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Fluorescence Resonance Energy Transfer between two dyes Fluorescein and Rhodamine 6Gwere investigated in
solution in the presence and absence of Zinc oxide nanoparticle. Zinc oxide nanostructure is used as the fluores-
cence enhancing agent for the present study since donor (Fluorescein)fluorescence increase significantly in pres-
ence of nanoparticle. Accordingly, the energy transfer efficiency in the presence of nanoparticle increases. The
maximum efficiency was 69% for acceptor (Rhodamine 6G) concentration of 0.75 × 10−5 M. The energy transfer
efficiencywas found to be pH sensitive and it varies from4.15% to 90.00% inmixed dye solution for a change inpH
from 1.5 to 10.0. With proper calibration it is possible to use the present system under investigation to sense pH
which is betterwith respect to our previous reported results [Spectrochim. Acta Part A. 149 (2015) 143–149] as it
can sense a wide range of pH and with better sensitivity.
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1. Introduction

Of late, interaction of nanoparticles (NPs) with organic dyes gained
much attention since the light matter interaction can be manipulated
by positioning NPs in the vicinity of dyes. Here NPs can be considered
as near field antennas as they can increase the local electric field sur-
rounding them and can manipulate the radiative and non-radiative
decay of fluorescent dyes [1–7]. Due to NP induced fluorescence en-
hancement NPs are found to have a significant role in dye lasers [8].

NPs have high surface-area to volume ratio and specific size-
dependent properties; these are used extensively to provide high load-
ing capacity for drugs. Among the various types of NPs, ZnO has drawn
greater attention. In comparison to other NPs (such as silver, gold, etc.),
ZnO NPs are inexpensive and can be easily processed. ZnO NPs have
attracted much attention for various potential ranges of applications
in optics, optoelectronics, sensors and actuators. ZnO NPs have good
biocompatibility with almost no toxicity and chemical stability. Highly
enhanced fluorescence nature of the ZnO NPs has been exploited in
medical diagnostics such as for targeted imaging of cancer cells and
photodynamic therapy [9–13].

Due to the fluorescence enhancing capacity, NP has been used to
control the Fluorescence Resonance Energy Transfer [FRET] between
the donor-acceptor pair [14–15]. FRET is a non-radiative process,
ripurauniv.in (S.A. Hussain).
where energy transfer occurs from an excited state donor to a ground
state acceptor through dipole-dipole interaction [16]. FRET is strongly
distance dependent and typically 1–10 nm distance between donor-
acceptor pair is ideal for FRET to occur [17]. There are several parame-
ters which are vital during FRET e.g. - orientation of molecular dipoles,
spectral overlap integral, the transition dipole orientations of the
donor and acceptor, the fluorescence lifetime and quantum yield of
the donor molecule etc. [17]. Therefore, it is possible to manipulate
the FRET process (donor-acceptor interaction) by NP. There are several
reports where NPs are used as an energy donor or to control the energy
transfer process [8,18–19].

Recently we have studied the energy transfer process between two
dyes Fluorescein (Flu) and Rhodamine 6G (R6G) [20]. Among the nu-
merous classes of highly fluorescent dyes, Flu & R6G are attractive due
to their excellent photo physical properties such as the high absorption
coefficient, high fluorescence quantum yield, high photostability & rela-
tively long emission wavelength. It is well-known that at different pH
values, Flu appears in its various forms as cation, neutral, monoanion,
and dianion. As a result absorption and fluorescence properties of Flu
are strongly dependent upon the pH of themedium. Under neutral con-
dition Flu exists in the ring opened form and it exhibit fluorescence.
Thus, when pH changes from neutral to acidic conditions, fluorescence
quenching occurs.

It has been observed that the FRET between Flu and R6G was highly
pH sensitive and based on the investigation a FRET based pH sensor
have been demonstrated within the pH range from 1.5 to 8 [20]. Since
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Fig. 1. FESEM image of ZnO NP.
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NPs are capable of fluorescence enhancement, it would be interesting to
study the FRET in thepresence ofNP. Thismay lead to increase in energy
transfer efficiency as well as better results from the application point of
view. Accordingly, in the present communication we have investigated
the FRET between Flu and R6G in the presence of ZnONP. Our investiga-
tions revealed some interesting results. It has been observed that the
FRET efficiency increases with increase in concentration of ZnO NP. Sig-
nificantly, our result can be used to design FRET based pH sensor for a
pH range 1.5 to 10.

2. Materials and Methods

2.1. Materials

Both the dyes Flu and R6G, and Zinc Nitrate (Zn(NO3)2) were pur-
chased from Sigma Chemical Co., USA and were used as received. Ultra-
pure Milli-Q water (resistivity 18.2 MΩ-cm) was used as solvent. The
dyes used in our studies are cationic (R6G) and anionic (Flu) in nature.
NaOH and HCl were used to vary the pH of the solution.

2.2. Synthesis of ZnO NP

ZnO NPs used in the present study were prepared by typical wet-
chemical method [21] in an aqueous medium. The aqueous solution of
Zinc Nitrate (Zn(NO3)2) (which was considered as precursor) of con-
centration of 0.06M andNaOH having concentration of 0.1Mwere pre-
pared and theywere stirred continuously at room temperature until the
solution become clear. Afterward a suitable amount of cationic surfac-
tant CTAB having concentration of 0.01 M was added to the solution
of both (Zn(NO3)2) and NaOH. This cationic surfactant used as the cap-
ping agent to reduce the aggregation of the final NPs. The solution of
NaOH having CTAB was then added to the precursor solution drop
wise under vigorous stirring at ambient temperature until a white pre-
cipitate is observed in thebeaker. Thiswhite precipitatewasfiltered and
washed off subsequently several times by triple distilled deionised
water and absolute ethanol to avoid any un-reacted ions present in
the final product. After these washing steps, the product as obtained
was annealed at 80 °C in an oven for 48 h to get white colored ZnO
nanopowder.

2.3. Experimental Procedure

UV–Vis absorption and fluorescence spectra of the solutions were
recorded by a Perkin Elmer Lambda-25 Spectrophotometer and Perkin
Elmer LS-55 Fluorescence Spectrophotometer respectively. For fluores-
cence measurement the excitation wavelength was chosen at 430 nm
(close to the absorptionmaxima of Flu). XRDwas done by a commercial
X-rays powder diffractometer (Model: D8 Advanced, Make: Bruker,
Germany)with CuKα radiation (wavelength of 1·54 Å) source operated
at 40 kV and 120mA. The scanning speedwas 2°/min. The FESEM image
was obtained by a high resolution Field emission scanning electron mi-
croscope (Model: S-4800 FESEM, Make: Hitachi, Japan). Morphology
and particle size of as-synthesized ZnO were analyzed by High Resolu-
tion Transmission Electron Microscope (HRTEM, JEOL 2010, Japan).
The fine powder of ZnO NPs were rigorously dispersed into ethanol by
sonication for 30min and then spread a very little drop of the dispersion
onto a carbon coated copper grid for obtaining HRTEM images at an ac-
celerating voltage of 200 kV.

3. Results and Discussions

3.1. Characterizations of ZnO NPs

The as prepared ZnONPswere characterized by Field Emission Scan-
ning Electron Microscopy (FESEM), High Resolution Transmission Elec-
tron Microscope (HRTEM), X-ray powder diffraction (XRD) and
fluorescence techniques. FESEM image of the NPs (Fig. 1) shows that it
has flower like aggregated structure. But the distribution of such struc-
tures is not uniform throughout the sample. Possibly, the observed ZnO
nano-flower is formed due to the aggregation of individual ZnO NP and
so the sizes of the individual ZnONPs are not readily estimated from the
FESEM image due to the different extent of aggregation. However, to
have a more clear understanding about the crystallinity and particle
size of the ZnONPs, HRTEMwas performed. The ZnO crystals are clearly
observed from the HRTEM image as shown in Fig. 2a and b. The size of
ZnO varies between 11 and 16 nm. The selected area electron (SAED)
diffraction pattern of ZnO is also shown in Fig. 2d. The bright spots in
the image are superimposed on the rings and are originated fromdiffer-
ent crystallographic orientation. This is a clear indication of polycrystal-
line nature of ZnO NPs throughout the sample. The diffraction rings on
SAED image can readily be assigned as the electron diffraction from
(100), (002), (101), (102), (110), (103) and (200) lattice plane of ZnO
and is consistent with the peaks observed in XRD pattern (as discussed
later), which also confirms the hexagonal wurtzite structure of ZnONPs
[22]. The observed lattice fringes of 0.26 nm corresponding to (002)
plane as shown in Fig. 2c also supports the crystallinity of ZnO. The crys-
talline phases of the synthesized ZnO NPs as prepared were confirmed
by conventional X-rays powder diffraction study and are shown in
Fig. 3. From the figure it is evident that ZnO gives very prominent dif-
fractions peaks from various planes and all the peaks are corresponding
to the wurtzite hexagonal lattice structure as is consistent with the re-
sults according to the international standard data file of JCPDS 36-
1451 published elsewhere [23–24]. The high intense peaks observed
at 31.7°, 34.4° and 36.2° may be attributed to the diffraction from
(100), (002) and (101) planes of hexagonal crystal geometry of ZnO
NPs respectively and the corresponding d-spacings were calculated as
2.819, 2.60 and 2.478 Å respectively [25–26]. The diffraction peaks due
to any impurity are not observed in the sample confirming very high
level of the purity of the prepared NPs.

3.2. Effect of ZnO NP on FRET

It has been observed that the dyes Flu and R6G are suitable for ener-
gy transfer [20]. There exists sufficient spectral overlap of the fluores-
cence of Flu and the absorption spectrum of R6G and both the dyes
are highly fluorescent with high quantum yield [20,27]. Our research
group demonstrated the energy transfer between Flu and R6G and
quantified various FRET parameters in detail [20]. Flu shows maximum
absorbance at around 475 nm (monomer) with the prominent fluores-
cence at around 510 nm (monomer) [28–29]. Absorption spectrum of
R6G shows prominent band at 525 nm (0–0 transition) and weak
hump at 500 nm (0–1 vibronic transition) [30]. R6G fluorescence spec-
trum shows the prominent monomer band at around 552 nm [31]. The
spectral overlap integral as well as energy transfer from Flu to R6G is



Fig. 2. HRTEM image (a, b) of ZnO NPs onto carbon coated copper grid. (c) Lattice fringe image (d) Selected Area Electron diffraction (SAED) pattern of ZnO NPs.
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shown in Fig. S1 of the Supporting information. It has been observed
that during FRET between Flu and R6G in aqueous solution (concentra-
tion ratio of Flu: R6G=10−6M: 0.5 × 10−5M) energy transfer efficien-
cy was 44.15% [20]. FRET efficiency was increased with increasing
acceptor (R6G) concentration. Also the FRET efficiency was found to
be pH sensitive [20]. It has been demonstrated that the results can be
used to design pH sensor within the pH range 1.5–8 [20].
Fig. 3. X-rays powder diffraction data of ZnO NPs.
In an effort to increase the FRET efficiency as well as to increase the
pH sensing range using the same FRET pair Flu and R6Gwe investigated
the FRET between these two dyes in presence of ZnONP. NPswere used
because NPs are found to have fluorescence enhancing capability [8,32].
Already it has been demonstrated that NPs can be used as energy donor
as well as to manipulate energy transfer process [8,18,33]. ZnO NPs are
of particular interest due to their biocompatibility, less toxicity and very
high chemical stability. Already they are used in medical diagnostics [9,
34–35]. Fig. 4 shows the fluorescence spectra of pure Flu, R6G and Flu-
R6G (concentration ratio of Flu: R6G=10−6 M: 0.5 × 10−5M) in aque-
ous solution in the presence of ZnO NP. The ZnO concentration was
10−6 M. The excitation wavelength was 430 nm [20]. This excitation
wavelength was chosen in order to excite the Flu molecule and to
avoid the direct excitation of R6G aswell as ZnONP.With this excitation
wavelength ZnO shows negligible fluorescence within the selected
emission range of dyemolecules (shown in Fig. S2 of the Supporting in-
formation). Therefore, the fluorescence from ZnO does not affect the
FRET process significantly. Accordingly fluorescence from ZnO does
not take into consideration during calculation as well as quantification
of FRET parameters between Flu and R6G.

From Fig. 4 it has been observed that Flu shows prominent fluores-
cence whereas, R6G fluorescence is very less (almost negligible) [20].
However, in case of the fluorescence spectrum of Flu-R6G mixed solu-
tion, the fluorescence intensity of Flu decreases and R6G fluorescence
increases when compared to their pure counterpart. This is due to the
light absorption by Flu molecule and the consequent transfer of the



Table 1
Variation of FRET efficiency between Flu and R6G with different ZnO NP concentration.
The dye concentration was 10−6 M and 0.5 × 10−5 M for Flu and R6G respectively (data
is taken from Fig. 4).

ZnO
concentration
(in M)

J(λ) × 1015 m−1 cm−1 nm4 R0 (nm) r (nm) FRET
efficiency (%)

0 4.852 6.58000 7.13000 44.15
1.0 × 10−8 4.982 6.61232 6.67000 48.50
0.5 × 10−7 5.013 6.61916 6.65012 49.30
1.0 × 10−7 5.021 6.62092 6.59889 50.50
0.5 × 10−6 5.050 6.62728 6.47852 53.40
1.0 × 10−6 5.074 6.63252 6.40572 55.20

Fig. 4. Fluorescence spectra of Flu (1), Flu-R6G (2), R6G (3) in presence of ZnO NP.
Excitation Wavelength is 430 nm. The dye concentration was 10−6 M and 0.5 × 10−5 M
for Flu and R6G respectively. ZnO NP concentration was 10−6 M. Inset shows the
variation of FRET efficiency between Flu and R6G with ZnO NP at various concentrations.
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same to R6G monomer via FRET [20]. Both the excitation spectra mon-
itored at emission wavelength 510 nm (Flu emission maximum) and
552 nm (R6G emission maximum) in case of Flu-R6G mixture are al-
most similar and closely resemble to the absorption spectrum of Flu
monomer (shown in Fig. S3 of the Supporting information). This con-
firms that the origin of R6G fluorescence is due to the light absorption
by Flu molecules and subsequent excited state energy transfer to R6G
monomer.

It has been observed that the FRET efficiency in presence of the NP is
55.20%, which is calculated by using the following equation [20,36–37]

E ¼ 1−
FDA
FD

where FDA is the relative fluorescence intensity of the donor in the pres-
ence of the acceptor and FD is the fluorescence intensity of the donor in
the absence of the acceptor.

Interestingly it has been noted that the FRET efficiency increases in
the presence of ZnO NP compared to that in aqueous solution without
ZnO [17,20]. In aqueous solution the FRET efficiency was found to be
44.15% (Table 1). FRET efficiency was found to increase with increasing
ZnO concentration (inset of Fig. 4). Fluorescence spectra corresponding
to FRET under the different ZnO concentration are shown in Fig. S4 of
the Supporting information. The FRET process has been analyzed using
Förster theory [16,38–39] and different FRET parameters were calculat-
ed from the fluorescence spectra. Details of the calculation procedure
involving the theory has been reported elsewhere [20,40]. FRET
parameters-viz., spectral overlap integral J(λ), Förster radius (R0),
donor-acceptor distance (r) and energy transfer efficiency (E) were
listed in Table 1. Interestingly from the table it has been observed that
J(λ) increases from 4.852 m−1 cm−1 nm4 to 5.074 m−1 cm−1 nm4
and the donor-acceptor distance decreases from 7.13000 to
6.40572 nm in presence of NP. This indicates that in presence of NP,
Flu and R6G molecules come closer and also the spectral overlap inte-
gral increases [36–37]. As a result the FRET efficiency increases [18–20]

It is interesting to mention in this context that recently NPs have
found an interesting role in the enhancement of dye fluorescence
[9–13]. There are several reportswhere ZnONPs have been used asfluo-
rescence enhancing agent [9–13,32].We thought that the enhancement
of individual dye fluorescence in presence of ZnO NP might have a role
in the FRET process in the present case. Accordingly, we have analyzed
the fluorescence of Flu and R6G occurred in the presence of ZnO NP. In-
terestingly it was found that significant enhancement of Flu fluores-
cence occurred in presence of ZnO NP. This fluorescence enhancement
of Flu is possibly due to the interaction between Zn2+ ions in the ZnO
matrix and the carbonyl group (C_O) of Flu [41]. Due to this interaction
Flu may little bit shrink the electronic energy band gap for fluorescence
by reducing the energy of the conduction band bottom and/or increas-
ing the energy of the valence band top of the dye fluorophores, thus in-
creasing the excitation rate of the fluorophores and resulting in the
enhanced fluorescence [41]. This interaction also increases the
photostability which can partially contribute to the enhanced fluores-
cence intensity of Flu. On the other hand, R6G fluorescence enhance-
ment was almost insignificant because R6G does not contain any such
carbonyl group. Another point is that the fluorescence intensity of R6G
was negligible with the excitation wavelength 430 nm because R6G ab-
sorption is negligible at this wavelength. Therefore, it can be concluded
that an increase in donor (Flu) fluorescence in the presence of ZnONP is
also responsible for the increase in energy transfer efficiency compared
to that in the absence of ZnO NP.

It is also relevant to mention that due to NP induced fluorescence,
enhancement of organic dyes NPs is found to have a significant role in
dye lasers [9–13,32]. Increase in dye fluorescence near a metal surface
occurred due to interaction with surface plasmon resonance (SPR) in
the metal particles [9–13,32]. Accordingly, photostability of the dye
also increases [9–13,32]. This interaction may also result in shortening
of the excited state lifetime depending upon their relative orientation.
The quantum efficiency of the dye also increases in the presence of
NPs [4–7]. However, it has been observed that addition of metal NPs
to a dye solution may cause either enhancement or quenching in fluo-
rescence intensity depending on the distance between the dyemolecule
and metal surface [9–13,32]. For radiative decay mechanism in metal-
enhanced fluorescence to be effective dye molecules should be placed
approximately between 5 and 20 nm from the metal surface. However,
it has been observed that in case of ZnO NP, the fluorescence enhance-
ment occurred even beyond 20 nm. Also, no quenching of dye fluores-
cence observed even if they are placed onto ZnO surface [32].
Therefore, the fluorescence enhancement mechanism in case of ZnO is
quite different compared to other metal NPs. Here factors other than
surface plasmon may play a vital role i.e. the change in local dielectric
properties of the medium. Although the exact mechanism for the en-
hanced fluorescence signal in the presence of ZnO is yet to be explored.
We have used ZnO nanostructures as the fluorescence enhancing agent



Fig. 5. Fluorescence spectra of Flu, Flu-R6Gmixture at varying concentration of R6G (acceptor). Concentration of both Flu andZnONPwas10−6M for all the cases. Inset shows the variation
of FRET efficiency with increasing acceptor concentration.

Table 2
Variation of FRET efficiency between Flu and R6G with different R6G concentration in
presence of NP. The concentration of both Flu and ZnO NPwas 10−6M (data is taken from
Fig. 5).

Concentration
of R6G (in M)

J(λ) × 1015m−1 cm−1 nm4 R0 (nm) r (nm) FRET
efficiency (%)

0.50 × 10−5 5.074 6.63252 6.40572 55.20
0.54 × 10−5 5.080 6.63382 6.25628 58.70
0.63 × 10−5 5.107 6.63969 6.11946 62.00
0.67 × 10−5 5.200 6.65969 6.00684 65.00
0.75 × 10−5 5.350 6.69133 5.85595 69.00

114 J. Saha et al. / Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 175 (2017) 110–116
for the present FRET study since donor fluorescence (Flu) increase sig-
nificantly and hence the FRET efficiency in presence of ZnO NP.

It has been observed that the FRET efficiency increases upon increase
in acceptor concentration [20,36–37]. Accordingly, in the present case
FRET between Flu and R6G in the presence of ZnO has also been inves-
tigated by varying R6G concentration, keeping both ZnO and Flu con-
centration fixed at 10−6 M. This concentration is chosen since energy
transferwasmaximumat this concentration (Table 1). The R6G concen-
tration was varied from 0.50 × 10−5 M to 0.75 × 10−5 M.

Fig. 5 shows the fluorescence spectra of Flu, R6G and their mixture
(1:1 volume ratio) with increasing acceptor concentration. Inset of
Fig. 5 shows the variation of FRET efficiency between Flu-R6G mixture
at different concentration of R6G in the presence of NP. Interestingly,
it was observed that the FRET efficiency increases with the increase in
acceptor concentration in the Flu-R6G mixture (Table 2 summarizes
the data). Maximum energy transfer efficiency was 69% of the acceptor
concentration of 0.75 × 10−5 M. The energy transfer efficiency is very
muchdependent on the acceptor concentration. There aremany reports
where the increase in FRET efficiency for a particular dye pair with in-
creasing acceptor concentration has been investigated [17,20]. With in-
creasing acceptor concentration the intermolecular separation between
donor and acceptor decreases and as a result the energy transfer effi-
ciency increases.

It is relevant to mention in this context that FRET is largely depen-
dent on the distance between donor-acceptor pair as well as the spec-
tral overlap integral between fluorescence of donor and absorbance of
acceptor [16]. Accordingly, the extent of energy transfer may vary de-
pending on the size and morphology of the NP. Also the energy band
gap of NP varies with the change in size of NP, which in turn affect the
spectral characteristics [42]. It has already been observed that dye



Table 3
Variation of FRET efficiency between Flu and R6G as a function of pH in presence of ZnO.
The dye concentration was 10−6 M and 0.5 × 10−5 M for Flu and R6G respectively and
ZnO NP concentration was 10−6 M (data is taken from Fig. 6).

pH value of Flu J(λ) × 1015m−1 cm−1 nm4 R0 nm r nm E (%)

pH = 1.5 1.305 5.28918 8.92577 4.15
pH = 3.0 2.145 5.7459 8.24916 10.25
pH = 4.0 3.797 6.31966 7.65821 24.00
pH = 5.0 4.351 6.46475 7.10151 36.27
pH = 6.0 4.953 6.60589 6.76981 46.33
pH = 6.5 5.074 6.63252 6.40572 55.20
pH = 7.0 6.450 6.90314 6.35205 60.00
pH = 8.0 7.585 7.09217 6.19562 69.23
pH = 9.0 9.800 7.40158 5.87464 80.00
pH = 10.0 11.42 7.59272 5.2645 90.00
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fluorescence effected due to change in NP size [8]. Therefore, it would be
interesting to investigate the effect of NP size and morphology on the
FRET process. Work is going on in our laboratory to explore the same.

3.3. Effect of pH on FRET

Due to pHdependent change in the ionic nature of Flu it has been ob-
served that FRET efficiency between Flu and R6G is also highly pH sen-
sitive [20]. Flu is fluorescent under basic or neutral and non-fluorescent
under acidic conditions. Under basic or neutral conditions they exist
mainly in ring opened form where as in spirocyclic form under acidic
conditions. The cationic form is predominant in strongly acidic condi-
tions (below pH 2). Flu exists in its neutral species within the range of
pH from 2 to 4. As the pH value increases from 4 to 6.5, themonoanionic
form predominates. The dianionic form is generated at pH above 6.5.
The fluorescence intensity of Flu increases with increasing pH (corre-
sponding fluorescence spectra are shown in Figs. S5 and S6 of the
Supporting information) [43].

Due to increase in Flu (donor) fluorescencewith increasing pH, FRET
efficiency also increases with increasing pH. Earlier studies revealed
that FRET efficiency increases almost linearly within the pH range of
1.5 to 8 [20]. In the present case, it has been observed that the FRET ef-
ficiency between Flu to R6G increases due to ZnO induced fluorescence
enhancement of Flu. Therefore, in order to check the effect of pH on
FRET between Flu and R6G in presence of ZnO NP was investigated.
Fig. 6 shows the plot of energy transfer efficiency as a function of pH
in the presence of ZnO (corresponding fluorescence spectra are shown
at Fig. S7 of the Supporting information). Variations of FRET efficiency
with pH are listed in Table 3. The dye concentration was 10−6 M and
0.5 × 10−5 M for Flu and R6G respectively, and ZnO NP concentration
was maintained at 10−6 M for all the cases.

Interestingly, it has been observed that the FRET efficiency increases
linearly even beyond pH 8, although in the absence of ZnO, efficiency
becomes almost constant beyond pH = 8 [20]. Furthermore, the effi-
ciency values are higher in all cases compared to that in the absence
of ZnO. Increase in the fluorescence enhancement of Flu as a result of in-
teraction between ZnO and Flu is responsible for the higher values of ef-
ficiency as explained in the earlier section of the manuscript.

It is interesting to mention in this context that the surface charge of
ZnONPs (ZnOH2

+, ZnOH, ZnO−) depends on pH values [35]. The surface
charge is positive in acidic condition and negative in alkaline solution
[44]. Also with increasing pH (higher pH) the surface charge of ZnO be-
comesmore negative in aqueous environment [45]. Therefore, at higher
Fig. 6.Variation of FRET efficiency between Flu and R6G as a function of pH in absence and
presence of NP. The dye concentration was 10−6 M and 0.5 × 10−5 M for Flu and R6G
respectively and ZnO NP concentration was 10−6 M.
pH when the Flu and ZnO are mixed, the dye-NP complex system pos-
sesses more negative charge. Thereafter, when cationic R6G (acceptor)
were added to themixture, dye-NP system attracts more number of ac-
ceptor compared to that in the absence of NP. As a result energy transfer
efficiency increases.With the increase in pH the negative surface charge
density in the dye-NP system might have increased further [20,45].
Accordingly, they attract more acceptor resulting further increase in
energy transfer efficiency.

Therefore, in the presence of NP, the energy transfer efficiency in-
creases almost linearly within the pH range of 1.5 to 10 which was
just up to 8 in the absence of NP [20]. Accordingly the system under in-
vestigation can be used to design pH sensor within the range 1.5 to 10.
This is better with respect to our previous reported results as it can
sense a wide range of pH values. Again, since the efficiency values are
higher in the presence of ZnO, here the sensitivity is better. Therefore,
it can be said that in the presence of ZnO, FRET based pH sensor using
Flu and R6G is advantageous with respect to pH range as well as
sensitivity.

4. Conclusion

FRET between two fluorescent dyes Flu and R6G were investigated
successfully in solution in presence of ZnO NP. The energy transfer effi-
ciency between the dye molecules increases in presence of ZnO NP. The
maximum efficiency was found to be 69% for themixture of dye system
of concentration of Flu: R6G = 10−6 M: 0.75 × 10−5 M and ZnO
10−6 M. In presence of NP, the energy transfer efficiency increases al-
most linearly within the pH range 1.5 to 10whichwas up to 8 in the ab-
sence of NP. Accordingly the system under investigation can be used to
design pH sensor within the pH range 1.5 to 10. Therefore, it can be said
that in the presence of ZnO, FRET based pH sensor using Flu and R6G is
advantageous with respect to a wide range of pH as well as sensitivity.
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