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Accurate Determination of the Limiting Anisotropy of Rhodamine 101. Implications for Its

Use as a Fluorescence Polarization Standard
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The S;—Sy limiting anisotropy of a widely used fluorophore, rhodamine 101, is determined with unprecedented
accuracy. From time-resolved and steady-state fluorescence measurements in several solvents, it is shown
that the limiting anisotropy of thodamine 101 is for all practical purposes equal to the theoretical one-photon
fundamental anisotropy value of 2/5, both in rigid and in fluid media. This fact, along with the favorable
chemical and photophysical properties of rhodamine 101, point to its use as a standard for fluorescence
polarization measurements. It is also shown that if the excitation pulse can be considered a delta impulse
with respect to the time scale of the anisotropy decay (but not necessarily to the time scale of the intensity
decay), then no deconvolution procedure is needed for anisotropy decay analysis.

Introduction

Rhodamine 101 (also known as rhodamine 640), Chart 1,
and derivatives retaining the same fluorophore are widely used
as fluorescent probes. Rhodamine 101 was designed so that no
rotation of the amino groups is possible,’? in the hope of
achieving unit fluorescence quantum yield, but this was not
fulfilled.? Indeed, its fluorescence quantum yield, although high,
is similar to that of rhodamine 6G3- and is in fact distinctly
lower than 1.0,%¢ which is the value initially reported.!>” In
room temperature acidified ethanol, where the dye is present in
the cationic form, it has a fluorescence quantum yield of about
0.9¢ and a single exponential fluorescence decay with a lifetime
of 4.3 ns.® The cation and the zwitterion share a common
fluorophore, whereas the lactone form has quite different
photophysical properties.’

A precise determination of the S;—Sy limiting anisotropy (i.e.,
the highest measured S;—Sy anisotropy for a given molecule)
of several xanthene dyes, including the rhodamines B, 6G and
101, and fluorescein, ryp = 0.373 £ 0.002, was reported by
Johansson,” on the basis of both steady-state and time-resolved
measurements. This begs the question as to why the limiting
anisotropy is lower than the fundamental anisotropy, whose one-
photon theoretical value is 0.4 for parallel absorption and
emission transition moments.

The fact that the limiting anisotropy seldom attains the
theoretical value of %/s has been subject of considerable attention
over the years; see, e.g., the classic work of Feofilov'? for an
early view, and Valeur’s book!! for a recent discussion. Possible
reasons for the discrepancy fall in four categories: (i) instru-
mental effects (effect of wide angle collection and/or of polarizer
misalignment,'?!3 ezc.); (ii) matrix-dependent effects (depolar-
ization by light scattering, depolarization by stress-induced
optical activity in solid glasses, depolarization by residual
rotational motion); (iii) intermolecular effects (depolarization
by radiative and/or nonradiative energy migration); (iv) in-
tramolecular effects (mixed polarization bands, significantly
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CHART 1: Possible Forms of Rhodamine 101
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Zwitterion

different geometries for the Franck—Condon and emissive states
implying noncoincident absorption and emission transition
moments). It should be noted that the angle between the
absorption and emission transition moments is related to the
fundamental anisotropy by a = arccos[(5ry + 1)/3]"* (that for
ro close to %/s reduces to o = [/3(*/s — ro)]¥?); hence an
anisotropy equal to 0.373 £ 0.002 implies an angle of 12.3 £+
0.5°, which is small but nevertheless still significant, whereas
an anisotropy equal to 0.400 £ 0.005 (the values above 0.4
having no physical meaning) implies an upper limit of 5° for
the angle, which for most purposes is essentially zero. In this
way, and in the absence of significant systematic errors, a
precision of 0.005 suffices for establishing if the angle between
the absorption and emission transition moments is or is not
essentially zero. The quest for a reliable value of the limiting
anisotropy is therefore essentially the search of conditions where
systematic errors are negligible at the required level of precision.
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In the case of the xanthene dyes, and after excluding the so-
called librational motion as the cause for the deviations observed,
the possibility of structural changes, admittedly not hindered
by the matrix, was put forward as the explanation.”'# Neverthe-
less, in a previous (but not quoted in refs 9 and 14) study by
Szalay er al."” of fluorescein in glycerol—water mixtures at 30
°C, a much higher limiting anisotropy of 0.392 £ 0.005 was
obtained. Jameson et al.'® reported more recently for rhodamine
B in a PMMA matrix at room temperature a similar value
(0.393), again only marginally lower than 0.4. Furthermore, in
one time-resolved study conducted in our laboratory with
rhodamine 101 in an acidified ethanol—water mixture,!” we also
obtained a limiting anisotropy much closer to 0.4 than those
previously published.” On the other hand, early'®!° and more
recent?*-2? time-resolved determinations of the limiting anisotro-
pies of several xanthene dyes, including rhodamine 101, yielded
values in the range 0.37—0.40 with a typical precision of 0.02,
insufficient to decide between the two alternatives. All these
observations prompted us to study in more detail the fluores-
cence polarization of rhodamine 101, and to determine its
limiting value with unprecedented accuracy, quantifying at the
same time the effect of some factors that may explain the
substantially lower values reported in the literature.

Experimental Methods

Materials. High purity rhodamine 101 was purchased from
Radiant Dyes, and PMMA (poly(methyl methacrylate)) with
MW = 120000 g mol~!, from Aldrich. All solvents used were
of spectroscopic grade. Thin solid films were prepared by
coating a quartz substrate at room temperature with mixtures
of rhodamine 101 and PMMA in THF and letting the solvent
to evaporate completely. PMMA concentration was 9.1 wt %,
and the concentration of rhodamine 101 was either 1.8 x 1077
or 1.6 x 107% M. To ca. 2 mL of the mixture was added 20 uL
of a diluted solution of HCI in THF (ca. 1.1 M), to recover the
cationic form of the dye. The final concentration of HCI in the
mixture was ca. 10 mM. The dye concentration in the PMMA
films was either 2.4 x 107®or 2.2 x 10~ M. The final thickness
of the films was of the order of a few micrometers (1—20 xm).

Spectroscopic Measurements. Electronic absorption spectra
were recorded on a Shimadzu Model 3101 UV—vis—NIR
spectrometer and emission spectra on a SLM-Aminco 8100
Series 2 fluorometer. A standard 1 cm path length square section
quartz cell was used for the measurements with the liquid
solvents in a right angle geometry. A homemade support with
goniometer was used for the thin film studies. For steady-state
anisotropy measurements, typical instrumental bandwidths were
8 nm in both excitation and emission. All solutions used had
an absorbance of 0.1 or lower for the steady-state measurements.
Time-resolved picosecond fluorescence measurements were
performed using the single-photon counting timing method with
laser excitation. The setup consisted of a mode-locked Coherent
Innova 400-10 argon ion laser that synchronously pumped a
cavity dumped 710-2 dye (thodamine 6G) laser, delivering 3—4
ps pulses at a repetition rate of 1.9 MHz. Intensity decay
measurements were made by an alternate collection of impulse
and decay, with the emission polarizer set at the magic angle
position. Impulse was recorded slightly away from the excitation
wavelength with a scattering suspension. For the decays a cutoff
filter was used, effectively removing all excitation light.
Anisotropy decay measurements were made by successive
collection of the impulse and of the polarized components, with
the emission polarizer set at the appropriate positions and with
identical accumulation times for the two polarized components.
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Figure 1. Absorption and corrected fluorescence (Aexe = 525 nm)
spectra of rhodamine 101 in acidified ethylene glycol. Concentra-
tion of rhodamine 101: 4.1 x 107¢ M (absorption), 2.0 x 107 M
(fluorescence).

The emission signal was first passed through a depolarizer, and
then sent to a Jobin-Yvon HR320 monochromator with a grating
of 100 lines/nm, and was recorded on a Hamamatsu 2809U-01
microchannel plate photomultiplier as a detector. With this setup,
the G factor is equal to 1. Time scales of 3.5—10 ps/channel
were used. The instrument response function had an effective
fwhm of 35 ps. Usually no fewer than 5000 counts were
accumulated at the maximum channel. The numerical aperture
for fluorescence collection was 0.18 (lens with a diameter of
18 mm and a focal length of 50 mm); hence the half-angle 6
was 10.4° and paraxial conditions hold. The effect of a finite
collection cone on the measured anisotropy was negligible at
our precision level, as discussed in Appendix 1.

Results and Discussion

The fluorescence polarization of rhodamine 101 was studied
at room temperature (23 °C) in two protic solvents of different
viscosity, ethylene glycol (ethane-1,2-diol) (19 mPa s)** and
glycerol (propane-1,2,3-triol) (1135 mPa s),>* and also in a
PMMA rigid matrix. The absorption and fluorescence spectra
of rhodamine 101 (cationic form) are shown in Figure 1.

The excitation polarization spectrum of rhodamine 101 in
glycerol at room temperature is displayed in Figure 2. Seven
S»—So bands with distinctly different polarizations are observed
above 250 nm.

The S;—Sp absorption band corresponds to the region between
480 and 650 nm, approximately. The S;—So steady-state
anisotropy is always somewhat lower than 0.4 (0.384 £ 0.006
for a concentration 1.1 x 1078 M) and decreases significantly
with an increase in concentration, Figure 3.

The anisotropy decrease with concentration in the low
concentration range displayed can be entirely ascribed to
radiative energy migration (also called reabsorption), as studied
in detail in refs 25 and 26, where it is also shown that the
anisotropy is in general emission-wavelength dependent. From
time-resolved measurements more detailed information is
obtained with respect to the limiting anisotropy value. The
anisotropy decay for a dilute solution (1.1 x 1077 M) is shown
in Figure 4.

It is immediately seen that the zero-time anisotropy is much
closer to 0.4 than the steady-state value, owing to the existence
of a slow anisotropy decay time. From a direct fit to the
anisotropy curve, in the time range 1.5—12.5 ns, for which
deconvolution is unnecessary (see Appendix 2), one obtains a
zero-time anisotropy of 0.400 % 0.002 and a decay time of 120
4 6 ns. The fluorescence intensity decay has a lifetime of 3.87
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Figure 2. Anisotropy (ry) excitation spectrum (Aem = 615 nm) of
rhodamine 101 in glycerol at 1.12 x 1077 M (top) and the absorption
spectrum of rhodamine 101 in glycerol at 7.61 x 107 M (bottom).
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Figure 3. S,—S steady-state anisotropy (rs) in glycerol as a function
of rhodamine 101 (Rh101) concentration. Aexe = 575 nm, Adem = 615

nm.
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Figure 4. Experimental fluorescence anisotropy decay (black line),
fitted anisotropy decay (red line), and instrument response function (blue
line) for rhodamine 101 in glycerol (1.1 x 1077 M) at 23 °C. dexe =
575 nm, and Aemn = 615 nm.

ns (with a small amplitude risetime of 0.41 ns, owing to solvent
relaxation, as previously observed?”). Calculation of the steady-
state anisotropy from Perrin’s equation, 7 = ro/(1 + 7/0), where
6 is the anisotropy decay time, yields 0.388, in good agreement
with the observed value, 0.384 4 0.006. The concentration
dependence of the steady-state anisotropy, Figure 3, results from
the decrease with concentration of the anisotropy decay time 6
that reflects the extent of radiative energy migration.?26
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TABLE 1: Fluorescence lifetimes of Rhodamine 101 in
Acidified Ethylene Glycol at 23 °C (Aexe = 575 nm, A, = 615

nm)

concentration (mol dm™3) 7i/ns o, To/ns O oL/o 21>
1.0 x 107° 4.00 8.04 1.09 —0.43 —0.053 0.99
1.0 x 1078 4.01 6.06 091 —0.34 —0.056 0.99
1.0 x 1077 4.02 791 0.28 —0.59 —0.074 1.09
1.0 x 107 4.07 8.04 0.40 —0.70 —0.087 1.18
0.97 x 107 4.46 794 054 —0.59 —0.074 1.11
49 x 1073 498 7.77 0.75 —0.24 —0.031 1.04

Fluorescence intensity and anisotropy decays in acidified
ethylene glycol, again at 23 °C, were measured as a function
of the solute concentration. The intensity decays were fitted with
a sum of two exponentials, of which one had a negative
amplitude, Table 1.

The variation of the two decay components with concentration
is depicted in Figure 5.

The effect of radiative energy migration is clearly seen for
concentrations as low as 107 M, with the lifetime with positive
amplitude increasing significantly above 4.0 ns. The negative
component reflects both solvent relaxation and radiative energy
migration. Both the lifetime increase and the negative amplitude
component are expected on the basis of previous studies of
radiative energy migration in rhodamine 101 solutions.*?>-26

The anisotropy decay of a 1.0 x 107° M solution is shown
in Figure 6.

The anisotropy decay is well fitted by a single exponential.
The fitted anisotropy decay times and zero-time anisotropies
are plotted as a function of concentration in Figures 7 and 8,
respectively.

The anisotropy decay time values are much lower than those
observed in glycerol, as the much lower viscosity of ethylene
glycol implies a significant depolarization by rotational motion.
The low concentration value, 2.5 ns, is similar to that measured
for rhodamine 6G in the same solvent at room temperature.?$
The effect of radiative energy migration is again clearly seen
in Figure 7 for concentrations as low as 107® M. On the other
hand, the limiting anisotropy values, Figure 8, are concentration-
independent, and cluster around 0.4, with ro = 0.400 % 0.004.

As mentioned, in a previous time-resolved study conducted
in our laboratory withrhodamine 101 in an acidified ethanol—water
(85:15 v/v) mixture at room temperature,'” a limiting anisotropy
value of 0.392 &+ 0.007 was obtained. The rotational correlation
time was in this case 290 ps.

The steady-state anisotropy, as well as the fluorescence
intensity and anisotropy decays of rhodamine 101 were also
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Figure 5. Lifetimes (7, filled squares) and rise times (72, empty
squares) of rhodamine 101 (Rh 101) in acidified ethylene glycol as a
function of concentration.
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Figure 6. Experimental fluorescence anisotropy decay (black line),
fitted anisotropy decay (red line), and instrument response function (blue
line) for rhodamine 101 in ethylene glycol (1.0 x 107° M) at 23 °C.
Aexe = 575 nm, Aem = 615 nm.
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Figure 7. Anisotropy decay times of rhodamine 101 (Rh 101) in

ethylene glycol at 23 °C as a function of concentration. Aexe = 575
nm, Aem = 615 nm.
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Figure 8. Zero-time anisotropies of rhodamine 101 (Rh 101) in
ethylene glycol at 23 °C as a function of concentration. Aexe = 575
nm, Aem = 615 nm.

measured in a PMMA thin film at room temperature, Figure 9.
For better accuracy, three steady-state anisotropy excitation
spectra were measured for the S;—Sy band: between 475 and
515 nm with Ay = 585 nm, between 481 and 585 nm with Aep,
= 615 nm, and between 550 and 610 nm with ¢, = 635 nm.
The corresponding anisotropies were essentially identical, 0.394
=+ 0.005, 0.404 £ 0.004, and 0.396 £ 0.008, respectively. The
intensity decay was close to a single exponential, with a lifetime
of 3.8 ns. As can be seen in Figure 9, the anisotropy “decay” is
perfectly horizontal for several tens of nanoseconds, with a
constant value r(f) = 0.396 £ 0.014 (1.5—12.5 ns time range).
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Figure 9. Experimental fluorescence anisotropy decay (black line),
fitted anisotropy decay (red line), and instrument response function (blue
line) for rhodamine 101 in a PMMA film (2 x 107° M) at 23 °C. Acxc
= 575 nm, Aem = 615 nm.

From the described set of measurements, it is concluded that
the limiting anisotropy of rhodamine 101 is for all purposes
equal to the theoretical one-photon fundamental anisotropy value
of %/s, both in rigid and in fluid media. This fact, along with the
favorable chemical and photophysical properties of rhodamine
101, point to its use as a standard for fluorescence polarization
measurements. Indeed, only a handful of polarization standards
have been proposed,?-° and none displays the theoretical upper
limit.

Conclusions

The S;—Sp limiting anisotropy of rhodamine 101 was
determined with high accuracy. From time-resolved and steady-
state fluorescence measurements in ethanol, ethylene glycol,
glycerol, and PMMA, it is shown that the limiting anisotropy
of rhodamine 101 is for all purposes equal to the theoretical
one-photon fundamental anisotropy value of %/5, both in rigid
and in fluid media. It is therefore concluded that there are no
significant structural differences between the ground and the
emissive states of thodamine 101. Our study demonstrates the
effect of concentration and viscosity on steady-state and time-
resolved anisotropy measurements, and how these parameters
need to be controlled to obtain accurate limiting anisotropy
values. The fact that the limiting anisotropy of rhodamine 101
is %/5, along with the favorable chemical and photophysical
properties of rhodamine 101, point to its use as a standard for
fluorescence polarization measurements.

It was also shown that if the excitation pulse can be
considered a delta impulse with respect to the time scale of the
anisotropy decay (but not necessarily to the time scale of the
intensity decay), then no deconvolution procedure is needed to
fit the anisotropy decay, whose analysis becomes very simple.
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Appendix 1

When excitation of an isotropic sample is made with vertically
polarized light, and the absorption and emission transition
dipoles coincide, the fluorescence anisotropy only attains the
theoretical maximum value of %/s for directions perpendicular
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to the oscillating electric field, i.e., the horizontal directions.
For directions deviating from the horizontal by an angle ¢, the
anisotropy is given by

_ 200s2q0
3+20052¢

For a given numerical aperture, the collection lens subtends
a cone with half angle 6. Owing to refraction, and for small
angle (paraxial conditions) the half angle of the emission cone
inside the cell is 6/n, where n is the refractive index of the
sample’s medium, hence ¢ =< 6/n. The average anisotropy
corresponding to an integration over the cone’s solid angle is
approximately given by

=550
5 S\n
where 6 is expressed in radians. In this way, for 8 = 10.4°,
and using n = 1.47 (glycerol), the average anisotropy takes the
value 0.399, which is for our purposes indistinguishable from
2/5.

(Al.1)

(A1.2)

Appendix 2

For an excitation pulse of finite duration, P(t), the fluorescence
anisotropy is given by3!-32

P®(rsf)

)= —=——
POf

where r() is the anisotropy decay in response to a delta pulse,

and f(r) is the fluorescence intensity decay in response to the

same pulse, and ® stands for the convolution between two
functions,

(A2.1)

POf= [ P(u)fit—u) du (A2.2)
0

The excitation pulse is essentially zero for times larger than
a given instant # (in our case 80 ps) hence eq A2.1 becomes,
for t > 1y

S P(u) ry(t—u) fir = u) du

)=

(A2.3)

fo

J P fit—u) du
0

If both the anisotropy and the fluorescence intensity decay
exponentially,

rs(t) = ry exp(—1/0) (A2.4)
J(t) =exp(—t/t) (A2.5)
then eq A2.3 becomes
r(t) = ary(t) (A2.6)
where o is a constant,
p |1
fP(u) exp[(— + —)u du
o T 0
a= (A2.7)

"{0 P(u) exp(%) du

The anisotropy decay time 6 can thus be simply obtained
from the “raw” anisotropy for ¢ > f, using eq A2.6, rewritten
as

Prazeres et al.

In (1) = In(otry) — é

If & > 7 or if min(0,7) > 1y, then oo = 1, and ry is also
immediately obtained from r(¢) for ¢t > t; see, e.g., Figures 6
and 9, without the need to perform any of the common
deconvolution procedures.?® If none of these inequalities apply,
o can be estimated from eq A2.7 once 6 and 7 are determined,
and therefore ry can in principle be still evaluated from eq A2.8.
It is interesting to note that eq A2.6 can be written as

(A2.8)

"0 =1ty exp(— %) (> (A29)

i.e., if 7 is viewed as the time origin, then the initial anisotropy
is r(t).

The result r(f) = rs(t) (t > ty) is still valid for more complex
decays, provided rs(f) does not change significantly for a period
with duration At = 1, i.e., if the pulse can be considered a
delta impulse with respect to the time scale of the anisotropy
decay (but not necessarily to the time scale of the intensity
decay). When this is not valid, one must resort to eq A2.1. For
the extreme case of very fast anisotropy decays, this implies
performing the full convolution analysis within the excitation
pulse, as was successfully done in ref 34.
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