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Lifetime distributions and anisotropy decays of indole fluorescence
in cyclohexane / ethanol mixtures by frequency-domain fluorometry
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We used frequency-domain fluorometry to measure intensity and anisotropy decay of indole fluorescence in cyclohexane/ethanol
mixtures at 20 ° C. In 100% cyclohexane or 100% ethanol the intensity decay of indole appears to be a single exponential with decay
times of 7.66 and 4.10 ns, respectively. In cyclohexane containing a small percentage of ethanol (up to 10%), we observed increased
heterogeneity in intensity decay, resulting in a 10-fold increase in x} for the single-exponential fit, as compared with the
double-exponential model. We obtained comparable or better fits using unimodal Lorentzian and Gaussian lifetime distributions
(two floating parameters) than for the two-exponential model (three floating parameters). We believe that the distribution of decay
times reflects a range of indole solvation states in the dominately nonpolar solutions. This result suggests that a variety of
hydrogen-bonding configurations could be one origin of the distributions of decay times observed for tryptophan emission from
proteins. We also measured rotational diffusion of indole in cyclohexane, ethanol and its mixtures at 20°C, The picosecond
correlation times required that the mean decay times be decreased by acrylamide quenching (in ethanol) or energy transfer (in
cyclohexane). In ethanol we observed nearly isotropic rotation of indole; in cyclohexane we obtained two correlation times of 17 and
73 ps. The shorter correlation time in ¢yclohexane appears to be due to the slip boundary condition, which was found to be
progressively eliminated by small percentages of ethanol. Hence, hydrogen-bonding interactions appear to have a substantial effect
on the rotational dynamics of indole.

1. Introduction of conformational states [13,14], and it has been
experimentally demonstrated that multiple confor-
mations can cause decay time heterogeneity in

proteins [15]. The sensitivity of indole and tryp-

Continuous distributions of decay times have
recently been used to analyze fluorescence inten-

sity decays [1-8] as an alternative model for a sum
of discrete exponential decays [7-12]. A variety of
phenomena can result in decay-time distributions,
which have been discussed in detail {8]). One inter-
esting case is the fluorescence of single-tryptophan
proteins, which is known to be multi- or nonex-
ponential for a number of proteins. One possible
origin of this lifetime heterogeneity is a multitude
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land at Baltimore, School of Medicine, Department of Biologi-
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21201, US.A.

tophan fluorescence to the microenvironments has
been studied by many authors [16-20] using tradi-
tional methods of measurements and of data anal-
ysis. The recent development of time-domain
[21-23] and frequency-domain [25,26] fluorome-
ters now provides higher statistical accuracy and
resolution, even for low degrees of heterogeneity.

To model the heterogeneous environment of
proteins we examined indole in cyclohexane/
ethanol mixtures. We expected low concentrations
of ethanol to result in a variety of partially solvated
indole molecules. The data from these samples
were analyzed in terms of both multiexponential
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decays and continuous lifetime distributions. At
low concentrations of ethanol we observed inter-
actions between indole and ethanol which alter
the indole emission spectra and decay times. These
interactions appear to induce a distribution of
decay times, which is probably the result of a
distribution of indole solvation states.

We also measured the anisotropy decays of
indole in the cyclohexane/ethanol mixtures. The
fluorescence anisotropy decay depends upon the
dynamical properties of the solvent, as well as on
the shape, size, interactions with solvent, and opti-
cal properties of the rotating molecule [27-31],
Depending upon their spatial symmetry, and slip
or stick boundary conditions for interactions with
the solvent, molecules can have two or three dif-
ferent rotational diffusion coefficients, resulting in
multiexponential anisotropy decays. In low-viscos-
ity solutions (such as ethanol or cyclohexane at
room temperature) rotation of small molecules
-occurs in the range of 100 ps [27]. To obtain
adequate data to recover the rotational correlation
times it is necessary to decrease the lifetime of the
fluorescence. As the lifetime of rotating molecules
is decreased, the early time portion of the an-
isotropy decay contributes increasingly to the data
[32-34]. Acrylamide is a generally recommended
quencher (collisional quenching) of the indole flu-
orescence [35,36] and we used it to decrease fluo-
rescence lifetime of indole in ethanol. In nonpolar
solvents such as cyclohexane, acrylamide is less
soluble and cannot be used as an efficient
quencher. We used nonradiative energy transfer
[37] to decrease the decay time of indole in
cyclohexane. This method requires about 100-fold
lower concentration of quencher than collisional
quenching and can be used for high- as well as
low-viscosity solutions [38].

2. Theory

2.1. Multiexponential decays

Fluorescence intensity decays are usually de-
scribed as the sum of exponentials

()= Tae " M)

where 7; are the individual decay times and a; the
associated preexponential factors. The fractional
contribution of the /-th component to the total
fluorescence is

f;

_oyT
Zai"'i

where X f,=1. Since the time- or frequency-do-
main data are usually collected without regard for
the total intensity of the sample, it is also
customary to normalize the «; values so that T,
=1,

(2)

2.2. Distribution of lifetimes

We consider a model in which the amplitudes
a, are described by a continuous distribution a(7).
The intensity decay contains components of life-
time 7 with an amplitude a(r). The component
with each + value is given by

I(r,0)=a(r)e™ " (3)

The total decay law is the sum

I(1) =f a(r)e™ /" dt 4
t=0

where fa(7) dv=1. We selected Gaussian (G)
and Lorentzian (L) distributions to describe a(7).
For these functions the a(r) values are

L (=) 5)

ovlm

ag(r)=

(1) =5 ——

: 6
T (r=7) +(L/2) ©

where 7 is the central value of the distribution, o
the standard deviation of the Gaussian and I the
full-width at half-maximum (hw) for the
Lorentzian. For a Gaussian the full-width at half-
maximum is given by 2.3540. The use of func-
tional forms for a(r) minimizes the number of
floating parameters in our fitting algorithms. For
thes¢ unimodal distributions there are only two
floating parameters, hw and 7. The more complex
multimodal distributions are described elsewhere
[8].

In the frequency domain the measured quanti-
tics are the phase angle (¢,) and the demod-
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ulation factor (m,,), where w refers to the modula-
tion frequency in rad/s. These values can be
calculated from the sine (N,) and cosine (D,)
transforms of the impulse response function con-
structed with assumed parameter values. Using eq.
4 these transforms are

® a(1)wr?

N J= d 7
“ =0 1+ w12 T ™
a('r)*r

D, J= 8
f 01+o.>21-2 ®

with

J=/w a(r)rdr (%)

r=0

For any parameter values the calculated (c) phase
and modulation values are

¢, = arctan(N,,/D,) (10)
me, = (N2+D2)"* 1)

The parameter values (7 and hw or «, and 7;) are
selected by comparison of the measured (¢, m_)
and calculated (¢,,,, m_,) values by the method of
nonlinear least squares [39,40]. The goodness-of-fit
was judged by the value of reduced x3

2
1 ¢, — P 1 m,—mg,\?
2 == S Tew = Do Tew
XR—VZ( 8¢ )+VE( dm )
N L@ w
(12)
where v is the number of degrees of freedom, and
8¢ =0.2 and 8m = 0.005 are the uncertainties in

the measured phase and modulation values, re-
spectively.

2.3. Anisotropy decays

The anisotropy decay can be described as a
sum of exponentials

7(t) = Troge™/* (13)

where 8, are rotational correlation times and r,g;
represent the amplitude of the anisotropy which
decays via the i-th correlation time. In some of
our analyses the individual 7,g, values were all
variable parameters. This results in the total an-

isotropy (r, = Lryg,) being a variable parameter.
In other calculations we constrained the total an-
isotropy to be equal to the value observed in the
absence of rotational diffusion. In this case 7, is
fixed, and the Zg; =1.0. It should be noted that
the correlation times are related, but not equal to,
the rotational diffusion coefficients of the fluoro-
phore about its principle axes [28-31].

In the frequency domain, the anisotropy decay
is recovered from the difference of the phase angle
between the parallel (|f) and perpendicular (1)
components of the emission (4,=¢, —¢;) and
the ratio of the polarized and modulated compo-
nents of the emission (A, =m/m ), each mea-
sured over a range of modulation frequencies ().
For the nonlinear least-squares analysis these val-
ues are calculated for an assumed anisotropy de-
cay law using

4., = arctan M (14)
NN, +D D,
1/2
= M (15)
“ \N2+D?
where
o
N, =f I.(¢) sin ot dt (16)
0
- ,
D,:f I(1) cos wt dt (17)
0

where i represents parallel or perpendicular com-
ponents of the emission, given by

I||(t)=’}i10(t)[1+2"(’)] (18)
I,.(8)=3L()[1-r(1)] (19)

I.(7) is the decay of the total emission and is given
by I,(+)+ 21 (). It should be noted that the
intensity decay of indole becomes heterogeneous
in the presence of a quencher or acceptor due to
the nature of quenching (transient effect in
quenching of indole [41]) or nonradiative energy
transfer. The data were fitted to the multiex-
ponential model (see section 2.1), and the parame-

-ters from this analysis («; and 7,) were fixed

quantities in eqs. 18 and 19 for the anisotropy
analysis.
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The goodness-of-fit to the anisotropy decay is
also estimated (see eq. 12) from the value of the
reduced x%:

1(4,-4,,\ 1A, A\
2 _ il w Cw Il [ Cw
XR—D?( 8A ) +v§( oA )

(20)

where 84 =0.1° and 8A = 0.005 are the uncer-
tainties in the measured values. The modulation
data are presented as the modulated anisotropy

r,=(A,—1)/(A,+2) (21)

The values of 7, can be compared with those of
the steady-state anisotropy r and the fundamental
anisotropy 7. At low modulation frequencies r,, is
nearly equal to r. At high modulation frequencies
r,, approaches r, [42,43].

3. Materials and methods

Frequency-domain measurements were per-
formed using the 2 GHz fluorometer described
previously [26]. The laser beam was expanded to
about 5 mm in diameter to decrease its local
intensity. Indole was excited at 297 nm, and the
emission was observed through a WG320 filter,
except for solutions containing trans-stilbene. In
this case we used a 313 nm interference filter with
front-face geometry. No fluorescence of trans-
stilbene was observed at 313 nm. Intensity decays
were measured using magic-angle polarization
conditions. Indole was purified by HPLC, trans-
stilbene was of Kodak grade for scintillation, and
acrylamide was from Biorad (electrophoresis
grade). Solutions not containing irans-stilbene or
acrylamide were purged by nitrogen to remove
dissolved oxygen. All measurements were per-
formed at 20°C. '

4. Results
4.1. Lifetime analysis
Emission spectra of indole in cyclohexane/

ethanol mixtures are shown in fig. 1. A small
percentage of ethanol results in the loss of struc-
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Fig. 1. Emission spectra of indole in cyclohexane, ethanol and
mixtures at 20 ° C.

ture, increases in the spectral width, and dramatic
shifts in the emission to longer wavelengths. This
is typical of the fluorescence of polar fluorophores
in binary solvents [44]. These spectral changes are
most probably due to specific hydrogen-bonding
interactions between indole and ethanol, which
are enhanced in the nonpolar cyclohexane solvent.
It seems probable that the environment surround-
ing indole is relatively homogeneous in the pure
solvents (100% cyclohexane or ethanol). However,
a heterogeneous environment might be predicted
at low ethanol concentrations due to a statistical
distribution of indole molecules which have differ-
ent numbers of nearby ethanol molecules.

- We examined the frequency-domain intensity
decays of indole using a WG 320 filter, which
collects most of the emission above 320 nm. The
multiexponential analyses are summarized in table
1. In cyclohexane as well as in ethanol the decays
are well approximated by a single-exponential
model, giving 7.60 and 4.11 ns respectively, with
nearly the same x% values for the single and the
double-exponential fits. Fig. 2 shows the frequency
response of the emission of indole in these pure
solvents. The lower panels show randomly distrib-
uted deviations of the phase and modulation val-
ues from the single-exponential model, which fur-
ther indicates that the decays are singly exponen-
tial,

The mtensity decays of indole in cyclohexane
become heterogeneous in the presence of small
amounts of ethanol. This is seen in table 1, which
shows the values of x& for the one- and two-de-
cay-time fits. The highest heterogeneity was ob-
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Table 1

Multiexponential analysis of indole intensity decays in
cyclohexane /ethanol mixtures at 20°C

% EtOH 7. (115) a )7 X&

0.0 7.66 10 10 13
7.49 0.859 0.835

8.69 0.146 0.165 13

05 718 10 10 42
6.0 0627 0531

9.04 0373 0.469 038

10 6.56 10 10 10.7
3.84 0231 0.136

7.35 0.769 0.864 18

25 5.00 10 1.0 132
440 0.845 0.741

8.41 0.155 0259 23

5.0 456 10 10 111
3.86 0.744 0.629

6.58 0256 0.370 18

100 439 10 1.0 3.7
424 0971 0.934

9.90 0029 0.066 1.5

100.0 411 10 10 10
404 0.944 0.929

5.18 0.056 0.071 10

served for mixtures containing 1-5% ethanol,
which are also the amounts which produced the
largest spectral shifts (fig. 1). In all cases, the data
could be fitted using the double-exponential
model. This does not prove the decay is doubly
exponential, but only that this model is adequate
to account for the data.

Since we expect a distribution of indole-ethanol
interactions, and since the lifetime of indole is
different in cyclohexane and ethanol, it seemed
natural to analyze the data in terms of decay time
distnbutions. One such analysis is shown in fig. 3.
The data are adequately fitted by a Lorentzian
distribution with ¥=6.46 ns and hw =1.36 ns.
The value of x4 = 1.4 is equivalent or superior to
that found for the double-exponential model (x&
= 1.8, table 1). The data could not be fitted if the
half-width was held fixed at a narrow value, 0.01
ns, which becomes equivalent to the single-ex-

ponential model. Examination of the lower panels
reveals random deviations for the lifetime distri-
bution analysis (hw = 1.36 ns), but systematic de-
viations if the hw is held constant at 0.01 ns.
These results suggest that the intensity decay of
indole in cyclohexane with 1% ethanol is indeed
described by a distribution of decay times.

Similar evidence for lifetime distributions was
found in all the cyclohexane/ethanol mixtures
(table 2). In each case we obtained equivalent or
superior fits using the distributions as compared
with the double-exponential model. It should be
noted that only two floating parameters are used
in lifetime-distribution analysis (7 and hw),
whereas the double-exponential model uses three
floating parameters (7, 7, and o; with a; + a;, =
1.0). Comparable fits were obtained using the
Lorentzian and Gaussian distributions, so that the
present data cannot distinguish between these
models. Nonetheless, we have the impression that
the Lorentzian model provides slightly superior
fits.
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Fig. 2. Frequency response of the emission of indole in
cyclohexane (®) and ethanol (0). The solid lines are the best
single-decay-time fits to the data.
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Fig. ‘3. Phase and modulation data for indole in mixture

containing 1% ethanol. Best fits are shown for a one-compo-

nent Lorentzian ( ) with hw =1.36 ns and with the hw

fixed at 0.0l ns (-« -~~~ ). The lower panel shows the deviation
with hw =1.36 ns (@) and hw = 0.01 ns (0).

Representative distributions are summarized in
fig. 4 for the Lorentzian (top) and Gaussian (bot-
tom) models. The largest half-widths are seen in
mixtures containing 1-5% ethanol. Narrow distri-
butions are seen in 100% cyclohexane or ethanol.

Table 2
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Fig. 4. Distribution of lifetimes recovered for indole in
cyclohexane /ethanol mixtures. Top, unimodal Lorentzian;
bottom, unimodal Gaussian.

The decrease in hw seen in 100% ethanol argues
against a general effect of ethanol to increase the
decay heterogeneity of indole. Comparison of the
Lorentzian and Gaussian distributions reveals the
latter to be considerably wider. This is because the
apparently narrow Lorentzian distributions are the
result of the wide tails on this distribution. The
data tend to exclude these extreme lifetime values,
resulting in apparently narrow lifetime distribu-
tions. The Gaussian distributions decay more

Lifetime distribution analysis of indole in cyclohexane/ethanol mixtures

[EtOH] Model
Lorentzian Gaussian
7 (ns) hw (ns) x& 7 (ns) hw (ns) x&
0.0 7.68 0.09 132 7.66 0.97 1.32
0.5 714 0.91 0.89 7.18 3.25 0.80
10 6.46 1.36 1.45 6.55 3.81 ' 1.66
25 4.86 0.94 1.95 4.98 2.98 248
5.0 4.43 0.72 1.85 4.54 2.58 2.00
100 4.34 0.32 1.62 4.39 1.69 1.82
100.0 4.10 0.04 1.04 4.10 0.49 1.03
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rapidly to zero, so that suppression of the extreme
values does not result in the same degree of nar-
rowing. The widths of the Gaussians observed for
the single-exponential decays (100% cyclohexane
or 100% ethanol) can be regarded as the resolution
limits of the measurements, this being a width of
0.5-1.0 ns.

We questioned the uncertainties in the half-
widths recovered from the Lorentzian analysis. To
accomplish this we examined the values of xx
when the hw was held constant while ¥ was vari-
able. The least-squares analysis was performed
again, allowing the floating parameter to vary,
yielding the minimum value of x3 consistent with
the fixed half-width. This procedure should
account for the correlation between hw and 7.
These x3 surfaces are shown in fig. 5. The dashed
line indicates the value of x% expected 33% of the
time due to random errors. The intersection of the
x% surface with the dashed line approximates the
range of half-widths which are consistent with the
data, and we believe that this method overesti-
mates their range by about 2-fold. Hence, the x%
surfaces indicate that the data for indole in 100%
cyclohexane or ethanol are consistent with a hw of
zero, but not with a half-width above 0.2 ns. In
contrast, the indole decays in the cyclohexane/
ethancl mixtures are not consistent with a hw of

INDOLE in Cyclohexane-Ethanol
Mixtures ,20°C

1% E+OH

(hw(ns)

Fig. 5. Dependence of x3 on the full-width of Lorentzian

lifetime distributions of indole in cyclohexane/ethanol mix-

tures. The values were normalized to 1.0 for the minimum
value of x3.
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WAVELENGTH (nm)

Fig. 6. Emission wavelength dependence of the lifetime of
indole in cyclohexane, cthanol and a mixture (1% ethanol).

zero. The uncertainty in the Lorentzian widths is
about 0.2 ns.

We questioned whether the complex intensity
decays observed in the mixtures were the result of
interactions between indole and ethanol present at
the moment of absorption (ground-state interac-
tions) or whether the ethanol shell around indole
evolved during the lifetime of the excited state
(excited-state interactions). One can distinguish
between ground-state and excited-state processes
by measurements of the intensity decays at vari-
ous wavelengths across the emission spectrum
[45,46]. Hence, we measured the wavelength-de-
pendent intensity decays of indole in 100%
cyclohexane, 100% ethanol, and in cyclohexane
with 1% ethanol (fig. 6). In cyclohexane, as well as
in ethanol, the mean lifetime is constant for each
observation wavelength. In the mixture we ob-
served lower mean lifetimes for shorter observa-
tion wavelengths. This dependence of lifetime on
emission wavelength is characteristic of an ex-
cited-state reaction. More specifically, if only
ground-state interactions were present then one
expects the decay time to decrease at longer wave-
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lengths, which select for the shorter-lived emission
of indole in ethanol. However, our experiments do
not rule out the possibility of a contribution of
ground-state heterogeneity to the intensity decays.
Rather, the wavelength-dependent increase in de-
cay time suggests that there is at least some dy-
namic component in the indole-ethanol interac-
tions.

4.2. Anisotropy decays

Previous researchers have suggested that fluoro-
phore-solvent interactions can result in decreased
rates of rotational diffusion, or equivalently larger
apparent Stokes-Einstein volumes [47]. Hence, we
examined the anisotropy decays of indole to de-
termine whether its interactions with ethanol al-
tered the rates of rotational diffusion. For small
molecules like indole in low-viscosity solvents, the
correlation times are in the range of tens of pico-
seconds. For example, we measured 52 ps for
indole in water at 20 ° C [32] and 28 ps in methanol
at 5°C [34]. Because the indole decay times are
near 5 ns most of the emission occurs after the
anisotropy has decayed to zero, so that the data
contain little information about the rates of rota-
tion. This problem can be offset by the use of
quenching to decrease the decay time of the mole-
cule. Then, the observed emission is dominately
from the early emitting molecules, providing in-
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creased information about the early processes [48].
In ethanol, we used acrylamide as a collisional
quencher; in cyclohexane and mixtures we used
trans-stilbene, which quenches the fluorescence of
indole by resonance energy transfer. Collisional
quenching and/or energy transfer introduce het-

Table 3
Multiexponential analysis of quenched indole in cyclohexane /ethanol mixtures at 20° C
Solvent /quencher 7, (ns) a, fi X%
0% EtOH /0.01 M rrans-stilbene * 0.76 10 1.0 1768.8
0.09 0.719 0.159
1.25 0.281 0.841 1.9
1% EtOH/0.01 M trans-stilbene 058 10 1.0 1981.9
0.09 0.754 0.197
1.12 0.246 0.803 2.3
5% EtOH /0.01 M trans-stilbene 0.54 1.0 1.0 2041.1
0.08 0.767 0.205
1.07 0.233 0.795 2.5
100% EtOH /0.5 M acrylamide 0.20 10 1.0 759.8
0.08 0.847 0.440
0.58 0.153 0.560 24

* For cyclohexane data from ref. 38.
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Fig, 8. Frequency-domain anisotropy data for indole in ethanol

and a cyclohexane/ethanol mixture (95:5) at 20°C. The

ethanol solution contained 0.5 M acrylamide and the cyclo-

hexane/ethanol (95:5) solution contained 0.01 M rrans-stil-
bene.

erogeneity in fluorescence decays. This is il-
lustrated in fig. 7, which shows the indole intensity
decays in' ethanol, without (@) and with 0.5 M
acrylamide (o). In the presence of acrylamide (or
trans-stilbene) the decay becomes strongly hetero-
geneous and cannot even be approximated by the
single-exponential model (x% = 759.8). However,
this heterogeneity is not a problem because the
decays can be parameterized using the double-ex-
ponential model (table 3) and these parameters
are held fixed during the anisotropy analysis.

The frequency-domain anisotropy data of the
quenched indole solutions are shown in fig. 8.
Two correlation times were recovered for indole in
cyclohexane, 17 and 73 ps (table 4). The same two
correlation times were recovered irrespective of
whether 7, was a floating or a fixed parameter.
However, the difference in x& between the one-
and two-correlation-time models is considerably
larger when 7, is a fixed value. We attribute the
shorter value of 17-22 ps to slip motion of indole
(see section 5) and the longer value, 73-75 ps, to
rotational diffusion with the stick boundary con-
ditions.

Addition of ethanol appears to eliminate pro-
gressively the shorter correlation time. This is seen
by an increase from 17 to 31 ps in cyclohexane/
Table 4
Anisotropy decay analysis of indole at 20 °C

Model rog 6 x3 0(ps) 0(ps)
(ps) (stick)  (slip)
Cyclohexane
ro-floating
14 0244 63 10 57 19
29 0.093 17

‘ 0192 73 0.9
ro-fixed (0.275 ©)
16 0.275 52 8.9
29 0.095 22
0.180 75 0.8

Cyclohexane /ethanol (99: 1)

ro-floating
16 0259 70 0.9
20 0.085 31
0194 82 0.9
ro-fixed
14 0275 64 . 27
28 0072 32

0203 79 08
Cyclohexane /ethanol (95: 5)

ro-floating
10 0.266 70 0.8
29 0.082 41
0194 80 0.8
ro-fixed
10 0275 66 1.6
20 0.065 38
0210 78 08
Ethanol
ro-floating,
16 0273 83 10 68 23
29 0130 31
0142 86 1.0
ro-fixed
16 0275 - 82 1.0
0103 68
20 0172 92 1.0

* The values of 8A and 8A in eq. 20 were 0.1° and 0.005,
respectively.

® Calculated for oblate spheroid and long and short diameters
8.2 and 3.7 A, respectively. One component (18) was calcu-
lated as #=(3D,+3D)”"; two components (28) were
calculated as 8, =(6D) '=8,=5(D+ D) " and 6,=
(2D,+4D)"! according to Tao [49,50]. Calculations and
slip conditions were provided according 10 Hu and Zwanzig
[51).

¢ J.R. Lakowicz and I. Gryczynski, in preparation.
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ethanol (99:1) and to 40 ps in cyclohexane/
ethanol (95:5), and by a decrease in the ampli-
tude of the short component (table 4). Addition-
ally, the difference in x% between the one- and
two-correlation-time fits is progressively smaller
than in pure cyclohexane, indicating that the rota-
tional motions have become more isotropic. The
lifetime distribution analysis indicated the prob-
able existence of a number of indole rotational
states in this mixture. Hence, it is likely that two
correlation times represent a weighted average of
these states, and these values should not be as-
sumed to represent any particular indole-ethanol
complex. In 100% ethano! the rotation of indole
appears to be nearly isotropic, and we found no
difference in x& between the one- and two-corre-
lation-time fits. These results suggest that slip
boundary conditions are only found in a nonpolar
solvent, and that hydrogen bonding can have a
substantial effect in the rotational motions of in-
dole and other polar fluorophores.

We examined the x% surfaces for the indole
correlation times to evaluate the significance of
the values listed in table 4. Specifically, we held
one correlation time fixed at the value indicated
by the x-axis, and again minimized x% with the
other parameters floating. This analysis reveals
that the two correlation times observed in
cyclohexane are significant and different from each
other (——). This distinction is blurred by the
addition of 5% ethanol (-—-—- ), and is completely
eliminated in 100% ethanol (- - - - - - ). For indole
in ethanol the data are adequate to recover only
one correlation time, irrespective of whether 7, is
fixed or variable.

The x& surfaces also indicate the uncertainties
in the correlation times. One estimate of the un-
certainty is provided by the least-squares analysis,
in particular by the diagonal elements of the co-
variance matrix [46]. This estimation is correct
only if there is no correlation between the fitted
parameters. These estimated uncertainties are near
10 and 5 ps for r-floating and ry-fixed models,
respectively. A superior estimate is provided by
the intersection of the x& surface with the largest
x% value corrected with random errors in the
data. This value of x} is indicated by the dotted
lines in fig. 9. The fact that the x% surfaces for

12 INDOLE,20°C

Cyclohexane

— == Cyclohexane
+5%EtOH
—-—=--EtOH

ro - floating

2 -
XRN

1.1

x2 ro- fixed

(@’ (ps)
Fig. 9. x% surfaces for two correlation times of indole in
cyclohexane ( ), ethanol (------ ) and a mixture con-
taining 5% ethanol (--—--). (Top) r, was a variable parame-
ter. (Bottom) r, was kept constant at the measured value of
0.275.

indole in cyclohexane do not overlap below the
line strongly suggests our data are in fact adequate
to recover two correlation times, even for these
rapid picosecond processes. In contrast, the xx
surfaces for indole in the mixture or in pure
ethanol are not strongly dependent on the value of
the fixed correlation time from 20 to 70 ps, which
suggests that the motions are mostly isotropic.

5. Discussion

The structured and blue-shifted emission spec-
trum of indole in cyclohexane (fig. 1) shows that
interactions between the indole molecules and the
surrounding cyclohexane molecules are relatively
weak. In contrast, the spectrum is red-shifted and
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without structure in ethanol.. This effect is due to
both specific hydrogen-bonding interactions be-
tween the nitrogen from the indole ring and hy-
droxyl group from ethanol, and the usual dipole-
dipole interactions owing to the electric fields
created by indole and ethanol.

In mixtures of cyclohexane/ethanol the situa-
tion is more complicated. First, there are hydro-
gen bonds between indole and the trace amounts
of ethanol, and these bonds are made stronger due
to the low polarity of cyclohexane and the lack of
competing species for the hydrogen-bonding inter-
actions. Secondly, the dipole moment of indole
changes its value and direction in the excited state.
This results in the possible evolution of a new
solvent shell during the excited-state lifetime. In
contrast to cyclohexane or ethanol, the solvent
shell of indole in mixtures is expected to be het-
erogeneous, just as the C shell is distinct from the
Bourne shell. During the lifetime of the excited
state, this shell may evolve so as to change both
the average number and orientation of the ethanol
molecules which surround the fluorophore. We
believe that both static and dynamic heterogeneity
are the origin of the lifetime distributions ob-
served in mixtures of cyclohexane and ethanol.

It is interesting to note that a similar phenom-
enon could occur in proteins. More specifically,
the indole residues could exist in various hydro-
gen-bonded configurations, both in the ground
state and during the excited-state lifetime. Hence,
heterogeneity in hydrogen bonding is one possible
origin of the complex decay kinetics which have
been observed for proteins.

Since the anisotropy decay is determined by the
size and shape of the fluorophore we expect this
decay to reflect the interactions of indole with its
solvent shell. In fact, this was observed. In
cyclohexane, where the interactions are weaker
than in ethanol, two correlation times of 17 and
75 ps were recovered. In ethanol these two corre-
lation times collapse into a single value near 80 ps.
These results are now considered in terms of slip
and stick boundary conditions for rotational dif-
fusion.

The indole molecule can be approximated b
an oblate spheroid with diameters 8.2 and 3.7 A
corresponding to longer and shorter axes. The

value 3.7 A corresponds to the thickness of an
aromatic ring. The volume of this spheroid is close
to that obtained from the density and molecular
weight of indole (160 A%). The rotational diffusion
coefficients of an oblate rotor may be obtained
from the solution of the Navier-Stokes equation
subject to certain boundary conditions. With the
stick boundary condition (Stokes-Einstein Theory)
1 v

8= - i =

nC, (22)
where v is the volume of the molecule, & Boltz-
mann’s constant, 7 the absolute temperature, and
D, and C, diffusion and friction coefficients, re-
spectively. The A; depend only on the shape of the
molecule, and the values are tabulated [49,50].
Hydrodynamics with stick boundary conditions
requires that the velocity of the solute molecule
surface relative to the nearest solvent molecules is
zero. This may occur in systems where strong
interactions are present between the fluorophore
and the solvent molecules. In systems where the
solvent and solute molecules are both of molecular
dimensions, and no strong interaction occurs, it is
more appropriate to employ slip boundary condi-
tions (i.e., no tangential stress). Here, the resis-
tance to the motion arises from the fact that, for
nonspherical molecules, some solvent molecules
must be displaced as the fluorophore rotates. The
friction coefficient with slip for a spheroid rotat-
ing about its symmetry axis is zero. In the slip
boundary conditions Pecora and co-workers [52,53]
proposed

1 ’ o -
0:‘ = 6_D, =q9C/ + 0:' (23)
with
G/ =N— (24)
i lkT .

The X, have been computed numerically by Hu
and Zwanzig [51] for spheroids, and by Youngreen
and Acrivos for ellipsoids [54]. The value of 6°
corresponds to the inertial moment, generally out.
of reach of fluorescence anisotropy data. For ex-
ample, for diethyloxadicarbocyanine iodide
(DODCI) which is about 2-fold larger than indole,
8° was found to be 4 ps [50].



184 I. Gryczynski et al. / Frequency-domain fluorometry on indole fluorescence

Calculated correlation times for indole are given
in table 4. In cyclohexane, the calculated stick
boundary correlation time is about 60 ps, and
corresponds to a larger correlation time recovered
from our data. The slip boundary correlation time
of about 19 ps is in good agreement with the
shorter correlation time recovered from our an-
isotropy analysis. In ethanol, the calculated slip
boundary correlation time of 23 ps was not found
in our experimental data, but the stick boundary
correlation time of 70 ps is in agreement with our
measurements. In mixtures, where the viscosity is
essentially the same as that of 100% cyclohexane,
the shorter correlation time increased to 40 ps,
suggesting partial elimination of the slip boundary
condition. In this case our ability to recover two
correlation times is questionable, and the an-
isotropy decay may already be a single exponen-
tial. Hence, our results demonstrate that indole
rotation in cyclohexane represents an intermediate
situation between stick and slip boundary condi-
tions. Similar intermediate situations have been
found for thodamine 6G and DODCI by Fleming
and co-workers [55]. Indole rotation in ethanol
represents a clear example of stick boundary con-
dition hydrodynamics. The same condition is
dominant in a mixture containing 5% ethanol.

Finally, we note that these observations may be
relevant with regard to interpretation of the an-
. isotropy decay of tryptophan (indole) residues in
proteins. Depending upon the surrounding struc-
ture, the indole group may or may not be hydro-
gen bonded to the protein. The presence of hydro-
gen bonding might be expected to eliminate the
motions due to slip or oscillatory motions, and
thereby eliminate or dampen the amplitudes of the
2-10 ps motions which have been predicted by
molecular dynamics simulations [56-58]. In fact,
several recent studies of protein dynamics have
detected indole correlation times near 70-200 ps
for the fast component in the anisotropy decays
[33,59,60], which appear to be characteristic of
hydrogen-bonded indole.
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