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6-Propionyl-2-(dimethylamino)naphthalene (PRODAN) emits two fluorescence bands, at ~510 and
~435 run, when dissolved in -y-cyclodextrin (CD) aqueous solutions. The relative contributions of
these two bands were found to depend on time and temperature. These emissions are attributed to
the inclusion of PRODAN with the dimethylamino group toward the larger and smaller rims inside
the y-CD cavities, respectively. The first position corresponds to a slightly polar and slightly rigid
environment, while the second corresponds to a hydrophobic and rigid environment relative to the
aqueous polar bulk. In contrast, PRODAN in either a-CD or B-CD aqueous solutions emits a
single fluorescence band at 525 and 510 nm, respectively. The emission of PRODAN in a-CD is
similar to that in water and indicates no inclusion at all. In B-CD, only one kind of inclusion is
possible with the dimethylamino group of PRODAN toward the larger rims of (3-cavities. These
results are supported by fluorescence decay lifetime measurements and are consistent with our
previous observations made for 4-dimethylaminobenzonitrile (DMABN) and 4-diethylaminoben-
zonitrile (DEABN) in a- and B-CD aqueous solutions [23,24]. Therefore the possibility of twisted
intramolecular charge transfer (TICT) state formation in PRODAN in terms of environmental
polarity and local free volume of CD cavities is discussed. These observations put PRODAN,
DMABN, and other TICT compounds as fluorescence probes for CD interiors.

KEY WORDS: PRODAN; cyclodextrins; twisted intramolecular charge transfer; local polarity; microenviron-
mental viscosity.

INTRODUCTION

6-Propionyl-2-(N,N-dimethylamino)naphthalene (PRO-
DAN), an organic molecule designed by Weber et al
[1] during 1979 as a biological probe, was found to un-
dergo large changes in its fluorescence properties in sol-
vents of various polarities [1-5] (Scheme I). It shows a
broad fluorescence band with a clear red shift upon in-
creasing the solvent polarity. For example the emission
maximum is red shifted from ~400 in cyclohexane to
~530 nm in water, which indicates a dipole moment
enhancement upon electronic transition to the first ex-
cited state. For PRODAN, and according to Lippert the-
ory [1], the dipole moment of the first singlet excited
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state was estimated to be around 20D. [1], which is quite
large in comparison to those of other fluorophores.
Hence, PRODAN was employed extensively as a probe
of local polarity in various biological environments such
as protein interiors, membranes, and lipid bilayers [6-
10].

In these systems, the fluorescence properties of
PRODAN were found to undergo appreciable changes
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[6-10], mainly the appearance of two local maxima in
the fluorescence emission, one at ~435 nm and the other
at ~510 nm representing emissions from less polar and
more polar excited states, respectively. The relative con-
tributions and the exact positions of these two fluores-
cence bands depend on the local polarity and
microenvironmental viscosity of the medium under
study.

For example, Chong [6] has studied the effect of
pressure elevation on the location of PRODAN in vari-
ous membrane lipids (which are composed of a polar
water-lipid interface and a relatively less polar
hydrocarbon cone) and found PRODAN to exhibit two
fluorescence maxima, at ~435 and ~530 nm. The 435-
nm fluorescence band was found to be enhanced relative
to the 530-nm band upon pressure elevation and was
attributed to relocation of PRODAN from the polar wa-
ter-lipid interface to the less polar hydrocarbon cone and
to the solvent relaxation, which becomes slower upon
pressure enhancement. This conclusion was utilized by
Sommer et at. [7] to study molecular dynamics of the
surface of membranes composed of ether or ester deriv-
atives of various choline glycerophospholipids. The life-
times and the fluorescence spectra measurements made
on PRODAN in these lipids revealed that solvent relax-
ation in ether lipid bilayers is faster than in diacyl lipid
membranes. Moreover, Zeng and Chong [8] used PRO-
DAN fluorescence as a probe to study the interactions
between pressure and ethanol on the formation of inter-
digitated dipalmitoylphosphatidycholine (DPPC) lipo-
somes. An increase in either ethanol concentration or
pressure lead to a red shift and enhancement of the 510-
nm relative to the 435-nm fluorescence band. These var-
iations were correlated to PRODAN relocation from a
less polar to a more polar environment as a result of
lipid interdigitation.

Rottenberg [9] studied the emission spectra of
PRODAN in red blood cell ghosts and observed a peak
at ~505 nm and a shoulder at ~435 nm which vary in
their intensity as a function of temperature. In another
study of chemical interest Narang et al. [10] used the
steady fluorescence of PRODAN to probe the gelation
process of the widely used tetramethylorthosilicate-de-
rived sol-gels. The red shift of the fluorescence of PRO-
DAN, which was followed by a blue shift, was attributed
to expulsion of ethanol molecules first (water content
will be larger and hence more polar), followed by re-
moval of water molecules. They attributed the enhance-
ment of the 435 nm (which becomes a peak) upon
lowering the temperature to ~5°C to the existence of a
nonrelaxed state (rigid local environment) and/or to
binding of PRODAN to a less polar site.

Since PRODAN has a structural feature similar to
that possessed by 4-dimethylaminobenzonitrile
(DMABN) in the sense that it has a dimethylamino
group as donor and a propionyl group as acceptor, it may
have the potential to transform to a twisted intramolec-
ular charge transfer (TICT) state during the excited-state
lifetime in a manner similar to that exhibited by
DMABN and emit TICT fluorescence besides the nor-
mal fluorescence band.

A few decades ago, Lippert [11] reported that
DMABN shows a single fluorescence band at about 360
nm in nonpolar solvents. In polar solvents, an additional
band appears, which resides in the 450- to 500-nm
range. The shorter-wavelength band is usually observed
in the fluorescence emission of benzene derivatives and
is usually named the normal or B-band. The additional
fluorescence feature was attributed to the charge transfer
action mentioned above and is usually named the anom-
alous or A-band.

Lippert et al. [11] have employed Platt's notation
to assign the states responsible for the normal and anom-
alous emissions. They originally proposed that there are
two excited states, a highly polar 'La and a relatively
nonpolar 'La state, responsible for the anomalous and
normal emissions, respectively.

Fluorescence polarization measurements for the al-
koxy carbonyl derivatives of DMABN in glycerol car-
ried out by Wermuth and Rettig [12] showed that both
the A- and the B-bands originate from the 'La-state with
no level reversal, indicating that the proposal of Lippert
et al. is valid for the case of DMABN, but ruled out for
other molecules that exhibit similar dual fluorescence.

The demand for a more general explanation for the
dual fluorescence was satisfied by Grabowski et al. [13],
who were the first to introduce the concept of TICT to
the field of excited-state processes. They suggested that
the TICT state is created as a result of twisting of the
donor group to an approximately perpendicular config-
uration, followed by an intramolecular charge transfer
and then a solvent relaxation around the generated TICT
state. So emission from the TICT state appears as the
observed anomalous band.

For the case of PRODAN, the presence of the di-
methylamino group (donor) at position 2 and the pro-
pionyl substituent at position 6, on the opposite edges
of the naphthalene moiety, invited researchers to seek
for the possibility of fluorescence from the TICT-emit-
ting state of PRODAN.

In this direction, Rollinson and Drickamer [14]
have assumed a model of two excited states (locally ex-
cited and charge transfer) in PRODAN, in analogy to
para-(9-anthryl)dimethylaniline (ADMA), a compound
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showing fluorescence from a pure TICT state. But the
results obtained from their comparative, high-pressure
study and the fluorescence lifetime measurements failed
to confirm the presence of charge transfer state accord-
ing to the assumed model. On the other hand, Lackowics
and Baiter [5] have employed fluorescence phase and
modulation methods to study the fluorescence emission
of PRODAN in n-butanol at 218 K. The results obtained
confirmed that solvent relaxation involves at least two
steps and, hence, an excited-state process exists.

A theoretical approach to the argument was carried
out by Nowak et al. [4]. Their theoretical calculations
assume that only the conformer with a twisted dimethy-
lamino group has an excited-state dipole moment high
enough to explain the spectral properties of PRODAN,
at least in polar solvents.

More theoretical support for the presence of a TICT
state in PRODAN was obtained from a semiempirical
molecular orbital study carried out by Ilich and Pren-
dergast [15]. The evaluated data predict that generation
of the excited singlet state occurs as a result of two pro-
cesses: deformation of the ring, followed by a charge
transfer from the nitrogen atom to the rest of the mole-
cule.

Experimental evidence supporting the theoretical
approaches mentioned above was provided by Heisel et
al. [16]. They have studied steady-state and normalized
instant fluorescence emission of PRODAN in n-butanol
at low temperatures. The corrected steady-state fluores-
cence undergo both a blue shift and broadening upon
temperature depression in the range -24 to -75°C. The
instant spectrum at -75°C was red shifted with time
from 0.25 to 15 ns after excitation. The obtained blue
shift and broadening were explained by the presence of
two superimposable emitting states, one being the pre-
cursor to the other, with an intramolecular reaction rate
depending on the temperature so that the contribution of
the higher-energy emitting state increases as temperature
decreases. The red shift obtained in the instant spectra
is attributed to polar solvent relaxation around the ex-
cited dipole moment. These results led Heisel et al. [16]
to assume the presence of an excited-state intramolecular
reaction, accompanied by a solvent relaxation.

An argument that stands beside all the theoretical
and empirical support for the existence of a TICT state
on excited PRODAN molecules is that of Bunker et al.
[17]. They suggested that the behavior of PRODAN
does not follow a classical TICT-state formation mech-
anism, however the character of the excited state could
still be similar to that of a TICT state. The fact that
PRODAN fluorescence emission undergoes nearly the
same solvatochromic shifts as the TICT fluorescence of

p-(N,N-diethylamino)ethylbenzoate (DEAEB) led them
to believe that the emitting excited state of PRODAN
has the same character as a charge transfer emitting state,
though somewhat different from a classical TICT state.

The TICT phenomenon mentioned above has two
significant properties. First, it is a dynamical process that
involves twisting of the donor group, and therefore it
can probe local microviscosity; second, it is a charge-
separation process and, hence, is sensitive to environ-
mental polarity [18]. So these properties invited re-
searchers to utilize the TICT phenomenon to probe
media of appreciable viscosities and polarities, such as
polymers [19-22] and cyclodextrins [23-25].

Cyclodextrins are cyclic oligosaccharides that pos-
sess hydrophobic cavities which can encapsulate organic
and organometallic molecules in aqueous solutions [26-
29]. The geometry of the cyclodextrin gives it the shape
of a cone. Three types of cyclodextrins are commonly
available, each having a slightly different cavity diam-
eter: ct-CD, with a 5.7-A cavity; (3-CD, with a 7.8-A
cavity; and y-CD, with a 9.5-A cavity. The variable
cavity diameter of the cyclodextrins has been used to
encapsulate molecules based on their size. The interior
of the cavity constitutes a relatively hydrophobic envi-
ronment which affects the emission of the solute mole-
cules. The restricted shape and size of the cavity
geometrically constrain the solute molecule and, there-
fore, markedly affect its properties [23,24].

Since the TICT formation process involves both
twisting of the donor moiety and charge-separation pro-
cesses, it can investigate cyclodextrin environments, and
vice versa.

In this context, Al-Hassan and co-workers [23]
have reported the fluorescence of DMABN dissolved in
an aqueous solution of a-CD. The collected results sug-
gest that the probe (DMABN) exists in three different
environmental conditions, namely, the probe in the aque-
ous bulk, where DMABN is surrounded by water mol-
ecules representing the most polar and least rigid
environment; DMABN inside the a-CD cavity with the
dimethylamino group directed toward the larger rim of
the cavity, representing a slightly rigid and slightly polar
environment; and DMABN inside the a-cavity with the
dimethylamino group directed toward the smaller rim of
the cavity, representing the least polar and most rigid
environment. One of the most significant features of this
work is the role of the rotating moiety, the dimethylam-
ino group, which is believed to control the mechanism
of inclusion. The role of the rotating group was con-
firmed by extension of this study to include the spectral
behavior of p-(N,N-diethylamino)benzonitrile (DEABN)
in a-CD aqueous solutions [24]. The diethylamino group
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is bigger than the dimethylamino group, and it is prob-
ably interlocked in the hydrophobic environment and, as
a consequence, is unable to rotate during the excited
state lifetime. Actually this was concluded from the ex-
perimental observation that the TICT band around 460
nm is present in the case of DMABN and is absent in
the case of DEABN, confirming the role of the rotating
group in determination the excited-state characteristics
of the probes mentioned above in a-CD aqueous solu-
tions.

The purpose of the present work was to investigate
the role of the twisting moiety, the dimethylamino
group, in the creation of the emitting state(s) in excited
PRODAN molecules. This aim can be accomplished by
inviting the fluorescence spectral properties of PRODAN
in a-,B-, and y-CD aqueous solutions. Here, no appre-
ciable effects in a-CD, a small effect in B-CD; and dra-
matic changes in y-CD were observed.

EXPERIMENTAL

Preparation of PRODAN Cyclodexrtrin Aqueous
Solutions

PRODAN from Molecular Probes Inc. (Eugene,
OR) was used as supplied, ct-, (3-, and -y-CD (Wako Pure
Products) were kindly supplied by Professor T. Azumi
(Tohoku University, Sendi) and were used without fur-
ther purification. Water was doubly distilled, deionized.
Its purity was checked by obtaining the absorption spec-
trum.

A stock aqueous solution of PRODAN (3.5 UJW)
was prepared. Different amounts of a- and -y-CD were
then dissolved in the prepared solution to give the fol-
lowing CD concentrations: ~5.3 X 10-4M(solution 1),
~1.0 X 10-3 M (solution 2), -5.0 X 10-3 M (solution
3), and -2.0 X 10-2 M (solution 4).

The situation is slightly different for the case of (3-
CD since the maximum solubility of the CD in water is
about 1.5 X 10-2 M. This means only solution 4 (only
for B-CD aqueous solution) posseses this concentration.
Solutions 1, 2, and 3 have the same concentrations as
their a- and y-CD analogues.

Temperature Variation System

For the purpose of temperature variation, a temper-
ature controller and circulator (Model RTE-101, Neslab
Instrument, Inc.) was employed.

Spectral Measurements

Emission Spectra

The fluorescence spectra were collected using an
Edinburgh Analytical Instruments Model FS-900CDT
spectrofluoremeter. It consists of six major components
as shown in Fig. 1 and described in the following par-
agraphs.

Light Source. A xenon, high-pressure, arc lamp of
450-W power run from an electrically stabilized d.c.
power supply is used as the light source. The lamp hous-
ing is optically designed to focus the image of the lamp
arc into the entrance slit of the excitation monochro-
mator.

The power unit includes an automatic electronic
lamp ignition and lamp temperature monitoring systems.

Excitation Monochromator. A 1/3-m-focal length,
Czerny-Turner type is used as the excitation monoch-
romator. It is fitted with 1800 g/mm holographic
diffraction grating, blazed at 250 nm. The slits are man-
ually adjusted from 10 um to 10 mm, enabling a spectral
resolution range of 0.01-9 nm. Wavelength selection,
scanning, and wavelength readout are fully controlled by
a microprocessor via an IEEE communication protocol.

Emission Monochroamtor. The construction of the
emission monochromator is similar to the one used for
the selection of the excitation wavelength, except for the
diffraction grating, which is ruled and blazed at 500 nm.

Sample Chamber. The cell housing is arranged for
L or T geometry configurations. It is fitted with a liquid-
thermostated, computer-controlled, three-position cell
holder unit. An external liquid circulator, cooler/heater,
is connected to the cell holders via rubber hoses. The
cooling/heating liquid is normally water mixed with eth-
ylene glycol. By controlling the percentage of the wa-
ter/ethylene glycol mixture, a temperature range of
-25-85°C can be easily achieved.

Detection System. A Hamamastu photomultiplier
tube (PMT), Model IP-28, is used as the photodetector.
It is fitted into a thermoelectrically cooled housing (Pel-
tier cooler) to minimize the dark current. The PMT tem-
perature is adjusted to —20°C, causing a reduction in the
dark current to around 5 counts/s. The PMT output is
fed into a 16-bit analog-to-digital converter (ADC). The
maximum current that can be drawn from the PMT cor-
responds to 65,000 ADC counts. During all our spectral
measurements, the monochromator slits were fixed to a
50-um width, enabling a spectral resolution of 0.05 nm
and a maximum intensity of less than 20,000 counts,
corresponding to one-third of the PMT saturation limit.
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Fig. 1. Simplified diagram of the Model FS-900CDT fluorescence spectrometer.

It is connected to an external water circulator in order
to dissipate the heat absorbed by the Peltier cooler.

System Control and Data Station. A 486 DX-II/66-
MHz PC, supporting a GEM/3 environment, is inter-
faced to the system via an IEEE interface bus. The
software/hardware interface enables the complete control
of the system including all the options such as the se-
lection of cells, the readout of cells temperature, and the
selection of polarizers. In addition, the software enables
data manipulation such as background subtraction, nor-
malization, multiscans,. .., etc.

Excitation and Emission Spectral Correction
Units. With the aid of the computer, all spectra are au-
tomatically corrected for the wavelength response of the
excitation source or the detection units using prestored
data files.

A rhodamine B quantum counter (marked A in Fig.
1) is used to measure the spectral irradiance of the ex-
citation source together with the efficiency of the exci-
tation monochromator.

A 10-W tungsten halogen frosted bulb (marked B
in Fig. 1) in combination with a highly stable constant
power supply is used to correct for the wavelength de-
pendence of the emission monochromator and PMT. It
covers a usable range between 250 and 3000 nm.

Fluorescence Lifetime Measurements

Fluorescence decay lifetimes measurements were
obtained by the technique of time-correlated single-pho-
ton counting using an Edinburgh Instrument 199M [20].



144 Al-Hassan and Khanfer

Fig. 2. Fluorescence spectra of 3.5 x 10-6 M PRODAN in water ( ) (H2O) and in a-CD aqueous
solutions of different concentrations: 5.3 X l(r\ 1.0 X l0-3, and 5.0 X 10~3 M ( ) (#1, #2, and #3)
and ( ) 2.0 X 10-2 M(#4); at room temperature. \Elc = 350 nm.

RESULTS

PRODAN is a hydrophobic molecule that is spar-
ingly soluble in water, making PRODAN-saturated so-
lutions possess a concentration of only about 3.5 uM.
This limited solubility is reflected on the obtained ab-
sorption bands of PRODAN in water as well as in CD
aqueous solutions, i.e., a very very low-intensity band.
The situation is clear, however, for steady-state fluores-
cence measurements performed at room temperature em-
ploying an excitation wavelength of 350 nm.

For a-CD aqueous solutions, the fluorescence emis-
sion of PRODAN is only slightly affected by increasing
the CD concentration form 0 to about 2.0 X 10-2 M
(XEm = 527 nm) as shown in Fig. 2, leading us to say
the PRODAN has the same spectral behavior in a-CD
aqueous solutions that it does in water. In B-CD aqueous
solutions, however, a blue shift of ~560 cm-' accom-
panied by broadening at the blue edge of the fluores-
cence band is observed (as shown in Fig. 3) upon
increasing the (3-CD concentration from 0 (A.Em = 530
nm) to ~1.5 X 10-2 M(XEm = 527 nm).

In y-CD aqueous solutions, dramatic changes occur
as shown in Fig. 4. For the freshly prepared samples,
increasing the y-CD concentration from 0 to 2.0 X 10-2

M is accompanied by a blue shift (XF1 changes from 527
to 515 nm) and band broadening, compared to both a-
and 3-CD aqueous solutions. Especially for solution 4,

a clear shoulder appears in the blue region (~435 nm)
of the band.

The situation becomes more clear as time proceeds,
and when equilibrium is accomplished. Figure 5 shows
how the mentioned shoulder (in Fig. 2) becomes a band
while the initially observed band almost disappears. The
mentioned equilibrium appears clearly in Fig. 5, which
represents the time-dependent emission of PRODAN in
•y-CD aqueous solution 4. Actually about 3 months was
needed to reach the described equilibrium. For the cases
of PRODAN in a- and (3-CD, time shows no appreciable
effect.

Figure 6 demonstrates the temperature effect on the
emission of PRODAN in y-CD aqueous solution 4,
which has already reached equilibrium. Upon increasing
the temperature from -12 to 75°C, the 435-nm peak is
depressed while the 510-nm band rises. However, de-
creasing the temperature again to 25°C fails to bring the
system back to the mentioned equilibrium, as shown in
Fig. 7

Fluorescence decay lifetimes were calculated for all
the studied solutions by using a biexponential fit model.
Figure 8 shows that the fluorescence decay curves of
PRODAN in water and in a-CD aqueous solution 4 are
indistinguishable. The corresponding fluorescence decay
lifetimes are listed in Table I. In (3-CD aqueous solu-
tions, the situation is quite different as shown in Fig. 9,
which shows different fluorescence decay curves of
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Fig. 3. Fluorescence spectra of 3.5 x 10-6 M PRODAN in water ( ) (H20) and in (3-CD aqueous
solutions of different concentrations: ( ) 5.3 x 10-4 M (#1), ( ) 1.0 x 10-3 M (#2), ( )
5.0 X 10-3 M (#3); and ( ) 1.5 X l0-2 M (#4), at room temperature. XExc = 350 nm.

Fig. 4. Fluorescence spectra of 3.5 X 10~6 M PRODAN in water ( ) (H2O) and in y-CD aqueous
solutions of different concentrations: ( ) 5.3 X 10"4 M (#1), ( ) 1.0 X 10-3 M (#2), ( )
5.0 X 10-3 M (#3), and ( ) 2.0 x 10-2 M{#4), at room temperature. XExc = 350 nm.

PRODAN in water and in (3-CD aqueous solution 4.
Their corresponding fluorescence decay lifetimes are
listed in Table II. From Table II, it is clear that the con-
tribution of the long-lived component (T2) increases with
increasing concentration of p-CD in PRODAN aqueous
solutions.

The fluorescence decays of PRODAN in y-CD
aqueous solution 4 monitored at 435 and at 510 nm are
shown in Fig. 10. Their corresponding lifetimes com-
pared to water are listed in Table III. The mean lifetime
is found to be longer on going from the less polar (435-
nm) state to the more polar (510-nm) state.
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Fig. 5. Fluorescence spectra (normalized) of 3.5 X 10-6 M PRODAN in 2.0 X 10-2 M aqueous solutions
of-y-CD (solution 4) ( ) freshly prepared (1), ( ) after 10 min (2), ( ) after 25 h (3), and
( •--) after 3 months (at equilibrium) (4), at room temperature. yExc = 350 nm.

Fig. 6. Effect of increasing temperature on the fluorescence of 3.5 X 10-6 M PRODAN in 2.0 X 10-2 M
aqueous solutions of y-CD (already at equilibrium): ( ) -12°C, ( ) 5°C, ( ) 45°C,
( ) 60°C, and ( ) 75°C. yExc = 350 nm.

Table IV shows the effect of increasing the tem-
perature from -15 to 20°C on the fluorescence decay of
PRODAN in -y-CD aqueous solution 4. The mean life-
time of the less polar state at 435 nm is nearly unaffected
by the elevation of temperature (Tf changed from 3.6 to

3.5 ns upon increasing the temperature from -15 to
20°C). The corresponding change in the mean lifetime
of the more polar state at 510 nm is, however, greater.
It decreases from 4.6 to 3.8 upon increasing the tem-
perature from -15 to 20°C.
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Fig. 7. Effect of decreasing temperature on the fluorescence of 3.5 X 10-6M PRODAN in 2.0 X 10-2 M
aqueous solutions of y-CD (solution 4) after being heated to (from Fig. 5.) ( ) 75°C, ( )
60°C, ( ) 55°C, and ( ) 25°C. \Exc = 350 nm.

Fig 8. Fluorescence decay curves of 3.5 X l0-6 M PRODAN in water (H2O) and in 2.0 X 10-2 M a-CD
aqueous solution 4, at room temperature. XE = 358 nm.

DISCUSSION

As shown in Fig. 2, the fluorescence emission of
PRODAN in a-CD aqueous solutions is similar to that
of PRODAN in water. This observation indicates the

absence of inclusion complexation between the probe
and the a-CD. The observed depression in the fluores-
cence band in the case of solution 4 compared to the
related solutions can be explained by considering hydro-
gen-bonding between PRODAN and the secondary hy-
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Table I. Fluorescence Decay Lifetimes of PRODAN in a-
Cyclodextrin Aqueous Solutions

Solution
number

PRODAN
in water

Solution 1
Solution 2
Solution 3
Solution 4

yExc

(run)

358
358
358
358
358

^Em(um)

530
530
530
530
530

T,

(ns)

0.53
0.70
1.1
0.94
0.80

Q1

0.55
0.68
0.75
0.65
0.59

T2

(ns)

2.0
2.5
2.2
2.6
2.7

a

0.45
0.32
0.25
0.35
0.41

X2

1.2
1.0
1.3
1.1
1.0

Tmean

(ns)

1.2
1.3
1.4
1.5
1.7

droxyl groups of the CD [9]. This interaction is unfa-
vored by the hydrophobic probe, causing the noticed de-
pression.

The absence of inclusion complexation is supported
by the fluorescence decay lifetime measurements repre-
sented in Fig. 8 and Table I; i.e., the corresponding mean
lifetime is almost unaffected by the addition of a-CD.

For PRODAN in y-CD, for the freshly prepared
sample, the initial local fluorescence maximum at about
510 nm is referred to the formation of an inclusion com-
plex between PRODAN and y-CD where the dimethy-
lamino group is headed toward the larger rim of the -y-CD
cavity. Here, PRODAN senses a relatively slightly polar
and slightly rigid environment. The produced complex is
usually named type I complex, as shown in Fig. 11.

As time proceeds, the occupied cups—type I com-
plexes—collide with the empty CD cups, which exist in
a very large amount (since the PRODAN-to-"y-CD con-
centration ratio is about 1:104), to yield 2:1 complexes,
as shown in Fig. 12. Here, PRODAN molecules inside
the initially occupied cups merge slowly inside the second
empty cups, with the dimethylamino group headed toward
the small rims of the CD cavities, sensing the least polar
and most rigid environmental conditions, and a new type
of complex is produced, namely, the type II complex. A
type II complex is represented in Fig. 11, beside a type I
complex.

These environmental changes are reflected in the
emission spectra of PRODAN in the y-CD aqueous so-
lution and appear as a continuous depression in the 510-
nm peak, attributed to type I complexes, and a gradual
rise of the shoulder to give a new local maximum at
about 435 nm, a band attributed to type II complexes
(refer to Fig. 5).

The high concentration of CD in relation to the
probe permits only a tiny amount of the probe to exist
in the polar aqueous bulk, while almost all probes are
included in the -y-CD cavities.

A complementary tool helpful in confirming our
predictions related to PRODAN in y-CD is the temper-
ature effect on the emission of the probe in -/-CD so-
lution 4 which has already reached equilibrium. Upon
increasing the temperature from -12 to 75°C, the 435-
nm peak is depressed while the 510-nm band rises. How-
ever, decreasing the temperature again to 25°C fails to
bring the system back to the mentioned equilibrium;
these variations are shown in Figs. 6 and 7. Here a tem-
perature elevation will catalyze the exclusion of PRO-
DAN from the y-CD cavities. As a consequence, the
concentration of type II complexes will decrease sharply,
and the easily produced type I complexes will be gen-
erated again and become the predominant species. The
failure of regeneration of type II complexes upon a sud-
den decrease in temperature from 75 to 25 °C adds more
evidence that the desired equilibrium needs an apprecia-
ble time interval to be accomplished.

This discussion is in line with the unmatched flu-
orescence decay lifetimes of PRODAN in y-CD (solu-
tion 4). As shown in Table III, the shorter lifetime, ~3.5
ns, is due to PRODAN in y-CD of type II complexes.
In this case the dimethylamino groups are directed to-
ward the smaller rims of y-cavities (this represents the
most rigid and least polar environment). Moreover, we
believe that the longer fluorescence decay component of
PRODAN in y-CD aqueous solution 4, monitored at 510
nm, is due to PRODAN--/-CD of type I complexes. In
this case, the dimethylamino group is directed toward
the larger rims of-/-cavities (this represents the less rigid
and more polar environment).

One possible explanation for the enhanced lifetime
for the more polar state, compared to the less polar state
(according to Baiter et al. [5]), is the enhanced intersys-
tem crossing (ISC) from the less polar state to the first
triplet state compared to intersystem crossing (ISC) from
the more polar state to the same triplet state.

In conclusion, we believe that the more polar state
(the 510-nm fluorescence band) is controlled more by
the polarity of the medium (that is, polarity is more pre-
dominant than local microviscosity). On the other hand,
the 435-nm fluorescence band (which represents the less
polar state) is controlled by the viscosity of the medium
(i.e., local microviscosity is more predominant than local
polarity).

This interpretation is confirmed by the temperature
effect study on the fluorescence decay of PRODAN in
y-CD aqueous solution 4, in the two mentioned states,
the 435-and 510-nm states, which represent the less po-
lar and more polar states, respectively. Table IV shows
the effect of increasing the temperature from -15 to
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Fig. 9. Fluorescence decay curves of 3.5 X 10-6 M PRODAN in water (H2O) and in 1.5 X 10-2 M B-CD
aqueous solution 4, at room temperature. XExc = 358 nm.

Table II. Fluorescence Decay Lifetimes of PRODAN in p-
Cyclodextrin Aqueous Solutions

Solution
number

PRODAN
in water

Solution 1
Solution 2
Solution 3
Solution 4

XExc

(nm)

358
358
358
358
358

AEm

(nm)

530
510
510
510
510

T1

(ns)

0.53
1.1
1.4
1.2
1.4

Q1

0.55
0.45
0.50
0.39
0.38

T2

(ns)

2.0
3.2
3.4
3.2
3.6

Q2

0.45
0.55
0.50
0.61
0.62

X2

1.2
1.2
1.2
1.3
1.2

20°C on the fluorescence decay of PRODAN in y-CD
aqueous solution 4.

As shown in Table IV, the mean lifetime of the less
polar state (the 435-nm emitting state) is almost unaf-
fected by the temperature elevation since the mean life-
time decreases from 3.6 ns at -15°C to only 3.5 ns at
20°C. This empirical observation agrees with our pre-
diction about the formation of type II complexes, where
the PRODAN: y-CD molecular ratio is 1:2, causing the
probe to be encapsulated inside the y-cavities and mov-
ing only inside the channel made by their (the two cups)
head-to-head combination. Hence, PRODAN is probably
unaffected by external influences, which include the
mentioned temperature elevation; as a consequence, the
corresponding mean lifetime is also unaltered.

The situation is quite different for the case where
PRODAN molecules are included in the -y-cavities, with
the dimethylamino group directed toward the larger rims
of the -/-cavities, forming type I complexes. As shown
in Table IV, the fluorescence decay mean lifetime of
PRODAN in y-CD aqueous solution 4, in the more polar
510-nm state, decreases from 4.6 to 3.8 ns upon increas-
ing the temperature from -15 to 20°C. To explain this
experimental trend, the description of type I complexes
must be regarded. Here, PRODAN exists inside the -/-
cavities with the dimethylamino group directed toward
the larger rims of the y-cavities, sensing a more rigid
and less polar environment, with respect to the case
where PRODAN molecules exist in the aqueous bulk.
Increasing the temperature from — 15 to 20°C will cat-
alyze partial expulsion of PRODAN from the -/-cavities,
causing the dimethylamino groups to sense relatively
more polar and less rigid environmental conditions; as a
consequence, the corresponding lifetime will decrease.

For PRODAN in (3-CD, the situation is between
that in a-CD and that in y-CD. Here, the local fluores-
cence maximum resides at about 515 nm, with an ex-
tremely broad band compared with those in the case of
a-CD and without any detected shoulder elsewhere as
in the case of PRODAN in -y-CD. This description fits
the prediction states that PRODAN in 3-CD aqueous
solution exists in the form of an inclusion complex,
namely, the easily formed type I complex, i.e., with the
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Fig. 10. Fluorescence decay curves of 3.5 X 10-6 M PRODAN in water (H2O) and in 2.0 X 10-2 M
y-CD aqueous solutions monitored at 435 nm (#1) and 510 nm (#2), at 20°C. XExc = 358 nm.

Table III. Fluorescence Decay Lifetimes of PRODAN in y-
Cyclodextrin Aqueous Solution 4

Solution
number

PRODAN
in water

Solution 4
Solution 4

^Exc

(nm)

358
358
358

^Em

(nm)

530
510
435

T1

(ns)

0.53
0.66
1.33

Q1

0.55
0.36
0.42

T2

(ns)

2.00
5.51
5.10

Q2

0.45
0.64
0.58

X2

1.2
1.2
1.2

Trnean

(ns)

1.2
3.8
3.5

Table IV. Temperature Effect on Fluorescence Decay Lifetimes of
PRODAN in -y-Cyclodextrin Aqueous Solution 4

Temperature
(°C)

-15
-15

20
20

V
(nm)

358
358
358
358

(̂nm)

435
510
435
510

T,

(ns)

1.88
1.31
1.31
0.66

Q,

0.45
0.27
0.42
0.36

T2

(ns)

4.92
5.85
5.10
5.51

a
0.55
0.73
0.58
0.64

X2

1.3
1.4
1.2
1.2

Mean
T (ns)

3.6
4.6
3.5
3.8

dimethylamino groups toward the larger rims of B-cav-
ities. The measured fluorescence decay lifetimes (Table
II and Fig. 9) of PRODAN in (3-CD aqueous solutions
indicate the presence of a longer-lived component whose
contribution increases with increasing concentration of
P-CD. This is an indication of complex formation be-
tween PRODAN and 3-CD.

Fig. 11. Possible positions of PRODAN in the -y-CD cavity, type I,
dimethylamino group toward the larger rim; and type II, dimethylam-
ino group toward the smaller rim.

In conclusion, it is the direction of the dimethylam-
ino group of PRODAN (toward the smaller rim or to-
ward the large rim of the -/-CD cavity) that governs the
generation of two kinds of fluorescence, a less polar,
~435 nm (type II complexes) and a more polar, ~510
nm (type I complexes), observed for PRODAN in -y-CD
aqueous solutions. This is similar to our previous obser-
vations made for DMABN in a-CD aqueous solutions
[23]. DMABN in a-CD aqueous solutions was found to
emit two fluorescence bands, at ~460 and ~520 nm.
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Fig. 12. Possible mechanism for slow formation of type II from type
I complexes in the presence of a large amount of y-CD.

besides the normal B-fluorescence band at ~345 nm.
These 460- and 520-nm fluorescence bands were attrib-
uted to emission from a less polar (type II complexes:
the dimethylamino group of DMABN is directed toward
the smaller rim of the a-CD cavity) and from a more
polar (type I complexes: the dimethylamino group is di-
rected toward the larger rim of the a-CD cavity) TICT
state (Fig. 5 in Ref. 23). These conclusions were con-
firmed using excitation spectra and fluorescence decay
results. The similarity of the results obtained for PRO-
DAN in -y-CD (see text) to the results obtained previ-
ously for DMABN in a-CD [23] encourages us to place
PRODAN on the TICT fluorescence probe list. This
leads us to attribute the two fluorescence bands of PRO-
DAN, ~510 and ~435 nm, in y-CD aqueous solutions
to the twisting of the dimethylamino group in media of
different polarities present in the same solution. These
media are presented in Fig. 11 as type I and type II
complexes. The relative contribution of the two fluores-
cence bands (observed for PRODAN in -y-CD) at 510
and at 435 nm depends on the concentration of type I
and type II complexes, respectively, in the solution.
Type I complexes are the dominant ones for freshly pre-
pared samples and type II complexes are more dominant
for solutions that have reached equilibrium. Moreover,
temperature has a major effect on the concentration of
the two types of complexes as mentioned earlier.

To examine the validity of the proposed models for
the case of DMABN in a-CD aqueous solutions, we
extended our study to DEABN [24]. DEABN has a
larger donor group (the diethylamino group in DEABN
is bigger than the dimethylamino group in DMABN) and

behaves in a different manner from DMABN in a-CD
cavities. The less polar TICT fluorescence band at ~460
nm was completely absent from DEABN as opposed to
DMABN. We attributed that to the large size of the die-
thylamino group in DEABN, which becomes interlocked
in the a-CD cavity when type II complexes are formed
and therefore is unable to rotate during the excited-state
lifetime [24]. The 520-nm fluorescence band, however,
was observed for the case of DEABN in a-CD and was
attributed to type I complexes, where the diethylamino
group is directed toward the larger rim of the a-CD cav-
ity and has the freedom to rotate during the excited-state
lifetime. These results and interpretation were also con-
firmed by the excitation spectra and fluorescence decay
results.

Finally, it is our concern to investigate further the
effect of y-CD cavity size on the emission characteristics
of some molecules related to PRODAN in a fashion sim-
ilar to that used to study DMABN and DEABN in a-
CD aqueous solutions. Then we will be able to judge
the validity of the proposed model concerning PRODAN
fluorescence in y-CD cavities.
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