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Introduction

A significant development of DNA-based materials in the
field of nanophotonics and optoelectronics has been evident
in recent years.[1–5] A class of DNA-based thin films is made
of a genomic DNA–cationic surfactant (cetyltrimethyl am-
monium chloride: CTMA) complex, which acts as an effi-
cient electron-blocking layer (EBL)[6,7] in the development
of bio-LEDs (light-emitting diodes). Remarkably, as evident
from the circular dichroism (CD) spectroscopic studies,[8]

DNA retains its physiological B-form in the thin film. To
unravel the role of DNA in thin films for electronics appli-
cations, the exploration of the charge-transfer (CT) mecha-
nism of DNA in the thin film is unavoidable. In a series of
earlier studies, it has been suggested that p–p interaction be-
tween base-pair stacking of double-stranded DNA could be

responsible for the one-dimensional CT along the DNA
chain.[9] The CT mechanism in the DNA matrix and classifi-
cation of the matrix in insulators,[8] semiconductors,[10] con-
ductors,[11] or even superconductors[12] invited several de-
bates in the early and recent literature.[13] A significant por-
tion of the experimental evidence, including the lack of ani-
sotropy of conduction in the spun-fiber sample, suggests that
the mechanism is not consistent with the one-dimensional
“molecular-wire”-type charge transport within the base-pair
core, but rather rapid charge migration in the outer mantle
of the B-DNA superstructure.[9]

It has long been reported that the equilibrium structure,
structural integrity, and biochemical function of a DNA
duplex are strongly dependent on the degree of DNA hy-
dration.[14] High-resolution X-ray crystallographic analy-
sis,[15–17] neutron diffraction measurement,[14] and solution
NMR spectroscopic study[18] of the B-form DNA revealed
that the �spine of hydration� exists in the narrow minor
groove of physiologically active DNA. One of the previous
studies suggests that decreasing humidity triggers the struc-
tural transition of DNA from the B to Z form owing to the
volatilization of bound water molecules.[8] The role of water
in the structural integrity of DNA is important because
phosphate–phosphate electrostatic repulsion[19] is diminished
by the high dielectric constant of water. In addition to the
very existence of such water molecules in the DNA struc-
ture, the dynamics of these water molecules also play a pivo-
tal role in maintaining the DNA structure and functionali-
ty.[20,21] The observation of the existence of water molecules
within the DNA–CTMA film during thermogravimetric
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analysis (TGA) studies[8] probably points to the intactness
of the B-form DNA in the DNA–CTMA film given the
widely accepted fact that water is an integral part of biomo-
lecular systems.[22–26]

The timescale related to charge migration in the DNA
moiety is found to be ultrafast and ranges from a few pico-
seconds to several tens of nanoseconds.[27–29] To participate
in the CT processes, the water molecules in the close vicinity
of the DNA molecule (water of hydration) are expected to
offer a similar solvation timescale. A series of ultrafast spec-
troscopic investigations reveal solvation timescales of the
hydration water on similar orders.[28] Although the DNA–
CTMA material is frequently used in optoelectronics and
has been found to be a promising material for future tech-
nology,[4,6] surprisingly, the role of the water molecules in
the material is absent in contemporary literature.[30] The de-
pendence of device performance on the dynamics of the in-
tegrated water molecule within the DNA thin film is also
sparsely documented in literature, and this is the motive of
our present study.

Here, we have prepared DNA–CTMA thin films, general-
ly used in designing bio-LEDs[7,31] by following the proce-
dure reported elsewhere.[8] A well-characterized DNA minor
groove binder dye, Hoechst 33258 (H258),[32,33] was used as
a doping probe for spectroscopic investigation of the materi-
al. A detailed characterization that involved CD, FTIR, UV/
Vis absorption, and steady-state fluorescence spectroscopy
was used to confirm the structural integrity of the DNA
molecule and localization of the probe H258 in the DNA
minor groove in the biomaterial. Our picosecond-resolved
time-correlated single-photon-counting (TCSPC) technique
reveals the timescale associated with the solvation of the
water molecules in the vicinity of DNA in the as-prepared
material and after swelling. We have also investigated the
ultrafast CT dynamics from embedded CdSe/ZnS quantum
dots (QDs) in the thin film (Scheme 1) and compared it

with that in the swollen material. The steady-state and time-
resolved quenching of a fluorescence probe (here the QDs)
in a DNA matrix is well documented as the manifestation of
CT from/to the probe in the matrix.[34,35] To investigate the
role of water molecules in the CT processes of the embed-
ded QDs within the material, we have also studied the CT
dynamics of the QDs in anionic sodium bis(2-ethylhexyl)sul-
fosuccinate reverse micelles (AOT RMs), in which the
degree of hydration (number of water molecules) and dy-
namics of water molecules[36,37] around the entrapped QDs
can be tuned in a controlled manner. The temperature-de-
pendent dynamic light scattering (DLS) and picosecond-re-
solved CT dynamics of the entrapped QDs in the RM clear-
ly reveal the role of dynamics of the water molecules in the
DNA materials. The studies are expected to have a profound
effect on the key areas of research for developing superior
biomaterials-based optoelectronic devices.

Results and Discussion

Figure 1 shows the absorption and emission spectra of as-
prepared H258-doped and swollen DNA–CTMA thin film
on a quartz plate (Scheme 1). Figure 1 also shows the corre-
sponding spectra of the probe H258 in the aqueous solution.
A slight redshift in the absorption spectra of H258 in the as-
prepared and swollen thin films (355 nm) relative to the
probe in buffer solution (347 nm) confirms the ground-state
complexation of the probe in the minor groove of the DNA

Scheme 1. Schematic representation of DNA–CTMA thin film. Embed-
ded quantum dots (CdSe/ZnS) upon photoexcitation and charge transfer/
solvation are also shown.

Figure 1. a) Absorption spectra of H258 in 1) buffer, 2) DNA in buffer,
3) DNA–CTMA film, and 4) swollen DNA–CTMA film. b) Emission
spectra of H258 in 1) buffer, 2) DNA in buffer, 3) DNA–CTMA film,
and 4) swollen DNA–CTMA film.
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in the film.[38] A significant blueshift in the emission spec-
trum (at 447 nm) of the probe in the thin film with respect
to that in aqueous buffer solution (at 460 nm) is also consis-
tent with the location of the probe in the DNA minor
groove (reported peak at 460 nm).[39] No significant differ-
ence between the absorption and emission spectra of the
probe in the as-prepared and swollen film is consistent with
the fact that the immediate environment of the minor
groove binding probe H258 remains unperturbed in the
presence of additional water molecules in the film. Figure 2a
shows the CD spectra of the as-prepared and swollen films
in which the positive peaks at 280 nm and negative peaks at
245 nm are the signature of the B-form DNA[40, 41] in the
films. The CD spectrum for the DNA in aqueous solution is

also shown in Figure 2 a as a reference. The structural integ-
rity of the DNA (B-form) in the films with respect to that in
the aqueous buffer solution is clearly evident from the
figure. It has to be noted that the difference of the peak in-
tensities of the films with respect to that in the DNA in
aqueous buffer solution is due to the relatively lower con-
centration in the latter sample.

To confirm the presence of strongly interacting water mol-
ecules in the film that lead to the monomeric form of the
water,[42,43] we performed FTIR experiments, the results of
which are shown in Figure 2b. The different C�H stretching
modes of the DNA and the CTMA counterions (at 2851
and 2921 cm�1)[44] and O�H stretching frequencies of bulk
water (at 3302 and 3472 cm�1) are consistent with those re-
ported in the literature.[45,46] In the case of DNA fiber with-
out CTMA, the O�H stretching frequencies can be decon-
voluted with essentially two peaks, in which one at
3468 cm�1 consistent with a bulk type and another at
3590 cm�1 corroborate the monomeric form of water mole-
cules. The peak at 3204 cm�1 reveals an N�H stretching fre-
quency in the DNA sample. In the case of the DNA–CTMA
sample, the deconvoluted peaks at 3199 and 3607 cm�1 can
be assigned to the stretching frequencies of N�H and mono-
meric water O�H, respectively. Two additional peaks at
3367 and 3508 cm�1 are similar to bulk-type water molecules
in the sample.[47] Our FTIR studies reveal the existence of
different types of water molecules in the biomaterial includ-
ing strongly interacting (essentially associated to DNA–
CTMA) water molecules in the material.

Additional evidence of the structural integrity of DNA in
the biomaterial comes from thermometric studies of the
films. In Figure 2c, differential scanning calorimetric (DSC)
plots of DNA and the DNA–CTMA complex are shown in
the temperature range from 30 to 160 8C. Endothermic
maxima around 90 8C for DNA and the DNA–CTMA com-
plex correspond to the melting of DNA. A closer look at
the thermogram shows that the endothermic peak for the
DNA–CTMA film is at least 9 8C lower than that of the
pure DNA fiber. It has been reported earlier that the melt-
ing of the DNA molecule very much depends on the degree
of hydration of the biomolecules.[48] The study that involves
DNA melting in controlled humidity clearly showed that
lower hydration leads to a relatively lower melting tempera-
ture of DNA. Thus our DSC study is consistent with the
presence of water molecules in the biomaterial, yet they are
lower in number than pure DNA fiber.

After confirmation of the structural integrity of DNA and
the association of significant water molecules in the vicinity
of DNA in the biomaterial, we investigated the dynamic
timescales of the water molecules. Picosecond-resolved fluo-
rescence transient of H258 bound to DNA in DNA–CTMA
film (both as-prepared and swollen) have been measured at
a number of wavelengths across the emission spectrum of
H258 in the film, and the fluorescence lifetime values are
tabulated in Tables S1 and S2 in the Supporting Information.
Figure 3a and b show the decay transient of as-prepared and
swollen DNA–CTMA film at three characteristic wave-

Figure 2. a) CD spectra of DNA in 1) buffer solution, 2) as-prepared
DNA–CTMA thin film, and 2) swollen DNA–CTM thin film. b) FTIR
spectra of 1) DNA fiber, 2) DNA–CTMA biomaterials, 3) bulk water,
4) and CTMA. To identify various types of water structures in the DNA
and other systems, spectral deconvolution according to the Gaussian
model was performed. c) DSC scan (10 8C min�1) of 1) DNA and
2) DNA–CTMA complex. The endothermic maximum is due to the de-
naturation process of DNA.
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lengths from the blue to the red end of the fluorescence
spectrum (410, 460, and 530 nm). The fluorescence transient
detected in the blue region (410 nm) of the fluorescence
spectrum is characterized by a faster picosecond decay com-
ponent. The fluorescence transients become slower as the
detection wavelengths increase and reveal a rise component
at 530 nm. The nature of the wavelength-dependent transi-
ents across the emission spectrum of the probe H258 in the
DNA matrix signifies solvation stabilization of the probe in

the DNA environments.[21,49] However, the increase becomes
more prominent in the case of swollen DNA–CTMA film as
shown in Figure 3a and b. Figure 3c and d show the con-
structed time-resolved emission spectra (TRES) of H258
with a spectral shift of 1486 and 1420 cm�1 for as-prepared
and swollen biomaterial, respectively, in an 11 ns time
window, which indicates that H258 is stabilized due to the
solvation by the minor groove water molecules in the excit-
ed state.[28] The observed solvation correlation decay profiles
with time for corresponding systems are shown in the inset
of Figure 3a and b, thus revealing temporal excited-state
energy relaxation of the fluorophore in the DNA environ-
ments. Two-component exponential decay fitting of the sol-
vation correlation decay profile of H258 bound to DNA in
DNA–CTMA film (inset) yields time components of 0.235
(28 %) and 8.83 ns (72 %). For swollen DNA–CTMA film,
the two time components were estimated to be 0.217 (29 %)
and 6.50 ns (71 %), which are consistent with our previous
studies on the solvation dynamics of DNA.[28,39] The longer

components in both cases are
due to the relaxation of DNA
proper. The observation indi-
cates that upon swelling some
water molecules can access the
DNA film, which allows the
DNA molecule to become
more flexible, thus leading to
a faster stabilization of the
probe H258 and results in a de-
crease in the time of water re-
laxation.

In a recent report, the effect
of water molecules on the stabi-
lization of the excited state of
CdSe/ZnS QDs and the conse-
quence of the water-molecule-
stabilized state on the photolu-
minescence properties of the
QDs has been reported.[50] In
our studies we have used CdSe/
ZnS QDs with a diameter of
5.2 nm as a CT probe in the
DNA material. Figure 4a shows
the steady-state fluorescence
quenching of CdSe/ZnS QDs in
the DNA matrix. The fluores-
cence of QDs in the matrix fur-
ther quenches upon swelling of
the film. The quenching of the
excited-state lifetime of the
QDs in the films before and
after swelling is further con-
firmed by the picosecond-re-
solved fluorescence studies as
shown in Figure 4b. The fluo-
rescence lifetime of QDs in the
quartz plate (with an average

Table 1. The fluorescence lifetimes (ti) of QDs in as-prepared and swol-
len DNA–CTMA films.

System t1 [ns]
([%])

t2 [ns]
([%])

t3 [ns]
([%])

tavg

[ns]

QD film – 1.78 (6) 13.16 (94) 12.48
QD-DNA film 0.06 (4) 1.52 (29) 6.04 (67) 4.49
swollen QD-DNA
film

0.54 (8) 0.88 (40) 3.93 (52) 2.40

Figure 3. Picosecond-resolved transient of H258 at three different wavelengths in a) as-prepared DNA–CTMA
and b) swollen DNA–CTMA biomaterial films. Values of lem are indicated. c,d) Time-resolved emission spec-
tra (TRES) of corresponding systems are shown. Insets depict the corresponding solvation correlation decay
profile of H258.

Table 2. Solvation correlation data for C-500 and the fluorescence lifetime (ti) data of QDs in AOT RM at dif-
ferent w0 values.

Solvation of C-500 QDs in RM
w0 t1 [ns] ([%]) t2 [ns] ([%]) tsol [ns] t1 [ns] ([%]) t2 [ns] ([%]) t3 [ns] ([%]) t4 [ns] ([%]) tavg [ns]

0 – – – 0.84 (34) 10.8 (66) – – 7.4
2 0.34 (25) 4.13 (75) 3.18 0.12 (26) 0.84 (17) 2.36 (18) 10.8 (39) 4.80
4 0.29 (35) 2.68 (65) 1.83 0.09 (30) 0.84 (22) 3.32 (22) 10.8 (26) 3.69
8 0.19 (38) 1.59 (62) 1.06 0.09 (32) 0.84 (27) 3.78 (24) 10.8 (17) 2.98
12 0.16 (35) 1.49 (65) 1.03 0.01 (36) 0.84 (25) 3.70 (24) 10.8 (15) 2.77
20 0.13 (33) 1.35 (67) 0.95 0.11 (34) 0.84 (26) 3.65 (26) 10.8 (14) 2.69
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lifetime 12.47 ns) becomes significantly faster in the as-pre-
pared biomaterial (4.49 ns). Upon swelling of the film, the
lifetime of QDs becomes even faster (2.40 ns). The details
are tabulated in Table 1. The faster excited-state lifetime of
the QDs in the biomaterial could be the manifestation of
a photoinduced CT process from the embedded QDs to the
DNA-bound water molecules in the matrix.[50] The apparent
rate constants, knr (s), were determined for the excited-state
nonradiative processes by comparing lifetimes of the QDs in
the absence (t0) and in the presence (t) of the DNA–
CTMA complex by using the following equation
[Eq. (1)]:[51,52]

knr ¼ 1= th i � 1= t0h i ð1Þ

For the DNA–CTMA complex, the rate constant for the
nonradiative process was found to be 1.4 � 108 s�1, whereas
for the swollen system it is estimated to be 2.9 �108 s�1, thus
indicating a faster CT from QDs to the water molecules in
the case of the swollen DNA–CTMA film.

To investigate conclusively the role of the dynamics of
water molecules in the CT mechanism for QDs, we extend-
ed our studies with the model biomimetic, AOT RMs,
whereby the number of water molecules (w0) and the dy-
namics can be controlled (by tuning the temperature) pre-
cisely. Figure 5a shows that with an increase in water con-

tent (w0 = 2 to 20) the fluorescence intensity of QDs entrap-
ped in AOT RMs gradually decreases. The fluorescence
decay transients of QDs in AOT RMs at different w0 values
are shown in Figure 5b. The faster excited-state lifetime of
the QDs with increasing w0 value from w0 =0 to 20 (water
pool size from 1.6 to 9.6 nm) to reveal an average lifetime
from 7.4 (at w0 =0) to 2.69 ns (at w0 =20, details are in
Table 2) is evident from the figure. To determine a correla-
tion between the dynamics of CT of the QDs in the RMs at
various degrees of hydration (w0) and the solvation dynam-
ics of the RMs, we measured solvation correlation functions
of the RMs using coumarin 500 (C-500) as fluorophore by
following a procedure as reported previously[53] (Figures S1
and S2 in the Supporting Information). A linear correlation
of the average solvation time constant (ts) and excited-state
lifetime (tavg) of the QDs in the RMs up to w0 =8 is clearly
evident from Figure 6a. It is well known that up to w0 = 8,
there is an insignificant possibility of bulk-type water, and
all the water molecules are strongly interacting with the re-
verse micellar surface.[54, 55] A further increase in the w0

value begins to reveal two different types of water (bulk-
and bound-type), and bulk-type water might cause perma-
nent and irreversible surface damage to reveal an irrecover-
able fluorescence of the entrapped QDs.[50] The reversibility
of the fluorescence (both steady-state and time-resolved) of
the QDs in the RMs from w0 =8 to 2 has also been con-
firmed (Figure 6b and Table 3).

Figure 4. a) Fluorescence spectra of 1) CdSe/ZnS QDs, 2) QDs in as-pre-
pared, and 3) swollen DNA–CTMA matrix (lex =510 nm). b) Fluores-
cence decay transient of 1) QDs, 2) QDs in as-prepared, and 3) swollen
DNA–CTMA matrix (lex =510 nm and lem =580 nm).

Figure 5. a) Steady-state fluorescence spectra of QDs in AOT RMs with
increasing w0 (w0 =0, 2, 4, and 20 with lex =510 nm). b) Fluorescence
decay transients of QDs in the AOT RMs at different w0 values (w0 =0,
2, 4, 8, and 12 with lex =375 nm and lem = 580 nm).
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Our observation of a faster rate of CT dynamics of QDs
in the RMs of higher w0 values and a distinct correlation
with the solvation dynamics confirm the role of water mole-
cules in the tuning of the CT rate in the nanoenvironments.
However, the observation raises questions about the in-
volvement of water molecules in the CT processes through
dynamic flexibility of the water molecules or through the
hydration number. To confirm the dynamic role of the water
molecules in controlling CT processes, we studied the QDs
in a particular RM with w0 =5 at various temperatures. As
shown in Figure 7a, the DLS studies on the RM (w0 =5)
with the QDs at different temperatures reveal an almost un-
altered size of the RM and are consistent with our earlier
observations.[53] However, the nonradiative rate of the CT
dynamics of the QDs follows the Arrhenius law up to 60 8C
(Figure 7b). Corresponding lifetime values are tabulated in

Table 4. The calculated barrier energy from the Arrhenius
plot is 3.95 kcal mol�1. Remarkably, it is noteworthy that the
solvation barrier for this kind of RM (w0 =5) was estimated
to be 2.4–4 kcal mol�1 from molecular dynamics simula-
tion[56] and experimentally measured to be around 5 kcal
mol�1.[53] Our observation of the barrier-crossing-type CT re-
action of the QDs in the RM and the similarity of the barri-
er with that of the solvation clearly unravel the role of the
solvation barrier in the CT of the QDs in the RM.

Conclusion

In summary, we have investigated solvation dynamics of
DNA-bound water in a technologically important biomateri-
al that consists of a DNA–CTMA self-assembly. The role
the dynamics in the excited-state CT process of QDs-em-

Figure 6. a) Plot of solvation time (ts) of C-500 probe against the average
fluorescence lifetime (tavg) of the QDs at different w0 values. b) Reversi-
bility of fluorescence lifetime of QDs upon controlled reduction of RM
size (w0 =8R, 4R, and 2R; R stands for reversible with lex = 375 nm and
lem =580 nm).

Figure 7. a) Typical DLS signals (scattering intensity) for w0 =5 AOT RM
systems at different temperatures (293–333 K) are presented. The inset
reveals hydrodynamic diameters (dh) of reverse micelles for different
temperatures. b) The Arrhenius plot of ln(knr) against 1/T for QDs in
AOT RM with w0 =5 and its linear fit.

Table 3. The fluorescence lifetimes (ti) of QDs in AOT RM at different
w0 values (R indicates reversible).

w0 t1 [ns] ([%]) t2 [ns] ([%]) t3 [ns] ([%]) t4 [ns] ([%]) tavg [ns]

2R 0.11 (22) 0.84 (24) 2.41 (15) 10.8 (39) 4.78
4R 0.09 (27) 0.84 (28) 3.37 (16) 10.8 (29) 3.89
8R 0.01 (32) 0.84 (30) 3.74 (18) 10.8 (20) 3.07
12R 0.14 (30) 0.84 (24) 3.14 (22) 10.8 (24) 3.54
20R 0.12 (31) 0.84 (23) 3.20 (23) 10.8 (23) 3.42

Table 4. The fluorescence lifetimes (ti) of QDs in AOT RM (w0 =5) at
different temperatures.

T [K] t1 [ns] ([%]) t2 [ns] ([%]) t3 [ns] ([%]) tavg [ns]

293 0.21 (31) 1.48 (30) 9.77 (39) 4.35
303 0.19 (31) 1.38 (31) 9.37 (38) 4.04
313 0.20 (33) 1.44 (31) 9.29 (36) 3.88
323 0.18 (36) 1.32 (30) 8.79 (34) 3.44
333 0.16 (35) 1.21 (31) 8.41 (34) 3.32
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bedded biomaterial has also been explored. Our studies on
the solvation dynamics of water molecules in a controlled
nanoenvironment of RMs and the CT of the QDs in that en-
vironment clearly reveal that the dynamic barrier (solvation)
is the rate-limiting step for the CT process of the entrapped
QDs. An interesting correlation of the dynamics of CT and
solvation in the thin films (as-prepared and swollen) as well
as in the RMs with different degrees of hydration up to w0 =

8 is evident from our studies. The solvation rate in the RMs
of w0 =2 to 8 (swollen RMs) gradually increases from 3.1 to
9.4 � 108 s�1, respectively, thereby revealing the increase in
the CT rate from 2.0 to 3.8 � 108 s�1. In the case of the
DNA–CTMA thin film, the rate of solvation upon swelling
increases from 1.6 to 2.1 � 108 s�1, and the corresponding in-
crease in the CT rate is from 2.2 to 4.1 �108 s�1, respectively.
It is noteworthy that the dynamics of solvation and CT are
essentially governed by the bound-type biological water,[26, 49]

and the increase in the CT rate with respect to that of the
solvation in the case of RMs and the biomaterial upon swel-
ling are found to be 4.5 and 3.8, respectively. The surprising
correlation in both systems clearly justifies the role of bio-
logical water in the CT dynamics. Our finding might find
relevance in QD-based devices in which one can effectively
tune the efficiency by controlling the humidity level.

Experimental Section

Calf thymus DNA, potassium phosphate monobasic, and potassium hy-
droxide were obtained from Sigma and used without further purification.
The fluorescent probe Hoechest 33258 (H258) and coumarin 500 (C-500)
were purchased from Molecular Probes (99 % purity) and Exciton, re-
spectively. CTMA was a product of Aldrich. AOT was from Fluka (99 %
purity). The organic solvent n-butanol was purchased from Sisco Re-
search Laboratories (spectroscopic grade). Isooctane was from Spectro-
chem. Birch yellow QDs, which is a suspension of CdSe QDs with a ZnS
shell and TOPO capping, was purchased from Evidots (USA).

A 50 mm phosphate buffer (pH 7) was prepared by using potassium phos-
phate monobasic salt. An aqueous solution of DNA was prepared in
phosphate buffer (50 mm). The DNA solution was sonicated to reduce
the chain length of DNA. The H258-DNA solution was prepared by
adding the requisite volume of probe solution (aqueous) to a DNA solu-
tion with a 20 mm base pair concentration so that final concentration of
the probe was 2 mm with continuous stirring for 4–5 h. DNA–surfactant
complexes were prepared according to the reported literature.[8] Briefly,
drug-bound DNA aqueous solution was mixed with CTMA aqueous solu-
tion in a 1:1 stoichiometric combination, which led to a highly organized
complex (Scheme 1). The insoluble complex was collected by filtration,
washed with distilled water, and was then lyophilized to form freeze-
dried powder. To avoid the adsorption of air moisture, the white powders
of DNA–CTMA complexes were kept in a desiccator. The powder was
dissolved in n-butanol, and the solution was uniformly spread on a quartz
plate to prepare the thin film. The �swollen DNA–CTMA film� was pre-
pared by soaking the film under water for 30 min and finally removing
the excess amount of surface water. The incorporation of QDs into the
thin film was carried out by adding the QDs in butanol prior to dissolving
the DNA–CTMA matrix into the butanol solution and thereafter follow-
ing the same procedure as described above. AOT was dissolved in isooc-
tane to a concentration of 100 mm, and then the calculated amount of
water was injected into the solution to prepare the RMs of desired hydra-
tion, w0, which is defined as relative molar concentration of water with
respect to that of surfactant in the AOT RMs. Details of the RM synthe-
sis and characterization have been published elsewhere.[53]

Since the DNA–CTMA film was transparent, steady-state fluorescence
and absorption measurements were carried out with a Jobin–Yvon Fluo-
rolog fluorimeter and a Shimadzu UV- spectrometer, respectively. A
JASCO 815 spectrometer was used to study the circular dichroism (CD)
spectra. For FTIR study, a JASCO FTIR-6300 instrument of 0.5 cm�1 res-
olution was used. Differential scanning calorimetry (DSC) data were ob-
tained with a DSC-Q2000 from TA Instruments purging 100 % N2 at
a heating rate of 10 8C min�1 in the temperature range from 30 to 160 8C.
Above the temperature window, the sample was reported to be pyrolyzed
and the sample became darkened.[48] Picosecond-resolved fluorescence
decay transients were measured with a commercially available spectro-
photometer (Life Spec-ps, Edinburgh Instruments, UK) with 70 ps instru-
ment response function (IRF). The excitation at 375 and 510 nm was ob-
tained with a pulse laser diode from PicoQuant, Germany. The observed
fluorescence transients were fitted by using a nonlinear least-square fit-

ting procedure to a function ðXðtÞ ¼
Rt

0

Eðt0ÞRðt � t0Þdt0Þ that consists of

convolution of the IRF (E(t)) with a sum of exponential

ðRðtÞ ¼ Aþ
PN

i¼1
Bie

�t=ti Þ with pre-exponential factors (Bi), characteristic

lifetimes (ti), and a background (A). Relative concentration in a multiex-

ponential decay was finally expressed as: cn ¼ BnPN

i¼1
Bi
� 100. The quality

of the curve fitting was evaluated by reduced chi-square and residual
data. It should be noted that with our time-resolved instrument we were
able to resolve at least one-fourth of the instrument response-time con-
stants after the deconvolution of the IRF. The average lifetime (ampli-

tude-weighted) of a multiexponential decay is expressed as:tav ¼
PN

i¼1
citi.

A time-resolved emission spectrum (TRES)[57] was used to construct
time-dependent fluorescence Stokes shifts. The time-dependent fluores-
cence Stokes shifts, as estimated from TRES, were used to construct the
normalized spectral shift correlation function or the solvent correlation
function, C(t), defined as, CðtÞ ¼ nðtÞ�nð1Þ

nð0Þ�nð1Þ, for which n(0), n(t), and n(1)
are the emission maxima [cm�1] at time 0, t, and 1, respectively. The
n(1) value corresponds to the emission frequency beyond which an in-
significant or no spectral shift is observed. The C(t) function represents
the temporal response of the solvent relaxation process. Dynamic light
scattering (DLS) measurements were performed with a NanoS Malvern
instrument that contained a 4 mW He:Ne laser (l=632.8 nm) equipped
with a thermostatted sample chamber. All the scattered photons were
collected at a 1738 scattering angle. The scattering intensity data were
calculated using the instrumental software to obtain the hydrodynamic
diameter (dh) and size distribution of the scatterer in each sample. The
instrument measures the time-dependent fluctuation in the intensity of
light scattered from the particles in solution at a fixed scattering angle.
The hydrodynamic diameter (dh) of the reverse micelles was estimated
from the intensity autocorrelation function of the time-dependent fluctu-
ation in intensity. The value dh is defined as dh ¼ kb T

3phD, in which kb is the
Boltzmann constant, h is the viscosity, and D is the translational diffusion
coefficient. In a typical size-distribution graph from the DLS measure-
ment, the x axis shows a distribution of size classes in nanometers, where-
as the y axis shows the relative intensity of the scattered light.
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