelengths
i.e. 480 nm to excite the dianion and at 455 nm to excite any
species absorbing at lower wavelengths. Contrary to the previ-
ous section where higher fluorescence emission was  observed for
�ex = 485 nm than for lower �ex, here �ex = 455 nm gives higher
fluorescence intensity than �ex = 480 nm.  This indicates that some
species absorbing at shorter wavelengths gives appreciable fluo-
rescence. This is the dianion aggregate which is fluorescent. With
increasing AA concentration, emission intensity increases briefly,
finally decreasing and is accompanied by a structural change. The
increase in fluorescence initially is due to deaggregation caused by
AA, whereby the strongly fluorescent dianion monomer replaces
the less fluorescent dianion aggregate. The narrow emission spec-
trum gets replaced by a very broad emission spectrum with a
peak centered at 520 nm and a new broad shoulder at 560 nm.
The 520 nm peak in fluorescence emission is due to the monomer
dianion while the 560 nm shoulder is due to the neutral form/dye
aggregates. The fluorescence excitation spectra were taken. The
excitation spectrum for the neat dye solution exhibits significant
splitting into two sets of bands–one sharp band with a peak at
∼515 nm and a relatively broad band with peaks at 420 nm and
375 nm (Fig. 4). Thus, here at high dye concentration, we  have
strong indication of existence of dye aggregates in solution. Earlier
reports [1] have indicated that band splitting implies the existence

of both J-type (head–tail) and H-type (head–head) aggregates. The
sharp red shifted band at 515 nm is assigned to J-type and the broad
blue shifted band to H-type aggregates [4,6,7].  With increasing AA
concentration, the split structure is almost lost and finally at the
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Table 2
Time-resolved fluorescence studies of 1 × 10−4 M fluorescein in various media, �ex = 438 nm.

System �1 (ps) �2 (ps) a1 a2 <�>(ps) �2

Water
1 × 10−4 M FL/water 980 4270 0.2134 0.7865 3567.48 1.1
1  × 10−4 M FL/water +1 × 10−2 M AA 730 2990 0.276 0.723 2363.25 1.09
1  × 10−4 M FL/water + 1 × 10−4 M Ag-np 730 4570 0.2477 0.7523 3618.83 1.05
Aqueous TX-100
1 × 10−4 M FL/1 × 10−2 M TX-100 900 4390 0.2325 0.7674 3578.13 1.08
1  × 10−4 M FL/1 × 10−2 M TX-100 + 1 × 10−2 M AA 790 3150 0.4678 0.5321 2045.67 1.11
1  × 10−4 M FL/1 × 10−2 M TX-100 + 1 × 10−4 M Ag-np 960 4380 0.8378 0.1621 1514.28 1.1
Aqueous CTAB
1 × 10−4 M FL/1 × 10−2 M CTAB 1200 5000 0.2032 0.7967 4227.34 1.12
1  × 10−4 M FL/1 × 10−2 M CTAB +1 × 10−2 M AA 730 2410 0.8598 0.1401 965.29 1.06
1  × 10−4 M FL/1 × 10−2 M CTAB + 1 × 10−4 M Ag-np 690 5130 0.2546 0.7449 3997 1.15
Aqueous SDS
1 × 10−4 M FL/1 × 10−2 M SDS 850 4410 0.2313 0.768 3583.48 1.07
1  × 10−4 M FL/1 × 10−2 M SDS +1 × 10−2 M AA 700 3540 0.3423 0.6576 2567.51 1.04
1  × 10−4 M FL/1 × 10−2 M SDS + 1 × 10−4 M Ag-np 850 4470 0.2435 0.7564 3588.08 1.07

�1 and �2 are the life time components arising out of bi-exponential fits.
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the media Stern–Volmer plots (not shown) were tried for the
AA-induced fluorescence quenching. Like for low dye concentra-
tions, the plots are quite non-linear indicating complex interaction
between AA and FL and hence the plots are inconclusive.
1 and a2 are the corresponding amplitudes of these components.
�> is the average lifetime given by a1�1 + a2�2.
2 is the fitting parameter Chi-squared, �2 close to 1 means a good fit.

ighest AA concentration, we have the blue-shifted peak only and
 peak at ∼475 nm (monomer monoanion) (Fig. 4). Thus, addition of
A to high concentration of FL leads to deaggregation as evidenced

rom the loss of split structure in the excitation spectrum and also
rom the absorption spectra. The absorption spectra indicate the
ormation of the neutral species finally but the excitation spectra
o not show this explicitly (Fig. 4). This is because for FL, the dianion
nd monoanion are the main fluorescent species while the neu-
ral and cationic forms are not fluorescent. Thus, the neutral form,
ven when existing, does not show up in the fluorescence excita-
ion spectra especially in presence of aggregates. It maybe noted
ere that at low dye concentration (Section 3.1); the neutral dye
pectrum was seen in the excitation spectrum due to the absence
f aggregates. The results of the time–resolved emission studies are
ummarized in (Table 2). The fluorescence decay of 1 × 10−4 M FL
n water fits well to a bi-exponential with time constants 0.98 ns
nd 4.27 ns, the latter being the major component. The lifetime gets
hortened indicating a fast depopulation of the fluorescent species
ith addition of AA.

Studies of the FL-AA system were also carried out in micellar
edia. First the neutral surfactant, TX-100 was tried. In aqueous

X-100, unlike in water, the absorption spectra are not very broad
ndicating that dye aggregation is not as efficient here as in neat

ater. This is because the dye monomers are enveloped by a sur-
actant jacket, thus monomer–monomer interaction is prevented.
ere too, shortening of fluorescence lifetime is observed.

The absorption spectrum of 1 × 10−4 M FL in cationic CTAB
icelles, are significantly broad indicating considerable aggrega-

ion. With increasing AA, the absorption spectra are gradually
onverted to that of the monoanionic form, the neutral form is not
bserved at all, unlike in water. This is because with gradual addi-
ion of AA, the pH in neat water is substantially lowered while for

icelles the surface pH is not the same as in water [24]. Thus effec-
ive pH at the surface of CTAB micelles is not as low as to cause the
onversion to the neutral form. It may  be recalled here that even for
ow dye concentration protonation by AA in aqueous CTAB stopped
t the monoanion stage. Moreover, FL being an anionic dye partici-
ates in favorable electrostatic interaction with the cationic micelle
TAB, thus most of dye is localized at the micellar surface and
enses the surface pH on the micelle surface. Thus FL does not sense

ulk pH. The fluorescence excitation spectra indicate very distinct
plitting into two principal sets of relatively sharp bands, which
nally transform to a dianion and then monoanion like spectra.
ere both H-type and J-type aggregates are present. For aqueous
CTAB micelles, we  notice something strange. In the fluorescence
excitation spectra, we  observe a higher percentage of H-aggregate
emission unlike in all other media. Thus our conclusion is that, on
addition of AA, these H-aggregates break up to give the monomer
dianion and finally the monomer anion. H-aggregate formation in
aqueous CTAB is favored due to the electrostatic factor. (Scheme 3)
shows how a delicate balance of electrostatic and steric factors may
induce preferential H-aggregation at the surface of CTAB micelles.
The time resolved studies indicate significant shortening of fluores-
cence lifetimes with addition of AA, whereby the amplitude values
also change i.e. the shorter component becomes the dominating
one (Table 2).

Finally the studies were carried out in anionic SDS micelles. It
may  be recalled that earlier for low dye concentration, the spectra in
aqueous SDS micelles were unique where at high AA concentration,
the cation-like spectrum was  seen along with a new metachro-
matic band. At high dye concentrations in SDS micelles, the broad
absorption spectra typical of dye aggregates are seen. With increas-
ing AA, these are totally transformed to give initially dianion,
then monoanion and finally only the cation band at 445 nm, not
the metachromatic band. The absence of the metachromatic band
for high dye concentrations is because, here the percentage of
dye cations is quite large for proportionate complex formation
with SDS. Hence, 1:1 complex formation is prevented. Thus the
metachromatic signature is not seen. Here too, various �ex values
were tried. Fluorescence intensity was highest for �ex = 485 nm.  The
fluorescence excitation spectra show splitting. The time resolved
emission studies indicate shortening of lifetimes. Here too, in all
Scheme 3. Preferential H-aggregation of dye molecules at the surface of CTAB
micelles.
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Table 3
Result of dynamic light scattering studies of the silver nanoparticles “r1 and r2” are
the  hydrodynamic radii of the particles.

System r1 (nm) (a1) r2 (nm) (a2) PDI

Ag-np prepared in water 1.73 (0.87) 21.04 (0.13) 1.0
Ag-np prepared in 1 × 10−2 M TX-100 8.72 (0.43) 78.82 (0.57) 0.5
Ag-np prepared in 1 × 10−2 M CTAB 4.2 (0.05) 58.77 (0.95) 0.3
Ag-np prepared in 1 × 10−2 M SDS 3.6 (0.16) 11.7 (0.84) 0.4
ig. 5. (a) PCA resolved absorption spectra of 1 × 10−4 M FL in water. (b) PCA resolved
bsorption spectra of 1 × 10−4 M FL in water + 5 × 10−3 M AA.

The steady-state absorption spectra were resolved using princi-
al component analysis principle (as mentioned in Section 2) [4,16].
or the system 1 × 10−4 M FL in water, the two  resolved spectra
ave components with peaks at 460 nm and 490 nm, respectively
ith almost equal contributions (Fig. 5a). Thus the absorption spec-

ra of FL at high dye concentrations can be well-resolved into
wo components. More interesting are the trends observed in the
ontribution of these two spectral components given by a1 and
2. With increasing AA, we see a decrease in a2 i.e. the contri-
ution of the long component (�2). Corresponding, there is an

ncrease in a1 i.e. contribution of short component (�1) (Fig. 5a
nd b). This justifies our previous discussion about conversion
f the FL dianion to the corresponding monoanion or other dye
orms absorbing at shorter wavelength. For high dye concentration,
he conversion is dianion aggregate → monoanion + some H-type
ggregates. While for low dye concentration, the conversion is dian-
on monomer → monoanion monomer → neutral monomer. Thus
he PCA method (whenever it can be applied) is useful to determine
he individual spectral components of the composite dye absorp-
ion spectrum.

.3. Effect of silver nanoparticles

Metal nanoparticles have very often been used as model

atalysts [10,25–27].  Other workers have also reported dye aggre-
ation, fluorescence quenching [13,14] or enhancement [28] and
ther interesting effects brought about by nanoparticles. One
mportant point is the stability of the particles synthesized, as the
r1 and r2 are the hydrodynamic radii of the particles.
a1 and a2 are the corresponding normalized contributions, PDI is the polydispersity
index.

nanoparticles in solution have a tendency to form clusters. Use of
suitable capping agent/stabilizers is a viable alternative to form
stabilized clusters [28,29]. Thus we  have used surfactant-stabilized
silver nanoparticles to study their effect on the FL/AA system. We
have maintained nanoparticle preparation conditions such that
we get a well defined silver plasmon absorption band [11]. The
synthesized stable silver nanoparticles were then used for further
spectroscopic studies.

3.3.1. Nanoparticle characteristics
The synthesized nanoparticles were characterized both by

dynamic light scattering (DLS) and by transmission electron
microscopy (TEM). (Table 3) summarizes the DLS results. The larger
radius (r) values in surfactant media correspond to the surfactant –
jacketed nanoparticles. Poly dispersity index (PDI) is relatively high
in neat water while it is relatively low in surfactant media. Thus,
the silver nanoparticles synthesized in surfactant media are rea-
sonably stable and fairly monodisperse. TEM studies show that in
neat water, spherical silver nanoparticles with particle diameters in
the range of 24–42 nm are formed (Fig. 6a). These cluster together
in the absence of any stabilizer [30,31]. In surfactant media, indi-
vidual spherical nanoparticles are stabilized as is seen from the
TEM picture (Fig. 6b). We  have used surfactant–stabilized fairly
monodisperse silver nanoparticles for our spectroscopic studies.

3.3.2. Interaction of the dye alone with silver nanoparticles (in
absence of AA)

In order to study the effect of silver nanoparticles on the FL/AA
system, it is first necessary to study the effect of the nanoparticles
on the dye alone i.e. without the presence of AA. For this, the dye
solution was  taken in the four media mentioned in earlier sections
(i) neat water (ii) aqueous TX-100 (iii) aqueous CTAB and (iv) aque-
ous SDS. As usual, studies were performed at low (non-aggregating)
and high (aggregating) dye concentrations.

Both at low dye concentration and high dye concentration, addi-
tion of increasing concentrations of silver nanoparticles (from a
stock silver nanoparticle solution) leads to quenching of the dye
fluorescence. Absorption spectra of the dye are not much altered
except for increasing predominance of the silver plasmon band at
400 nm.  At low dye concentration(1 × 10−6 M FL) maximum flu-
orescence quenching is observed in aqueous SDS (64%) and neat
water media (42%). Since for a constant nanoparticle concentra-
tion, the absorption and excitation spectra are not much altered
we conclude that the observed quenching is not due to change
in structural form of the dye but rather due to the nanoparticles
providing an alternative non-radiative decay mechanism [32–34].
Fluorescence quenching is little (10%) for aqueous CTAB medium
due to efficient incorporation of the anionic FL dye in the cationic
CTAB micelles. The Stern–Volmer plots have been plotted from the
steady-state data and are shown in Fig. 7. The Stern–Volmer plots

indicate two intersecting straight lines, implying a heterogeneous
population of quenchers. Fluorescence lifetimes of the dye in pres-
ence of silver nanoparticles have also been determined and are
given in Table 1. The lifetimes show slight changes but not much
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ig. 6. TEM images of 1 × 10−4 M silver nanoparticles prepared in (a) water (b) SDS
icelles.

ifference in presence of nanoparticles indicating that this is a case
f static not dynamic quenching. For neutral TX-100 micelles, 30%
uenching is observed.

At high dye concentration (1 × 10−4 M),  the absorption spec-
ra indicate the existence of dye aggregates. The silver plasmon
and at 400 nm is observed for all the media on increasing sil-
er nanoparticle concentration, but is most prominent for aqueous
DS. Concurrently, maximum fluorescence quenching is observed
n aqueous SDS media i.e. 85% quenching. For the other media
uenching is much less 5% for TX-100, 22% for CTAB and 37% for
eat water. For high dye concentrations, the Stern–Volmer plots
re quite non linear indicating a complex interaction between the
ye and the nanoparticles. To conclude, it can be said quite convinc-

ngly that the silver nanoparticles do interact with the dye alone
ausing considerable fluorescence quenching which is much more
han the quenching caused by Ag+ alone (data not shown). Con-
rol experiments were performed to study the quenching effect of
g+. It was observed that Ag+ does not cause any quenching of dye

uorescence except slightly in neat water. Thus the quenching of
ye fluorescence by the silver nanoparticles is solely due to the
ilver nanoparticles and the contribution from Ag+ ion (remaining
nreacted) is negligible.
Fig. 7. Stern–Volmer plots for Ag-np induced fluorescence quenching of 1 × 10−6 M
FL  dye (a) neat water (b) SDS micelles.

3.3.3. Effect of Ag nanoparticles on the protonation/aggregation
equilibria of the FL/AA system
3.3.3.1. At low dye concentration. To study the effect of silver
nanoparticles on the process, previously prepared nanoparticles
(stock [Ag+] = 5 × 10−3 M)  were added to the aqueous dye solu-
tion before addition of AA. The final silver concentration was  same
in all cases i.e. 1 × 10−4 M.  On addition of nanoparticles to the
dye solution in neat water, the dye absorbance was  completely
masked within the wider envelope of the silver plasmon band.
Now, with gradual addition of AA the main plasmon band gets
widened with the addition of a new hump at ∼600 nm. This is
indicative of aggregated nanoparticles [30,31] which occurs due
to absence of surfactant jacket or arises due to dye–induced per-
turbations in neat water medium [13,14]. We  already have proof of
this kind of particle aggregation in neat water from the TEM results
(Fig. 6a). Subsequently, fluorescence emission studies were carried
out. With increasing AA, fluorescence gets quenched and disap-
pears completely at high AA concentrations. However, the extent
of quenching of FL fluorescence on gradual addition of AA is much

less in presence of silver nanoparticles than in their absence. One
reason for this is that some of the AA is used up for reducing the little
amount of free Ag+ that may  still be present and thus complete pro-
tonation of dye is not possible. Support for this also comes from the
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Table  4
Calculation of the surface-to-volume ratio and number of surface atoms for the
various nanoparticles.

System Diameter(nm)
(from TEM study)

 ̨ % Surface atoms

Ag-np in water 24 0.03625 4%
Ag-np in TX-100 19 0.04578 5%
Ag-np in CTAB 15 0.0580 5%
Ag-np in SDS 13 0.06692 7%

N is the aggregation number of the Ag-nanoparticles.
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Fig. 8. (a) Fluorescence excitation spectra of 1 × 10−4 M FL in water (in presence

absence of nanoparticles. On subsequent addition of AA, in
Ag

 is their surface-to-volume ratio, NS is the number of surface atoms.

uorescence excitation spectra which indicate that finally at very
igh AA concentrations, reaction stops at the monoanion stage in
eat water while in absence of silver nanoparticles, the reaction
ad proceeded to the neutral dye stage.

The effect of silver nanoparticles on the reaction in aqueous
icelles was also studied. In the neutral surfactant TX-100, with

ncreasing AA, new features develop in the nanoparticle spectrum
ith corresponding color change. For example at 1 × 10−3 M AA,

he solution turns orange and double humps are seen at 414 nm
nd 480 nm.  These changes are due to changes in the size/shape
f the silver nanoparticles brought about due to interaction with
he dye [35]. These observations are consistent with the results
f Ghosh et al. and Chandrasekharan et al. [13,14] who observed
anoparticle aggregation for small-sized gold colloids (∼10 nm in
iameter) brought about by dyes.

In aqueous CTAB micelles, the feature that distinguishes this
ituation from neat water or aqueous TX-100 is that here the dye
bsorbance is not totally masked. The dye absorbance appears as a
iny satellite hump at 500 nm even in presence of the strong silver
anoparticle plasmon band. The reason is that FL dianion is strongly
nchored to CTAB micelles via the electrostatic effect and thus the
ye identity is not completely lost in presence of silver nanoparticle.

ndication of such strong anchoring was also mentioned in Section
.1.

In aqueous SDS micelles, the dye absorption is masked totally
y the wider silver nanoparticle plasmon band. With gradual addi-
ion of AA, the metachromatic peak develops at ∼440 nm even in
resence of silver nanoparticles. At higher concentration of AA, the
olution becomes orange colored with development of a new hump
t 445 nm.  This is again due to the change brought about in the
hape/size of the nanoparticles by the presence of the dye [13,14].
or SDS, in contrast to other systems, fluorescence emission stud-
es reveal that quenching of FL fluorescence by AA is more efficient
n presence of silver nanoparticles than in their absence. However,
his can be due to the fact that in SDS micelle, the silver nanopar-
icles interact strongly with the dye alone even in the absence of
A (Section 3.3.2). We  have made some calculations on the surface
rea and number of surface atoms for the different nanoparticles as
uggested by Ghosh et al. [13]. The results are given in (Table 4). We
ave taken the diameter from the major population of Ag nanopar-
icles obtained from the TEM studies. For example, for a particle of
iameter 24 nm in water, surface-to-volume ratio (˛) is 0.03 while
or SDS  ̨ is ∼0.07. Thus the higher  ̨ value in SDS micelles may
ccount for the enhanced fluorescence quenching in SDS micelles
n presence of nanoparticles. For other media such enhancement in
uorescence quenching is not observed as  ̨ values are lower.

As far as the effect of Ag nanoparticles on the protonation reac-
ion is concerned, for all the surfactant systems, except SDS no
istinct effect is observed. Rather, incomplete reaction occurs in
resence of nanoparticles for neat water, aqueous TX-100 and

queous CTAB. For aqueous SDS medium, however, there is some
ffect exerted by the nanoparticles as evidenced by larger fluores-
ence quenching. On the other hand, the dye exerts some effect
of  Ag nanoparticles) 0 M AA, (ii) 1 × 10−5 M AA, (iii) 5 × 10−4 M AA. (b) Fluores-
cence excitation spectra of 1 × 10−4 M FL in aqueous SDS micelles (in presence of
Ag  nanoparticles) 0 M AA, (ii) 5 × 10−5 M AA, (iii) 5 × 10−4 M AA.

on the size/shape of the nanoparticles for the neutral and anionic
surfactants.

3.3.3.2. At high dye concentration. In the earlier section, it was
discussed how the presence of silver nanoparticles lead to some
alteration in the protonation behavior of the FL/AA system, for low
dye concentrations. We  also studied the effect of silver nanoparti-
cles at high dye concentrations. Thus the nanoparticles were added
to the dye solution prior to the addition of AA. With increasing con-
centration of AA, there is deaggregation but more AA is required to
cause dye de-aggregation, than in absence of nanoparticles. The
slower dye deaggregation rate is because part of the AA is used up
for reducing some residual Ag+ ion rather than FL. Finally the tran-
sition dianion aggregate → monoanion → neutral is seen even in
presence of nanoparticles. The final decrease in fluorescence inten-
sity caused due to protonation is much more in presence of silver
nanoparticles. There is a marked difference between the excitation
spectra of dye in neat water, with and without nanoparticles. In
presence of nanoparticles, J aggregate/H aggregate ratio decreases
very fast on adding AA while in absence of nanoparticles, this ratio
remains quite high except at really high AA concentration. Thus
nanoparticles help to destroy the linear J-aggregates which is an
effect that is quite noteworthy (Fig. 8a).

In aqueous CTAB micelles, once again there are differences
observed between the protonation behavior in presence and
absence of nanoparticles, deaggregation occurs to give the dianion
monomer and finally the monoanion absorption is seen. But in
presence of silver nanoparticles, the dianion monomer absorption
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pectrum is never seen, deaggregation occurs to give directly the
onoanion. This indicates faster deaggregation in presence of

ilver nanoparticles in aqueous CTAB micelle. The fluorescence
xcitation spectra indicate that both H and J aggregates are initially
resent, finally AA causes deaggregation to give first dianion and
hen monoanion.

In anionic SDS micelles, the same trends in absorption spec-
ra are observed as before. Also, an additional hump at 400 nm,
ver and above the new metachromatic band at 445 nm is observed
n presence of Ag nanoparticles. This is the nanoparticle plasmon
eak. Fluorescence excitation spectra indicate loss of splitting in
ands i.e. deaggregation. This indicates better deaggregation in
resence of Ag nanoparticles (Fig. 8b).

Thus summarizing for high dye concentrations, there is sig-
ificant effect exerted by silver nanoparticles. In presence of
anoparticles in all the micellar media, we observe better deag-
regation compared to the situation without nanoparticles. In neat
ater, rather than their being enhanced deaggregation in presence

f Ag-nanoparticles, we observe very rapid decrease of J-agg/H-agg
atio. Thus, we can categorically state that silver nanoparticles do
xert considerable effect on the deaggregation of FL caused by AA
.e. deaggregation is faster in presence of nanoparticles. This find-
ng is quite novel. There are very few reports of such nanoparticles
nduced dye deaggregation. That dye aggregation may  be pre-
ented when dyes adsorb to the surface of gold nanoparticles was
hown by Makarova et al. [36] and Templeton et al. [37]. However,
any workers have reported the reverse effect i.e. nanoparticle-

nduced dye aggregation [13,38]. They have shown that small-sized
anoparticles can induce dye aggregation. Our nanoparticles are
omparatively larger in size and thus they show the reverse effect
.e. dye de-aggregation. We  can explain the accelerated deaggrega-
ion of dye aggregates (in presence of nanoparticles) by correlating
he structure of the nanoparticles in terms of their surface parame-
ers. The results are summarized in (Table 4). We  find that out of the
otal atoms of Ag for any particle, quite a large number are on the
urface. Thus the surface of such a particle can interact with a large
umber of fluorescein molecules. This leads to strong interaction
etween the two and thus the nanoparticle-induced quenching and
eaggregation effects can be explained.

. Conclusions

This work reports on the protonation reaction between a com-
on  biological probe and a laser dye, FL and vitamin C (ascorbic

cid). The effects of silver nanoparticles on the protonation reaction
re also explored where principally the dianion monomer exist. At
ow dye concentrations, we find that the protonation reaction pro-
eeds to the neutral form of FL, in neat water while for aqueous
X-100 and CTAB micelles, the reaction stops at the monoanion
tage. For aqueous SDS micelles, reaction proceeds to the cation-
tage with subsequent exhibition of metachromasia. Thus as far
s aqueous micellar media are concerned, neutral and cationic
icelles prevent complete protonation of FL by AA due to shield-

ng/anchoring effects arising out of hydrophobic interactions and
lectrostatic effects. Also micellar surface pH may  play an impor-
ant role. The anionic micelle SDS displays unique effects. For the
nionic micelle, however, repulsive electrostatic interaction forces
he anionic dye to remain in the bulk solvent where it is highly
usceptible to attack by AA whereby protonation is complete and
he dye cation is formed. Subsequently, this dye cation can par-
icipate in metachromatic interaction with the anionic surfactant
olecules. Thus there is considerable effect exerted by micellar
edia on the protonation reaction between FL and AA.
At high dye concentrations, the principal species that exist

re the dye aggregates: both J-type and H-type. On adding AA to
[
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the dye, there is deaggregation due to intermolecular hydrogen
bonding between FL and AA. The anionic micelle SDS, too shows
interesting effects, here at high dye concentration (unlike for low
dye concentration), the metachromatic band is not observed. This
is probably due to the existence of excess dye cations preventing
stoichiometric complex formation with the surfactant molecules.

Further investigations carried out in presence of silver nanopar-
ticles reveal interesting effects exerted by the nanoparticles.
Addition of the nanoparticles to the dye solution in neat water or
in aqueous surfactants leads to quenching of the dye fluorescence.
Quenching action of nanoparticles is well-known. We  have also
shown that this quenching is mainly due to the silver nanoparti-
cles and not due to any unreacted Ag+ ions. Also the dye is found to
affect the size/shape of the silver nanoparticles in some cases.

At high dye concentration, presence of silver nanoparticles leads
to considerable effects on the aggregation phenomena. For all the
four media, nanoparticles accelerate the deaggregation process.
Additionally, in neat water, presence of nanoparticles leads to very
rapid decrease of the J-aggregate/H-aggregate ratio i.e. nanopar-
ticles disrupt the head-to-tail type dye aggregates, probably due
to interception of the intermediate regions between the individual
dye monomers.

Thus this work reports on the efficient deaggregation of FL
aggregates in presence of weak reducing agents like AA which is
promoted by silver nanoparticles. Thus harmless chemicals like
AA and/or silver nanoparticles may  be efficiently used to prevent
aggregation of FL in laser materials, quantum yield standards and
in biological labeling. We  have not performed exhaustive size-
dependent studies with nanoparticles, this may be explored later.
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