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Modulation of Solvation and Molecular Recognition of a
Lipid Bilayer under Dynamical Phase Transition
Priya Singh,[a] Susobhan Choudhury,[a] V. K. Sharma,[b] S. Mitra,[b] R. Mukhopadhyay,[b]

Ranjan Das,*[c] and Samir Kumar Pal*[a]

It is well accepted in contemporary biology that an ~30 Å thick

lipid bilayer film around living cells is a matter of life and death

as the film typically delimits the environments that serve as a

crucial margin. The dynamic organization of lipid molecules

both across the lipid bilayer and in the lateral dimension are

known to be crucial for cellular transport and molecular

recognition by important biological macromolecules. Here, we

study dilute (20 mM) Dioctadecyldimethylammonium bromide

(DODAB) vesicles at different temperatures in aqueous disper-

sion with well-defined phases namely liquid crystalline, gel and

subgel. The spectroscopic studies on two fluorescent probes 8-

anilino-1-naphthalene sulfonic acid ammonium salt (ANS) and

Coumarin 500 (C500), former in the head group region of the

lipid-water interface and later located deeper in the lipid bilayer

follow dynamics (solvation and fluidity) of their local environ-

ments in the vesicles. Binding of an anti-tuberculosis drug

rifampicin has also been studied employing Förster resonance

energy transfer (FRET) technique. The molecular insight con-

cerning the effect of dynamical organization of the lipid

molecules on the local dynamics of aqueous environments in

different phases leading to molecular recognition becomes

evident in our study.

1. Introduction

In biological membranes, lipids can exist in multiple phases.[1–3]

Although the bilayer lamellar states are relevant to biomem-

branes, non-bilayer lipid phases, such as hexagonal and cubic

phases may relate to transient event in the biomembranes

including fusion, fission and pore-formation.[4–6] Dioctadecyldi-

methylammonium bromide (DODAB) is a simple-structure

double chained cationic surfactant and widely used as model

system for in vitro studies on colloids and interfaces.[7–9] DODAB

is a bilayer forming lipid, which reveals lamellar structure

analogous to biological membrane.[10,11] While the dynamics of

lipid bilayers are important for various processes including cell

signalling, membrane protein interaction, permittivity and

endocytosis, the dynamics also plays a decisive role in

molecular recognition of various drugs and their transport.[12–15]

Thus in vitro studies on DODAB bilayers likely provides in depth

understanding of the physical properties of biological mem-

branes.[16–18]

A detailed structural characterization of the neat DODAB

aqueous dispersion with several concentrations of the lipid has

already been investigated using various techniques.[7,16,19,20]

Particularly, thermotropic phase behaviours of the system

reveals coagel, subgel, gel and liquid crystalline phases.[16,17,21] In

the dilute DODAB aqueous dispersion the coagel phase is

found to be most stable multilamellar crystalline phase, which

transforms to liquid crystalline phase at 54 8C upon heating.[22]

On the other hand, subgel phase is formed during cooling the

dilute dispersion in the gel phase to a temperature be-

low15 8C.[16,23] The interesting thermotropic behaviours of the

DODAB lipid dispersion offer unique opportunity to study

biologically relevant bilayer structures without additional new

component (physical/chemical). Although the structural aspects

of almost all the phases of DODAB are explored in detail,[24,25]

the hydration properties of the associated water molecules in

the close vicinity of the lipid headgroups is relatively less

attended in the literature and is one of the motives of the

present study. In an earlier report using FTIR studies, it has

been concluded that the largest difference between subgel and

coagel phases lies in the hydration degree of the lipid head-

groups, while the only significant difference between the gel

phase and the subgel is the change of the lipid alkyl chain

packing.[16] A recent report employing quasi elastic neutron

scattering (QENS) and molecular dynamics (MD) simulation

studies explored dynamical transition and diffusion mechanism

in DODAB bilayer.[7] The study reveals slower rotational diffusion

of alkyl chain (5.3 � 1010 s�1) and higher residence time of

hydrogen (6.7 ps) in coagel phase compared to those in gel

phase (6.8 � 1010 s�1 and 5.2 ps). The observation is concluded

to be due to lower hydration level and denser packing of the

lipids in the coagel phase.

In the present study we have incorporated a well-known

solvation probe Coumarin 500 (C500) in the DODAB lipid bilayer

and followed the dynamics of water molecules with picosecond

resolution in different phases.[26] We have also followed the
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solvation dynamics of an anionic dye 8-anilino-1- naphthalene-

sulfonic acid ammonium salt (ANS) in the lipid-water interface

of DODAB multilamellar vesicles through various phases. The

molecular recognition of an anti-tuberculosis drug rifampicin in

the lipid bilayer at various temperatures has also been followed

by using picosecond-resolved Förster resonance energy transfer

(FRET) between ANS and the drug. The dynamical flexibility of

the lipid bilayer at different phases has also been investigated

by picosecond resolved polarization gated fluorescence spec-

troscopy. Special attention has been paid on the hysteresis of

phases during the heating cycle, and corresponding effect on

the solvation dynamics in the lipid bilayer and in close

proximity of the lipid-water interface.

2. Results and Discussion

2.1. Steady-state Spectroscopic Studies

Figure 1(a) and1(c) display fluorescence spectra of C500 and

ANS incorporated in dilute aqueous dispersions of DODAB at

different temperatures. On an increase in temperature from

10 8C to 40 8C (i. e. subtransition temperature from subgel to gel

transition) the lipid hydrocarbon tails melt followed by

increased hydration of the head groups of lipids[22] which

causes a red shift of the emission peak maximum. The observed

red shift is much larger for C500 (~200 cm�1) than ANS (~
130 cm�1) indicating more pronounced effect of increased

hydration of the lipid headgroups for the former probe than

the later, which may be ascribed to their different locations in

the lipid bilayer. C500 being a neutral dye is likely located

deeper at the level of the lipid hydrocarbon chains, whereas

ANS bearing a negatively charged sulphonate group is

anchored at the lipid-water interface due to strong electrostatic

interactions with the cationic head group of DODAB. In

consequence, the effect of increased hydration due to melting

of lipid tails following an increase in temperature (from 10 8C to

40 8C) becomes more pronounced for C500 than ANS. With a

further increase in temperature, the fluorescence intensity of

both ANS and C500 increases until ~53 8C, corresponding

grossly to the main transition (from gel to liquid crystalline

phase) of DODAB and decreases thereafter. A moderate blue

shift in the emission spectrum is also observed on an increase

in temperature in the DODAB gel phase (from 40 8C until

~53 8C), hinting that both ANS and C500 senses a hydrophobic

environment when temperature is raised beyond 40 8C.[19]

Figure 1. (a) Fluorescence emission spectra of C500 in DODAB (20 mM) with variation of temperature. (b) Plot of emission maximum (lmax) of C500 with
temperature in aqueous DODAB. (c) Fluorescence emission spectra of ANS in DODAB (20 mM) with variation of temperature. (d) Plot of emission maximum
(lmax) of ANS with temperature in aqueous DODAB.
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2.2. Time-resolved Anisotropy Studies and Dynamic
Organization of Lipid Bilayers

To probe the microenvironment of the lipid bilayer in different

phases (subgel, gel and liquid crystalline) time-resolved aniso-

tropy decays (Figure 2) of ANS and C500 in DODAB vesicles

were measured at three different temperatures. These decays

were found to be bi-exponential in nature, which is attributed

mainly to the occurrence of various kinds of rotational motions,

rather than to different locations of the probe in the

vesicles.[33,34] The anisotropy decays of ANS and C500 in DODAB

vesicles are analyzed by the two-step wobbling in a cone

model[35] where the rotational motion of the probe in the lipid

bilayer is characterized by two time constants:[36]

r tð Þ ¼ r0 ½bexpð�t=tslowÞ þ 1� bð Þexpð�t=tfastÞ� ð1Þ

where r0 is the anisotropy at time zero, tslow and tfast are the two

reorientation times of the probe in the lipid bilayer and b is the

pre-exponential factor.

According to the two-step wobbling in a cone model, the

probe undergoes a slow lateral diffusion at or near the lipid-

water interface and a fast wobbling motion in the lipid bilayer,

with both of these motions being coupled to the rotation of

the lipid vesicles as a whole.[35] The average reorientational

times, trh i, for all of the systems studied were calculated using

the equation:

trh i ¼ b tslow þ 1� bð Þtfast ð2Þ

Table 1 lists the rotational-relaxation parameters obtained

from fitting of anisotropy decay curves according to equation 1.

The rotational-relaxation time, given by the average reorienta-

tional time of the probe is faster for C500 than ANS in all the

phases (Table 1). Relative to the negatively charged ANS, the

neutral dye C500 incorporates deeper into the lipid bilayer

exhibiting lower average rotational relaxation time ( trh i,
Table 1.) which is consistent with higher degree of mobility or

lower degree of rigidity of the local environment.[37,38] Further-

more, C500 displays lower mobility (higher trh i) below and

above the transition temperature, but a sharp decrease of trh i
is noted around this temperature (50 8C). This variation in

average rotational relaxation time for C500 is similar to the

previously observed variation in fluorescence anisotropy[39] in

DODAB vesicles, and may be ascribed to increased co-

operativity of the melting process during transition from gel to

liquid crystalline phase. On the other hand, the time-resolved

anisotropy of ANS becomes faster upon subgel to gel and gel

to liquid crystalline transition of DODAB vesicles (insets of

Figure 2) which is reflected by decreasing average reorienta-

tional time (Table 1) indicating increased flexibility of the local

environment of the dye. As ANS is anchored at the head group

region of the lipid-water interface it senses increasing flexibility

of the headgroup region due to increased hydration of the lipid

headgroups associated with melting process of the lipid tails

during transition from subgel to gel and gel to liquid crystalline

phases.

2.3. Solvation Dynamics and Molecular Recognition of
Rifampicin

Inset of Figures 3 and Figure 4 display wavelength-dependent

fluorescence transients of C500 and ANS in DODAB in the

subgel phase (10 8C), gel phase (50 8C) and in the liquid

crystalline phase (70 8C) at three characteristic wavelengths,

from the blue end to the red end of the steady state

fluorescence spectra. Time-resolved fluorescence at the blue

and the red end are characterized by a decay and a rise,

Figure 2. Time-resolved anisotropy of C500-DODAB at different temperature
a) 10 8C, b) 50 8C and c) 70 8C. Insets depict the time-resolved anisotropy of
ANS-DODAB at corresponding temperature.

Table 1. Time-resolved anisotropy data in DODAB at different temperature.

Systems Probe t1rns [%] t2rns [%] tavg,ns

DODAB_10 8C C500 0.050 (85) 2.00 (15) 0.33
DODAB_50 8C C500 0.060 (97) 1.40 (03) 0.10
DODAB_70 8C C500 0.085 (73) 0.93 (27) 0.31
DODAB_10 8C ANS 0.60 (55) 6.20 (45) 3.14
DODAB_50 8C ANS 0.30 (36) 1.66 (64) 1.17
DODAB_70 8C ANS 0.12 (30) 0.75 (70) 0.56
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respectively, indicating reorganization of the local environment

around the excited state dipole of the fluorophore and is

characterized by a time-dependent red shift of the fluorescence

spectrum (Figures 3 and Figure 4). The solvation correlation

function, C(t), for both C500 and ANS decays (Figure 5 and

Table 2.) with two time constants indicating mediation of two

types of water trajectories in the solvent relaxation. The faster

component (t1) may be ascribed to loosely bound water[22]

(intermediate interlamellar water) coupled with the lateral

motion of the DODAB monomers, whereas, the longer

relaxation component likely originates from water molecules

strongly bound[40] to the polar head groups of the lipid. In the

subgel phase the contribution of the longer nanosecond

relaxation component is significantly large (95 %) compared to

the shorter relaxation component in the solvation of ANS. On

the contrary, the shorter component becomes predominant

(58 %) in the relaxation of the local dye environment for C500.

This may be ascribed to location of ANS in the head group

region of the lipid-water interface relative to location of the

C500 dye deeper in the bilayer. The location of ANS in the lipid-

water interface makes it susceptible to sense stronger effect of

hydration of the lipid headgroups. C500, on the other hand,

due to its location deeper in the bilayer at the level of first few

methylene groups within the densely packed lipid hydrocarbon

chains in proximity of lipid-water interface seems to be a better

sensor of the relaxation of water molecules coupled with the

lateral motion of the lipid chains. For both ANS and C500, the

contribution of the faster relaxation component is less (5–58 %)

relative to the longer component in the subgel phase due to

restricted motion of the alkyl chains. The contribution of the

faster relaxation component increases around the transition

temperature (~50 8C) from gel to liquid crystalline phase when

the lipid hydrocarbon tails melt, and the overall solvation

Figure 3. Time-resolved emission spectra (TRES) of C500-DODAB are shown
at different temperature a) 10 8C, b) 50 8C and c) 70 8C. Insets depict the
corresponding Picosecond-resolved transient of C500 at three different
wavelengths.

Figure 4. Time-resolved emission spectra (TRES) of ANS-DODAB are shown at
different temperature a) 10 8C, b) 50 8C and c) 70 8C. Insets depict the
corresponding Picosecond-resolved transient of C500 at three different
wavelengths.

Table 2. Solvation time constant in different phases of DODAB vesicles.

Systems Probe t1ns [%] t2ns [%] tavgns

DODAB_10 8C C500 0.05 (58) 1.00 (42) 0.45
DODAB_50 8C C500 0.14 (66) 0.77 (34) 0.35
DODAB_70 8C C500 0.12 (72) 0.64 (28) 0.27
DODAB_10 8C ANS 0.06 (05) 1.00 (95) 0.98
DODAB_50 8C ANS 0.04 (47) 1.12 (53) 0.61
DODAB_70 8C ANS 0.25 (30) 1.00 (70) 0.78
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response becomes faster for both ANS and C500.In the liquid

crystalline phase, at a much higher temperature (70 8C), the

head groups become more strongly hydrated, and conforma-

tional disorder of the alkyl chains predominates via their

translational and flip-flop motions.[23]As a consequence the

slower relaxation component due to water molecules strongly

bound to lipid head groups predominates (70 %) in the

relaxation of the local environment for ANS, and the overall

solvation response becomes slower in the liquid crystalline

phase than that at the phase transition temperature (50 8C). In

contrary, due to enhanced conformational disorder of the alkyl

chains, the faster relaxation component becomes predominant

(72 %) in the overall solvation response for C500, and the

solvation becomes faster than those at the subgel phase (10 8C)

or at the gel phase (50 8C). Water is known to actively

participate in molecular recognition by mediating interactions

between binding partners and contributes to either enthalpic

or entropic stabilization.[41] To study the interplay between

solvation dynamics and molecular recognition of an anti-

tuberculosis drug rifampicin (RF) by DODAB based vesicles, we

have monitored energy transfer from ANS bound to the

positively charged lipid head groups to RF which is known to

be efficiently entrapped by these vesicles.[42] ANS is chosen as a

donor in the donor-acceptor pair with RF because its

fluorescence spectrum overlaps reasonably well (overlap inte-

gral value, 2.77 � 1014 M�1cm�1 nm4) with the absorption spec-

trum of RF, and because it is located in the lipid-water interface

due to strong binding interactions with the positively charged

head groups of DODAB.[43] Figures 6(a)–(c) display steady state

and time-resolved decay profiles of ANS in lipid vesicles in

absence and presence of RF in different phases. From both the

time-resolved decay profiles and the steady state fluorescence

spectra (Inset of Figure 6(a)–(c)) of ANS in absence and

presence of RF it is clearly evident that the energy transfer

becomes more efficient at the gel phase (50 8C) than either in

the subgel or in the liquid crystalline phase. The energy transfer

from ANS to RF becomes most efficient (~93 %, Table 3.) and

the distance of separation between the donor (ANS) and the

acceptor (RF) becomes minimum (~18.5 Å, Table 3.) during the

onset of transition from gel to liquid crystalline phase. In the

liquid crystalline phase (70 8C) or in the subgel phase (10 8C) the

energy transfer becomes much less efficient (63–79 %) and the

donor-acceptor distance significantly increases (30–50 %) com-

pared to that of gel phase. Thus recognition of RF by the

DODAB based vesicles is most efficient in the gel phase (50 8C)

when its distance with ANS anchored to the lipid head groups

becomes minimum (~18.5 Å), whereas the efficiency of this

molecular recognition becomes significantly perturbed in the

subgel or in the liquid crystalline phase due to significant

increase in the distance between RF and ANS. A calculation of

the distribution of donor�acceptor distances in rifampicin-

bound DODAB-labelled ANS (Figure 6(d)) revealed less broad-

Figure 5. Solvation correlation function of C500-DODAB at different temper-
ature a) 10 8C, b) 50 8C and c) 70 8C. Insets depict the solvation correlation
function of ANS-DODAB at corresponding temperature.

Table 3. Picosecond-resolved fluorescence transient lifetime of ANS in different phases of DODAB vesicles.

Systems t1 ns [%] t2 ns [%] t3 ns [%] tavg ns

Fluorescence Transient Lifetime ANS-DODAB (10 8C) 0.07 (35) 0.93 (32) 4.02 (33) 1.66
ANS-DODAB-RF (10 8C) 0.06 (66) 0.52 (27) 2.36 (7) 0.35
ANS-DODAB (50 8C) 0.08 (32) 0.74 (28) 3.06 (40) 1.47
ANS-DODAB-RF (50 8C) 0.03 (83) 0.24 (14) 1.34 (3) 0.09
ANS-DODAB (70 8C) 0.04 (38) 0.45 (27) 2.38 (35) 0.97
ANS-DODAB-RF (70 8C) 0.6 (56) 0.39 (31) 1.50 (13) 0.35

J(l) R0 (Å) Efficiency tDA(Å)

FRET parameters ANS-DODAB-RF (10 8C) 2.77 � 1014 29.22 79.1 23.3
ANS-DODAB-RF (50 8C) 2.73 � 1014 29.14 93.6 18.5
ANS-DODAB-RF (70 8C) 2.8 � 1014 29.27 64.8 26.6
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ening in the case of subgel (HW = 4.9 Å) and liquid crystalline

phase (HW = 4.4 Å) compared to gel phase (HW = 6.5 Å). The

variation in the efficiency of molecular recognition and

distribution of donor-acceptor between ANS-RF in DODAB

vesicles seems to be nicely correlated with the speed of

solvation of ANS in the lipid-water interface.

When the solvation is slower in the subgel or in the liquid

crystalline phase the molecular recognition of RF by DODAB is

much less efficient than during phase transition from gel to

liquid crystalline phase where solvation of ANS is fastest (~
0.6 ns). In the subgel or in the liquid crystalline phase the

solvation of ANS is slower because of preponderance of the

slower relaxation component (70–95 %, Table 2.) due to strongly

bound water molecules relative to the faster relaxation

component associated with conformational fluctuation of the

lipid alkyl tails. During the transition from the gel to the liquid

crystalline phase the dynamic rearrangement of the lipid

hydrocarbon tails occur cooperatively with the solvation of the

polar lipid headgroups[22] and a significant increase in the

contribution of the faster relaxation component (47 %) relative

to the subgel or liquid crystalline phase (5–30 %) is observed.

This significant increase in the dynamic rearrangement of the

lipid hydrocarbon tails during phase transition is indicative of

an enhanced intrinsic flexibility of the DODAB monomers

compared to that in the subgel or in the liquid crystalline

phase. The dynamic reorganization of the intrinsically flexible

lipid hydrocarbon tails aids in incorporation of the drug RF in

the lipid bilayers of DODAB. This is quite reasonable given that

RF remains deeply buried inside the lipid bilayers[44,45] of anionic

and zwitterionic phospholipids owing to an interplay of electro-

static interaction and hydrophobic effect. As a consequence of

enhanced intrinsic flexibility of the lipid alkyl tails during phase

transition dynamic reorganization of the lipid tails aids in

significant insertion of the drug RF and its closer positioning

relative to the ANS dye in the lipid bilayers of DODAB. This

leads to optimal molecular recognition of RF by the DODAB

vesicles near the onset of phase transition (50 8C) compared to

that in subgel or liquid crystalline phase. Similar observations

were noted in other studies[46–48] involving proteins where

flexibility of the participating proteins were found to be crucial

for optimal protein-based molecular recognition. In addition to

the dynamic reorganization of the lipid alkyl tails, water

molecules strongly bound to the lipid head groups optimize

the complementarity of electrostatic interactions of the com-

petitive binding partners ANS and RF with the cationic lipids as

well as those between them in the lipid-water interface similar

to proteins.[49,50] Thus an optimum balance between the intrinsic

flexibility of the lipid alkyl tails and interfacial hydration plays a

key role in optimal molecular recognition of the anti-tuber-

culosis drug by the DODAB based vesicles, which is likely

Figure 6. The fluorescence transients of DODAB (excitation at 375 nm) in the absence and in the presence of RF are shown at different temperature a) 10 8C,
b) 50 8C and c) 70 8C. Inset depicts corresponding steady state emission of ANS-DODAB in absence and presence of RF. d) Distribution of donor-acceptor
distances between ANS-DODAB and the RF are shown at different temperature.
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achieved near the onset of the phase transition temperature

than that at the subgel (10 8C) or the liquid crystalline phase

(70 8C).

3. Conclusion

In this study, we have investigated solvation dynamics of

DODAB based lipid vesicles in different phases using a neutral

(C500) and an anionic dye (ANS) and the role of solvation in

molecular recognition of an anti-tuberculosis drug RF by the

cationic vesicles. In comparison to C500 which mainly probes

the solvation near the region of the methylene groups of the

lipid hydrocarbon chains, ANS is anchored to the positively

charged lipid headgroups and therefore probes the lipid-water

interface. The reported solvation was bimodal with a faster

relaxation component due to water molecules dynamically

coupled with the conformational fluctuation of the lipid hydro-

carbon chains, and a slower component arising from relaxation

of water molecules strongly bound to the lipid head groups. In

the subgel phase (10 8C) the overall solvation is slowest due to

the predominance of the slower relaxation component, where-

as near the gel phase (50 8C) solvation becomes faster due to

enhanced intrinsic flexibility of the lipid alkyl tails relative to the

subgel phase. With further increase in temperature, the

solvation of C500 becomes faster whereas that of ANS becomes

slower in the liquid crystalline phase (70 8C) compared to that

at 50 8C. This is because ANS being located in the lipid-water

interface senses the effect of increased hydration of the polar

head groups in the liquid crystalline phase compared to that at

50 8C, whereas C500 is likely located deeper in the lipid bilayer

and mostly senses increased flexibility of the lipid alkyl tails. As

for the recognition of an anti-tuberculosis drug RF in the lipid

bilayer intrinsic flexibility of the DODAB monomers plays a key

role as dynamic reorganization of the lipid alkyl tails helps in

incorporation of the drug by the lipid vesicles. ANS reveals a

significant enhancement of intrinsic flexibility of the lipid alkyl

tails near the gel phase (50 8C) compared to the subgel phase

or the liquid crystalline phase. The enhanced intrinsic flexibility

of the lipid alkyl tails at 50 8C aids in significant incorporation of

RF in the lipid bilayer in close proximity of ANS leading to

optimal molecular recognition relative to that in the subgel

(10 8C) or the liquid crystalline phase (70 8C).In addition to the

dynamic reorganization of the lipid alkyl chains, water mole-

cules strongly bound to the lipid head groups optimize the

electrostatic interactions of the competitive binding partners

ANS and RF with the cationic lipids as well as those between

them in the lipid-water interface. Together the intrinsic

flexibility of the lipid alkyl tails and interfacial hydration

contribute to optimal molecular recognition of the anti-tuber-

culosis drug by the DODAB based vesicles, which is achieved in

the gel phase (50 8C) than that at the subgel (10 8C) or the liquid

crystalline phase (70 8C).

Experimental Section

Chemicals

DODAB, (C18H37)2N(CH3)2Br powder (>98 %) are obtained from
Tokyo Chemical Industries Co. LTD. Coumarin 500 (C500), 8-anilino-
1- naphthalenesulfonic acid ammonium salt (ANS) and rifampici-
nare from Exciton and Molecular Probes, respectively. The water is
from Millipore system.

Synthesis of DODAB Vesicles

20 mM DODAB vesicles were prepared by mixing the appropriate
amounts of DODAB powder in H2O. The obtained mixture was kept
under magnetic stirring at 65 8C for 30–45 min, which yielded an
almost transparent fluid. The obtained DODAB dispersion was then
equilibrated for a day.

Characterization Techniques

The steady state emission spectra were measured with Jobin Yvon
fluorolog fluorimeter. All the picosecond resolved fluorescence
transients were measured by using commercially available time-
correlated single-photon counting (TCSPC) setup with MCP-PMT
from Edinburgh instrument, U.K. (instrument response function
(IRF) of ~75 ps) using a 375 nm excitation laser source. Details of
the time resolved fluorescence setup have been discussed in our
previous reports.[27,28] For the fluorescence anisotropy measure-
ments, the emission polarizer was adjusted to be parallel and
perpendicular to that of the excitation and the corresponding
fluorescence transients are collected as Ipara and Iper, respectively.
The time-resolved anisotropy is defined as r(t) = (Ipara�G*Iper)/(Ipara +
2*G*Iper). The magnitude of G, the grating factor of the emission
monochromator of the TCSPC system, was found using a long tail
matching technique. Time-resolved emission spectra (TRES) were
constructed following the methods described earlier[29,30] to
determine the time dependent fluorescence Stokes shifts. In brief,
the normalized spectral shift correlation function or the solvent
correlation function, C(t), is defined as, C(t) = (ut�u1)/(u0�u1),
where u(0), u(t), and u(1) are the emission peak maxima (in cm�1 )
at time 0, t, and 1 respectively. FRET distance between donor-
acceptor (r) was calculated from the equation r6 = ½R6

0ð1� EÞ�=E,
where E is the energy transfer efficiency between donor and
acceptor and following the procedure published elsewhere.[31]

Distance distribution function P(r) was calculated using nonlinear
least-squares fitting procedure using SCIENTIST software to the
following function p(r) = 1= s � 2pð Þ1=2

� �� �
exp �1=2½ðr ��rÞ=s�2f g

where r- is the mean of the Gaussian with a standard deviation of s,
and r is the donor- acceptor distance. Detailed theory and
calculations of distance distribution can be found elsewhere.[31,32]
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