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Nile red is a widely used hydrophobic dye for probing the structure, dynamics, and environment in many
biological and microheterogeneous systems. This paper reports emission-wavelength-dependent fluorescence
intensity decay of Nile red in membranes and micelles. Global analysis of these multiple fluorescence decays
reveals a double-exponential decay with negative amplitudes for the short-lifetime component at longer emission
wavelengths. This indicates an excited-state kinetics leading to the formation of a new species in the excited
state from the initially excited state. In both the cases, the short lifetime corresponds to that of the initially
excited species. This excited-state kinetics is also observed in the case of viscous organic solvents such as
1-octanol and glycerol and is attributed to that of an excited-state solvent relaxation.

Introduction fluorescence intensity decay of Nile red in egg PC vesicles,
SDS micelles, and viscous alcohols, and this is attributed to

Nile red (Nile blue A oxazone) is a commonly employed that of the excited-state solvent relaxation of Nile red.

hydrophobic dye in the study of biological systems such as

mem_braneé,mi_celle_s% reverse micellésand protein§,_and for Materials and Methods

staining biological tissuesThis dye has also been widely used ] ] o

in the studies of various organized assemblies such as zévlites, Nile red, whose molecular structure is shown in Figure 1,
liquid crystals’ LB films,® and planar supported membraffes. Was obtained from Exciton Inc.._The purity \_Nas_checked using
The fluorescence properties of Nile red highly depend on the thin-layer chromatography on silica plates in different solvent
polarity of the probe environmef.A twisted intramolecular ~ Mixtures as described in ref 12. The solvents used as eluents
charge transfer (TICT) state has been proposed to account forinclude chloroform, acetonitrile/water (99:1), acetonltrlle_/tet-
the polarity-sensitive fluorescence of Nile et However,  rahydrofuran (80:20) and chloroform/methanol (95:5). Single
unlike most other TICT molecules, dual fluorescence was not SPOts were observed on silica plates, indicating that Nile red is
observed, and hence, the TICT of Nile red was proposed to bePure. FIuores_cence measurements were c_arried out on Nile red
nonemissivé. In all the above reports, a single emissive state incorporated in egg PQ{a-phosphatidylcholine from fresh egg
was assumed to explain the fluorescence properties of Nile red.yolk, Sigma Chemical Co.) vesicles and SDS (sodium dodecyl
Interestingly, wavelength-dependent fluorescence decay with Sulfate, Sigma Chemical Co.) micelles in 10 mM N&, pH
negative amplitudes for a short-lifetime component indicating 7-4 buffer. The sonicated egg PC liposomes were prepared as
excited-state kinetics has not been reported in the above studiesdescribed in ref 13. The lipid concentration used in these

This paper reports the observation of wavelength-dependent®XPeriments was 0.3 mg/mk-0.42 mM). SDS micelles were
prepared by stirring the surfactant in warm deionized water for

*To whom correspondence should be addressed. E-mail: mmg@tifr.res.in. 1 N- The dye (0.74M) was added from the stock solution made
Fax: 091-22-215 2110/2181. Phone: 091-22-215 2971/2979, ext 2526. in ethanol to the samples and kept overnight. The final samples
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(H5C) N o 0 I(t) = zai exp(-t/r;) 1)

7 where o; and 7; are the amplitudes and the lifetimes. The
N goodness of the fits was judged by tffevalue (close to 1) and
the random residual distribution.

_ _ _ The fluorescence intensity decays were collected as a function
Figure 1. Chemical structure of Nile red. of the emission wavelength over the emission spectra of Nile
red in egg PC vesicles and SDS micelles at an interval of 5 nm
with the excitation wavelength at 570 nm. These decays were
globally analyzed to obtain the lifetimes that are common to
all the decays and the amplitudes varying with the wavelength.
Global analysis for the simultaneous fitting of multiple fluo-

. . ) - U rescence decays is a very useful technique for the accurate
the hsyzcilrophoblc pha_se at the concentration ratios m,a'nta'nedestimate of the parameters that are common to all the decay
heré*2%and the dye is very stable under these conditions. All y55 setds The main advantage of this method is the reduction
measurements were carried out in alr-satL_Jrated solutions at rooM, the number of free parameters to be optimized and hence
temperature (25°C). All solvents used in the fluorescence j,reases the confidence limits on the thus obtained parameters.
studies were of spectroscopic grade and tested to be free of any
fluorescence impurities. _ _ Results and Discussion

The steady-state fluorescence intensity measurements were
carried out on a SPEX Fluorolog 1681 T format spectrofluo-  Nile red in methanol exhibits single-exponential fluorescence
rophotometer. The time-resolved fluorescence measurementglecay at all emission wavelengths from 580 to 750 nm with a
were made using a high repetition rate (800 kHz) picosecond lifetime of 2.88 ns. The single-exponential decay confirms the
laser coupled with a time-correlated single-photon-counting purity of the sample and the presence of a single emitting species
(TCSPC) setup described elsewh&eising a microchannel  in the excited state.
plate photomultiplier (Hamamatsu 2809). The samples were Nile Red in Egg PC VesiclesThe fluorescence decay of
excited either at 570 or at 445 nm. The excitation wavelength Nile red in egg PC vesicles is strongly emission-wavelength-
of 570 nm was obtained from a cavity-dumped, mode-locked, dependent. The fluorescence emission maximum is at 630 nm.
picosecond rhodamine 6G dye laser (Spectra Physics) synchrofigure 2 shows the fluorescence decays obtained at three
nously pumped by the frequency-doubled output (532 nm) of a emission wavelengths: 580, 630, and 750 nm. The fluorescence
CW, mode-locked Nd:YAG laser (Spectra Physics series 3000). decay collected at the blue end of the emission spectrum (580
The other excitation wavelength at 445 nm was a frequency- nm) shows a short-lifetime component in addition to the long-
doubled output of a mode-locked picosecond Spectra Physicslifetime component, whereas the fluorescence decay collected
Ti:sapphire Tsunami laser pumped by a diode-pumped CW at the red end of the emission spectrum (750 nm) shows a rising
Spectra Physics Millenia X Nd:vanadate laser (532 nm). The component. Hence, a single-exponential fluorescence decay
sample was excited with vertically polarized light, and the cannot explain the fluorescence decay kinetics of Nile red in
fluorescence decay was collected with an emission polarizeregg PC vesicles at all emission wavelengths. A double-
kept at the magic angle-64.7) with respect to the excitation ~ exponential global analysis of multiple fluorescence decays
polarizer for measuring lifetimes. The emission monochromator collected as a function of emission wavelength from 580 to 750
used was afi4 monochromator (model 121S15MV, Edinburgh nm gave two lifetimes of 1.26 and 3.88 ns with the amplitudes
Instruments) with a band-pass of 1.4 nm for a slit width of 250 varying with the emission wavelength. The amplitudes of the
um. The instrument response function (IRF) was recorded using short-lifetime component (1.26 ns) are positive at shorter
a nondairy creamer scattering solution. The full width at half- emission wavelengths and become negative at longer emission
maximum (fwhm) of IRF is about 200 ps. The fluorescence wavelengths Aem > 630 nm) as shown in Figure 3A. The
decays were collected over 512 data channels with either 75.680bservation of negative amplitudes indicates excited-state kinet-
or 37.84 ps as the time per channel. Typical peak count in theics leading to a new emitting state from the initially excited
emission decay for fluorescence intensity measurements wasstate.
about 10 000. Proper filters (RG 610 or GG 475 Schott color  Nile Red in SDS Micelles.The fluorescence of Nile red in
filter glasses) were used on the emission side to cut off any SDS micelles is also wavelength-dependent as in the case of
scattered excitation light (570 or 445 nm). Nile red in egg PC vesicles. The emission maximum occurs at

The experimentally measured fluorescence decay data is @640 nm for Nile red in SDS. The global analysis of multiple
convolution of the instrument response function (IRF) and the fluorescence decays collected at wavelengths from 585 to 750
intensity decay function (single or multiexponential). The nm fit to a double-exponential function with the lifetimes 0.68
popular method of deconvolution of individual fluorescence and 2.53 ns. The amplitudes of the two lifetimes vary with the
decay data is by the method of iterative reconvolution using emission wavelength, and the amplitudes of the short-lifetime
the IRF and an assumed decay function whose parameters areomponent (0.68 ns) become negative at emission wavelengths
improved in successive iterations. The iterative procedure for Aem > 640 nm (Figure 3B). The observation of negative
the optimization of the parameters (lifetimes, amplitudes, and amplitudes indicates an excited-state kinetics in the case of Nile
shift) by the LevenbergMarquardt algorithm has been de- red in SDS micelles.
scribed earliet* Fluorescence Decay Kinetics and Species-Associated Spec-

The fluorescence decays of Nile red in egg PC vesicles andtra. Observation of two lifetimes and the negative amplitudes
SDS micelles were analyzed by discrete exponential analysis.for one of the lifetime components in the case of Nile red in
In discrete exponential analysis, the intensity decay function egg PC vesicles and SDS micelles indicates excited-state kinetics
was fitted to a multiexponential function, during the lifetime of the initially excited state leading to a new

contain less than 1% v/v ethanol. The dye-to-lipid ratio was
kept approximately at 1:543, and the dye-to-micelle ratio was
kept nearly at 1:1272. Nile red is nearly insoluble in water and
becomes nonfluorescent within 2@5 minl2 In the presence

of membranes and micelles, Nile red partitions completely into
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Figure 2. Fluorescence intensity decays of Nile red (QuM) in egg
PC (0.42 mM) at emission wavelengths 580, 630, and 750 nm with
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Figure 4. Model for the excited-state kinetics of Nile red: (A)
irreversible reaction in the excited state; (B) reversible reaction in the
excited state. A* and B* represent the initially excited and newly formed
species in the excited state.

wavelengths where the emission from the newly formed species

dominates over the emission from the initially excited species.
In the case of Nile red in egg PC vesicles and SDS micelles,

negative amplitudes for the short-lifetime component occurs only

the excitation wavelength of 570 nm. The instrument response function at the long emission wavelengths. Hence, in both these cases,

(IRF) is also indicated in the figure. The inset shows the three

the short lifetime can be associated with that of the initially

fluorescence decays plotted over a more expanded time scale to indicate:xcited species and the long lifetime with that of the newly

the differences in the rising edges.
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Figure 3. Relative amplitudes of the two lifetimes obtained by the

formed species.

If aa andog represent the amplitudes of the two exponentials
in the intensity decay eq 2 with the time constarg{sand g,
the equations for SAS of A and B becomes

ldA) o
SAS,(A) = :ie(/l)) [a[AY dt
l<dd) oo
SAS;(1) = jie(;) o b,[B] c

global analysis of multiple fluorescence intensity decays collected at where

different emission wavelengths with the excitation wavelength of 570
nm in the case of Nile red (0.74V) in (A) egg PC (0.42 mM) vesicles
and (B) SDS (69 mM) micelles.

emitting state. Analytical equations were derived for the

Todd) = f3 (1) ct

fluorescence intensity decays and species-associated spectree.,

(SAS) in the case of two-state kinetics in the excited state.
Figure 4 shows the model for the excited-state kinetics. Let
A* be the initially excited species and B* be the newly formed
species. In the case of irreversible reaction of A* (Figure 4A),
let ka and kg represent the rate constants (radiative and
nonradiative processes) at which the species A* and B* emit
andkag be the rate of formation of B* from A*. In this kinetic
scheme, the intensity decay equation can be obtained as

() = &[A*]  + b,[B],

b/lkABTATB) F( t )
OABTATBY v — L) —
Ta — g Ta

wherea, andb, are wavelength-dependent spectral amplitudes
of A* and B* andza = (ka + kag) ! andzg = k1. When the
lifetime of the initially excited species, is longer than that of
the newly formed specias, eq 2 predicts negative amplitudes
for the short-lifetime component at all emission wavelengths.

In the other case wherg; > 74, the negative amplitudes for
the short-lifetime component, occur at longer emission
wavelengths wherey;, < bykagzats/(ts — 7a), i.€., at the

ie.,

1, = [A*] 0[(a/1 +

(0a(A) + 0g(A))Tal sdA)

SAS, (1) = —0
sag,() = el @

These equations show that for determining species-associated
spectra of A* and B*, there is no need to know the values of
the individual rate constants, kg, andkag or the values of;
andb;.

The species-associated spectra of the two species were
resolved from the steady-state spectra and the wavelength-
dependent amplitudes of the two lifetimes using eq 3 in the
case of Nile red in egg PC vesicles and SDS micelles. These
are as shown in Figure 5. The species-associated spectra of A*
and B* differ by about 10 nm in their emission maxima.

The analytical equations for the fluorescence intensity decay
and the SAS were solved when there is a reversible reaction
between A* and B*. The kinetic scheme for this is shown in
Figure 4B. Letka andkg represents the rate at which the two
species A* and B* emit anlag andkga represent the forward
and backward rates in the reaction equilibrium between A* and
B*. In this case, the intensity decay equation becomes
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Figure 5. Species-associated spectra of Nile red in (A) egg PC vesicles 18 — 5
and (B) SDS micelles in the case of irreversible reaction in the excited ~ _ B g 100/B SDS
state (Figure 4A). Here, 1.26 and 3.88 ns represent the lifetimes of the 7 16 =y 8ol
initially excited species and the newly formed species in the case of £ 14 E
Nile red in egg PC vesicles, whereas in the case of Nile red in SDS i ’ E 60f
micelles, 0.68 and 2.53 ns correspond to the lifetimes of the initially & 12 2 i
excited and newly formed species, respectively. i‘m :',!;
= 10 % 20 -
(sk+ o)t sDs| &
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;) = [A"] O[eXF{ 2 X 600 640 680 720 600 640 680 720
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2 T T ¢ + Figure 6. Plot of (kg + kga)??P with the emission wavelength and
species-associated spectra (SAS) of the two species in the case of Nile
oxd — (sk— o)t][au(c — Ka — Kng + kg + Kgp) n biKag red in (A) egg PC vesicles and (B) SDS micelles. The circles and
X 2 2c c triangles represent the SAS of the initially excited and newly formed
species, respectively.
with
definition (eq 6), and from the plot okg + ksa)2PPversus the
Sk= Ky + kg + Kag + Kga emission wavelength, the value of kg + kga) is obtained as
the limiting value at the short end of the emission spectrum. A
and constant value forkg + kga)2Pin the blue end of the spectrum
2 2 2 2 _ confirms the assumption that the emission from B* is negligible
€= (K kg + Kng™ T kaa™ = 2akg + KoKy compared to that of A* in this regionkg + ksa) cannot be

2kpKgp — 2Kgkag T 2Kkgkga + 2kABkBA)1/2 (4) determined in the cases where the spectra of A* and B* overlap
at all emission wavelengths.

Here, the decay of the two species A* and B* is a double  Figure 6 shows the plots okg + kga)2PPas a function of the
exponential at all emission wavelengths. The two decay emission wavelength in the case of Nile red in egg PC vesicles
constants in the intensity decay equation (eq 4) cannot beand SDS micelles. The value ofg(+ ksa)2PP approaches a
associated with any individual species, and all four rate constantsconstant value as we go toward lower emission wavelengths,
affect the decay constants.df ando, represent the amplitudes  and this value is taken akg(+ ksa) for determining SAS. The
andr; andr, represent the decay constants in the intensity decay species-associated spectra for Nile red in egg PC vesicles and
eq 4, the species-associated spectra of the two species A* an&sDS micelles are as shown in Figure 6. The SAS of the two

B* become species differ by about 10 nm in their emission maxima as in
() the case of the irreversible reaction in the excited state (Figure
— 5).
SAS,(4) = (0, (A) + 0,(A)(Kg + Kga)TiTy— v
A(4) = (04(8) ke + kea)Ta 7, d7) Although the emission maxima of the two species A* and
B* are almost the same whether the excited-state kinetics is
SAS(A) = 1, {4) — SAS,(A) (5) reversible or irreversible, the relative spectral intensities of the

_ _ _ ~ two species get interchanged on the basis of the kinetics assumed
For resolving the species-associated spectra of the initially (Figures 5 and 6). That means, in the case of an irreversible
excited and newly formed species, one needs to know the valuereaction between A* and B*, the spectral intensity of B* is

of (ke + kga). higher than that of A*. In the other case, i.e., in the case of a
Lofroth'® suggested a method to determine the valuekgf ( reversible reaction between A* and B*, the spectral intensity
+ ksa). From eq 5, one can write of A* is higher than that of B*. The possible explanation for
this change is that in the case of a reversible reaction, B*
Kg + kgp = SAS\(A)7avd?) repopulates A* through a back reaction. It is not possible to
A (ay(A) + 00,(A) 147, {A) identify whether the observed excited-state kinetics is irrevers-
ible or reversible solely on the basis of the fluorescence results.
and at the wavelengths where B* emission is negligible, SAS Identity of the Newly Formed Species in the Excited State.
(1) = Isd4) and hence, One of the possible mechanisms in the excited state that can
account for the excited-state kinetics of Nile red is the formation
Tavd4) 6) of a TICT staté&81lwhere the charge transfer takes place from

one end of the molecule to the other. The TICT state is formed
from the initially excited planar state, and this process involves
Hence, a quantitykg + kga)?PP is defined with the above  a bond-twisting mechanism in which theN(Et), plane twists

ot Ron = (0, + 00
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perpendicular to the aromatic plane. The fluorescence spectra ; ' 3 ' '
of the TICT state is generally red-shifted with respect to the o 0 A 412ns | §100 B 2::2::7
normal planar state. The solvent plays a major role in the E B 80 ;
formation of the TICT state by stabilizing the initially excited E. 05 { & ol
nonpolar state and the polar TICT state to different extents. The < °
TICT process is generally controlled by the solvent polarity £ S0
rather than by the solvent viscosifyIn the case of Nile red, % 00 \'\’V&Z\?j\_, 20
the rate of formation of TICT is reported to be very high in & 2 P
solvents whose solvent polarity parameEi(30) exceeds a 05— ‘ : ; ? 0= '
. : 600 640 680 720 600 640 680 720

value of 46, i.e., in solvents that are polar compared to
acetonitrile® In the case of other solvents that are less polar, Wavelength/nm Wavelengthinm
the TICT formation is expected to be low or absent. We have ® c ' ‘ ' Si00lD
examined the fluorescence decays of Nile red in two solvents, 7—‘-,; . §.
n-hexane and chloroform, that are less polar compared to £ @ 80
acetonitrile. g, 260l

Nile red inn-hexane E(30) = 30.9), which is a completely E £ ol
nonpolar solvent, exhibits a single fluorescence lifetime of 2.44 :‘m 2 &
ns over the emission range 506650 nm with the sample excited = -E 20
at 445 nm (emission maximum at 524 nm). In the case of , ‘ , , (% 0
chloroform Er(30) = 39.1), which is less polar compared to 600 640 680 720 600 640 680 720
acetonitrile, Nile red (emission maximum at 598 nm) shows a Wavelength/nm Wavelength/nm

single fluorescence Ilfet!me of 4.33 ns over the emission range Figure 7. Nile red (0.774M) in 1-octanol: (A) relative amplitudes of
from 550 to 680 nm with the sample excited at 445 nm. In the two lifetimes obtained by the global analysis of multiple fluores-
both the solvents, a short-lifetime component of about 0.2 ns cence decays collected as a function of the emission wavelength at the
was also observed at shorter emission wavelengths. Moreexcitation wavelength of 570 nm; (B) SAS in the case of irreversible
importantly, no negative amplitude for the short lifetime was (?atption i“fttf;]e ?X_fg_itid Stat_‘t?’(‘j"’he&e 0-4|2 i”d 4-32 ns c_orre(scp)onldttofthe
ieoi H H H Iretumes o e INnitially excited and newly tormed species,; ot o
o?ser\_/tec(ij_af[ a:n){(_enl!55|grjhwavelengtjh, ;]lec?tlng Epﬁ at;]sepce'(kB + kaa)?P with the_yemission _wavelen)éth; (D) S_/F;S in the cg_se of
Q e,XC' ead-state l.ne ICS In-néxane an .C orp orm. The SNort o ersible reaction in the excited state. The circles and triangles
lifetime observed in these two solvents is attributed to a ground- represent the SAS of the initially excited and newly formed species,
state heterogeneity of Nile red. This short lifetime is in respectively.
qualitative agreement with the previous lifetime results reported
for Nile red inn-heptané. In the case of methanoE¢(30) =
55.5), a single fluorescence lifetime (2.88 ns) was observed at
all emission wavelengths. These results indicate that the TICT
state of Nile red, if formed in any of the above solvents, is
nonfluorescent. Hence, it is not the one responsible for the
observed excited-state kinetics in membranes and micelles.

One other solvent that is less polar compared to acetonitrile 0.56ns
and highly viscous is 1-octanol. The fluorescence intensity decay 05l ‘ . . | ‘
of Nile red in 1-octanol (emission maximum at 622 nm) is T B00 640 680 720 600 640 680 720
emission-wavelength-dependent. The multiple fluorescence Wavelength/nm Wavelength/nm
intensity decays collected at various emission wavelengths
ranging from 580 to 750 nm for an excitation wavelength of
570 nm can be globally fitted to a double-exponential function
with the two lifetimes of 0.42 and 4.12 ns, and the amplitudes
of the two lifetimes are wavelength-dependent. The amplitudes
of the short lifetime (0.42 ns) become negative at emission
wavelengthslem, = 625 nm. The species-associated spectra for
the two lifetimes in both cases of irreversible and reversible
reaction in the excited state are as shown in Figure 7. The 0 L . . )
observation of negative amplitudes in a viscous organic solvent 800 640 680 720 600 640 680 720
such as 1-octanol indicates that the observed excited-state Wavelength/nm Wavelength/nm
kinetics of Nile red is viscosity-dependent. Figure 8. Nile red (0.7%M) in glycerol: (A) relative amplitudes of
The excited-state kinetics was also observed in the case ofthe two lifetimes obtained by the global analysis of multiple fluores-
Nile red in another viscous solvent glycerol (emission maximum cence decays collected as a function of the emission wavelength at the

at 647 nm). The global analysis of multiple fluorescence decays excitgtior) Wavelen.gth of 570 nm; (B) SAS in the case of irreversible
: g y P YS reaction in the excited state, where 0.56 and 2.63 ns correspond to the

collected at varying emission wavelengths ranging from 590 t0 |ietimes of the initially excited and newly formed species: (C) plot of
750 nm at an excitation Wa.VG'ength of 570 nm gave two (kB + kBA)aPP with the emission Wa\/eleng’[h; (D) SAS in the case of
lifetimes of 0.56 and 2.63 ns with the amplitudes varying with reversible reaction in the excited state. The circles and triangles
the emission wavelength. Negative amplitudes were observedreprese_nt the SAS of the initially excited and newly formed species,
for the short-lifetime component (0.56 ns) at the emission 'espectively.
wavelengthslem = 650 nm. The species-associated spectra for solvents suggest that the observation of dual lifetimes with
Nile red in glycerol are as shown in Figure 8. negative amplitudes for the short lifetime at longer emission
The above experiments carried out on Nile red in different wavelengths is observed only in viscous solvents. Thus, the
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excited-state kinetics of Nile red is solvent-viscosity-dependent 16600 15900
i Octanol Glycerol
and not polarity-dependent. 16500 0.51ns 1 16800 0.72ns

The viscosity-dependent excited-state kinetics is more likely
to be the solvent relaxation where the initially excited state

relaxes to a solvent relaxed statd=or a molecule whose dipole

16400 15700

16300 1 16600

moments in the ground state and excited state are considerably 16200 1 15500

different, there occurs a sudden change in electronic charge 16100 1 15400 L

distribution upon excitation. The solvent responds to this change . i 15300

by a reorganization of the solvent dipoles around the fluoro- § 0 0 2 4 6 8
phore. The time scale of this solvent relaxation depends on the \'*g

properties of the solvert.In the case of Nile red, the change > 15700 16150

in the dipole moment upon excitation was estimated to be 11.6 15680 16100

D from the solvatochromic Stoke’s shift with the solvent polarity 15660 1o00 L

using the Lippert-Mataga equatiofC This large change in the 15640 | ]

dipole moment results in reorganization of the solvent dipoles 15620 | 16000

around Nile red in the excited state. This relaxation process is 15600 - 15950

generally of the order of a few tens of picoseconds in pure
solvents of low viscosity and increases with an increase of

15580 | | 15900

15560 15850

viscosity of the medium® When the solvent relaxation is 0 2 4 6 8 0 2 4 6 8
comparable to or slower in time than the fluorescence decay of Time/ns
the initially excited state, one can observe emission from the Figure 9. Variation of the fluorescence emission maximum of Nile
initially excited state and the solvent relaxed states. red in octanol, glycerol, SDS micelles, and egg PC membranes with
Excited-state solvent relaxation can be either a continuoustime. The variation follows single-exponential behavior, and the
solvent relaxation or a two-state relaxatinif the solvent respective solvation times are indicated on the plots.
relaxation is continuous, the fluorescence lifetimes should be
e > INITIALLY
emission-wavelength-dependent. If we observe two lifetimes that EXCITED
are constant over the emission spectrum with only the relative STATE LN ___ SOLVENT
amplitudes varying with the emission wavelength, then the ? RSE%:EED
solvent relaxation is of the two-state model. The observation
of two lifetimes that are constant over all emission wavelengths Absorption Emission Emission

and of negative amplitudes in viscous organic solvents such as
1-octanol and glycerol supports the two-state solvent relaxation
in the excited state as a possible mechanism for the observed
excited-state kinetics. Hence, the short and long lifetimes Gg%%’;D
observed in the case of Nile red in egg PC vesicles and SDS _ ) ) )
micelles correspond to the initially excited and solvent relaxed g'g”re 10. Proposed energy level diagram of Nile red to explain the

. . ual emission of Nile red in membranes, micelles, and viscous organic
species, respectively. solvents.

Time-Resolved Emission SpectraExcited-state solvent

relaxation can also be studied by using the method of time-
resolved emission spectra (TRES$%22 The TRES is con-
structed from the fluorescence decays collected at different
wavelengths using the procedure described in ref 19. The
emission intensity at the wavelengtrat timet = t' was given

membranes. The variation follows a single-exponential behavior,
and the estimated solvation times were 0.51, 0.72, 0.84, and
1.72 ns for Nile red in octanol, glycerol, SDS micelles, and
egg PC membranes, respectively. In the case of systems that
follow a continuous solvent relaxation mechanism, the time-

by dependent emission maximum does not follow single-exponen-
L2 tial behavior and it generally shows multiple solvation tire8:22
, ss J , Moreover, if the solvent relaxation is of continuous type, then
13(t) = —) o exp(-t/r) ) the width of the TRES constructed at different times after
ave ™~ excitation should be the same. This is not observed in the case

) of Nile red in the above four systems. All these strongly agree
wherea; are the wavelength-dependent amplitudes of the two with the conclusion drawn earlier from SAS measurements that
lifetimes 7i. tavé is the average lifetime=<Y;o;7), and |és is the excited-state kinetics of Nile red follows a two-state model.
the steady-state intensity at wavelengthThe time-resolved ~ An energy level diagram appropriate for the excited-state

spectral data were fitted to a log-normal line-shape funétion kinetics of Nile red in viscous solvents, micelles, and membranes

defined by eq 8 to obtain a smooth spectrum. is shown in Figure 10.
In[1 + o\2 The excited-state kinetics of Nile red is similar to that
g(v) =g, ex;{ _|n(2)(—OL) } fora> 1 observed in the case of aminocoumarins in alcohol solvénts.
b In this case, similar to the case of Nile red, the decay-associated

=0 foraa< 1 (8) spectra (DAS) analysis clearly shows that the excited-state
solvent relaxation follows a two-state model and that the time-

wherea = 2b(v — vmay/A and do, vmax andb represent the  dependent emission maximum exhibits a single-exponential
peak height, peak frequency, and asymmetry factor, respectively.behavior. For distinguishing between a two-state or continuous
Figure 9 shows the variation in the fluorescence emission solvent relaxation model, the method of DAS or SAS is best
maximumwvmax With time after excitation for the four systems:  suited compared to the method of TRES. In the two-state model,

Nile red in octanol, glycerol, SDS micelles, and egg PC the solvent relaxation can be represented as DAS/SAS of the
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two lifetimes, those of the initially excited state and the solvent (3) Datta, A.; Mandal, D.; Pal, S. K.; Bhattacharya,XKPhys. Chem.
; i ati B 1997 101, 10221.

relaxed State’. which are kmetlca”.y COUpled'. . (4) (a) Ruvinov, S. B.; Yang, X. J.; Parris, K. D.; Banik, U.; Ahmed,

.The dynamic solvent effects during t.he lifetime of the gxuted S. A.; Miles, E. W.; Sackett, D. LJ. Biol. Chem 1995 270, 6357. (b)
dipole where the solvent exerts a time-dependent dielectric Sackett, D. L.; Knutson, J. R.; Wolff, J. Biol. Chem1990,265, 14899.
friction is known to affect the isomerization reactions, electron- 965(5) Greenspan, P.; Mayer, E. P.; Fowler, SJDCell Biol. 1985 100,
e}nd ggc;gc;g-transfer reactions, and other charge-tran_sfer reac- '(6) Sarkar, N.: Das, K.; Nath, D. N.: Bhattacharya J&ngmuirL994
tions2%:242>Much more needs to be understood regarding these 10, 326.
dynamic solvent effects on the theoretical Sigi€®In this article, (7) Choi, M.; Jin, D.; Kim, H.; Kang, T. J.; Jeoung, S. C.; Kim, D.
we report the excited-state kinetics of Nile red in membranes, Phys: Chem. B.997 101, 8092.

micelles, and viscous organic solvents that follow a two-state 369(8) Dutta, A. K.; Kamada, K.; Ohta, KChem. Phys. Let199§ 258

model with the help of SAS measurements. (9) Ira; Krishnamoorthy, GBiochim. Biophys. Acta998 1414 255,
(10) (a) Dutt, G. B.; Doraiswamy, S.; Periasamy, N.; Venkataraman,
Summary B. J. Chem. Phys199Q 93, 8498. (b) Dutt, G. B.; Doraiswamy, S.;

Periasamy, NJ. Chem. Phys1991 94, 5360. ‘

The fluorescence decays collected at different emission 19&1293Dgt7ta, A. K.; Kamada, K.; Ohta, K1. Photochem. Photobiol. A
wz_;lvelengths in t_he_ case of Nile red in egg PC vesicles and SDS (12) Sackett. D. L.: Wolff, JAnal. Biochem1987 167 228.
mlcelles are em|SS|on-waveIength-depepdgnt. The.global analy- (13) Krishna, M. M. G.: Periasamy, N. Fluoresc.1998 8, 81.
sis of these decays resulted in two lifetimes with negative  (14) Periasamy, N.; Doraiswamy, S.; Maiya, B. G.; Venkataraman, B.
amplitudes for the short-lifetime component at long emission J: leI;mk Phy519§8§i_318153% 1ML BrandQhem. Phvs. Let1o8
wavelengths. Observation of negative amplitudes is the char- (15) Knutson, J. R.; Beechem, J. M.; Brandhem. Phys. Let1983
acteristic signature for excited-state kinetics. This excited-state  (16) Lofroth, J.J. Phys. Chem1986 90, 1160.
kinetics is also observed in the case of viscous organic solvents (17) Hicks, J.; Vandersall, M.; Babarogic, Z.; Eisenthal, K.Ghem.
such as 1-octanol and glycerol and is attributed to that of an th’lsé)'-el_g-&gﬁi leJa 1F§-Princi les of Fluorescence Spectroscolle
excited-state solvent relaxation. An energy level diagram was pym: ‘New York, 1983. P P P
proposed for the excited-state kinetics of Nile red. (19) Maroncelli, M.; Fleming, G. RJ. Chem. Phys1987, 86, 6221.
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