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Layer-by-Layer (LbL) technique is the simplest and inexpensive method for preparartion of nano-
dimensional thin films for tailoring material behavior having wide range of applications including 
sensors. Here, spectroscopic behavior of two laser dyes Acriflavine (Acf) and Rhodamine B (RhB) 
assembled onto LbL films have been investigated. It has been observed that both Acf and RhB form 
stable LbL films. Polyanion polyacrylic acid (PAA) was used to incorporate the Acf or RhB onto the LbL 
films. Adsorption of Acf and RhB onto PAA were completed within 45 min and 30 min respectively. 
During LbL film, material loss occurred in case of Acf. It has been demonstrated that such material loss 
can be minimized by incorporating clay laponite onto the LbL films. Temperature and pH dependant 
studies indicate that Acf and RhB assembled onto LbL films can be used to design temperature as 
well as pH sensors. Fluorescence Resonance Energy Transfer (FRET) between Acf and RhB has also 
been investigated. Interestingly, it has been demonstrated that the energy transfer efficiency can 
be manipulated using spacer molecules within the Acf and RhB LbL films. Laponite clay can be used 
to enhance the FRET efficiency, whereas stearic acid (SA) can be used to lower the efficiency. FRET 
efficiency linearly changes upon exposure of a pesticide pretilachlor at varying concentration. This 
study indicated that with proper calibration, proposed sensing system can be used to design FRET 
based pesticide sensor with detection limit of 0.22 ppm.
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In materials science and technology, thin films are extremely important as they find many applications ranging 
from electronics to renewable energy. A thin film is a layer of material with a thickness varying from several 
micrometers to few nanometers1. Significant breakthroughs in a number of applications are made possible 
by this typical arrangement of materials, which permits exact control over material properties. Furthermore, 
thin films play a crucial role in optoelectronic applications, where they are utilized in lenses2, lasers3, sensors4, 
memory devices5,6 and other optical devices viz. filters7, mirrors8, anti-reflective coatings9, anticounterfeiting 
and mechanochromic application10,11, Photodynamic therapy12 etc.

There exists various approaches those can be employed for thin film deposition viz. Langmuir-Blodgett 
(LB)  technique4, Spin coating13, LbL deposition14, electro-deposition15 etc. Each technique has its own 
advantages and disadvantages16. Among them, LbL technique has been found to be quiet economical and simple 
over other conventional thin film preparation method. Here, deposition occurs at almost any environment, with 
great control of film thickness (from nanometers to micrometers) and does not require complex sophisticated 
equipments16,17. In addition, the LbL self-assembly process allows one to control the thickness of materials 
placed on a variety of surfaces in a precise manner on nanometer-scale through layer upon layer assembly 
in a sequential manner18,19. This technique was first developed by Decher and his co-workers16. Initially, the 
procedure consists of alternating exposure of substrate surfaces to solutions of oppositely charged polymers 
in solution20. Here, ionic attraction between the opposite charges is the main driving force for the multilayer 
build up21. However, subsequently this technique has been used to prepare ultrathin films using low molecular 
weight dye molecules also22. It is worthwhile to mention in this context that the optoelectronic and aggregating 
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behaviors in the restricted geometry of thin films are found to change remarkably in comparison to that in 
solution or bulk23. Accordingly, thin films prepared by LbL technique have been found profound applications 
in a wide range of scientific appliances, which include sensors24,25, controlled drug delivery26, FRET27, surface 
coatings25, optoelectronic devices28, rewritable control of contact electrification29, biomedical technologies30 etc.

In the present work, the spectroscopic characteristics of two xanthane dyes viz. Acf & RhB assembled 
onto ultrathin films using LbL technique at various micro-environments as well as varying the film forming 
parameters have been reported. We have also demonstrated the FRET between these two dyes. Energy transfer 
occurred from Acf (donor) to RhB (acceptor) in the Acf-RhB mixed LbL films and in solution. FRET is an 
electrodynamic phenomenon; where the transfer of energy from the exited state of a donor to the acceptor31. The 
detailed theoretical background of this energy transfer was sequentially developed by Förster32,33. The distance 
between the donor and acceptor molecules, the relative orientation of their transition dipoles and the extent of 
spectral overlap between their emission and absorption spectra all affect the rate at which energy is transferred 
from the donor to acceptor molecule32–34. FRET has been utilized to study molecular level interaction owing 
to its sensitivity to distance of the order of intermolecular order35. FRET-based sensing has gained enormous 
popularity over the recent years because of its advantages, like high sensitivity, quick response time and cost 
effectiveness. Moreover, FRET based sensors are very specific, which means that their operation in general 
remains unaffected by the presence of other molecules or other environmental changes and as such they can 
easily identify a particular analyte or a change. Additionally, FRET sensors are very sensitive and adaptable 
because they can identify a broad range of biomolecules, chemical analyte and environmental changes36. They 
can be applied to a number of tasks including measuring enzyme activity, detecting protein-protein interactions 
and monitoring pH changes31,36. Also, the optimization of FRET can be controlled by introducing different types 
of spacer layers in between the donor and acceptor molecules37. Also FRET can be manipulated by controlling 
the donor-acceptor distance as well as orientation. Therefore, it is extremely important to investigate FRET 
between molecules under various micro-environments. Here in the present work, we tried to optimize the 
FRET between Acf and RhB incorporating SA as the spacer layer between them. Also clay particles have been 
incorporated between them to manipulate the FRET efficiency. It has been tried to demonstrate the application 
of FRET between Acf and RhB to design pesticide sensor.

In the recent years, protection of environment has become a critical issue for the sustainability of life. The 
extent of various pollutants through a number of anthropogenic activities provides a threat to the environment38. 
Among these pollutants, pesticides are the important entities owing to their applications in crop protection. 
Pesticides are compounds, primarily used to control weeds, agricultural pests, and other related concerns. 
On the other hand, they enhance agricultural growth and increase crop productivity. However, pesticides 
leave residues in agricultural products as well in the environment and contaminate the air, water and soil etc. 
Accordingly, they enter into the human body which causes serious health hazard. The majority of pesticides are 
hazardous and uncontrolled use of such chemicals can lead to a decline in the biodiversity of plants, birds and 
animals. Pretilachlor is a pesticide commonly used during rice cultivation. However, excess use of pretilachlor 
can be harmful. Even at very low quantities, it is one of the most hazardous compounds and can harm the 
environment, food, and human health. Hence, exposure of this pesticide should be minimized and optimum use 
is highly encouraged. For optimum use of pesticides proper management along with regular monitoring of the 
contamination conditions in the atmosphere, soil and water etc. must be monitored. So, simple, easy to use and 
highly sensitive sensors with lower detection limit are required.

Gas chromatography and liquid chromatography are the techniques most frequently employed for residue 
analysis of pretilachlor, both domestically and internationally39. A high-performance liquid chromatography-
tandem mass spectrometry (HPLC-MS/MS) approach with a detection limit of 0.01 ~ 0.1 µg/kg was developed 
by Gao et al. to determine pretilachlor in fish40. Deka et al. showed that the pretilachlor could be detected using 
a carbon dot (extracted from water hyacinth) as a fluorescence sensor with a detection limit of 2.9 µM41.

These techniques are costly and high-end instrumentations are required. Also, they involve complicated 
operation procedure, time consuming as well as high analytical costs. Liu et al. suggested a pesticide detection 
method through an indirect enzyme-linked immunosorbent assay (ic-ELISA) to sense the pesticide pretilachlor42. 
However, the procedure requires modifying the target molecule’s structure to obtain the immunogen.

Therefore, easy and sensitive method is highly required for the pesticide detection. FRET based sensing system 
can play a major role in this regard. In the present work, a FRET based pesticide sensor has been demonstrated. 
The proposed sensor is able to sense the pesticide pretilachlor. This proposed technique is simpler and easy 
to operate compared to GCMS or GC-ECD based techniques. Also unlike to that of the ic-ELISA method in 
the proposed FRET based technique, the sample can be used without any further modification. The designed 
pesticide sensor has been tested to sense pretilachlor and efficient results were obtained.

Also, in the FRET process the ratio between two fluorescence intensities are measured where one fluorescence 
intensity (donor) increases and the other (acceptor) decreases43. Therefore, effect of the presence of any 
contaminations or junk materials during sensing is automatically minimized. Therefore, FRET based sensing 
system is highly efficient and sensitive towards the target analytes. It is believed that the proposed FRET based 
pesticide sensor may be very effective towards sensing and optimum use of pesticides.

As a whole in this work, we have demonstrated the spectroscopic behavior of two dyes Acf and RhB assembled 
onto LbL films. Different LbL film formation parameters such as interaction time, pH and temperature of 
solution etc. have been optimized. FRET between Acf and RhB has also been investigated under various micro-
environments. Application of FRET in the present system has also been utilized to design FRET based pesticide 
sensor. Such sensor can be used to sense other chemical contaminants too. Work is going on in our lab in this 
regard.
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Materials and methods
Materials
Xanthane dyes Acf and RhB (Fig.S1 & Fig.S2 of supporting information), PAA, SA were purchased from Sigma 
Chemical Co. USA and used as received. Distilled water and HPLC grade chloroform were used as solvents. The 
dyes used in our studies are cationic in nature. The clay mineral used in this work was laponite, and obtained 
from Laponite Inorganic, UK. The CEC value of 0.739 meq/g was obtained using CsCl, and the size of the 
clay platelet is less than 0.05  μm44. Pretilachlor (Fig.S3 in supporting information) 50% EC (IUPAC Name: 
2-chloro-N-(2,6-diethylphenyl)-N-(2-propoxyethyl)acetamide) was purchased from local market. Different 
concentrations (0.25 ml/L, 0.5 ml/L, 0.75 ml/L, 1 ml/L) of pretilachlor were prepared using distilled water. Dye 
solutions were prepared in distilled water. For spectroscopic measurement of the dye films, the concentration 
was optimized at 10− 4 M. Distilled water was used to prepare the clay dispersion, which was then magnetically 
stirred for 24 h and sonicated for 30 min before usage. In all cases, the clay concentration was 2 ppm and the dye 
concentration was 10− 4 M for both Acf and RhB. During the fabrication of LbL self-assembled films, PAA was 
used as a polyanion. The solutions of SA was prepared by dissolving it in HPLC grade chloroform.

UV–Vis absorption and fluorescence spectra measurement
UV–Vis absorption and fluorescence spectra of the solutions and films were recorded by Perkin Elmer 
Spectrophotometer (Lambda-25), Shimadzu 1800 and Perkin Elmer Fluorescence Spectrophotometer (LS-55) 
respectively. The excitation wavelength for the fluorescence measurement was 430 nm, which is in proximity to 
the Acf absorption maximum.

Morphological characterization
Images of the surface morphology of the Acf-RhB films were captured using a Field Emission Scanning Electron 
Microscopy (FESEM) (Sigma 300 model, Zeiss Pvt., Ltd.) at a 5 kV accelerating voltage both before and after 
exposure to pretilachlor.

Film preparation
Electrolytic deposition bath of cationic dyes (Acf and RhB, concentration 10− 4 M) and anionic electrolytic bath 
of PAA (0.25 mg/mL) were prepared in aqueous solution separately using distilled water. We employ the LbL self-
assembly approach for fabricating the Acf and RhB mixed film. Initially, a pure quartz substrate is fully dipped in 
solutions of anionic PAA and oppositely charged RhB and Acf dye mixure (50:50 volume ratio) alternately. The 
LbL approach makes use of both the electrostatic and Vander Waals interactions that occur between PAA and 
cationic dyes as well as the quartz slide. Details about the technique have already been described elsewhere45. 
The quartz slide was immersed in the PAA aqueous solution for thirty minutes. After that, it was removed, 
given enough time to dry and rinsed in a water bath for two minutes to remove any surplus anion that had 
attached to the surface. After that, the dry substrate was submerged in a cationic dye combination (RhB + Acf) 
followed by rinsing in water using the same protocol. PAA, RhB and Acf layer deposition produced a single 
bi-layer of self-assembled LbL film. We incorporate PAA as a spacer into the LbL thin film. Initially, a single 
bi-layer self-assembled film of PAA and Acf is prepared using the previously described method. Subsequently, 
this film is immersed once more in an anionic PAA solution followed by an oppositely charged RhB solution. 
Now we prepare the LbL thin film where clay is introduced as a spacer. This step is similar as second step but the 
difference is that here negatively charged clay templates play the role of spacer instead of PAA. Now we prepare 
the LbL thin film where SA is introduced as a spacer. In this step at first one bi-layer self assembled film of PAA 
and Acf is prepared followed by deposition of anionic amphiphile SA onto it by LB technique46. The SA LB films 
deposition speed was maintained at 5 mm/min. After that RhB was deposited onto it as described before.

Preparation of Acf-RhB system and detection of pretilachlor
Optimal concentration of Acf and RhB was 10− 4 M. The mixture of Acf and RhB (50:50 volume ratio) was prepared 
in distilled water and sonicated for 30 min. In this mixture, pretilachlor of different concentrations (0.25 ml/L, 
0.5 ml/L, 0.75 ml/L, 1 ml/L) were added and fluorescence spectra were obtained. Excitation wavelength was kept 
at 430 nm. It has been observed that due to addition of pretilachlor, FRET efficiency increases and the spectra 
has slightly shifted from 578 nm to 590 nm (Fig. 1).

Theoretical considerations of FRET
FRET is a well known distance dependent process where an excited fluorophore (donor) transfers its energy 
to a neighbouring molecule (acceptor) through non-radiative dipole–dipole interaction32. Typically FRET 
occurs with 1–10  nm range35. Because of this distance dependency, FRET efficiency is affected due to even 
minor changes in the interaction or conformation of molecules. When the donor’s emission spectrum and the 
acceptor’s absorption spectrum overlap, energy transfer takes place via dipole-dipole coupling.

T. Förster32,33,47 developed a quantitative explanation for the non-radiative energy transfer in terms of his 
famous formula given by

	
kT (r) = 1

τ D
× 9000ln (10) K2ΦDJ

128π 5NAn4 × 1
r6 = 1

τ D

(
R0

r

)6
� (1)

Hence, 
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R0 =

[
9000ln (10) K2ΦDJ

128π 5NAn4

] 1
6

� (2)

Where, kT (r) is the rate of energy transfer from donor to acceptor and r is the distance from the donor 
to acceptor. The distance between the donor and the acceptor is called Förster radius (R0), where the FRET 
efficiency is 50%. K2 is the orientation factor of transition dipole moment between acceptor and donor, n is the 
refractive index of medium, NA is the Avogadro number, ΦD  is the fluorescence quantum yield of donor in 
absence of acceptor, τ D  is the donor’s lifetime in the absence of the acceptor and J is the spectral overlap integral 
as given in Eq. 3 as follows.

Spectral overlap integral J (λ ) is herein given by, 

	

J (λ ) =
∞∫

0

FD (λ ) εA (λ ) λ 4 dλ � (3)

Where FD (λ ) is the donor emission profile and εA (λ ) is the acceptor extinction coefficient.
Therefore, Eq. 2 can be re-written as 

	 R0 = 0.2108 [K2n−4ΦDJ (λ )]
1/

6 � (4)

The FRET efficiency can be defined in terms of Förster radius ( R0) and the rate of energy transfer kT (r) as 
follows –

	
E = kT (r)

kT (r) + 1
τ D

= R6
0

R6
0 + r6 � (5)

Hence, intermolecular distance (r) between donor and acceptor can be expressed as

Fig. 1.  Fluorescence spectra of pure Acf, pure RhB, Acf + RhB in presence of pretilachlor of different 
concentrations (0.25 ml/L, 0.5 ml/L, 0.75 ml/L, 1 ml/L). Inset shows the variation of FRET efficiency with 
pretilachlor concentration. Also the photographs of the Acf & RhB mixture in presence of pretilachlor at 
different concentrations are shown in the inset.
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r = R0 [

( 1
E

)
− 1]

1/
6 � (6)

FRET efficiency can also be expressed in terms of donor lifetime as well as emission profile as follows48 –

	
E = 1 − τ DA

τ D
= 1 − FDA

FD
� (7)

Where FD  and FDA are the fluorescence intensities of the donor in the absence and presence of acceptor 
respectively. τ D  and τ DA are the fluorescence lifetime of the donor in the absence and presence of acceptor 
respectively.

In the present work, Eqs. 3, 4, 6 and 7 have been used to calculate the values, J (λ ), R0, r and E respectively.

Results and discussions
UV-Vis absorption and steady state fluorescence spectroscopy
Figure 2(a) and Fig. 2(b) show the normalized absorption and fluorescence spectra of Acf in solution, microcrystal 
and LbL film. The absorbance spectrum of Acf in aqueous solution shows an intense band at 449 nm, which is 
assigned due to the Acf monomer. Acf microcrystal and LbL film absorption spectrum are almost similar to that 
of solution absorption spectrum. Although some broadening of absorption band is observed. This may be due to 
the change in the micro-environment as well as trace of aggregate formation when Acf molecules are transferred 
onto restricted geometry of microcrystal and LbL films23. The fluorescence peak of Acf solution is observed at 
510 nm, which is assigned due to the Acf monomer. Acf fluorescence band is found to be shifted towards longer 
wavelength at 521 nm for LbL films and 537 nm for microcrystal. This may be due to the tendency of aggregation 
when Acf molecules are transferred onto solid support23. Observed difference in peak position in case of LbL 

Fig. 2.  (a) UV-Vis absorption and (b) Fluorescence spectra of Acf in solution, LbL film and microcrystal. (c) 
UV-Vis absorption and (d) Fluorescence spectra of RhB in solution, LbL film and microcrystal. Excitation 
wavelengths for fluorescence measurement, were 430 nm and 550 nm for Acf and RhB respectively.
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and microcrystal may be due to the difference in order of aggregation in two cases. This may be due to the fact 
that molecules are more organized and uniform in LbL film compared to that in microcrystal49.

Figure  2(c) and Fig.  2(d) show the normalized absorption and fluorescence spectra of RhB in solution, 
microcrystal and LbL film. RhB absorption spectrum possess prominent intense 0–0 band at 554  nm along 
with a weak hump at 520 nm which is assigned due to the 0–1 vibronic transition50. RhB absorption bands in 
microcrystal as well as in LbL films are found to be red shifted with bands at 573 nm and 574 nm. The RhB 
fluorescence spectrum shows prominent band at 574 nm which is assigned due to the RhB monomeric emission. 
The RhB fluorescence band is found to be red shifted to 592 nm in LbL film and microcrystal. This may be due to 
the tendency of aggregation when the RhB molecules are transferred to solid films23. Here both absorption and 
fluorescence spectra for RhB in LbL film and microcrystal are almost similar. This indicate that the order of RhB 
aggregates may be almost similar in both microcrystal and LbL films.

Adsorption kinetics during LbL film formation
LbL film deposition is primarily governed by the electrostatic interaction between oppositely charged molecules16. 
This interaction is a time dependant process51. In order to monitor the adsorption kinetics, LbL films of both Acf 
and RhB have been deposited onto quartz substrate by varying deposition time and absorbance of the concerned 
films have been measured16. Figure 3(a) and Fig. 3(b) show the plot of the absorbance maximum of the LbL films 
deposited at different times starting from 5 min to 55 min for Acf and RhB respectively. Inset of Fig. 3(a) and 
Fig. 3(b) show the corresponding absorption spectra. From the figures, it is observed that the absorbance increases 
initially with the deposition time for both Acf and RhB. However, after certain time absorbance reaches to its 
maximum. In case of Acf, absorbance reaches to its maximum with deposition time 45 min. Whereas, for RhB, 
the absorbance reaches to its maximum with deposition time 30 min. After that the intensity becomes almost 
constant and remains the same for all the films deposited with higher deposition times. It may be mentioned in 
this context that during LbL film deposition initilally a polyanion PAA is deposited onto the quartz slide49. This 
makes the film surface negatively charged. After that the film is dipped onto either Acf or RhB solution. Since 
Acf and RhB are cationic in nature, they are adsorbed onto the film through electrostatic interaction with PAA16. 
Number of Acf or RhB molecules adsorbed increases with time accordingly the absorbance increases with time 
initially. However, after certain time (45 min for Acf and 30 min for RhB) almost all PAA molecules are attached 
with the Acf or RhB and no PAA molecule remains free in the film to adsorb Acf or RhB molecules futher. Here, 
the ideal film deposition time is estimated to be 45 min for Acf and 30 min for RhB. Accordingly, deposition 
time for all the films were kept constant at 45 and 30 min for one bi layer Acf and RhB films respectively for 
further studies.

Layer effect study
LbL self assembly is a simple and useful technique to prepare multilayer films through alternate deposition 
of cationic and anionic materials52. During the multilayer film deposition, it is important to monitor the film 
growth with increase in layer number. It is very much relevant to mention here that there are mainly two buildup 
mechanisms viz. linear and exponential during the electrostatic LbL assembly17. Linear growth is the simplest 
one in which the thickness and mass of the film increase linearly with the number of deposited bilayers and each 
polyelectrolyte layer interpenetrates only with the adjacent ones16. However, during exponential growth, there 
is high chain mobility, generally in the direction normal to the film and in the plane of the film leading to the 

Fig. 3.  Plot of absorbance as a function of deposition time for (a) Acf and (b) RhB. Inset shows corresponding 
absorption spectra.
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diffusion of at least one of the constituents in and out of the film architecture with the subsequent exponential 
thickness increase with the number of deposited bilayers53. The growth mechanism of multilayer films prepared 
from poly (L-lysine) (PLL) as polycation has been reported to be exponential17,54,55. Also it is well known that 
the film thickness effects the opto-electronic behavior to a certain extent. Accordingly, in the present case, 
we have investigated the spectroscopic behavior of Acf and RhB assembled onto LbL films with varying layer 
number. The UV-vis absorption spectra of different layered PAA-Acf and PAA-RhB LbL self assembled films 
are shown in Fig. 4(a) and Fig. 4(b) respectively. From Fig. 4, it has been observed that the absorbance of both 
Acf (Fig. 4a) and RhB (Fig. 4b) increases systematically with increase in layer number. This is an indication that 
almost uniform deposition of Acf and RhB occurred in the multilayer LbL films with increasing layer numbers. 
Also the absorption band pattern are almost similar for different layered LbL films for both Acf and RhB except 
an increase in absorbance intensity. This indicates that the organization/aggregation pattern remains almost 
similar for both Acf and RhB in the different layered LbL films irrespective of layer number. Also from the insets 
of Fig. 4(a) and Fig. 4(b), we definitely can make a conclusive remarks regarding the linear nature of growth in 
case of multilayer LbL films.

Effect of temperature and pH
It has been observed that temperature play crucial role during absorption of organic molecules onto LbL films56. 
In the present case also effect of temperature on the formation of Acf-PAA and RhB-PAA LbL films have been 
investigated. In order to do that, the temperature of concerned solutions have been varied with in the range 
of 30˚C-60˚C during LbL film formation. LbL films were deposited during both heating and cooling cycle 
and absorption spectra were recorded for all the cases. Figure 5(a) and Fig. 5(b) show the plots of maximum 
absorbance intensities as a function of temperature for both Acf and RhB. Systematic decrease in absorbance is 
observed for both Acf and RhB with increasing temperature. However, the position of maximum absorbance for 
both Acf and RhB remained almost same. This indicates that there will be almost no structural change in Acf 
and RhB with temperature.

However, reversible phase transition or reorientation of PAA may occur with change in temperature57. It has 
been reported that PAA grafted with Poly(N, N-dimethylacrylamide) (PDMA) showed a liquid-liquid phase 
transition upon heating58. Sinek et al. reported that the PAA chains decompose at temperatures between 230 
and 300 °C and at lower temperature conformational / phase change occurred only57. In the present case, the 
temperature range under investigation was 30 to 60 0C. So there will be no possibility of permanent degradation 
/ deformation of PAA structures rather phase change or reorientation is highly desirable. This may affect the 
interaction between PAA with either Acf or RhB and as such number of Acf or RhB molecules adsorbed onto LbL 
films decreased. Also, there may be aggregation of Acf or RhB in the LbL films deposited at higher temperature 
due to PAA conformational change59.

It has been reported that thermal degradation, phase change as well as change in aggregation pattern occurred 
in PAA upon change in temperature56,60. Some probable modification in the aggregation pattern of PAA 
molecules upon heating may also be responsible for a declination towards PAA-Acf and PAA-RhB interactions. 
Chain association and dissociation of the polymer PNIPAAM in aqueous environment upon heating-cooling 
cycle have also been reported61. Similar chain association and dissociation of PAA may affect the interaction of 
PAA with cationic Acf and RhB in LbL films45.

Fig. 4.  Absorption spectra of (a) Acf and (b) RhB in LbL films with increasing layer number. Inset shows the 
plot of the absorbance as a function of layer number.
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On the other hand, absorbance of the LbL films measured during cooling process increases systematically 
(Fig. 5a and b). Interestingly, large hysteresis is observed for Acf in LbL films. However, RhB absorbance did not 
show any marked hysteresis. Observed hysteresis with increase in Acf absorbance at a higher intensity might be 
due to the phase restoration and reorientation of PAA in such a way that favourable interaction between Acf and 
PAA occurred leading large number of Acf assembled onto LbL films. Also, the reorientation / conformational 
change upon cooling may decrease / minimize the Acf aggregation. This may also result in enhancement of Acf 
absorbance.

However, in case of RhB, almost no hysteresis is observed. This also suggests that the phase change / 
conformational change in case of poly-electrolyte PAA upon heating-cooling cycle are reversible in nature. This 
also negate any structural deformation of PAA. Therefore, it may be concluded that change in the preferential 
orientation of Acf molecule occurred during the process of cooling, which in turn effect the Acf adsorption 
in LbL flms. It has been reported that Chikago Sky Blue also showed similar hysteresis upon heating-cooling 
process62.

The dye Acf and polymer PAA used in the present investigation are highly pH sensitive60,63. The presence 
of central nitrogen atom within the Acf structure makes it pH sensitive. On the other hand, polymer show 
responsive phase change64. Also the association-dissociation as well as aggregation behavior of polymer are 
highly dependant on pH. Accordingly, Acf-PAA and RhB-PAA LbL films have been prepared at varying pH 
range and their absorption spectra have been recorded.

Figure  5(c) and Fig.  5(d) show the plot of absorbance of one bilayer Acf-PAA and RhB-PAA LbL films 
deposited using Acf and RhB solutions of varying pH. Interestingly, it is observed that the intensity of absorbance 
spectra varies significantly with pH. The intensity of absorption bands increases with increasing pH for both Acf 
and RhB. This may be due to the increase in OH− ions within the PAA film, which provides a larger electrostatic 
attraction of PAA with cationic Acf and RhB. Also the pH induced change in association/aggregation nature as 
well as phase change of PAA in LbL film may affect the interaction of PAA with Acf and RhB during LbL film 
formation49. Interestingly, large hysteresis is observed for both Acf and RhB in the LbL film formed during 
decreasing pH. This may be due to non-reversible nature of change of PAA in two cases during increasing and 
decreasing pH. Also the difference in hysteresis for Acf and RhB may be due to difference in re-orientation as 
well as ionization nature of Acf and RhB during pH change. Observed almost linear chage in absorbance with 
increasing pH may be useful for designing pH sensor in future.

Fig. 5.  Variation of absorption intensity of (a) Acf and (b) RhB with increasing and decreasing temperature. 
Variation of absorption intensity of (c) Acf and (d) RhB with increasing and decreasing pH.
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Material loss during LbL film formation
The binding between two oppositely charged molecules in LbL films is of fundamental importance in relation 
to any technological applications. If the binding is weak then during the subsequent deposition out of these two 
molecules, a particular type of molecules can come out of the multilayer film, which is replicated by a decrease in 
the absorbance intensity. If no such decrease in the absorbance intensity is seen between subsequent deposition 
onto the solid substrate, then it can be said that the binding between two oppositely charged molecules is strong 
and there is almost no material loss during multilayer growth. In order to have an idea about the binding 
behaviour and the material loss during PAA-Acf and PAA-RhB LbL film deposition on to a quartz substrate, 
we have recorded UV-Vis absorption spectra of these films after dipping in dye solution and as well as in PAA 
solution.

Figure 6(a) shows the plot of intensity of Acf absorption maximum at 450 nm peak as a function of number 
of deposited layers either Acf or PAA. The above points represent absorption intensity at 450 nm recorded after 
the deposition of the Acf layer and below points represent the absorption intensity at 450 nm after each layer 
of PAA deposition. From the figure, it is evident that the absorbance increases after each Acf layer deposition 
and decreases after deposition of each PAA layer. Interestingly, there is no change as far as the position of peak 
is concerned. So, from these observations, it can be confirmed that some of the Acf molecules may come out of 
the Acf-PAA film when the same is dipped in the PAA solution. This implies that the binding between PAA and 
Acf molecules is not very strong in the Acf-PAA films and as such some Acf molecules are coming out during 
deposition in PAA solution as evidenced from Fig. 6(a). Figure 6(b) shows the similar study for RhB-PAA LbL 
films and from the figure, it is obvious that there is almost no such decay of absorbance intensity after deposition 
of film in PAA solution. Accordingly, we may conclude that RhB molecules did not come out of the film during 
PAA deposition. This also suggests that the electrostatic interaction between RhB and PAA molecules in RhB-
PAA film is much stronger than that in between Acf and PAA molecules in Acf-PAA film. In order to improve 
the binding between Acf and PAA molecules in Acf-PAA film, we have incorporated nano-clay laponite during 
Acf-PAA LbL film formation. Corresponding plot is depicted in Fig. 6(c). From the figure, it is observed that the 
Acf molecules do not come out of the film in presence of clay. This is evidenced from the fact that the intensity of 
the absorbance peak does not show any decrease after depositing the same in PAA solution in presence of clay. 
In such a case, the interaction between anionic clay particles and cationic Acf molecules is much stronger and as 
a result the PAA-Clay-Acf LbL films are fabricated almost without any material loss.

Fig. 6.  Plot of absorbance intensity as a function of deposited layers in PAA to study the material loss for (a) 
Acf (b) RhB (c) Acf in presence of clay.
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FRET between Acf and RhB
FRET is the non-radiative transfer of energy from a molecule (donor) to another molecule (acceptor)31. FRET 
can be used as a tool to investigate supramolecular organization at moleculer level distance as well as to design 
various sensors35,36. In order to occur FRET between two fluorophore there must be overlapping of the donor 
emission and acceptor absorption spectra33,34. Also the alignment of their dipoles as well as proximity between 
them play important role32.

In the present case, Acf fluorescence and RhB absorption have sufficient overlap (Fig.S4 of supporting 
information). Also both the molecules show prominent fluorescence. Accordingly, it has been planned to 
investigate possibility of FRET between them. Here Acf acts as an energy donor and RhB acts as an energy 
acceptor. Also both the dyes are highly fluorescent, which are the prerequisite for FRET to occur31. In few of our 
previous reports, we have explained the energy transfer between Acf and RhB in solution31,65,66.

In order to investigate the possible FRET between Acf and RhB, the fluorescence spectra of Acf, RhB and 
(Acf + RhB) mixture in 50:50 volume ratio are measured with exciting wavelength at 430 nm (close to absorption 
maximum of Acf). The excitation wavelength was selected approximately to excite the Acf molecules directly 
and to avoid or minimize the direct excitation of the RhB molecules.

Figure 7 reveals the presence of a strong and prominent peak at around 510 nm in case of Acf. But in case of 
RhB, the fluorescence band is found to be at around 574 nm and also very weak in intensity. The observed weak 
intensity of fluorescence band of pure RhB solution justifies towards a smaller contribution of direct excitation 
of the RhB molecules with the chosen excitation wavelength λex = 430 nm. However, the fluorescence spectra of 
Acf and RhB mixture in 50:50 volume ratio is quiet interesting. In case of fluorescence spectrum of Acf and RhB 
mixture, it is observed that the band at 510 nm (supposed to be for Acf) is found to be decreasing while the band 
at 574 nm (supposed to be for RhB) is increasing prominently compared to their pure counterpart. Here, the 
Acf emission intensity decreases due to the transfer of energy from Acf molecules (donor) to the RhB molecules 
(acceptor)34. This transferred energy excites more RhB molecules in the solution, which is added to the original 
RhB fluorescence. As a result the RhB fluorescence intensity gets sensitized. The excitation spectra Acf-RhB 
mixed thin films was measured with monitoring emission wavelength fixed at Acf fluorescence maximum 

Fig. 7.  Fluorescence spectra of pure Acf, pure RhB and Acf + RhB mixture (50:50 volume ratio) in solution. 
Inset shows the excitation spectra of Acf and RhB at the emission wavelength monitored at 500 nm (Acf 
emission maximum) and 577 nm (RhB emission maximum).
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(500 nm) and for RhB fluorescence maximum (577 nm). Interestingly, both the excitation spectra are almost 
similar and possess characteristic absorption bands of Acf monomers (Inset at Fig. 7).This clearly confirms that 
the enhnachment of fluorescence intensity in RhB mainly arises due to the light absorption by Acf molecules and 
subsequent transfer at the same to RhB monomer.

Effect of different spacer molecules on FRET between Acf and RhB
FRET is pre-dominantly a distance dependent phenomenon and as such FRET efficiency is found to depend 
on many parameters viz. distance between donor and acceptor (typically in between 1 and 10 nm), the spectral 
overlap and the relative orientation of donor and acceptor dipole moment35. Choice of appropriate spacer 
molecules may help to manipulate distance between the donor-acceptor fluorophores and may be very useful to 
optimize the FRET process.

To investigate the effect of different spacer groups on the FRET between Acf and RhB, we have studied the 
effect of PAA, SA and clay as a spacer layer between Acf and RhB. In Fig. 8, we have shown the fluorescence 
spectra of Acf and RhB mixed thin films prepared under various conditions. We have inserted three different 
spacers PAA, SA, Clay between Acf and RhB layers and measured the FRET efficiency between Acf and RhB in 
all the cases. All the values of FRET parameters are calculated by using Foster theory and have been tabulated 
in Table 132. Details of FRET parameter calculation procedure has been reported elsewhere67. From the Table 1, 
it is observed that the FRET efficiency was 22.52% for Acf and RhB mixture without any spacer molecules with 
an intermolecular separation (r) of 7.28 nm. When PAA molecules were used as spacer layer in between Acf and 
RhB in LbL film, the FRET efficiency decreases to 19.67%. In case of SA molecules (both 1 layer and 3 layers), 
the FRET efficiency gets reduced to 15.60% and 7.33% respectively with intermolecular separation as 7.48 nm 
and 8.00 nm respectively. Interestingly, with an increase in the number of layers of SA from 1 to 3, the FRET 
efficiency gets largely affected and is reduced by 61% approximately compared to its value without any spacer 
molecules.

On the other hand, in case of clay as the spacer, the FRET efficiency is larger (25.71%) with the lowest 
intermolecular separation of 7.11  nm. It is worthwhile to mention in this context that clay particles are 
negatively charged and have layered structure with a cation exchange capacity68,69. Both the dyes Acf and RhB 
under investigation are positively charged. Accordingly, they are adsorbed on to the clay layers31,70. Therefore, 

Fig. 8.  Fluorescence spectra of (Acf + RhB) in presence of PAA, (Acf + RhB) in presence of SA of 1 layer, 
(Acf + RhB) in presence of SA of 3 layers, and (Acf + RhB) in presence of clay.
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clay particles play an important role in determining the concentration of the dyes on their surfaces or to make 
possible close interaction between donor and acceptor. The variation of intermolecular separation between Acf 
and RhB has been shown schematically in the next part of the manuscript.

Schematic diagram
A schematic diagram shows the organization of Acf and RhB on to thin film in presence and absence of 
different spacers molecules. Figure 9(a) shows the incorporation of cationic Acf and RhB on to anionic polymer 
(PAA) back bone and there is no spacer between Acf and RhB. In this case the FRET efficiency is 22.52%. A 
spacer polymer PAA has been introduced in between Acf and RhB as depicted in Fig. 9(b). As a result, the 
intermolecular separation between Acf and RhB increases, resulting a decrease in FRET efficiency (19.67%). 
Similarly in Fig. 9(d) and Fig. 9(e) SA of different layers (1 and 3 layers respectively) have been used as spacer 
between Acf and RhB and FRET efficiency decreases further with increasing inter molecular separation. But in 

Fig. 9.  Schematic representations of FRET between Acf and RhB (a) without any spacer (b) with PAA as 
spacer (c) with clay as spacer (d) with 1 layer of SA as spacer (e) with 3 layers SA as spacer.

 

Sample J(λ)X1015m-1cm-1nm4 R0(nm) r(nm) FRET efficiency (E%)

Acf + RhB 3.82 5.93 7.28 22.52

Acf+(PAA) + RhB 3.27 5.78 7.32 19.67

Acf+(1 layer SA) + RhB 2.85 5.65 7.48 15.60

Acf+(3 layer SA) + RhB 1.82 5.24 8.00 07.33

Acf+(clay) + RhB 4.12 5.96 7.11 25.71

Table 1.  Variation of FRET efficiencies and other parameters between Acf and RhB, with different spacers like 
PAA, 1 layer SA, 3 layers SA and clay.
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presence of clay (Fig. 9(c)) the intermolecular separation between Acf and RhB decreases which results in an 
increase in FRET efficiency (25.71%). In presence of clay, the dyes are adsorbed by cation exchange reaction on 
to the clay surface and accordingly the distance between Acf and RhB decreases as shown in the Fig. 9(c). This 
in turn can increase the energy transfer efficiency.

Sensing of pretilachlor by FRET
In the earlier sections of the manuscript, we have demonstrated FRET between Acf and RhB as well as tried 
to optimize the same. Here, we have extended our studies to apply the FRET between Acf and RhB to detect a 
pesticide. Interestingly it has been observed that the present FRET system is capable of detecting one common 
pesticide viz. pretilachlor.

Figure 1 shows the fluorescence spectra of pure Acf, pure RhB, and Acf-RhB mixture in presence of pretilachlor 
at different concentrations (0.25 ml/L, 0.5 ml/L, 0.75 ml/L, 1 ml/L). All the fluorescence spectra were recorded 
with excitation wavelength 430 nm i.e., close to Acf absorption maximum in order to avoid direct excitation of 
RhB. Interestingly, it has been observed that RhB fluorescence intensity systematically increases with increase 
in pretilachlor concentration. On contrary, the Acf fluorescence intensity decreases with increase in pretilachlor 
concentration. This is a clear indication that FRET between Acf and RhB systematically increased due to the 
presence of pretilachlor. In order to quantify the FRET in presence of pretilachlor, different FRET parameters 
like intermolecular separations, FRET efficiencies etc. have been calculated and shown in Table 2. It has been 
observed that FRET efficiency between Acf and RhB was 22.52% in absence of Pretilachlor. Interestingly, FRET 
efficiency increased in presence of pretilachlor. FRET efficiency increased almost linearly with pretilachlor 
concentration (inset of Fig. 1). Maximum FRET efficicency was 64.56% for pretilachlor concentration of 1 mL/L.

FRET is a distance dependant phenomenon and typically effective within the 1–10 nm range71. Along with 
other parameters, the FRET efficiency largely depends on the donor-acceptor distance as well as on the relative 
orientations of the two dipoles72. With decrease in donor-acceptor distance, FRET efficiency increases. Also 
increase in spectral overlap integral enhances the FRET efficiency.

In the present case, the distance between Acf and RhB decreases in presence of the pesticide pretilachlor 
(Table 2). Also, the spectral overlap integral increases in presence of the pesticide (Table 2). This may be due to 
the fact that in presence of pesticide simultaneous hydrogen boding between the pesticide pretilachlor and the 
dyes Acf as well RhB.

The carboxyl group (-COOH) of Acf may form hydrogen bonding with the oxygen or chlorine of pretilachlor, 
whereas, the amino group (-NH2) of RhB may form a hydrogen bond with Cl or oxygen of the pretilachlor 
as shown below (Fig. 10). Accordingly, pretilachlor helps Acf and RhB molecules to come closer resulting an 
increase in FRET efficiency. Calculated values revealed that distance (r) between Acf and RhB in absence of 
pretilachlor was 7.28 nm which systematically decreases with increase in pretilachlor concentration (inset of 
Fig. 1). Also the hydrogen bonding between the pesticides and dyes affected the spectral overlap integral and its 
value increases with increase in pesticide concentrations (Table 2).

Observed systematic linear increase in FRET efficiency with increase in pretilachlor concentration indagates 
with proper calibration FRET between Acf and RhB can be employed to design pesticide sensor. The limit of 
detection of the proposed sensor is found to be 0.22 ppm. Limit of detection has been calculated based on the 
earlier reports73.

The designed sensor has been tested for various concentrations of pesticides and for each concentration five 
independent set of experiments have been done. Almost reproducible results were obtained. The FRET efficiency 
presented in Table 2 is the average of five measurements. The variation in the FRET efficiency has been shown 
through box plot (inset of Fig. 1).

FESEM studies
FESEM was used to see the change in morphology of Acf-RhB system in presence and absence of the pesticide 
pretilachlor. This investigation gives us the visual confirmation of morphology, about how the presence of 
pesticide pretilachlor affects the Acf-RhB system. Figure 11 (a) and Fig. 11 (b) show the FESEM images of the 
Acf and RhB mixture before and after pretilachlor exposure. The FESEM image of Acf and RhB films in absence 
of the pesticide looks like an undivided structure. On the other hand, the FESEM image of Acf and RhB after the 
exposure of pesticide pretilachlor showed visual marked change (Fig. 11 (b)). It clearly demonstrates a broken 
plate like or circular discs like structures. This information gives us a compelling visual evidence regarding the 
occurrence of some marked change in Acf-RhB film morphology when it is exposed to pretilachlor.

Sample J(λ) × 1015m-1cm-1nm4 R0(nm) R (nm) FRET efficiency (E%)

Acf + RhB 3.82 5.93 7.28 22.52

Acf+(0.25 ml/L of pretilachlor) + RhB 5.094 6.18 6.81 35.64

Acf+(0.5 ml/L of pretilachlor) + RhB 6.1 6.36 6.53 45.97

Acf+(0.75 ml/L of pretilachlor) + RhB 6.53 6.44 6.44 50

Acf+(1 ml/L of pretilachlor) + RhB 7.92 6.65 6.01 64.56

Table 2.  Variation of various FRET parameters between Acf and RhB in presence of pretilachlor (pesticide).
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Conclusion
In summary, photophysical behavior of two dyes Acf and RhB assembled onto LbL films have been investigated 
under various conditions. It has been demonstrated that the material loss during LbL film formation can be 
minimized by incorporating clay mineral laponite. Similar approach can be used to minimize material loss in 
LbL films using other materials too. Temperature as well as pH dependant investigations indicate that Acf or 
RhB assembled onto the LbL films can be used to design either temperature sensor or pH sensor. FRET between 
Acf and RhB were also investigated successfully in presence and absence of different spacer molecules. Energy 
transfer occurred from Acf to RhB and the energy transfer efficiency increases in presence of clay laponite. On 
the other hand, the energy transfer efficiency decreases in presence of other spacers like SA, PAA etc. due to 
the increase in intermolecular separation between Acf and RhB. These results indicate that FRET between two 
molecules can be tuned incorporating spacer between them. It has also been observed that FRET between Acf 

Fig. 11.  FESEM images of (a) Acf + RhB (Concentrations are fixed at 10− 4 M) and (b) Acf + RhB mixture after 
exposure to pretilachlor.

 

Fig. 10.  Schematic of the closer association of Acf and RhB via hydrogen bonding with pretilachlor.
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and RhB changes almost linearly with concentrations of a pesticide pretilachlor. This indicates that with proper 
calibration FRET between Acf and RhB can be used to design FRET based pretilachlor sensor with detection 
limit 0.22 ppm.

Data availability
Data is available upon request to the corresponding author (sahussain@tripurauniv.ac.in).
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