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The role of graphene oxide (GO) in quenching the emission properties of various organic fluorophores is
well known. However, promoting prototropism of various organic fluorophores or inducing fluorescence
enhancement is less documented in the literature. The role of GO on the emission properties of
fluorophores in binary-solvent mixtures is not very well studied. In this article, we report the
photophysical behavior of fluorescein (NaFlu) molecules in the presence as well as in the absence of
GO, in neat solvents and water—polar aprotic solvent binary mixtures. In the presence of GO, addition of
polar aprotic solvents promotes solvent-induced aggregation of NaFlu in water, i.e. aggregation-induced
emission (AIE), since due to the aggregate formation there is a restriction in the intramolecular rotation
of NaFlu molecules, and the chances of non-radiative relaxation pathways decreases. In the absence of
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GO, NaFlu forms aggregates which leads to n—=n coplanar interactions between NaFlu molecules leading
to excimer species formation that prefers to decay through non-radiative pathways thus promoting an
aggregation-caused quenching (ACQ) phenomenon. Therefore, the presence of GO facilitates the AIE of
NaFlu molecules in different binary solvent mixtures. This property of GO will be helpful to create novel
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1. Introduction

Fluorescein is known to exist in seven different prototropic
forms as shown in Scheme 1: four charged forms and three
neutral forms each exhibiting distinguishable photophysical
properties.” High photo-stability and a high quantum yield are
some of the many unique spectroscopic properties that fluor-
escein exhibits. This is due to the presence of a rigid and large
pi-conjugated structure that fluorescein possesses.” Fluorescein
is widely used as a standard molecule for calculating the
quantum yield,® and it exhibits a wide array of applications
known to mankind.*™?

One of the notable members of the graphene family is
graphene oxide (GO)." GO is known to form stable colloidal
suspensions.™ Scheme 2 showcases the various functional groups
on the surface of GO. GO has drawn the attention of the scientific
community owing to its unique set of properties'®™® and due to
its diverse applications.'®>¢

Binary mixtures involving non-aqueous and aqueous solvents
are very interesting systems owing to the non-ideal properties
and anomalous behavior of binary mixtures. Substances which
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are less soluble in neat solvents are readily soluble in binary
mixtures.”” To comprehend the diverse set of properties of
binary mixtures, one must know the composition of the involved
components.”® In most cases it has been seen that binary
solvents function as an inhomogeneous mixture and are non-
ideal to both dynamical properties such as cluster diffusion,
solvation energy, etc. and static properties such as refractive
index, viscosity, etc.>"*

A few studies are reported in the literature regarding the
photophysical changes of a few organic fluorophores induced
by GO. GO is known for enhancing the fluorescence of a
hydrophilic molecule 7-(diethylamino)-coumarin-3-carboxylic
acid (7-DCA). GO acts both as an enhancer and a quencher of
fluorescence of 7-DCA depending upon the solvent choice.** GO
also promotes prototropism of lumichrome,* Nile blue A
(NB)*® and the oxazine-170 perchlorate (OXO) molecule.’” GO
induces hydrogen abstraction as well as hydrogen elimination
as a result of which prototropism occurs.*®*” This is mainly due
to the presence of various oxygen functional groups on the GO
surface. Therefore, to further understand the role of GO, we
have chosen the fluorescein (NaFlu) molecule to comprehend its
photophysical changes in binary solvent mixtures (water-polar
aprotic solvents). The solvatochromism of NaFlu in aqueous
aprotic solvents is reported in the literature, where the authors
have reported that hydrogen bonding causes hypsochromic shift
whereas polarity leads to bathochromic shift.” The solvatochro-
mic properties of the NaFlu dye in a water-alcohol mixture are
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Scheme 1 Various forms of fluorescein: (a) cation, (b—d) neutral, (e and f) anion, and (g) dianion.

Scheme 2 Various functional groups present in GO.

documented in the literature which states that the spectral shift
NaFlu undergoes is influenced by polarity as well as hydrogen
bonding acidity of the medium under investigation.*®*° In this
work we found another interesting property of GO, promoting
aggregation-induced emission (AIE) of NaFlu in binary solvent
mixtures. n-n coplanar interactions between NaFlu molecules
lead to excimer species formation that prefers to decay through
non-radiative pathways thus promoting an aggregation-caused
quenching (ACQ) phenomenon. Therefore, the presence of GO
facilitates the AIE of NaFlu molecules in different binary solvent
mixtures.

2. Materials and methods
2.1 Materials

Sodium fluorescein (NaFlu) was bought from Sigma-Aldrich
and used without further purification. From Sigma-Aldrich, GO

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023

was purchased and used as received. The various solvents used
in this project were acetonitrile (ACN), N,N-dimethyl forma-
mide (DMF), dimethyl sulphoxide (DMSO), tetrahydrofuran
(THF) and triple distilled water.

2.2 Sample preparation

In 4 mL of each solvent, 2 mg of GO was dissolved, i.e. 0.5 mg mL ™"
is the concentration of GO prepared. All the prepared GO disper-
sions were sonicated in a cold water bath for 1 h. This was
performed to dispense the heat generated during the ultrasonica-
tion process. The concentration of NaFlu throughout all the
experiments was 1 x 107> M.

2.3 Instrumentation

2.3.1 Steady-state measurements. To collect the absorption
and emission as well as excitation data, a Shimadzu UV-Vis
spectrophotometer (model number: UV-2550) and a Horiba
Jobin Yvon spectrofluorometer (model number: Fluoromax 4)
were used, respectively. For obtaining the data, a quartz cuvette
was used. For all the experiments, the temperature was main-
tained at 298 K using a Peltier controlled cuvette holder for the
fluorescence study and for the absorbance study, a Jeiotech
refrigerated bath circulator was used.

The actual spectral changes of NaFlu in the presence of GO
were corrected using the inner filter effect which is shown in

eqn (1).
(Aexdex> <‘ 1emdem>
1 obs — 1 corr X 10 2 2 (1)

F.orr symbolizes the fluorescence intensity after eliminating the
inner filter effect, and F,ps denotes the fluorescence intensity
observed. d., and d.,, denote the path length (cm) of the cuvette
for excitation and emission respectively. A.x and Ay, symbolize
the absorbance intensity values for the excitation and emission
wavelengths respectively.
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2.3.2 Fluorescence lifetime measurements. The fluorescence
dynamics of NaFlu molecules in different environments was
analysed using the picosecond time-correlated single-photon
counting (TCSPC) technique. A time-resolved fluorescence spec-
trophotometer from Edinburgh Instruments (model: Life Spec-1I,
U.K.) was used for this purpose using a picosecond diode laser
with an excitation wavelength of 405 nm exciting the NaFlu
molecule. At the magic angle (54.7°), a Hamamatsu MCP PMT
(3809U) detector was used to obtain the fluorescence transients.
The temperature was held constant at 298 K with the help of a
Peltier-controlled cuvette holder from Quantum North-West
(Model: TLC-50). To analyse and fit the decays obtained F-900
decay software was used. The ;> parameter value determined the
goodness of the fitting.

3. Results and discussion
3.1 Steady-state absorption and fluorescence measurements

3.1.1 Studies on the interaction of NaFlu with GO in water.
For absorption measurements, we have performed the baseline
correction with respect to the dispersion solution of GO in the
respective solvent in each experiment, so that any contribution
from the latter is eliminated. In neat water, as shown in Fig. 1,
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absorption spectra showcase the presence of the dianionic
form of NaFlu at 487 nm which corresponds to Scheme 1(g)
followed by the contribution of the monoanionic form of the
dye (shoulder) at 460 nm which corresponds to Scheme 1(f).*°
Sjoback et al.*! very lucidly highlighted the different protonated
forms of NaFlu along with their corresponding absorption
spectra. On addition of 3 and 15 pg mL ™" of GO, both the
monoanionic and dianionic forms of NaFlu are present in water
followed by a decrement in absorption intensity. However, for
35 g mL™' GO, the peak at 487 nm experiences a blue shift by
12 nm, ie. a new peak is formed at 475 nm. The peak at 460 nm
experiences a blue shift by 8 nm and a new peak is formed at
452 nm. On addition of 90 pg mL~" GO, the peak at 452 nm is
prominent which corresponds to the monoanionic form of the
dye.”’ The interesting aspect regarding this observation is
that the dianionic form of NaFlu, for an initial concentration
of 15 pg mL™" GO, is present in water; however, for 35 pg mL ™"
and beyond that concentration of GO only the monoanionic
form tends to exist in the solution. Hence, GO not only decreases
the amplitude of the 486 nm component of NaFlu, but also
promotes the conversion of the dianionic form of NaFlu to the
monoanionic form. Therefore, the absorption spectrum reveals
that NaF attaches on the GO surface and the monoanionic form
of NaFlu is predominant. From the absorption data, we thus
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Fig. 1 (a) Absorption spectral profile of NaFlu with GO in water: (i) NaFlu, (i) NaFlu + 3 mg mL~* GO, (iii) NaFlu + 15 mg mL~* GO, (iv) NaFlu + 25 mg mL™*
GO, (v) NaFlu + 35 mg mL™* GO, (vi) NaF + 60 mg mL~* GO and (vii) NaFlu + 90 mg mL™ GO. Fluorescence emission spectra of NaFlu with GO in water
(b) Jex = 490 nm and (c) Aex = 405 nm: (i) NaFlu, (i) NaFlu + 3 mg mL™* GO, (iii) NaFlu + 15 mg mL™ GO, (iv) NaFlu + 25 mg mL™ GO, (v) NaFlu +
35 mg mL™t GO, (vi) NaFlu + 60 mg mL™t GO and (vii) NaFlu + 90 mg mL~ GO.
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decided to undertake emission studies at two excitation wave-
lengths, which are 490 nm and 405 nm. We chose 490 nm to
excite the dianionic form of NaFlu, whereas 405 nm was used to
excite any other lower absorbing forms of NaFlu as well since we
used a 405 nm laser to collect time-resolved emission decays.
Upon excitation at 490 nm, it is observed that the emission peak
is generated at 514 nm which agrees well with the reported data
in the literature.*” This characteristic peak at 514 nm undergoes
a prominent reduction with respect to its intensity upon the
addition of 3 pg mL™' GO. This trend is followed with the
gradual addition of GO up to 90 pg mL~" without any change
in the emission position. In short, GO basically acts as a
quencher. The same behaviour is obtained when excited at
405 nm as shown in the ESL.f Now let’s decipher why GO
behaves as a quencher? The presence of various oxygen func-
tional groups and the existence of 2D sp® carbon atoms in a
single layer impart GO with many unique properties such as
stability in a water medium,*”® amphiphilicity,** surface
modifications®® and adsorption of molecules on the GO surface
via hydrogen bonding®® and pi-pi stacking.'” Thus when GO is
added gradually to water having NaFlu molecules, the latter
undergoes adsorption on the GO surface, followed by
quenching of fluorescence intensity. Another possible reason
for such behaviour is that the pi electrons of NaFlu can
interact with the pi electrons of GO sheets via a non-
covalent interaction as a result of which the fluorescence
signal of NaFlu decreases.*®° A few studies in the literature
have suggested that the intensity of NaFlu quenches due to
the formation of a non-emissive supramolecular moiety in
the presence of graphene.’’? So the presence of NaFlu
within GO which acts as a host might be another possible
reason for the prominent quenching of both the absorption
and fluorescence signal. In water, the absolute quantum
yield value (ABQY) of NaFlu is 0.92 which agrees with the
literature value.> On addition of 35 ug mL™* of GO, the ABQY
value decreases to 0.34 as shown in Table S1 (ESIf) which
supports the fact that GO acts as a quencher. The absorption
and fluorescence studies regarding NaFlu in the presence of
GO in ACN, DMSO, DMF and THF are explained in a detailed
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manner in Fig. S1 (ESIt). In the case of water, we have seen
the conversion of various forms of NaFlu, which draws our
attention. So for the next upcoming sections, we have con-
sidered NaFlu-GO in the water system and tried to monitor
the photophysical changes that NaFlu undergoes on addition
of various polar aprotic solvents, i.e. binary mixtures both in
the presence and in the absence of GO.

3.1.2 Fluorescence quenching of NaFlu with GO in water.
The Stern-Volmer equation determines the nature of binding
between a fluorophore and a quencher where Kgy denotes the
Stern-Volmer constant of the complex formed. The plot of I,/
I vs. [Q] should be a straight line where Kgy denotes the
slope.®® Nonetheless sometimes upward curvature, i.e. posi-
tive deviation from linearity, is also observed in systems that
involve only one type of quenching, i.e. static or dynamic
quenching.’*™® In our case on addition of GO to NaFlu in
water, the fluorescence intensity of NaFlu decreases. The
almost constant lifetime values as discussed in the lifetime
section clearly indicate that static quenching is prominent
due to the stable non-fluorescent complexes between GO and
the NaFlu molecules formed. However, in the present case,
the upward curvature is prominent for a higher concen-
tration of GO. Campbell et al.>® proposed a generalised
model for static quenching which assumes the variable
population of a quencher and a fluorophore according to a
set of equations:

[FQ] = K [F][Q] 2)
[F] = [Fo] — [FQ] 3)
[Q] = [Qo] — [FQ] 4)

Here [F,| and [Qo] denote the fluorophore and quencher con-
centrations taken initially, [F] and [Q] are the fluorophore and
quencher concentrations for any given time which is after a
certain concentration of complexes [FQ] is formed and K
denotes the association constant. Thus from this model, a
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Fig. 2 (a) Stern—Volmer plot for the fluorescence quenching of NaFlu with the addition of GO to water (1ex = 490 nm) and (b) Stern—Volmer plot for the
fluorescence quenching of NaFlu in the presence of GO in water (1ex = 405 nm).
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non-linear equation (eqn (5)) is obtained which is

Iy
1

1

]_% KLSV—F[FO]-F[QO]—\/(KLSV"‘[FOH‘[QO}) —4[Fo][Qo]
()

Using the above equation, the data are accurately fitted as
shown in Fig. 2. We have monitored the quenching of NaFlu
in the presence of GO in water at both excitation wavelengths
490 nm and 405 nm, and it is evident that dominant static
quenching occurs which is lucidly described by the generalized
Stern-Volmer model. The Kgy values are [0.27 & 0.02] (ng mL ") "
and 0.11 £+ 0.01 (ug mL™")"" for the excitation wavelengths
490 nm and 405 nm respectively, shown in Fig. 2.

3.1.3 Adsorption phenomenon of NaFlu on the GO surface
in different neat solvents. At 298 K, the adsorption isotherms of
NaFlu on the GO surface in neat water, ACN and DMSO were
determined. The final concentration of GO in respective sol-
vents was fixed with respect to the final concentration of GO
used in the fluorescence emission measurements performed.

The adsorbed dye (ns) was obtained using eqn (6)*°
p, = Co—CV 6)
Mad

where C, and C. denote the initial and equilibrium concentra-
tions of NaFlu respectively, calculated from the fluorescence
intensity values of NaFlu at the respective maximum in water,
ACN and DMSO. The mass of GO used in the experiment which
is the adsorbent is denoted by m,q. V denotes the solution
volume. The adsorption isotherm plot of NaFlu on GO is shown
in Fig. 3.
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Table 1 The parameters of Langmuir isotherms due to the adsorption of
NaFlu on GO in various solvents at 298 K

Solvent N (mol g™ Y) Ky, (L mol ™) R

ACN (4.85 + 0.09) x 107> (1.40 + 0.08) x 10’ 0.993
DMSO (3.71 £ 0.03) x 10° (1.70 £ 0.04) x 10° 0.998
Water (2.85 + 0.07) x 10°* (6.60 + 0.44) x 10° 0.993

Isotherms obtained are then fitted by using the hyperbolic
form of the Langmuir model shown in eqn (7):

o I’lm.CC.KL

=_moefL 7
1+ K- Ce @)

nS
K;, denotes the equilibrium constant of the adsorption. 7,
symbolises the amount of NaFlu adsorbed for full coverage.
K, as well as n,,, values are provided in Table 1. The parameters
obtained are not comparable with other different solvents
because the concentration of GO used is the final concentration
of GO for which the fluorescence intensity of NaFlu is promi-
nently quenched. This is because we are concerned only with
the adsorption parameters for the final concentration of GO
used in different solvents. The adsorption of NaFlu molecules
on the GO surface could not be performed in neat DMF and
THF solvents. In the case of DMF, the reason for not obtaining
the adsorption isotherm is that NaFlu is known for aggregation-
caused quenching (ACQ).®' So while conducting the experi-
ment, on increasing the concentration of NaFlu in the DMF
medium, NaFlu showcases the ACQ effect. For THF, the adsorp-
tion isotherm could not be extracted simply due to the solubi-
lity issue of NaFlu in common organic solvents.®>
3.1.4 Photophysical studies on the interaction of NaFlu
with GO in binary mixtures in the presence and in the absence
of GO. In this set of experiments where binary mixtures of
solvents are involved we have chosen to fix 35 pug mL ™" as the
concentration of GO since at this concentration of GO, NaFlu
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Fig. 3 Adsorption of NaFlu on GO: (a) ACN, (b) DMSO and (c) water.
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undergoes a drastic prominent photophysical change as dis-
cussed previously. In water, the absorption spectrum of NaFlu
includes an intense band corresponding to the dianionic form
of NaFlu and a shoulder corresponding to the monoanionic
form of the dye. The intense band is due to the allowed m-n*
transition occurring on the xanthene moiety, and the shoulder
band is due to the o-1 transition in symmetric breathing
mode.®® On addition of 35 ug mL ™" GO, the dianionic and
the monoanionic forms of NaFlu tend to exist. Now we want to
monitor how the photophysical properties of NaFlu are modu-
lated in binary mixtures involving ACN, DMF, DMSO and THF.

(a) Water-ACN. ACN is also known to form a few hydrogen
bonds with water molecules, eventually thus forming clusters.
At yacn < 0.2 (where y means the mole fraction), ACN
molecules rupture water structures to a slight extent and water
molecules are still self-associated via hydrogen bonding. Hence, in
our work since yxcn < 0.1, no rupture of water molecules occurs.>
In the presence of GO as shown in Fig. 4, on addition of ACN
(xac~ = 0.004), no such change occurs either in the absorption
peak position or in the absorption intensity. On addition of
ACN (yacn = 0.062), however, the intensity amplitude of the
452 nm peak slightly decreases, whereas the intensity
amplitude of the 475 nm peak slightly increases. Though the
increase or decrease is marginal it is enough to understand that
ACN modulates or better to say interacts with NaFlu molecules
in the presence of GO in a very subtle manner. In the case of
emission spectra, we have used two excitation wavelengths
which are 490 nm and 405 nm. The corresponding emission
spectra using an excitation wavelength of 405 nm for all other
binary mixtures in the presence of GO are provided in Fig. S2
(ESIt). On gradual addition of ACN in the NaFlu GO system, it is
evident that there is enhancement of fluorescence intensity,
i.e. GO, which was responsible for quenching the fluorescence
of NaFlu, now on addition of ACN to the medium promotes
increment of fluorescence intensity of NaFlu. We have added
ACN up to a point where the fluorescence intensity reaches
the saturation value. Fluorescence resonance energy transfer
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(FRET), formation of non-emissive supramolecular moiety,
hydrogen bonding and pi-pi interaction between the different
oxygen related functional groups on GO surface are responsible
for fluorescence quenching. Now on gradual addition of ACN
since the enhancement of intensity occurs, we propose that
ACN acts as an enhancer of fluorescence by diminishing the
factors to some extent responsible for fluorescence quenching.
For the final addition of ACN (yacx = 0.062), to the NaFlu-GO
mixture in water, the ABQY value of NaFlu increases to
0.42 when compared to the ABQY value of the NaFlu-GO
mixture in water which is 0.34. In the absence of GO, on
gradual addition of ACN, it is seen that there is no change in
the absorption peak position except that the absorption inten-
sity gradually decreases and ACN, instead of promoting fluores-
cence intensity, acts as a quencher, and the emission maxima
remain the same (514 nm) as shown in Fig. S3 (ESIt). In the
absence of GO, for the final addition of ACN (yacn = 0.062), to
NaFlu in water, the ABQY value decreases to 0.63 when com-
pared to the ABQY value of NaFlu in neat water which is 0.92.

(b) Water-DMF. In the case of DMF, there are basically three
stages of hydrogen bonding in a water-DMF binary mixture.
When the volume fraction (V) of DMF, i.e. Vi, is less than 0.4,
addition of DMF to water strengthens the hydrogen bonding
network in water. However, when Vpye = 0.4, the tetrahedral
structure of water is destroyed, and DMF and water molecules
form complexes which are DMF-3H,0 and DMF-2H,0. Finally,
when Vp\r reaches 0.8, the DMF-water complex is converted to
the DMF-H,0 structure due to the instability of the DMF-nH,0
complex.®*

In the presence of GO as shown in Fig. 5, when DMF is
added the photophysical change that NaFlu undergoes is very
astounding. Initially for a low DMF concentration (ypmr =
0.003), there is no such change except that the absorption
intensity value increases but on gradual addition, it is observed
that not only the absorption intensity value increases but the
peaks at 475 nm and 452 nm experience a bathochromic shift
by 12 nm and 8 nm. In short, we can infer that there is a
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Fig. 4 (a) Absorption spectral profile and (b) fluorescence emission spectra (Zex = 490 nm) of NaFlu in the presence of GO in a water—ACN mixture: (i)
NaFlu, (i) NaFlu + 35 mg mL~* GO, (iii) NaFlu + 35 mg mL™* GO + ACN [y = 0.004], (iv) NaFlu + 35 mg mL™* GO + ACN [¢ = 0.007], (v) NaFlu + 35 mgmL™*
GO + ACN [ = 0.013], (vi) NaFlu + 35 mg mL™ GO + ACN [y = 0.018], (vii) NaFlu + 35 mg mL™ GO + ACN [¢ = 0.024], (vii) NaFlu + 35 mg mL™ GO +
ACN [y = 0.034, (ix) NaFlu + 35 mg mL™ GO + ACN [y = 0.046], and (x) NaFlu + 35 mg mL™ GO + ACN [y = 0.062]. = mole fraction of ACN in the

mixture.
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Fig. 5 (a) Absorption spectral profile and (b) fluorescence emission spectra (e, = 490 nm) of NaFlu in the presence of GO in a water—DMF mixture: (i)
NaFlu, (i) NaFlu + 35 mg mL™* GO, (jii) NaFlu + 35 mg mL~* GO + DMF [ = 0.003], (iv) NaFlu + 35 mg mL~* GO + DMF [; = 0.009], (v) NaFlu + 35 mgmL~*
GO + DMF [ = 0.015], (vi) NaFlu + 35 mg mL~* GO + DMF [y = 0.035], (vii) NaFlu + 35 mg mL™* GO + DMF [; = 0.050], (vii) NaFlu + 35 mg mL™* GO +
DMF [y = 0.065] and (ix) NaFlu + 35 mg mL™* GO + DMF [y = 0.080]. y = mole fraction of DMF in the mixture.

distinguishable conversion of the monoanionic form to the
dianionic form of NaFlu in the presence of GO in a water
medium. When excited at 490 nm, on addition of DMF, the
fluorescence intensity of NaFlu, which was quenched on addi-
tion of GO, is now drastically enhanced on addition of DMF
(xomr = 0.080) since at this point the intensity reaches the
saturation value with no change in the emission position
(514 nm). The corresponding spectra at the excitation wave-
length are provided in the ESL.{ In fact, DMF is a better enhancer
than the rest of the solvents used in our study, which will be
discussed later. For the addition of DMF (ypmr = 0.080), to the
NaFlu-GO mixture in water, the ABQY value of NaFlu increases
to 0.70. In the absence of GO, however, the trend observed in the
case of DMF is almost the same, just like ACN. On addition of
DMF (ypmr = 0.080), there is no considerable shift in the peak
position, which is accompanied by a decrease in the absorption
intensity, and DMF promotes quenching of the fluorescence
intensity with the emission position appearing at 516 nm as
shown in Fig. S3 (ESIt). In the absence of GO, for the addition of
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DMF (ypmr = 0.080), to NaFlu in water, the ABQY value decreases
to 0.60 compared to the ABQY value of NaFlu in neat water
(0.92).

(c) Water-DMSO. In the case of water-DMSO binary solvents
it is well known that one DMSO molecule associates itself with
two water molecules via hydrogen bonding, and hydrogen bond-
ing between DMSO and water is more stable than hydrogen
bonding between water molecules themselves. When jypmso is
0.21 and 0.35, the water structure is unaffected by DMSO but at
¥pmso = 0.35, not only DMSO-2H,0 complexes are formed but also
a deviation from ideal mixing occurs, and DMSO forms complexes
with two or three water molecules. Deviation of physical proper-
ties occurs when the mole fraction of DMSO is between 0.30 and
0.40. The presence of “micromicelle” arrangements in a water-
DMSO mixture when ypymso = 0.10-0.20, which accounts for the
anomalous behaviour of water-DMSO binary mixtures, is also
shown. Hence based on the literature, it is evident that the water—
DMSO mixture exhibits anomalous behaviour when ypyso = 0.10-

40 ("em =514 nm

hex =490 nm
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Fig. 6 (a) Absorption spectral profile and (b) fluorescence emission spectra (lex = 490 nm) of NaFlu in the presence of GO in the water—DMSO mixture:
(i) NaFlu, (i) NaFlu + 35 mg mL™t GO, (iii) NaFlu + 35 mg mL™* GO + DMSO [y = 0.004], (iv) NaFlu + 35 mg mL™* GO + DMSO [y = 0.010], (v) NaFlu +
35mg mL™* GO + DMSO [y = 0.015], (vi) NaFlu + 35 mg mL™* GO + DMSO [y = 0.037] and (vii) NaFlu + 35 mg mL™* GO + DMSO [y = 0.060]. y = mole

fraction of DMSO in the mixture.
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0.20 and 0.30-0.40. In our case, ypmso < 0.10 and thus there
is no anomalous behaviour of water-DMSO binary mixtures in
our study.””

In the presence of GO as shown in Fig. 6, on addition of
DMSO (ypmso = 0.004), no such change either in the absorption
peak position or the absorption intensity was observed. On
gradual addition until the final addition of DMSO, the intensity
amplitude of the 452 nm peak slightly decreases, whereas the
intensity amplitude of the 475 nm peak slightly increases
accompanied by a decrease in the absorption intensity. Here
too we can say DMSO interacts with NaFlu molecules in the
presence of GO. In the case of emission spectra, we have used
two excitation wavelengths which are 490 nm and 405 nm. The
corresponding spectra using an excitation wavelength of
405 nm for all other binary mixtures are provided in the ESL
On gradual addition of DMSO to the NaFlu-GO system, it is
evident that there is an increment in the fluorescence intensity,
i.e. GO, which quenched the fluorescence intensity of NaFlu,
now on adding DMSO to the medium enhances the fluores-
cence intensity. We have added DMSO (ypmso = 0.060) since at
this point the fluorescence intensity saturates. Since on gradual
addition of DMSO, the intensity enhances, we propose that
DMSO acts as an enhancer of fluorescence with the emission
peak being intact at 514 nm. For the addition of DMSO (ypmso =
0.060), to the NaFlu-GO mixture in water, the ABQY value of
NaFlu increases to 0.44. Now in the absence of GO, on final
addition of DMSO, it is seen that there is no such change in the
absorption peak position except that the absorption intensity
decreases and DMSO acts as a quencher as shown in Fig. S3
(ESIt). In the absence of GO, for the addition of DMSO (ypmso =
0.060), to NaFlu in water, the ABQY value decreases to 0.74
compared to the ABQY value of NaFlu in neat water (0.92).

(e) Water-THF. At room temperature, THF is miscible with
water at any composition.®> X-Ray scattering data reveal that
the total number of water-THF and water-water bonds
decreases with increasing the yryp.®®> However, the water-THF
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bonds are indistinguishable from the water-water hydrogen
bonds. In water-THF mixtures microheterogeneity occurs when
yrar iS in between 0.10 and 0.50.%° Also at low THF concentra-
tions, the hydrogen bond of the water-water network is little
affected by the hydrogen bonds formed between water and THF
molecules.®® Since in our work the yrur value is less than 0.10,
there is no possibility of microheterogeneity in the water-THF
binary mixtures in our study.

On addition of THF as shown in Fig. 7 (yrur = 0.002), the
peak at 452 nm experiences a blue shift by 15 nm, hence a new
peak at 437 nm is formed with a decrease in the absorption
intensity. This shows that on addition of THF to the NaFlu-GO
system in water, a neutral form of the dye (437 nm) tends to
exist. On excitation at 490 nm, the emission peak position
remains the same (514 nm) but the intensity progressively
decreases. For the addition of THF (yrur = 0.022) to the
NaFlu-GO mixture in water, the ABQY value of NaFlu decreases
to 0.08. Now in the absence of GO, on addition of THF (yrpr =
0.022), it is seen that there is a prominent change in the
absorption peak position with a decrease in the absorption
intensity. The peak at 487 nm completely undergoes a blue shift
by 12 nm and thus generates a shoulder maximum at 475 nm.
The main absorption peak is generated at 435 nm which
corresponds to the neutral form of the dye as shown in
Fig. 7. In the absence of GO, for the addition of THF (yru=
0.022), to NaFlu in water, the ABQY value decreases to 0.05
when compared to the ABQY value of NaFlu in neat water (0.92).
In the NaFlu-water system, THF acts as a quencher and the
emission maxima remain the same (514 nm) when excited at
490 nm. The corresponding spectra using an excitation wave-
length of 405 nm both in the presence and in the absence of GO

are provided in Fig. S2 and S3 (ESI{) respectively.

A485 nm

We have plotted the absorption ratio of of NaFlu

460 nm
vs. the mole fraction of polar aprotic solvents which are

ACN, DMF and DMSO as shown in Fig. 8. The plots obtained
exhibit a non-linear correlation with the mole fraction of polar
aprotic solvents indicating that hydrogen bond formation,
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Fig. 7 (a) Absorption spectral profile of NaFlu in the presence of GO in a water—THF mixture: (i) NaFlu, (i) NaFlu + 35 mg mL™! GO, (iii) NaFlu +
35mg mL~ GO + THF [ = 0.002], (iv) NaFlu + 35 mg mL™* GO + THF [ = 0.003], (v) NaFlu + 35 mg mL~* GO + THF [ = 0.005], (vi) NaFlu + 35 mg mL™*
GO + THF [ = 0.008], (vii) NaFlu + 35 mg mL~* GO + THF [y = 0.012], (viii) NaFlu + 35 mg mL~* GO + THF [y = 0.016], and (vii) NaFlu + 35 mg mL™* GO +
THF [y = 0.022]. (b) Fluorescence emission spectra (lex = 490 nm) of NaFlu in the presence of GO in a water—THF mixture: (i) NaFlu, (i) NaFlu +
35mgmL™* GO, (i) NaFlu + 35 mg mL~* GO + THF [; = 0.002], (iv) NaFlu + 35 mg mL™* GO + THF [ = 0.005] and (v) NaFlu + 35mg mL"* GO + THF [; =

0.022]. y = mole fraction of THF in the mixture.
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Fig. 8 The plot of absorbance ratio Z85mm s mole fraction of polar aprotic solvents in the presence of GO in (a) ACN, (b) DMF and (c) DMSO.
460 nm

solvation and non-ideal behaviour contribute to the obtained
spectrum.”’

3.1.5 Possible mechanism for anomalous behaviour. NaFlu
is well known to exhibit aggregation-caused quenching (ACQ)
properties.®* However, it is also well documented in the litera-
ture that fluorescein and fluorescein derivatives can exhibit
aggregation-induced emission (AIE).®*®” So in the presence of
GO, when ACN, DMF and DMSO are added, NaFlu molecules
form aggregates. However, the emission intensity of NaFlu is
enhanced. This may be due to solvent-induced aggregation

which eventually leads to AIE.°> This means that when the
polar aprotic solvents are added, NaFlu forms aggregates and
due to the aggregate formation there is a restriction in the
intramolecular rotation of NaFlu molecules and the chances of
non-radiative relaxation pathways decrease which eventually
leads to the AIE phenomenon (Scheme 3). However, the AIE of
NaFlu molecules follows the order water-DMF > water-ACN >
water-DMSO in water-solvent binary mixtures which is
observed for both 490 nm and 405 nm excitation wavelengths.
In the absence of GO and in the case of THF solvent (both in the

In water-polar aprotic binary mixtures
(ACN, DMF and DMSO)

Non emissive state of NaFlu in water in
presence of GO

In water-polar aprotic binary mixtures
(ACN, DMF and DMSO)

In water-THF binary mixtures
both in presence and absence of GO.

NaFlu in water

Scheme 3 ACQ and AIE of NaF in different media.
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presence and in the absence of GO), ACQ is more prominent.
This occurs since NaFlu forms aggregates and that aggregate
formation leads to m-m coplanar interactions between NaFlu
molecules, which eventually generates excimer species that
prefers to decay through non-radiative pathways.®*

3.3 Time-resolved fluorescence emission (TRFE)

3.3.1 Studies on the interaction of NaFlu with GO in water.
The fluorescence emission decay of NaFlu was collected using the
405 nm excitation wavelength as shown in Fig. 9. The lifetime
studies in polar aprotic solvents along with GO are available in
Fig. S6 (ESIT). The lifetime value of NaFlu in neat water is 3.70 ns.
This is due to the dianionic form of NaFlu. On addition of GO, i.e.
up to 3 ug mL " GO, the lifetime value almost remains the same
which is 3.72 ns. However, on further addition of 15, 35, 60 and
100 pg mL™" GO, the lifetime value chronologically decreases to
3.54 ns, 3.37 ns, 3.34 ns and 3.27 ns respectively, the decay is
monoexponential in nature, and it is due to the dianionic form of
the dye. Thus on increasing the GO concentration dominant static
quenching is prominent. Hence, NaFlu interacts with the various
functional groups available on the GO surface, and the latter
increases the rate of non-radiative transition. The lifetime values
are tabulated in Table S2 (ESIT).

3.3.1 Studies on the interaction of NaFlu with GO in binary
mixtures in the presence and in the absence of GO

(A) Water-ACN. On addition of ACN (yacn = 0.004), the
lifetime value becomes 3.42 ns as shown in Table S3 (ESIT).
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However, on addition of ACN (yacn = 0.062), the lifetime value
increases to 3.75 ns. All the decays exhibit a monoexponential
character. From this, it is evident that ACN decreases the rate of
non-radiative transition of NaFlu molecules in the NaFlu-GO
system. In the absence of GO, for the addition of ACN (yacn =
0.062), the emission decay is monoexponential in nature, and
the lifetime value is 3.89 ns (Fig. 10).

(B) Water-DMF. In the presence of GO, on addition of DMF
the lifetime value consistently increases, and all the decays
showcase monoexponential characteristics. On addition of
DMF (ypmr = 0.009), the lifetime value becomes 3.51 ns, and
it is 4.02 ns for the addition of DMF (ypmr = 0.080). From this, it
is evident that DMF decreases the rate of non-radiative
transition in the NaFlu-GO system. In the absence of GO, for
the addition of DMF (ypmr = 0.080), the decay remains mono-
exponential in nature and the lifetime value becomes 4.03 ns as
shown in Fig. 11.

(C) Water-DMSO. In the case of DMSO and in the presence
of GO, on addition of DMSO (ypmso = 0.004), the lifetime value
becomes 3.37 ns. However, on addition of DMSO (ypmso =
0.060), the lifetime value increases to 3.66 ns. From this, it is
evident that DMSO decreases the rate of non-radiative
transition of NaFlu molecules in the NaFlu-GO system. In the
absence of GO, for the addition of DMSO (ypmso = 0.060),
the lifetime decay remains monoexponential in nature, and the
lifetime value becomes 3.85 ns (Fig. 12).
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Fig. 9 Fluorescence emission decays of NaFlu with GO in (a) water, (b) ACN, (c) DMF and (d) DMSO.
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Fig. 10 Fluorescence emission decays of NaFlu in (a) a water—ACN binary mixture in the presence of GO and (b) a water—ACN binary mixture in the

absence of GO.
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Fig. 11 Fluorescence emission decays of NaFlu in (a) a water—-DMF binary mixture in the presence of GO and (b) a water—DMF binary mixture in the

absence of GO.
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Fig. 12 Fluorescence emission decays of NaFlu in (a) a water—DMSO binary mixture in the presence of GO and (b) a water—-DMSO binary mixture in the

absence of GO.

(D) Water-THF. In the presence of GO, on addition of THF
(xtar = 0.002), the lifetime value becomes 3.14 ns, ie. no
prominent change. However, on addition of THF (g = 0.022),
the lifetime value increases and remains monoexponential in
nature with a lifetime value of 3.31 ns. From this, it is evident
that THF, similar to other solvents, decreases the rate of non-
radiative transition of NaFlu molecules in the NaFlu-GO system.
In the absence of GO, for the addition of THF (yur = 0.022), the

9196 | New J. Chem., 2023, 47, 9186-9202

decay remains monoexponential in nature, and the lifetime value
becomes 3.56 ns (Fig. 13).

3.4 Raman spectral study

Raman spectroscopy is a powerful, fast, and vital tool to
characterize and determine the various diverse set of properties
of carbon based materials such as fullerenes, diamond as
well as graphite.®® Raman spectroscopy showcases important
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Fig. 13 Fluorescence emission decays of NaFlu in (a) a water—THF binary mixture in the presence of GO and (b) a water—THF binary mixture in the

absence of GO.

features of graphene type materials.’® Therefore, in unravelling
GO’s structural properties, Raman spectroscopy comes in very
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at 1336-1347 cm™ " are known to be formed. The presence of
E,g vibrational modes of carbon and sp® carbon atoms leads to
the formation of the G band of GO which is at 1586-1596 cm ™.
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Fig. 14 Raman spectra of GO in the presence of NaFlu: (a) water, (b) water—ACN binary mixture, (c) water—DMF binary mixture, (d) water—DMSO binary
mixture, and (e) water—THF binary mixture and (f) Raman spectra of NaFlu in the absence of GO.
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The disordered sp® carbon atoms present in GO generate the D
band which is at 1336-1347 cm ™ ".** The parameter to compre-
hend the defects in bonding, the sp®/sp” fraction of carbon and
disordered carbon content, in graphene oxide is the I/
ratio.”®”" Several studies present in the literature demonstrate
that there is a decrease’””* and an increase’*”® in the I/l
ratio. In our work as shown in Fig. 14 we were interested to
examine whether there is any surface modification of GO in the
presence of binary mixtures both in the presence and in the
absence of NaFlu. The Ip)/I) ratio of GO for all systems is in
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between 1.00 and 1.20. Thus, even though there is no promi-
nent change in the Ip)/f(g) ratio, the distinctive peaks of GO,
which are the D band and the G band, undergo a shift to both
longer and shorter wavelengths followed by an enhancement in
the Raman intensity. Thus even though GO does not undergo
any drastic modification in its surface morphology, the change
in Raman intensity along with shifts in the peak position
explains the interaction of GO with the involved species via
H-bonding, non-covalent interaction or n-rn stacking. Also there
are no Raman spectra of NaFlu in the region where GO exhibits
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Fig. 15 FE-SEM images of GO in the presence of NaFlu (a) in neat water, (b) in a water—ACN (yacn = 0.062) binary mixture, (c) in a water—DMF (ypmr =
0.080) binary mixture, (d) in a water—DMSO (ypmso = 0.060) binary mixture and (e) in a water—=THF (yr = 0.022) binary mixture. y is the mole fraction of

the co-solvent.
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Raman peaks as seen in Fig. 14. In the absence of NaFlu the
Raman spectra are shown in Fig. S7 (ESI).

3.5 Field emission scanning electron microscopy (FE-SEM)
images of GO in different solvent mixtures

The field emission scanning electron microscopy (FE-SEM)
images of GO in the presence and in the absence of NaFlu in
water as well as in water-binary mixtures were obtained. The
samples were first prepared and then dropped on carbon tape,
dried and left overnight. Then the prepared samples were
coated with gold using the ion-sputtering technique.

For comprehending the surface morphology of GO in differ-
ent environments, FE-SEM is an important technique. FE-SEM
images of GO in different solvents in the absence as well as in
the presence of NaFlu in different media are shown in Fig. S8
(ESIT) and Fig. 15 respectively. The images of GO in different
media are almost the same, which explains there is no change
in the GO surface morphology. We observe that in the presence
as well as in the absence of NaFlu, the surface morphology of
GO in different solvent mixtures undergoes no such appreci-
able change. In brief FE-SEM data illustrate no structural
modifications GO undergoes both in the presence and in the
absence of NaFlu in different solvent mixtures.

3.6 Fluorescence lifetime imaging microscopy (FLIM)

FLIM is a unique tool to comprehend the lifetime distribution
of NaFlu with GO in the solid dried state. FLIM images were
obtained using a DCS-120 laser scanning confocal microscope
system of Becker and Hickl (GmbH) which is equipped with an
inverted optical microscope of Zeiss, controlled by a galvo-drive
unit (Becker and Hickl GDA-120). DCS-120 which is equipped
with a polarizing beam splitter and a hybrid GaAsP photo-
detector was the detector. For all the systems, we have used a
40X objective (NA: 0.75) in the microscope. The IRF of the
system is less than 100 ps. The FLIM study was performed to
understand the lifetime distribution of NaFlu in the presence of
GO in different solvent mixtures. FLIM images (Fig. S9, ESIT) of
NaFlu in the presence of GO in solvent mixtures and their
corresponding intensity images are shown in Fig. S9 (ESIT) and
the lifetime data are shown in Table S4 (ESIt). From the obtained
images and lifetime value data, it is clear that the NaFlu
molecules are adsorbed on the GO surface, and the fluorescence
lifetime data of NaFlu suggest that there is homogeneous dis-
tribution of NaFlu in GO in different solvent mixtures.

4. Conclusions

In a nutshell, we have monitored the photophysical behavior of
NaFlu molecules in the presence as well as in the absence of
GO, in neat solvents and water-polar aprotic solvent binary
mixtures. In water, on gradual addition of GO, the fluorescence
intensity value of NaFlu decreases since GO acts as a quencher.
However, on addition of ACN, DMF and DMSO to the NaFlu-GO
system in water, the emission intensity increases. This is because
polar aprotic solvents promote solvent induced aggregation of
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NaFlu in water, and thus AIE is very prominent since due to the
aggregate formation there is a restriction in the intramolecular
rotation of NaFlu molecules, and the chances of non-radiative
relaxation pathways decrease which eventually leads to the AIE
phenomenon. However, in the absence of GO and in the water—
THF system (presence/absence of GO) NaFlu forms aggregates
which leads to n-m coplanar interactions between NaFlu mole-
cules leading to excimer formation that prefers to decay through
nonradioactive pathways thus promoting the ACQ phenomenon.
NaFlu molecules undergo dominant static quenching in the
presence of GO with positive deviation from usual linear curva-
ture. The adsorption of NaFlu in GO in water, ACN and DMSO is
also reported in our work. The excitation spectra data also
resonate with the steady state absorption data, i.e. justifies the
form conversion of NaFlu molecules and the existence of differ-
ent emissive states in the medium. To support the AIE and ACQ
characteristics of NaFlu in different binary mixtures the ABQY
value of NaFlu was determined in water as well as in binary
mixtures both in the presence and in the absence of GO. In the
presence of GO, the ABQY value of NaFlu increases when
compared to that of the NaFlu-GO system in water, after addition
of ACN, DMF, or DMSO to the mixture, showing aggregation-
induced emission (AIE) characteristics. In the absence of GO, the
ABQY value of NaFlu was decreased when compared to NaFlu in
water, after addition of ACN, DMF, DMSO and THF to NaFlu in
water, showing aggregation-caused quenching (ACQ) characteris-
tics. The TRFE data also show that the rate of non-radiative
transition decreases and thus the lifetime value of NaFlu in
water-binary solvent mixtures increases. The Raman spectra,
FESEM data and FLIM data also show that there is no change
in the surface morphology of GO in water-binary solvent mix-
tures. In this work, NaFlu exhibits dual nature, i.e. ACQ and AIE in
binary solvent mixtures. ACQ is observable in the absence of GO
and AIE is observed in the presence of GO.
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