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Abstract Oxazine 4 perchlorate (OX4) forms dimer even

in aqueous solution. In layer-by-layer (LbL) film of OX4,

dimeric sites predominate over monomeric sites. This

results in the quenching of fluorescence intensity. This

communication reports a study of the control of H-dimer of

OX4 in LbL film by incorporating nano clay platelets.

Influence of deoxyribonucleic acid molecules in control-

ling the H-dimeric sites of Ox4 in the LbL film has also

been studied. UV–Vis absorption spectroscopic technique

has been employed to study this effect. Atomic force

microscopic image confirms the presence of nano clay

platelets in the LbL film.

1 Introduction

Ultrathin organic films are technologically important for

their vast applications in the field of molecular electronics,

optoelectronics and biotechnology and also in the devel-

opment of nonlinear optical devices [1]. One of the most

promising, efficient and simple methods for thin film fab-

rication of water soluble molecules is layer-by-layer (LbL)

self-assembled technique in which oppositely charged

particles interact electrostatically to form mono- and mul-

tilayered LbL films [2–5]. Since the LbL self-assembled

technique requires electrostatic interaction of complemen-

tary pair of anion and cation in successive adsorption steps,

so polyions are generally used for LbL technique. This

technique is suitable for the fabrication of organo-clay

hybrid film because of the charged sheets and layered

structure of clay minerals [2].

Oxazine dyes and their derivatives are among the

most studied fluorophores. Due to their hydrophobic

character oxazine derivatives form aggregates even in

aqueous solution [6]. Recently, a large number of

investigations have been carried out on the spectroscopic

behaviors of this group of dyes [7–12]. In dilute aqueous

solution, oxazine 4 perchlorate (OX4) molecules exhibit

intense monomeric band along with a weak H-dimer

band in the higher energy region of the absorption

spectrum [13]. With increasing solution concentration,

dimeric band becomes intense due to closer association

of OX4 molecules. In LbL film, even in monolayer

condition, it exhibits intense dimeric band and the

monomeric band is reduced to a weak hump. The for-

mation of H-dimer leads to the quenching of fluores-

cence [14]. It may be mentioned in this context that

oxazine families have important applications as laser

dyes [11, 15], fluorescent molecular probes [16, 17] and

even as one of the FRET pair [13, 18]. So they should

have high fluorescence efficiency. In this respect, con-

trolling of H-dimeric sites is important for the future

technological applications of fluorescent dyes belonging

to oxazine family.

Czimerova and her group [18] prepared OX4 LbL film

on a clay-coating surface. The clay-coating surface was

prepared by spin-coating technique and it was pre-modified

with long-chain alkylammonium cations. OX4 molecules

were then adsorbed on the pre-modified substrate. OX4 dye

aggregation was effectively reduced in the film resulting in

the decrease in H-dimer formation [18]. Nano clay platelets

were important in this respect as it prevented the closer

association of fluorescent dye molecules when they were

adsorbed onto nano clay platelets.
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Clay minerals are natural inorganic nanoscale sheet-like

particles with a layered structure and interlayer space [19]

that can be incorporated into ultrathin hybrid films [20, 21].

The inherent features of clay minerals that make them

technologically important include a very large surface area

that arises from the layered structure, along with swella-

bility and the potential for delamination; small size of the

particles in the range of micro- to nanodimension; and

naturally charged particles leading to strong electrostatic

interactions [19]. Due to their layered structure, charged

layers and active edges, most of the clay minerals have

high adsorptive power. Layered structure provides inter-

layer space to host–guest molecules and ions. Charged

layers and ‘‘broken edge’’ sites attract species with oppo-

site charges through van der Waals force. Such features

allow clay minerals to be used as adsorbents for the

removal of heavy metal ions from water. Clays can also be

effective adsorbents of oily pollutants and animal waste,

and are used as carriers for the controlled release of pes-

ticides and fertilizers [19]. Another important property of

the clay minerals is their ability to exchange ions, related to

the charged surface. Various ions can be attracted to the

surface of a clay particle or taken up within the structure of

these minerals.

Organo-clay hybrid films are now being extensively

investigated in material science for their applications to

modify electrodes, sensors, photochromic devices, etc.

[22]. Cation exchange capacity (CEC) is an important

property of clay minerals which depends on available

surface area, crystal size, pH and the type of exchangeable

cation. It is usually expressed in micro-equivalents per

gram (leq g-1). In a recent study, adsorption mechanisms

of proteins and nucleic acids on various clay minerals have

been discussed in detail [23]. The adsorption varied with

the structure, surface and charge features of clay minerals,

proteins and nucleic acids. The understanding of these

mechanisms may lead to important applications such as

drug delivery systems, biosensing, enzyme immobilization,

protein fractionation, etc. [23].

Unlike the previous work reported by Czimerova and

her group [18], in the present investigation, organo-clay

hybrid film was fabricated by direct adsorption of nano

clay platelets and OX4 molecules from aqueous solution

onto the solid substrate by LbL technique. This retains the

organization in LbL film. Detailed investigations have been

done to study the effect of nano clay platelets on the

spectral characteristics of OX4 molecules in the LbL film

by UV–Vis absorption spectroscopic technique. Control-

ling of H-dimer has been investigated by changing various

parameters in the process of formation of organo-clay

hybrid LbL film.

Deoxyribonucleic acid (DNA) was also used with OX4

molecules to prepare DNA–OX4 hybrid LbL film. DNA is

an interesting anionic polyelectrolyte with unique double

helix structure [24] whose base sequence controls the

heredity of life. Immobilization of DNA onto solid sub-

strate has profound biological and technological advanta-

ges having a wide range of research areas including DNA-

based biosensors, DNA micro arrays, DNA hybridization

studies, small molecule–DNA interactions, gene delivery

and DNA separation cum purification through solid-phase

extraction [25].

Immobilized DNA in the LbL film gives strong

absorption peak at 262 nm [24]. In the higher wavelength

region of greater than 300 nm it has no absorption. In one

of our earlier works, the immobilization of denatured DNA

in the LbL films was demonstrated [26]. It was observed

that the absorption intensity increased for DNA LbL films

prepared up to 90 �C, due to denaturation of double-

stranded DNA molecules. Beyond this temperature, the

absorption intensity decreased suddenly due to complete

denaturation and formation of coil and globular structure of

DNA. With further decrease of temperature, DNA was

again renatured to its original structure.

In the present communication, detailed investigations

have been carried out on the DNA–OX4 hybrid film in

controlling the H-dimer formation of OX4 molecules. In

the DNA–OX4 hybrid LbL film, cationic OX4 molecules

were adsorbed onto the anionic phosphate backbone of

double-stranded DNA molecules. This prohibited the clo-

ser association and dimer formation of OX4 molecules to a

larger extent.

To extend further our investigation, double-stranded

DNA molecules were denatured by increasing temperature.

Adsorption of OX4 molecules into the denatured DNA was

allowed at a temperature higher than the denatured tem-

perature of DNA and then the solution was cooled back to

the normal temperature. As a result, OX4 molecules were

intercalated within the renatured double-stranded DNA

molecules. It further prohibited the closer association of

OX4 molecules to a larger extent. DNA–OX4 intercalated

hybrid molecules thus prepared in the aqueous solution

were adsorbed electrostatically onto solid substrate to form

LbL film.

2 Experimental

2.1 Chemicals

The cationic laser dye oxazine 4 perchlorate (OX4)

(MW = 395.84), purity [99 % was purchased from

Lambda Physik GmbH (Gottingen Germany) and used

without further purification. Poly (acrylic acid) (PAA)

purity [99 % and Poly (allylamine hydrochloride) (PAH),

purity [99 % were purchased from Aldrich Chemical Co.
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and used as received. The clay mineral hectorite used in

this study was obtained from the source clays repository of

the clay minerals society. Herring sperm-sheared Deoxy-

ribonucleic acid (DNA) was purchased from SRL India and

used as received.

2.2 Methods

Electrolytic deposition bath of cationic dye OX4 was pre-

pared with 10-4 M aqueous solution using triple-distilled

deionized (electrical resistivity 18.2 MX-cm) Millipore

water. The anionic electrolytic bath of PAA was also

prepared with triple-distilled deionized Millipore water

(0.5 mg/mL).

Thoroughly cleaned quartz slides were first dipped into

anionic PAA solution for 15 min, dried and then rinsed

with water to remove surplus anions attached to the sur-

face. These slides were then dipped into cationic bath

solution of OX4 for 30 min followed by similar rinsing in a

separate set of water bath to remove unadhered cations and

thus resulted in one bi-layer of OX4-PAA LbL film. The

whole sequence of process was repeated to get desired

number of layers of OX4-PAA LbL films. All the

adsorption procedures were carried out at room tempera-

ture (25 �C).

The incorporation of clay hectorite into the LbL film

was done with the help of polycationic PAH aqueous

solution (0.5 mg/mL). The CEC of hectorite is

0.7 meq g-1 that is aqueous dispersion of 1 g/L or 1 mg/

mL hectorite clay contains 0.7 mM of negative charges.

Again aqueous solution of 395.84 g/L OX4 contains 1 M

cationic charges. Therefore, 0.27708 mg/mL OX4 aqueous

solution contains 0.7 mM of cationic charges. In the mixed

solution of OX4 in clay dispersion, 10 % of CEC of clay

means only 10 % charges of clay are sufficient to neu-

tralize the charges of all the OX4 molecules. Aqueous

dispersion of clay was stirred for 24 h and then kept

30 min for sonication before using it. Aqueous OX4-clay

mixed dispersion with different loading (10, 20, 30, 40, and

50 % of CEC of clay) was then prepared. The quartz slide

was dipped into the electrolytic polycation (PAH) solution

for 15 min followed by same rinsing in water bath for

2 min and then dipped into the anionic clay dispersion

which was again followed by rinsing in water bath. The

slide thus prepared was dipped into the mixed solution of

OX4-clay dispersion. Sufficient time was given for depo-

sition and drying of the slide.

The inclusion of DNA into the LbL film was done

similarly with the help of polycationic PAH aqueous

solution (0.5 mg/mL). Electrostatic self-assembled layer-

by-layer films were fabricated by immersing a thor-

oughly cleaned quartz substrate into cationic PAH

solution for 15 min followed by rinsing in water to

remove off the surplus cations attached to the surface.

PAH film was then dipped into the mixed aqueous

solution of DNA (0.5 mg/mL) and OX4 (10-4 M) in the

same volume ratio for 1 h and again followed by the

same rinsing procedure. Then sufficient time was

allowed to dry up the film. Thus, one bi-layer of OX4–

DNA–PAH hybrid film was formed.

To intercalate OX4 molecules into the double-stranded

DNA molecules, first of all, the temperature of the aqueous

solution of DNA was increased above the denatured tem-

perature of DNA. Aqueous solution of OX4 was then

added to the DNA solution at higher temperature. Then the

mixed aqueous solution was cooled back to normal tem-

perature. At normal temperature renaturation of DNA was

occurred with OX4 molecules intercalated into the double-

stranded DNA molecules. PAH film was then dipped into

the mixed solution for 1 h and the same procedure men-

tioned above was repeated. Thus, one bi-layer of OX4–

DNA–PAH intercalated film was formed.

Spectroscopic characterizations of the LbL films and

aqueous solution were done using UV–Vis absorption

(Lambda-25 UV–Vis spectrophotometer, Perkin-Elmer)

spectroscopy.

Fig. 1 Normalized UV–Vis absorption spectra of aqueous solution

of OX4 (10-4 M) and one bi-layer LbL film of OX4-PAA
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Atomic force microscopic (AFM) image of one bi-layer

OX4–clay–PAH LBL film was taken in air with commer-

cial AFM system (Bruker Innova). The AFM image pre-

sented here was obtained in intermittent contact (tapping)

mode. Typical scan area was 1.2 9 1.2 lm2. The Si wafer

substrate was used for the AFM measurement.

3 Results and discussion

3.1 UV–Vis spectroscopy

The normalized UV–Vis absorption spectra of aqueous

solution of OX4 (10-4 M) and one bi-layer OX4–PAA

LbL film are shown in Fig. 1. OX4 solution absorption

spectrum shows distinct and prominent bands in the

600–620 nm region with a strong peak at 616 nm along

with a weak shoulder at around 570 nm and is in well

agreement with the reported results [13]. The longer

wavelength band at 616 nm has been assigned due to

monomeric sites of OX4 molecules and the small shoulder

at 570 nm has been assigned due to dimeric sites [18]. In

the absorption spectrum of one bi-layer OX4–PAA LbL

film, the monomer peak has been reduced to a weak hump

whereas the dimeric band becomes strong with an intense

peak at 570 nm. The dimeric band has been assigned as

due to the formation of H-dimer species of OX4 molecules

in the LbL film [13]. OX4 molecules in the LbL film came

to the close proximity resulting in an increase of dimeric

sites.

3.2 Time effect

Figure 2 shows the UV–Vis absorption spectra of one bi-

layer OX4–PAA LbL film with different immersion times

along with the plot of intensities of maximum absorbance

as a function of immersion time. Here, in all the cases the

polyanion (PAA) deposition time was kept fixed for 15 min

but the dye (cation) deposition time was varied from 5 to

45 min with an interval of 5 min. From the figure, it is

observed that the intensity of the absorption spectra is

increased for the films with dye deposition time up to

30 min and remained almost constant for the dye deposi-

tion time [30 min. This is evident from the inset of the

figure. This indicates that the interaction of OX4 molecules

with PAA layer was completed within 30 min and after

30 min no PAA molecule remained free in the film for

further interaction with the OX4 molecules.

Fig. 2 UV–Vis absorption

spectra of OX4-PAA LbL films

at different immersion time.

Inset shows the maximum

absorbance variation with time
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3.3 Layer effect

The UV–Vis absorption spectra of different layered (1–15

bi-layer) OX4-PAA LbL film is shown in Fig. 3 along with

an inset plot of intensity of absorbance of dimeric band as a

function of the layer number. It is interesting to note that

absorption spectra of different layered LbL films show

almost similar band pattern irrespective of layer number

except an increase in intensity. This indicates that OX4 and

PAA molecules were successfully transferred into the LbL

film during the process of fabrication. Increase in absor-

bance with layer number confirms uniform film growth.

Inset shows the variation of maximum absorbance with

layer number. It also supports the thesis of successful

transfer of molecules in the LbL film.

3.4 Effect of nano clay platelets

Figure 4 shows the normalized absorption spectra of

(a) OX4-PAA LbL film and (b–f) OX4–clay–PAH one bi-

layer LbL film. The loading of OX4 was (b) 10 %,

(c) 20 %, (d) 30 %, (e) 40 %, (f) 50 % of the CEC of clay

hectorite. From the figure, it is observed that LbL film of

OX4 without clay gives intense absorption bands with

dimeric peak at 570 nm and weak monomeric hump at

616 nm. After the inclusion of nano clay platelets into the

LbL film of OX4, the intensity of monomeric peak grad-

ually increases and dimeric peak at 570 nm decreases to a

larger extent. The intensity of both bands can be controlled

precisely by changing the loading of OX4. For low loading

of samples (10 % of CEC of hectorite), OX4 monomeric

sites predominate in the LbL film. Thus, absorption spec-

trum gives intense monomeric band (spectrum f of Fig. 4).

At higher CEC range the intensity of dimeric band at

570 nm increases (spectra b to e of Fig. 4). The relative

intensity of the dimeric band at lower wavelength (570 nm)

over the monomeric band at higher wavelength (616 nm)

decreases as the amount of OX4 on clay hectorite decrea-

ses. The most plausible explanation for the decrease of

H-dimer band of OX4 at low loading samples is that at low

loading of samples, OX4 molecules are adsorbed onto the

nano clay platelets by cation exchange reaction. It is

worthwhile to mention in this context that, hectorite used in

this work is a synthetic clay which is characterized by

negative charge and it generally suppresses the aggregation

of the cationic dyes [27]. Accordingly, positively charged

Fig. 3 UV–Vis absorption spectra of different layer AO–PAA LbL

films. Inset shows the plot of absorbance at maximum absorbance as a

function of number of bi-layers
Fig. 4 Normalized absorption spectra of a OX4-PAA LbL film and

b–f OX4–clay–PAH one bi-layer LbL film. The loading of OX4 is

b 50 %, c 40 %, d 30 %, e 20 %, f 10 % of the CEC of clay hectorite

at 1 g/L clay in the suspension
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OX4 molecules were arranged onto the negatively charged

nano clay sheets in a regular fashion with almost no

overlapping of the OX4 molecules. This reduces the pos-

sibility of dimer formation and increases monomeric sites.

As a result monomeric band increases in intensity. Bujdak

and Iyi [28] reported that the tendency of aggregation in the

clay dispersions depends on the hydrophobic character of

the dye and the properties of clay. Therefore, aggregation

of the dye is expected to be low in clay dispersion resulting

in intense monomeric band in presence of clay dispersion.

Conversely, at higher loading of samples, closer contact

between neighboring OX4 molecules takes place and this is

the favorable condition for H-dimer to occur. In one of our

recent works, control of H-dimer formation of acridine

orange (AO) using nano clay platelets in LbL film has been

reported [29].

In one of the previous works [18], spin-coated clay

mineral substrate was pre-modified with long-chain alky-

lammonium cations. OX4 molecules were then adsorbed

on this pre-modified substrate. This process was found to

be an efficient way to suppress the dye aggregation.

H-dimeric sites of OX4 molecules were sufficiently con-

trolled in this way. The surfactant cations played an

important role in ‘‘hydrophobization’’ of the clay mineral

surface and ‘‘solubilization’’ of the dye cations at the solid

clay mineral surface and dye solution interface to prevent

their aggregation.

In the present communication, the substrate was pre-

modified with PAH. This pre-modified substrate was then

dipped into the mixed aqueous solution of clay dispersed

OX4 dye. In the clay dispersed aqueous solution, OX4

molecules were pre-adsorbed on the clay surface as well as

entered into the clay sheets through intercalation. These

clay sheets were further adsorbed onto the PAH pre-mod-

ified substrate. Depending on the CEC of clay in the

aqueous dispersion, H-dimeric sites of OX4 molecules can

be effectively controlled. So, in comparison with the pre-

vious work [18], our present process of preparing OX4-clay

hybrid film is more effective in controlling the H-dimer of

OX4 molecules.

3.5 AFM observation of LbL film

The morphology and surface structure of the OX4–clay–

PAH LbL film on Silicon wafer was studied by atomic

force microscope (AFM). The clay particles are clearly

visible in the AFM image as shown in Fig. 5. It confirms

the formation of nano dimensional organo-clay hybrid LbL

film. From the height profile analysis, it has been observed

that the thickness of the LbL film varies in between 1.5 and

2.5 nm. This height includes the height of clay hectorite,

PAH and the OX4 molecules on LbL films. The OX4 and

PAH molecules are not distinguishable in the AFM image

since the dimensions of these molecules are beyond the

resolution of our AFM system. This indicates the suc-

cessful incorporation of nano clay platelets into the hybrid

organo-clay LbL film.

3.6 Effect of DNA

Figure 6 shows the normalized UV–Vis absorption spectra

of (a) OX4-PAA LbL film, (b) OX4–DNA–PAH hybrid

LbL film and (c) OX4–DNA–PAH intercalated LbL film.

All the LbL films were fabricated after completion of

interaction and adsorption process. As discussed earlier,

LbL film of OX4 without DNA gives intense absorption

dimeric peak at 570 nm and weak monomeric hump at

616 nm.

After inclusion of double-stranded DNA molecules into

the LbL film of OX4 at normal temperature, the intensity of

monomeric peak at 616 nm becomes intense in comparison

to the dimeric peak at 570 nm as shown in Fig. 6 (spectrum

b).

It is to be noted in this context that in the DNA–OX4

hybrid LbL film, cationic OX4 molecules were adsorbed

onto the anionic phosphate backbone of double-stranded

DNA molecules. This prohibited the closer association and

dimer formation of OX4 molecules to a larger extent.

To further investigate our study, we have tried to

intercalate OX4 molecules into the double-stranded DNA

molecules. To do this, first of all, the temperature of the

aqueous solution of DNA was increased above the dena-

tured temperature of DNA [24]. As a result double-stran-

ded DNA structure was broken. Aqueous solution of OX4

was added to the DNA solution at higher temperature. Then

the mixed aqueous solution was cooled back to normal

temperature. As a result DNA molecules became renatured

and reverted into its double helix structure. In this process,

OX4 molecules became intercalated into the double helix

structure of DNA. This may be a highly effective process

which plays an important role in the separation of OX4

molecules and prevents further association/aggregation of

OX4 molecules in the LbL film.

Figure 6 (spectrum c) shows the normalized UV–Vis

absorption spectrum of OX4–DNA–PAH intercalated LbL

film. It is observed from the figure that the monomeric peak

of OX4 becomes more intense than the dimeric peak. This

clearly shows the effectiveness of DNA in preventing the

closer association of OX4 molecules in the LbL film.

3.7 Schematic representation

Figure 7 shows the schematic diagrams of organization of

OX4 molecules in (a) OX4-PAA LbL film, (b) OX4–

DNA–PAH hybrid LbL film, (c) OX4–DNA–PAH inter-

calated LbL film.
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In the absence of DNA, OX4 molecules were aggre-

gated in the OX4-PAA LbL film as shown in Fig. 7a.

When the OX4 molecules were adsorbed on the anionic

phosphate backbone of DNA molecules, aggregation

became less as shown in Fig. 7b. In Fig. 7c, intercalation

of OX4 molecules into the double-stranded DNA

structure was shown where aggregation could be affec-

tively controlled.

4 Conclusion

In the present communication, effects of nano clay platelets

and DNA have been investigated in controlling the

H-dimer of OX4 molecules in the LbL film. UV–Vis

absorption spectroscopic technique has been employed to

investigate this effect. Loading percentage of OX4 dye

with the CEC of clay in the aqueous dispersion plays an

important role in controlling the H-dimeric sites of OX4

molecules in the LbL film. Monomeric sites prevail at

Fig. 5 a AFM image and

b height profile of OX4–clay–

PAH LbL film

Fig. 6 Normalized UV–Vis absorption spectra of a OX4–PAA LbL

film, b OX4–DNA–PAH hybrid LbL film and c OX4–DNA–PAH

intercalated LbL film

Fig. 7 Schematic diagrams of organization of OX4 molecules in

a OX4–PAA LbL film, b OX4–DNA–PAH hybrid LbL film, c OX4–

DNA–PAH intercalated LbL film
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lower loading percentage. With increasing loading per-

centage of OX4, dimeric sites predominate in the LbL film.

Deoxyribonucleic acid (DNA) was also used in controlling

the H-dimer of OX4 molecules in the LbL film. In this

respect, OX4–DNA–PAH intercalated film was found to be

more useful than OX4–DNA–PAH hybrid film. This

technique can be employed further to investigate the

effectiveness in controlling the dimeric sites in the thin film

of other fluorescent dyes. Charged nano particles (NP) may

also be used in controlling the molecular organization in

thin film.
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