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Erythrosin B Phosphorescence Monitors Molecular Mobility and
Dynamic Site Heterogeneity in Amorphous Sucrose

Linda C. Pravinata, Yumin You, and Richard D. Ludescher
Department of Food Science, Rutgers, The State University of New Jersey, New Brunswick, New Jersey 08901-8520

ABSTRACT Molecular mobility modulates the chemical and physical stability of amorphous biomaterials. This study used
steady-state and time-resolved phosphorescence of erythrosin B to monitor mobility in thin films of amorphous solid sucrose as
a function of temperature. The phosphorescence intensity (lifetime), emission energy, and red-edge excitation effect were all
sensitive to localized molecular mobility on the microsecond timescale in the glass and to more global modes of mobility
activated at the glass transition. Blue shifts in the emission spectrum with time after excitation and systematic variations in the
phosphorescence lifetime with wavelength indicated that emission originates from multiple sites ranging from short lifetime
species with red-shifted emission spectrum to long lifetime species with blue-shifted emission spectrum; the activation energy
for nonradiative decay of the triplet state was considerably larger for the blue-emitting species in both the glass and the melt.
This study illustrates that phosphorescence from erythrosin B is sensitive both to local dipolar relaxations in the glass as well as
more global relaxations in the sucrose melt and provides evidence of the value of phosphorescence as a probe of dynamic site

heterogeneity as well as overall molecular mobility in amorphous biomaterials.

INTRODUCTION

The unusual physical properties of amorphous, noncrystal-
line solids modulate the functional properties of many
biological materials including pharmaceuticals (Skrabanja
et al., 1994; Towns, 1995; Craig et al., 1999, Carstensen,
2000) and dried and frozen foods (Karel and Saguy, 1991;
Slade and Levine, 1995; Roos, 1995; Fennema, 1996; Peleg,
1996) as well as the biological functions of bacterial spores,
plant seeds, and even entire organisms during anhydrobiosis
(Crowe et al., 1998; Sun et al., 1998; Leopold, 1999; Buitink
et al., 2000; Buitink and Olivier, 2004). The propensity of
sugar solutions, for example, to harden into amorphous,
glassy solids thus forms the basis for the worldwide sugar
confection industry as well as the ability of organisms to
endure severe desiccation (Crowe et al., 2002; Tunnacliffe
and Lapinski, 2003).

Amorphous solids form during physical processes such as
rapid cooling of melts or drying of solutions that frustrate
formation of a regular crystalline lattice (Zallen, 1983). The
intrinsic steric constraints that modulate crystallization of
many biomolecules also facilitate formation of amorphous
solids; proteins, for example, readily form amorphous rather
than crystalline solids, perhaps partly as a result of evolu-
tionary selection (Doye et al., 2004).

Amorphous solids are thermally plastic, being hard, rigid,
and brittle at low temperature, and soft, flexible, and pliable
at high temperature. The glass transition controls many of the
macroscopic properties and applications of the amorphous
material. It is a dynamical rather than an order-disorder
transition and reflects the onset of translational motion within
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the amorphous solid: glassy solids are rigid because the
molecules can only undergo vibrational and limited rota-
tional motions whereas rubbery solids or melts exhibit
macroscopic flow due to the onset of translational motion
above the glass transition temperature (T,) (Zallen, 1983).
Mobility within the amorphous solid is typically discussed in
terms of the mechanical or dielectric loss peaks detected as
a function of temperature or frequency in amorphous
polymers (McCrum et al., 1967). The peak at highest tem-
perature for measurements at constant frequency (or lowest
frequency for measurements at constant temperature) is
labeled a and reflects activation of those large-scale mo-
lecular motions («-relaxations) that underlie the onset of
translational motion seen at the glass transition. Transitions
within the glass at lower temperature are labeled 8 and reflect
more localized molecular motions (B-relaxations) within the
rigid molecular glass (Johari and Goldstein, 1970, 1971).
A number of techniques are available and widely used to
characterize the properties and mobility of amorphous bio-
materials including dielectric relaxation spectroscopy, dif-
ferential scanning calorimetry, NMR spectroscopy, and
dynamic mechanical thermal analysis. In an elegant series
of studies by Richert and colleagues (reviewed in Richert,
2000), phosphorescence emission spectroscopy has been
used to monitor the rate of dielectric relaxation around the
excited triplet state of luminescent probes doped within
supercooled liquids and amorphous solids. The work de-
scribed here builds upon research of this type.
Phosphorescence spectroscopy is a sensitive, site-specific
method that can be used to detect molecular mobility within
the local environment of a triplet probe. Depending upon the
specific luminescent molecule, the triplet lifetime ranges
from microseconds to seconds, thus providing a sensitive
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signal on timescales suitable for study of matrices in either
the glass or the rubber/melt state. Tryptophan phosphores-
cence, for example, has been used to study the internal mo-
bility of proteins in solution (Papp and Vanderkooi, 1989;
Schauerte et al., 1997) and in the solid state (Shah and
Ludescher, 1994) on the milliseconds to seconds timescale;
the long triplet lifetimes of this probe provide support for the
presence of rigid, glassy regions within even fully hydrated
proteins.

Erythrosin B (Ery B) (tetra-iodofluorescein) is perhaps the
most widely used phosphorescent probe of the molecular
mobility of water-soluble and membrane-bound proteins
because of its large extinction coefficient and high phos-
phorescence quantum yield in aqueous solution. In previous
studies (Shah and Ludescher, 1995; Ludescher et al., 2001),
we have shown its utility as a probe of the molecular mo-
bility of amorphous sucrose powders. We report here a more
detailed investigation of how the delayed emission from
erythrosin reports on the molecular mobility and dynamic
heterogeneity in optically clear thin films of amorphous
sucrose; these data clearly show the utility of this molecule to
provide insight into both the overall molecular mobility as
well as the variations in molecular mobility (dynamic site
heterogeneity) within amorphous solid sucrose and other bio-
materials.

MATERIALS AND METHODS
Sample preparation

Approximately 20 g of sucrose (99.5% pure; Sigma Chemical, St. Louis,
MO) were dissolved in 100 mL of deionized water containing 0.5 g of
activated charcoal to remove luminescent impurities. After stirring over-
night, the charcoal was removed by vacuum filtration using ashless filter
paper (Whatman No. 40, Whatman International, Maidstone, UK),
additional charcoal was added, and the process repeated. The purified
solution was freeze-dried and then dried thoroughly over P,Os and DrieRite
(Xenia, OH) for over one month. Freeze-dried sucrose was hydrated at a ratio
of 2 parts by weight of sucrose to 1 part of deionized water to make a final
concentration of 65-67 wt % sucrose; concentration was confirmed using
a refractometer (NSG Precision Cells, Farmingdale, NY). This sucrose
solution was filtered through a 0.2-um membrane to remove particulates.
Ery B (Sigma Chemical) was dissolved in spectrophotometric grade
dimethylformamide (DMF) (Aldrich Chemical, Milwaukee, WI) to make
a 10-mM stock solution; aliquots from this solution were added to
the concentrated sucrose to make solutions with a molar ratio of dye/
sucrose of 1:10%.

To produce glassy sucrose films containing Ery B, 15 uL of a sucrose
solution containing Ery B were spread on a quartz slide (30 X 13.5 X 0.6
mm,; custom made by NSG Precision Cells, Farmingdale, NY). Quartz slides
were washed overnight with Alconox soap to improve their surface activity
for spreading sucrose solutions, then washed with double distilled water,
acid, and finally water again. After addition of the sucrose solution, another
slide was placed on top of the solution and the slides were drawn hor-
izontally past one another to form a thin film. The solutions on the slides
were then warmed under a heat gun (Vidal Sassoon hairdryer) for 5 min to
a maximum temperature of ~88°C (measured using a thermocouple probe).
This procedure typically made dried amorphous sucrose films ~40-um
thick. The slides were stored at room temperature against P,O5 and DrieRite
for at least 3 days before any phosphorescence measurements. Attempts to
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measure the water content of the films using a gravimetric technique were
unsuccessful due to the small amount of sucrose (=5 mg) on each slide;
attempts to determine water content using thermal techniques were also
unsuccessful due to the difficulty of removing dried sucrose from the slides.
We assume that water content is at most a few percent by weight due to the
extensive equilibration time and the thinness of the film.

Luminescence measurements

Most luminescence measurements were made using a Cary eclipse
fluorescence spectrophotometer (Varian Instruments, Walnut Creek, CA).
This instrument uses a high-intensity pulsed lamp and collects intensity in
analog mode; data were not collected within the first 0.1 ms to suppress
fluorescence coincident with the lamp pulse. Delayed luminescence spectra
as a function of time after excitation were collected using a SPEX F1T11i
spectrofluorometer (Jobin Yvon, Edison, NJ) equipped with a model 1934D
pulsed lamp phosphorimeter. This instrument uses a low-power pulsed
Xenon lamp and a gated-delay amplifier to collect emission in a photon-
counting mode at defined time delay after the lamp pulse; the width of the
lamp pulse necessitated a 0.1-ms dead time for this instrument.

Before phosphorescence measurements, all samples were flushed for at
least 15 min with N, gas containing <1 ppm of residual O, to eliminate O,
that effectively quenches the triplet state. All measurements were made in
triplicate at least. Sample temperature of the cuvette holder was controlled
using either a thermoelectric heater/cooler (Varian Instruments) or a water
bath (Fischer Scientific, Pittsburgh, PA); the temperature of the sample was
measured directly using a thermocouple in the cuvette.

Delayed luminescence emission spectra were collected from 520 to
750 nm (10 nm bandwidth) using excitation of 500 nm (10 nm bandwidth)
over the temperature range from 5 to 100°C using an observation window
of 3.0 ms and an initial delay of 0.1 ms. Emission from sucrose film or su-
crose solution without probe (although low intensity) was subtracted from
each spectrum.

Measurements of the effect of excitation wavelength on the phospho-
rescence emission spectra (red-edge excitation experiments) used excitation
at 530 and 560 nm. Phosphorescence emission was collected from 640 to
740 nm using an observation window of 3.0 ms.

For lifetime measurements as a function of temperature, samples were
excited at 530 nm (20 nm bandwidth) and emission transients collected at
680 nm (20 nm bandwidth) at selected temperatures ranging from 5 to
100°C. Samples were equilibrated at each new temperature for 1 min for
each 1°C increase or decrease in temperature. Intensity decays were
collected from each sample during both heating and cooling cycles. Intensity
decays were clearly nonexponential and were analyzed using a stretched
exponential function widely used to characterize luminescence in a glass
(Richert, 2000):

1(t) = 1(0)exp[—(t/7)?] + constant, )]

where /(0) is the initial amplitude, 7 is the stretched lifetime, and B is an
exponent that varies from 0 to 1 and quantifies the nonexponential nature of
the decay; 8 provides a measure of the distribution of lifetimes required to fit
the intensity decay. The smaller the value of 3, the wider the dispersion in
lifetimes (Lindsey and Patterson, 1980). Intensity decay transients were
analyzed using a nonlinear least-squares iterative fitting procedure using the
program NFIT (Island Products, Galveston, TX); goodness of fit was
evaluated by examining R? and plots of the modified residuals (plots of the
difference between the calculated and the measured intensity divided by the
square root of the measured intensity); R? for all stretched exponential fits
ranged from 0.99 to 1.000 and, more significantly, the modified residuals
plots fluctuated randomly about zero amplitude.

Phosphorescence emission spectra measured as a function of the delay
time after excitation used an excitation wavelength of 530 nm and emission
spectra were collected from 620 to 750 nm. Each spectrum was collected
over a 0.5-ms observation window using time delays of 0.1, 0.6, 1.1, 1.6,
2.1, and 2.6 ms after the lamp flash. The center of gravity of the emission
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(veg) was calculated from the intensity spectrum (/(A), A in nanometers)
summed over the region from 643 to 750 nm using the following equation
(Lakowicz, 1999):

Ve = 10°SI(VAT' /I, 2)

where the conversion factor of 10* converts inverse nanometers to kKaysers
(10 cm™).

Measurements of the lifetime of Ery B as a function of excitation
wavelength used emission at 680 nm (20 nm bandwidth); excitation was
varied from 490 to 560 nm with 10 nm bandwidth. Measurements of lifetime
as a function of emission wavelength used excitation at 530 nm (20 nm
bandwidth); emission was varied from 640 to 720 nm with 10 nm band-
width. Samples were equilibrated for 1 min for each 1°C increase in tem-
perature before collecting phosphorescence decay transients.

The energy of the emission maximum (vp) and the full width at half
maximum of the emission bands were determined by fitting both delayed
fluorescence and phosphorescence emission to a log-normal line-shape func-
tion (Maroncelli and Fleming, 1987).

() = Leexp{—In(2)[In(1 + 2b(v — ) /A) /B]}.  (3)

In this equation /, is the maximum emission intensity, vp is the frequency
(in cmfl) of the emission maximum, A is a linewidth parameter, and b is an
asymmetry parameter (this equation reduces to a Gaussian linewidth when
b = 0). The bandwidth (full width at half maximum; I") of the emission band
is related to b and A:

I' = A{sinh(b)/b}. )

Delayed luminescence spectra collected from 520 to 750 nm were fit
using the program NFIT (Island Products) to a sum of distinct log-normal
functions (Eq. 3) for delayed fluorescence (Ipr(v)) and phosphorescence
(Ip(v)) in which all fit parameters were independent for each emission band.

Photophysical scheme

Our analysis of the delayed emission is similar to the photophysical scheme
for erythrosin outlined by Duchowicz et al. (1998); a brief outline is
provided here. After absorption, the first excited singlet state (S;) decays by
intersystem crossing to the first excited triplet state (T;). We assume that
there is no collisional quenching of the triplet state by oxygen under the
anoxic conditions of these measurements and that self-quenching due to
collisions between dye molecules (Vanderkooi et al., 1987; Duchowicz et al.,
1998) is negligible within the extremely viscous amorphous solid. The
triplet state thus decays by intersystem crossing to Sy (krso), by phos-
phorescence (kgrp), and by thermally stimulated reverse intersystem crossing
to S; (krs1). The total rate constant (kp) for deexcitation of the triplet state
is then:

kP = kRP + kTSO + kTSl~ (5)

The phosphorescence emission lifetime is given by the standard expres-
sion:

T = k;l = (kRP + krso + kTSl)il- (6)

Comparison of emission intensities for delayed fluorescence (/pg) and
phosphorescence (Ip) provides information about the rate constant for re-
verse intersystem crossing (among other parameters):

IDF/IP = ¢FkTSl/kRP7 (7)

where ¢r is the quantum yield for fluorescence. This ratio is highly tem-
perature dependent because the rate constant for reverse intersystem crossing
is characterized by an Arrhenius dependence:

kTSl(T> = k’(])‘51exp(_AETS/RT)7 (8)
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where R is the gas constant, AErg is the effective T, to S; energy gap, and
kg, is the maximum reverse intersystem crossing rate at high temperature.
The temperature dependence of the ratio of delayed fluorescence to phos-
phorescence is thus:

Ing(T) /1p(T) = (bg/ ke ) ks €xp(—AErs /RT). ©))

A plot of In(/pg/lp) versus 1/T, thus, has slope of —AErg/R.

The temperature dependence of the lifetime is due to the temperature
dependence of the nonradiative rate constants. In an amorphous solid in the
absence of oxygen, the explicit temperature dependence of k;, can be written
as:

kp(T) = kgp + krso(T) + kvsi (T), (10)

where kgp is 41 s~ ! and constant with temperature (Duchowicz et al., 1998;
Lettinga et al., 2000), k1s1(7T) has the form of Eq. 8, and krso(T) expresses
the nonradiative decay rate due to both internal (intrinsic molecular) and
external (matrix mobility) factors (Papp and Vanderkooi, 1989).

RESULTS
Delayed emission spectra

The delayed emission spectra of erythrosin B in optically
clear amorphous sucrose films at a 10~* erythrosin/sucrose
mol ratio exhibited maxima at ~555 and ~675 nm (Fig. 1).
The long wavelength emission band reflects phosphores-
cence from the triplet state whereas the short wavelength
emission band reflects delayed (E-type) fluorescence from
the singlet state that has been repopulated by reverse
intersystem crossing from the triplet state (Parker, 1968).
Delayed emission spectra collected over the temperature
range from 5 to 100°C showed the decrease in phosphores-
cence (Ip) and increase in delayed fluorescence (Ipg)
intensity at higher temperatures expected from a thermally
stimulated process (Parker, 1968). The intensity ratio when
plotted as a van’t Hoff plot of In(/pg/Ip) versus 1/T (using the
maximum emission intensity determined from fitting spectra
to a log-normal function; Eq. 3 in Materials and Methods)
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FIGURE 1 Delayed emission spectra of erythrosin B in amorphous su-

crose films as a function of temperature (excitation at 500 nm). The spectra
were collected at 5, 15, 25, 35, 45, 55, 65, 75, 85, 95, and 100°C (curves in
order from high to low intensity at 670 nm).
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was linear over the entire range of measured temperatures
with no systematic deviations (R* = 0.998 for 25 different
curves; data not shown); the slope provides an estimate of the
energy gap, AETs, between the lowest triplet (T,) and singlet
(Sy) states (Eq. 9 in Materials and Methods). The value of
31.6 = 0.4 kJ mol™' for AErg in amorphous sucrose was
significantly smaller than that measured in water (36.9 = 0.6
kJ mol™!) or 66 wt % aqueous sucrose (36.9 = 1.0 kJ
mol™ ). Further comparison with AErg for erythrosin in
ethanol (28.5 = 2.5 kJ mol~!; Duchowicz et al., 1998) and
polyvinyl alcohol (41.2 + 0.4 kJ mol'; Lettinga et al.,
2000) suggests that solvent (matrix) properties modulate the
singlet-triplet energy gap.

The delayed fluorescence exhibited none of the spectral
features characteristic of erythrosin aggregates (Pant et al.,
1971) and emission spectra collected over a range of eryth-
rosin/sucrose mol ratios from 0.5 X 10~*to 10 X 10~ were
indistinguishable from those plotted in Fig. 1 and gave
indistinguishable values for AEtg. Emission lifetimes mea-
sured as a function of temperature were also unaffected by
varying the probe/sucrose ratios. DMF, the solvent used to
prepare erythrosin stock solutions, also did not appear to
modulate the spectroscopic properties of erythrosin in amor-
phous sucrose. Sucrose solutions (66 wt %) with 10~* mol
probe ratio were prepared from erythrosin stock solutions at
10 and 100 mM in DMF; despite the resulting 10-fold dif-
ference in DMF concentration, the temperature dependence
of the emission spectra, red-edge shifts, and lifetimes were
identical within error. The spectroscopic properties of eryth-
rosin in amorphous sucrose at a mol ratio of 1074, thus,
reflected the behavior of individual probe molecules dis-
persed in the sucrose matrix and surrounded by a solvation
layer 10—11 sucrose molecules thick.

The delayed fluorescence and phosphorescence bands
shifted to longer wavelength (lower energy) at higher
temperature. The peak energy (vp) and bandwidth (I") for
both delayed fluorescence and phosphorescence emission
were determined by fitting to a log-normal function (Eq. 3).
These parameters for phosphorescence are plotted versus
temperature in Fig. 2; the peak frequency for delayed fluo-
rescence showed similar behavior whereas the bandwidth
was approximately constant over this temperature range. The
phosphorescence emission energy decreased linearly in the
glass at low temperature and the slope became more negative
above the sucrose glass transition temperature (Ty = 65°C).
The decrease in emission energy reflects an increase in the
average extent of matrix dipolar relaxation around the
excited triplet state before emission (Lakowicz, 1999;
Richert, 2000); because the triplet lifetime is also decreasing
with temperature (see below), the decrease in average
emission energy reflects an increase in the rate of dipolar
relaxation in the sucrose melt above T.

The phosphorescence bandwidth increased only gradually
with temperature in the glass and much more dramatically in
the melt above T, (Fig. 2). This large increase in
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FIGURE 2 Peak energy vp (¢, left scale) and bandwidth (full-width half
maximum) (A, right scale) for phosphorescence emission from erythrosin B
in amorphous sucrose film as a function of temperature. Delayed emission
spectra collected as a function of temperature were analyzed as described in
Materials and Methods using Eq. 3.

inhomogeneous broadening indicates that there is a corre-
sponding increase in the width of the distribution of ener-
getically distinct matrix environments in amorphous sucrose
above T,.

Red-edge excitation

The phosphorescence emission energy of erythrosin was
sensitive to the excitation wavelength in amorphous solid
sucrose. At 5°C the phosphorescence emission maximum
was 671 nm with excitation at the absorption maximum of
530 and 689 nm with excitation at the red edge of the
absorption band at 560 nm. The ability to photoselect a
subpopulation with lower emission energy by using red-edge
excitation (Galley and Purkey, 1970; Demchenko, 2002)
indicates that some erythrosin probes reside in distinct low-
energy environments in the sucrose matrix that persist for
periods significantly longer than the triplet state lifetime of
~0.5 ms due to slow matrix relaxation around the excited
triplet state.

Measurements of the red-edge effect as a function of
temperature in both amorphous sucrose films and in 66 wt%
aqueous sucrose are plotted in Fig. 3 as the energy difference
with 530 and 560 nm excitation of the center of gravity of the
emission band (Av.,). The magnitude of Aw,, (which is
a direct measure of the magnitude of the red-edge effect) for
erythrosin B in amorphous sucrose decreased at higher tem-
peratures. The slope (dAv.,/dT) was more negative at high
than at low temperatures whereas the curve exhibited a break
at ~60°C, suggesting that the rate of matrix relaxation in-
creased significantly in the sucrose melt above T,. The red-
edge effect for erythrosin B in 66 wt % aqueous sucrose was
essentially zero due to more rapid solvent relaxation within
the viscous solution.
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FIGURE 3 The red-edge effect of the phosphorescence emission of
erythrosin B plotted as a function of temperature in amorphous sucrose film
(A) and 66 wt % aqueous sucrose (@). The difference in the center of
gravity of the emission band (v.,) of the phosphorescence emission spectra
with excitation at 530 and 560 nm is plotted versus temperature.

Phosphorescence decay kinetics

Time-resolved phosphorescence intensity decays of eryth-
rosin B in amorphous sucrose films were measured over the
temperature range from 5 to 100°C during both heating and
cooling cycles. The phosphorescence intensity decays in
sucrose glass at 5 and 85°C, that is, below and above the
sucrose T,, are plotted in Fig. 4 along with fits using
a stretched exponential function (Eq. 1 in Materials and
Methods). The modified residuals for these fits, included in
Fig. 4, varied randomly about zero indicating that the
stretched exponential model provided a satisfactory de-
scription of the intensity transient over more than two
decades of decay in both the sugar glass and the melt (R
values for these curves were 0.9998 for the 5°C data and
0.9989 for the 85°C data). All intensity decays at all
temperatures were satisfactorily fit using a stretched expo-
nential decay model in which the lifetime (7) and the

1.000

0.100 +

Log(I(t)/10)
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0.00 T ety
-0.12

Modified
Residuals

Time/ms

FIGURE 4 Normalized intensity decays (/(#)/I(0)) of erythrosin B in
amorphous sucrose film at 5°C (A) and at 85°C (A). The smooth curves
through the data points are fits using a stretched exponential function with
7 =0.625 ms and B = 0.921 (5°C data) and 7 = 0.321 ms and 8 = 0.857
(85°C data). The lower figure is a plot of the modified residuals for these fits.
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stretching exponent (3) were the physically meaningful pa-
rameters. Although we reported previously that erythrosin
phosphorescence exhibits two lifetimes in a fractured su-
crose powder (Shah and Ludescher, 1995), we used a
stretched exponential decay model here for several reasons:
1), the stretched exponential model provides a statistically
reasonable fit to all measured decays; 2), it provides a simple
and tractable way of describing potentially complex decay
transients using only two adjustable parameters, 7 and 3; 3),
there are sound theoretical reasons for supposing that rate
constants for kinetic processes within an amorphous solid are
distributed in a manner appropriate for description by a
stretched exponential (Richert, 1997, 1998, 2000); and 4),
a number of empirical studies have demonstrated the ap-
plicability of the stretched exponential model for describing
luminescence decays within amorphous solids (Hofstraat
et al., 1996; Linnros et al., 1999; Jaba et al., 2000; Pophristic
et al., 2000). In this study we use such an analysis as an
effective and efficient description of the decay kinetics that
captures both the rates (7) and the heterogeneity (3) inherent
within the decay processes. For B8 < 1, the fit lifetime
approximately estimates the maximum in the corresponding
lifetime distribution (Lindsey and Patterson, 1980).

The stretched exponential lifetimes during heating are
plotted versus temperature in Fig. 5; lifetimes were identical
within error during the cooling cycle (data not shown). The
lifetimes decreased biphasically with increasing temperature,
exhibiting a gradual linear decrease at low and a more dra-
matic decrease at high temperature. The decrease in lifetime
with temperature reflects an increase in the rate of non-
radiative decay of the excited triplet state T; (Eq. 6 in
Materials and Methods) due to an increase in both the rate of
reverse intersystem crossing to S; (kts;) and the rate of
nonradiative decay to the ground state Sg (kTso)-

A plot of the rate constant for phosphorescence (kp =
1/7p), Fig. 6, was linear at low temperature and exhibited
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FIGURE 5 Temperature dependence of lifetimes (¢, left scale) and
stretching exponents 3 (A, right scale) from fits to a stretched exponential
model of the intensity decay of erythrosin B in amorphous sucrose. Data
collected during heating from low to high temperature.
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FIGURE 6 Temperature dependence of the total rate constant for non-
radiative decay of the triplet state (k = krp + krso + kts1) of erythrosin B in
amorphous sucrose over the temperature range from 5 to 100°C (¢); values
were calculated from the lifetime data in Fig. 5. An estimate of the lower
limit for the rate of nonradiative decay to Sy (k = krs) is also plotted (A );
see text for additional details.

significant upward curvature at high temperature. The con-
tribution of ktg; to the phosphorescence rate constant at each
temperature was estimated using the value of AErg de-
termined above and various values of the preexponential
constant, k7g; (Eq. 8 in Materials and Methods). Un-
fortunately, literature values of k}g, for erythrosin B vary
widely, from 0.3 X 107 s™" in ethanol and 6.5 X 10" s~ " in
water (Duchowicz et al., 1998) to 111 X 107 s~! in solid
polyvinyl alcohol (Lettinga et al., 2000), and thus provide
little guidance. Evaluation of the nonradiative decay rate krtgg
from kp using kgp = 41 s~ ' and various estimated values of
krs1(T) indicated that k3g; = ~3 X 107 s, as values greater
than this generated a nonphysical decrease in krgo with
increasing temperature from O to ~50°C. An estimate of the
lower limit of krgg, based on the maximum physically rea-
sonable value of krs1, is also plotted in Fig. 6.

This analysis indicates that ktgo, the nonradiative quench-
ing rate, was approximately constant at ~1600 s~ ' in glassy
sucrose, although any slight increase with temperature would
be obscured by our analysis of the contribution of krg(7).
This value is larger than that in ethanol (1000 sh,
significantly smaller than that in water (3200 s~ ) (Ducho-
wicz et al., 1998), and essentially the same as that in solid
polyvinyl alcohol (1460 s~') (Lettinga et al., 2000). At
temperatures near the sucrose T,, however, krgo increased
dramatically, rising to ~3500 s~' in the sucrose melt at
100°C. The nonradiative quenching rate of the erythrosin
triplet state, thus, effectively sensed the large-scale molec-
ular mobility activated at the glass transition.

A plot of the stretching exponent, 3, for these lifetime fits
also exhibited systematic variations with temperature (Fig.
5), remaining constant at ~0.92 up to ~50°C and decreasing
at higher temperatures to 0.80 at 100°C; values were essen-
tially identical during the cooling cycle (data not shown).
Even a small decrease in 3 reflects a large increase in the
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width of the distribution of phosphorescence decay times
(Lindsey and Patterson, 1980). Because the distribution of
decay times reflects a corresponding distribution of dynam-
ically distinct probe environments with different values of
krtso, the decrease in B indicated that the range of dy-
namically distinct probe environments increased above the
glass transition. The range of dynamically distinct environ-
ments thus appeared to increase upon activation of the
a-relaxations in the sucrose melt.

Spectral heterogeneity

The phosphorescence emission of erythrosin in amorphous
sucrose exhibited a blue shift to higher energy as a function
of time after excitation in both the glass and the melt (Fig. 7).
Such a shift to higher emission energy with time after ex-
citation was unexpected and cannot, for example, be
explained in terms of a homogeneous relaxation model for
spectral shifts (Lakowicz, 1999; Richert, 2000; Demchenko,
2002). We are aware of only one other report of a time-
dependent blue shift in emission spectra, that of benzo[a]-
pyrene adducts of adenine in cryogenic glass (Lin et al.,
1999). Such behavior is consistent with erythrosin probes
residing in spectrally distinct sites within the sucrose matrix.

Phosphorescence intensity decays were measured as a
function of both excitation and emission wavelength at
temperatures from 5 to 85°C to test this hypothesis. Life-
times (from analysis using a stretched exponential model)
are plotted versus excitation and emission wavelength in
Fig. 8 a. At 5, 25, 45, and 55°C, the lifetimes decreased sys-
tematically with increasing wavelength across the emission
band. Near the sucrose T,, however, another trend became
apparent as the lifetimes began to increase at intermediate
wavelengths (near 660 nm). This secondary trend was more
pronounced at higher temperature; by 85°C the lifetimes at
640 and 720 nm emission were identical within error
whereas the lifetime at 660 nm was significantly higher.
Lifetimes also varied across the excitation band, being higher
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FIGURE 7 Blue shift of the phosphorescence emission spectrum of
erythrosin B as a function of time after excitation in amorphous sucrose films
at five temperatures below and above T,. The center of gravity of the
phosphorescence emission band collected over a 0.5-ms window is plotted
versus the time delay in films at 5°C (), 25°C (A ), 46°C (X), 60°C (@),
and 76°C (+).
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FIGURE 8 Lifetimes (@) and stretching exponents 3 (b) from fits to the
stretched exponential model of intensity decays of erythrosin B in amor-
phous sucrose film collected as a function of excitation wavelength (with
680 nm emission) or emission wavelength (with 530 nm excitation). Data
collected at 5°C (W), 25°C (#), 45°C (A), 55°C (@), 65°C (O), 75°C (O),
and 85°C (A).

near the absorption maximum of 530 nm at all temperatures.
Higher lifetimes were seen at the red edge of the absorption
band at 560 nm only at low temperatures (5 and 25°C).

The variation in erythrosin lifetime with emission wave-
length clearly indicates that molecules with blue-shifted
emission spectra have longer lifetimes and molecules with
red-shifted emission spectra have shorter lifetimes. A model
involving ground state heterogeneity of the chromophore in
which emission spectra are associated with lifetimes readily
explains the blue shift seen in the emission with time (Fig. 7).
At short times after excitation, the emission occurred from all
species (weighted by their quantum yield and absorbance); at
longer times, however, the spectra predominately reflected
emission from the longer lifetime species; because the long
lifetime species had a blue-shifted emission, the emission
band shifted to the blue (to higher energy) as a function of
time after excitation. This effect appears to obscure any
red shift due to matrix relaxation around the excited triplet
state.

The stretching exponent 3 also varied as a function of both
excitation and emission wavelength (Fig. 8 b), being slightly
smaller at the blue and red edges of both the excitation and
emission bands. This trend increased at higher temperatures;
at 5°C, B varied from 0.910 at 490 nm to 0.932 at 530 nm
whereas at 85°C, B8 varied from 0.811 at 560 nm to 0.908 at
540 nm.
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DISCUSSION

These spectroscopic data indicate that erythrosin phospho-
rescence is sensitive to thermally induced changes in the
physical properties of the amorphous sucrose solid. We pro-
pose that the triplet state photophysics of erythrosin are
modulated primarily by two dynamic properties of the ma-
trix: dipolar relaxations that lower the energy of the excited
triplet state and molecular motions that quench the excited
triplet state. Variations in the rates of molecular mobility
throughout the matrix, either through space at any given
time or through time at any given site, generate site het-
erogeneities that further complicate the probe’s spectro-
scopic response. Such a proposal generates, we believe,
a consistent model for the triplet state photophysics of eryth-
rosin in amorphous sucrose while providing insight into the
solid-state biophysics of amorphous sugars.

Dipolar relaxation

The phosphorescence emission energy, monitored here
either as maximum emission frequency or center of gravity
of the emission band, reports the average Sy-T, energy gap;
within the polar sucrose matrix, this gap is primarily
modulated by the T; energy and thus by the relaxation
of dipolar hydroxyl groups around T; (Richert, 2000). Tem-
perature had a small effect on the emission energy within
the sucrose glass and a much larger effect in the melt
above T,; the relaxation rate thus increased significantly
in the sucrose melt, presumably due to activation of trans-
lational motions at T,, a-relaxations, that facilitate dipolar
relaxation mechanisms (involving motions ranging from
local rotation of —OH groups to the rotation of entire mole-
cules).

Temperature had a similar influence on the magnitude of
the red-edge effect. The emission energy difference with
excitation at the peak and at the red edge decreased gradually
in the glass below T, and more steeply in the melt above
T,. Because this energy difference reflects the persistence
of low-energy sites photoselected by low-energy excitation
(Demchenko, 2002), the decay of the energy difference
above T, reflects an increase in the rate of matrix relaxa-
tion that equilibrates the energy of all sites on the lifetime of
the triplet state.

The proposal that dipolar relaxation within the sucrose
matrix modulates the phosphorescence emission energy of
erythrosin is hardly controversial for either phosphorescence
(Richert, 2000) or fluorescence (Ware et al., 1971; Stratt and
Maroncelli, 1996). For erythrosin in sucrose, however,
emission spectra did not relax to lower energy as a function
of time after excitation but rather blue-shifted to higher
energy. Such anomalous behavior requires a more compli-
cated photophysical model that correlates emission spectra
with triplet state lifetime.
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Collisional quenching

Our analysis of the effect of temperature on lifetime indi-
cates that the nonradiative quenching rate increased
dramatically in the melt above T,. The exact mechanism
of this additional quenching is obscure—in large part
because quenching mechanisms for the triplet state of
erythrosin and other probes are poorly understood—but
reflects either the increase of an existing quenching pathway
or the activation of a novel quenching pathway. Either
mechanism involves an increase in the ability of the excited
erythrosin to dissipate vibrational energy into the matrix. It
is clear from the decrease of the lifetime with temperature
that such dissipation is facilitated by the a-relaxations acti-
vated at T; in other words, that there is effective coupling
between matrix a-relaxations and vibrational motions of the
probe.

The variation of lifetime with emission wavelength
reflects variation in one or more of the rate constants for
deexcitation of the triplet state. We can evaluate the possible
contributions of these rate constants using qualitative argu-
ments. The intrinsic emission rate, kgrp, wWhich varies with the
third power of the emission energy (kgp ) (Cantor and
Schimmel, 1980), is expected to decrease with decreasing
emission energy; this would cause an increase in the lifetime
with increasing wavelength rather than the decrease ob-
served. The reverse intersystem crossing rate is sensitive to
the S;-T, energy gap (AErs), ks * exp(—AErs/RT); an
increase in AErg would thus decrease this rate constant.
Probes emitting at longer wavelength would be expected to
have larger S;-T; energy gaps (due to lower T; energy) and
thus lower values of krg;; this would cause an increase in
lifetime with increasing wavelength rather than the decrease
seen. The decrease in lifetime with emission wavelength
must thus reflect a variation in the nonradiative quenching
rate, ktsg, with wavelength. There is, thus, a correlation
between emission energy and matrix quenching rate among
probes within the amorphous solid: probes with higher
emission energy have lower matrix quenching rate and
probes with lower emission energy have higher matrix
quenching rate. Variations in lifetime with excitation wave-
length provide evidence that these probes also have distinct
absorption bands.

This analysis indicates that it is appropriate to calculate the
wavelength dependence of the apparent activation energies
(E ) for matrix (nonradiative) quenching in the glass below
and the melt above T,. Activation energies, calculated from
Arrhenius plots at temperatures below and above T, are
plotted in Fig. 9. In both the glass and in the melt, the values
of E, were higher for probes with blue-shifted emission and
red-shifted absorption. The activation energy, thus, also exhi-
bited spectral heterogeneity in amorphous sucrose; probes in
higher energy sites with lower matrix quenching rates also
had higher activation energies for the motions that quench
the triplet state.
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FIGURE 9 Apparent activation energy (E ) for nonradiative decay rate of
erythrosin B in the sucrose glass (#) below and melt (W) above T, as
a function of excitation and emission wavelength (calculated from an
Arrhenius analysis of the data in Fig. 8 a using the three lowest and highest
temperatures, respectively).

Dynamic site heterogeneity

The observed correlation of emission energy with matrix
quenching rate cannot reflect the behavior of a homogeneous
population of probes simultaneously undergoing emission
and relaxation to lower energy. Rather, it appears to reflect
the behavior of a heterogeneous population of probes
distributed among dynamically distinct sites within the
sucrose matrix that vary in both emission energy and matrix
quenching rate. The success of a stretched exponential
function with 8 =~ 0.8-0.9 to describe the phosphorescence
decay suggests that a continuum of sites, rather than a limited
set of distinct sites, gives rise to the heterogeneity. A
reasonable physical model for the origin of this site
heterogeneity invokes local differences in packing inter-
actions among molecules within the amorphous sucrose.
Local environments with more constrained/tighter packing
(due perhaps to more extensive hydrogen bonding) would
have lower overall molecular mobility; probes in such lower
mobility environments would have longer lifetimes due to
slower/fewer molecular collisions that quench the triplet
state, higher emission energy due to slower/less extensive
dipolar relaxation around the excited triplet state, and higher
activation energies for nonradiative decay due to more
constraints on motion(s) within the sucrose matrix. Local
environments with less constrained/looser packing (due
perhaps to less extensive hydrogen bonding) would have
higher overall molecular mobility; probes in such higher
mobility environments would have shorter lifetimes due to
faster/more molecular collisions that quench the triplet state,
lower emission energy due to faster/more extensive dipolar
relaxation around the excited triplet state, and lower
activation energies for nonradiative decay due to fewer
constraints on motion(s) within the sucrose matrix. These
dynamically distinct sites persist for times significantly
longer than 0.5 ms, the excited state lifetime of erythrosin.
Our data do not allow us to calculate a persistence time for
these sites.
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The magnitude of the variation in lifetime with wave-
length decreased at higher temperature, but the emission blue
shift with time persisted even at 76°C (Fig. 8 a), suggesting
that spectral heterogeneity may have decreased but did not
disappear altogether in the melt. In addition, above T, the
emission bandwidth increased (Fig. 2), indicating that the
distribution of site energies broadened, and the stretching
exponent 3 decreased (Fig. 5), indicating that the distribution
of matrix quenching rates broadened; there was thus
a significant broadening in the distribution of dynamic en-
vironments in the sugar melt. The decrease in the spectral
heterogeneity above T, may reflect an actual decrease in site
heterogeneity (increase in site homogeneity) within the
amorphous sucrose or it may merely reflect the loss of the
probe’s ability to report site heterogeneity; if so, the loss of
the ability to report site heterogeneity may be the result of
broadening in the distribution of site energies and quenching
rates.

Dynamic heterogeneity in supercooled liquids

Recent research indicates that supercooled liquids are
dynamically heterogeneous both spatially and temporally
(see, for example, detailed reviews by Sillescu, 1999; Ediger,
2000; Richert, 2002). Multidimensional NMR (Schmidt-
Rohr and Spiess, 1991) and extensive photobleaching of
optical probes (Cicerone and Ediger, 1993) have been used
to directly monitor slower relaxation rates of spectrally
selected dynamic subensembles within the supercooled
liquid or amorphous solid; both techniques are also able to
determine the timescale (referred to as the rate memory or
rate exchange) required for the relaxation times of the
subensemble to redistribute to those of the full ensemble
(Heuer et al., 1995; Wang and Ediger, 1999). Dielectric hole
burning, which detects dynamic heterogeneity by altering the
polarization response of dynamic subensembles in a spec-
trally selective manner (Schiener et al., 1996), has been used
to detect heterogeneity within the a-relaxation in super-
cooled molecular liquids (Schiener et al., 1997) and within
the Johari-Goldstein -relaxation in the glassy sugar alcohol
sorbitol (Richert, 2001a), among other systems. The per-
sistence time of spectral holes also provides information
about rate exchange.

Solvation dynamics around the excited state of triplet
chromophores has been used by Richert and colleagues to
measure both the rate and heterogeneity of matrix relaxation
in supercooled liquids; heterogeneity is detected through
time dependent measurements of the spectral linewidth
during solvation (Richert, 1997; Richert and Richert, 1998).
A quantitative theory indicates that heterogeneity reveals
itself as a maximum in the time-dependent linewidth
(Richert, 2001b); analysis of linewidth can also provide in-
formation about rate exchange (Richert, 2001c). Studies of
triplet state solvation dynamics in a variety of supercooled
and glassy systems (Richert, 2000) indicate that dynamic
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heterogeneity among sites with exponential solvation be-
havior gives rise to the stretched exponential (8 < 1) solva-
tion dynamics observed in these systems.

The results described here indicate that the emission (and
perhaps excitation) dependence of the intensity decay from
erythrosin, and other triplet probes, also provides informa-
tion about the dynamic heterogeneity within supercooled
liquids and amorphous solids. We have seen similar coupling
of lifetimes with emission energy in the phosphorescence
spectra of erythrosin in other sugars (Shirke, 2005) and in
amorphous gelatin (Lukasik, 2004), eosin in amorphous
sucrose (Pravinata, 2003) and amorphous gelatin (Lukasik,
2004), and of tryptophan amino acid in amorphous sugars
(Zuni¢, 2004), suggesting that the phenomenon may be
commonplace in amorphous biomaterials. The ability to
independently monitor sites of different mobility within
amorphous solids using yet another spectroscopic technique
allows for a far more detailed dissection of the complex
dynamic properties of amorphous biomaterials.
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