
23 (2006) 122–133
http://www.elsevier.com/locate/biophyschem
Biophysical Chemistry 1
Molecular mobility and dynamic site heterogeneity in amorphous lactose
and lactitol from erythrosin B phosphorescence
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Abstract

We have used phosphorescence from erythrosin B to characterize the molecular mobility and dynamic heterogeneity in dry films of
amorphous lactose and lactitol from −25 to 120 °C. The phosphorescence emission spectra red-shifted and broadened with temperature in both
sugars, indicating that both the rate of dipolar relaxation and the extent of inhomogeneous broadening increased dramatically at higher
temperature. Phosphorescence intensity decays were well fit using a stretched exponential decay model; the rate constant for non-radiative
quenching due to collisions with the matrix was calculated from the lifetimes. Arrhenius plots of this rate were non-linear, increasing very
gradually at low and dramatically at high temperatures in both sugars. The rate of quenching was significantly lower in a 1:1 (wt/wt) mixture
of lactose/lactitol in both the glass and the melt, providing strong evidence that specific interactions within the mixture lowered the matrix
mobility. The lifetimes varied systematically with emission wavelength in both matrixes; analysis of the temperature dependence indicated that
the activation energy for non-radiative quenching of the triplet state varied somewhat with emission wavelength. Time-resolved emission
spectra collected as a function of delay time following pulsed excitation exhibited significant shifts to higher energy as a function of time.
These data support a photophysical model in which erythrosin B molecules are distributed among matrix sites that vary such that blue-emitting
sites with slower rates of matrix dipolar relaxation also have slower rates of molecular collisions. The amorphous matrixes of lactose and
lactitol in both the glass and the melt state are thus characterized by dynamic site heterogeneity in which different sites vary in terms of their
overall molecular mobility.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Molecular mobility is generally thought to play an
important, even crucial, role in modulating the stability and
shelf-life of pharmaceuticals and solid foods and the viability of
seeds and bacterial spores through its influence on the rate of
molecular diffusion in amorphous solids; diffusion rates in turn
modulate the rates of chemical reactions and physical processes
[1–3]. The role of mobility in modulating the stability of
biomaterials is usually addressed in terms of the glass transition
temperature (Tg): foods are considered stable in the glass below
Tg due to an absence of large-scale molecular motions that
underlie flow and unstable in the melt or rubber above Tg due to
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the activation of such molecular motions. Although the Tg is a
useful index temperature for stability in amorphous foods [1,4]
and in seeds and grains [5,6], it is clear that the rates of
chemical reaction and physical change are not solely controlled
by Tg [7,8].

Molecular mobility within amorphous solids is usually
discussed in terms of the relaxation modes originally identified
in dielectric relaxation studies of synthetic polymers [9]. The
relaxation activated at Tg, designated α and reflecting large-
scale motions that underlie macroscopic flow, corresponds to
whole molecule translational motions for small molecules and
large-scale segmental motions for polymers. Relaxations
activated at lower temperatures, designated β, γ, etc. from
high to low temperature and activated at corresponding
transition temperatures of Tβ, Tγ, etc., correspond to more
localized motions within the small molecule or progressively
smaller segmental motions within the polymer. The literature
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characterizing the glass transition and its corresponding α
relaxation, as well as β and other localized relaxations, in
amorphous carbohydrates is extensive [4,10–18].

Amorphous solids, albeit non-crystalline and thus devoid of
long-range molecular order, exhibit a range of structural
features due to local differences in packing density or variations
in the degree and strength of non-covalent interactions. Several,
primarily spectroscopic, techniques [19–22] indicate that pure
supercooled liquids and solids composed of either small
molecules or polymers exhibit dynamic heterogeneity both
through space and through time: the molecular dynamics
throughout the matrix can differ significantly at any given time,
while the molecular dynamics can fluctuate significantly
through time at any given site. Data characterizing this spatial
and temporal heterogeneity have included measurements of
variations in the rates of mobility within the matrix or
measurements of the size or fluctuation times characteristic of
dynamically distinct sites [23–25]. The implications of this
spatial and temporal heterogeneity for the macroscopic behavior
of polymers or biomaterials have only been discussed recently
[26–28].

Amorphous sugars and polyols also appear to exhibit
dynamic heterogeneity. Slower than average β relaxation
rates have been detected within a sub-ensemble of molecules
selected by means of a spectroscopic filter in dielectric hole-
burning experiments on amorphous D-sorbitol [29]. Diffusion
measurements in highly viscous aqueous solution indicate
that the translational self-diffusion coefficient follows a
weaker than expected temperature dependence at tempera-
tures near and above Tg in both sucrose [30] and maltose
[31]; this behavior has recently been interpreted in terms of a
physical picture of heterogeneous dynamics [20,22]. The size
of the distinct dynamic regions in sorbitol have been
estimated at 2.5 nm using NMR [32] and 3.6 nm using
DSC [24].

We have recently demonstrated that phosphorescence from
the dispersed probe erythrosin B (Ery B) provides a sensitive
indicator of molecular mobility in amorphous sucrose [33],
maltose and maltitol [34], and gelatin [35–37]. We have also
shown that systematic variations in the phosphorescence
lifetime across the emission band as well as blue shifts in the
emission spectra with time following excitation provide a
novel method of monitoring dynamic site heterogeneities in
amorphous sucrose [33] and gelatin [36]. We report here a
comparable phosphorescence study of molecular mobility and
dynamic site heterogeneity in amorphous thin films of lactose
and lactitol using steady-state emission and time-resolved
intensity from dispersed Ery B. The data provide information
on the rate of dipolar relaxation and collisional quenching
within both the glass and the melt in these sugars.
Surprisingly, we find that the molecular mobility of a 1:1
(wt/wt) mixture of lactose and lactitol had lower collisional
quenching rates in both the glass and the melt than in either
of its pure components, indicating that specific interactions
among these similar molecules result in dynamic synergies
that lower the molecular mobility of the components in the
mixture. We also find that Ery B displayed spectral
heterogeneity in thin films of amorphous lactose and lactitol,
suggesting that dynamic site heterogeneities may be a general
property of amorphous sugars.

2. Materials and methods

2.1. Sample preparation

Lactose and lactitol were purchased from Sigma-Aldrich (St.
Louis, MO) with minimum purity of 98%. The free acid of
erythrosin B (Ery B, tetra-iodo fluorescein) was dissolved in
spectrophotometer grade dimethylformamide (DMF) to make a
10 mM solution; an aliquot from this solution was added to
saturated aqueous sugar or sugar alcohol solutions to obtain
dye/sugar molar ratios of 0.8:104. A 1:1 mixture of lactose/
lactitol was prepared from samples of lactose and lactitol
containing dye.

To get glassy sugar films containing Ery B, 15 μl of dye–
sugar solution were spread on a clean quartz slide
3 cm×1.35 cm (NSG Precision Cells, Hicksville, NY), which
was then dried for 5 min under a 1600 W hairdryer (Vidal
Sassoon, NY). This method dried the films quickly without
crystallization with a flow of ∼90 °C air and heated the slide to
a maximum temperature of ∼88 °C (as measured by
thermocouple probe). The thickness of the films was in the
range of 10–40 μm as measured by micrometer (Mitutoyo
Corp., Japan). The slides were stored in a desiccator containing
P2O5 and DrieRite for at least 4 days prior to any luminescence
measurements. All slides were checked for crystallization under
crossed polarizers using a Nikon Type 102 dissecting
microscope (Nikon, Inc., Japan). Since lactose readily crystal-
lizes, wide-angle X-ray scattering patterns of lactose samples
were obtained using a Bruker HiStar area detector and a
rotating-anode X-ray generator equipped with a 0.5 mm
collimator and a graphite monochromator (Cu Kα;
λ=1.5418 Å) operating at 40 kV and 75 mA. Multiple scans
from amorphous lactose samples gave no indication of any
crystalline material. Water content in films was determined by
weighing samples before and after drying for 24 h at 70 °C in an
Ephortee (Haake Buchler, Inc.) vacuum oven at 1000 mbar;
lactose samples contained 1.48±0.33 wt.% water, while lactitol
samples contained 3.76±0.4 wt.% water.

The glass transition temperature (Tg) of lactose is 104 °C
[38–43] and of lactitol is 62 °C [44,45], based on averages of
reported values. The glass transition temperature of a blend of
lactose and lactitol can be estimated using the expression of
Couchman and Karasz [46].

Tg ¼ ðx1Tg1 þ jx2Tg2Þ=ðx1 þ jx2Þ ð1Þ
where x1 and x2 are the weight fraction of the components, κ is
the ratio of heat capacity changes (ΔCp1/ΔCp2) at the glass
transition, and Tg1 and Tg2 are the Tg's of the individual
components. The ΔCp value of lactose is 0.49 J K−1 g−1 [42],
but there is no published value for lactitol; aΔCp1/ΔCp2 ratio of
1.09, equal to that for maltose and maltitol [34], was thus used
to estimate the Tg for a 1:1 mixture; the value, 82 °C, was
relatively insensitive to this ratio.
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2.2. Luminescence measurements and data analysis

All luminescence measurements were made using a Cary
Eclipse Fluorescence Spectrophotometer (Varian Instruments,
Walnut Creek, CA). A slide was fitted diagonally in a standard
fluorescence cuvette, which was flushed with oxygen-free N2

gas for at least 15 min prior to making measurements (O2 will
quench the triplet state). The temperature was controlled using a
TLC 50 thermoelectric heating/cooling system (Quantum
Northwest, Spokane, WA). For measurements below room
temperature, a chamber surrounding the cuvette holder was
flushed with dry air to eliminate moisture condensation.

Delayed fluorescence and phosphorescence emission spectra
used excitation at 500 nm (bandwidth 20 nm) and emission was
collected from 520 nm to 750 nm (bandwidth 10 nm). The
emission intensity was collected from a single lamp flash over a
3 ms gate following a delay time of 0.1 ms. Delayed
fluorescence and phosphorescence spectra were analyzed to
obtain the peak frequency (νm) and the spectral bandwidth Γ
(full width at half maximum) using a log-normal bandwidth
function (I(ν)) [47].

IðmÞ ¼ Ioexpf−lnð2Þ½lnð1þ 2bðm−mmÞ=DÞ=b�2g ð2Þ
where Io, νm, b and Δ are the peak intensity, peak frequency,
asymmetry parameter and width parameter, respectively, for the
emission band, and Γ was related to the width and asymmetry
parameters as follows:

C ¼ DsinhðbÞ=b ð3Þ
Luminescence spectra composed of both delayed fluorescence
and phosphorescence bands were fit using a sum of two log-
normal functions with independent fitting parameters.

The dipolar relaxation time (φ) was calculated from the
temperature dependence of the phosphorescence emission peak
νP(T) by analyzing the relaxation function

Dm
Dmr

¼ mðTÞ−mmax

mmin−mmax
ð4Þ

where ν(T) is the emission peak energy at temperature T, νmin is
the peak energy at the lowest measured temperature and νmax is
the peak energy at the highest measured temperature. In a
steady-state emission experiment, this relaxation function is the
time average over the time-dependent relaxation of the matrix
around the excited state, weighted by the phosphorescence
intensity decay. Work by Richert [48] has indicated that the
matrix dipolar relaxation around the triplet state is described by
a stretched exponential function with time constant φ and
stretching factor βe; our results indicate that the intensity decay
also follows a stretched exponential with time constant τ and
stretching factor βl (see below). The time average is thus given
by the following integral:
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whose solution for arbitrary βe, βl, α and φ is [34]:
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Eq. (6) was solved forφ(T) using measured values of τ(T) and βl
(T) for Ery B (Fig. 6) and assuming that βe=0.5 based on work
of Richert [48]; the relaxation rate plotted in Fig. 3 is the inverse
of φ.

Phosphorescence emission spectra as a function of delay
time following excitation at 500 nm (bandwidth 20 nm) were
collected from 620 to 750 nm (bandwidth 10 nm). The emission
intensity was collected from a single lamp flash over a 0.5 ms
gate window following a delay time that varied from 0.1 ms to
2.5 ms; 10 cycles of excitation were averaged. Phosphorescence
spectra were converted to intensity versus frequency (cm− 1)
and analyzed to obtain the peak frequency (νm) and spectral
bandwidth (Γ) using Eqs. (2) and (3).

To obtain intensity decays of Ery B in lactose and lactitol, the
samples were excited at 530 nm (bandwidth 20 nm) and
emission collected at 680 nm (bandwidth 20 nm) over the
temperature range from −25 °C to 120 °C. Samples were
equilibrated for 5 min at each temperature before collecting
data. The intensity was collected as a function of time following
the lamp flash over a window of 4 ms following a delay time of
0.1 ms and using a gate time of 0.02 ms; 10 cycles were
summed to generate each decay transient. The intensity
transients were analyzed using a stretch-exponential decay
function:

IðtÞ ¼ Ið0Þexp½−ðt=sÞb� þ constant ð7Þ
where I(0) is the initial intensity at time zero, t is the
Kohlrausch–Williams–Watts lifetime [49] and β is the stretch-
ing exponent [50]. A detailed discussion of the appropriateness
of this decay model is presented elsewhere [33]. Data analysis
used the program NFIT (Island Products, Galveston, TX),
which uses a non-linear least squares algorithm that varies the
adjustable parameters to minimize χ2. All fits gave R2 values
in the range of 0.99 to 1.0 and modified residuals ((data-fit)/
data1/2) plots that varied randomly about zero.

To obtain intensity decays of Ery B in lactose and lactitol as a
function of emission wavelength, the samples were excited at
530 nm (bandwidth 20 nm) and emission collected as a function
of emission wavelength from 640 to 720 nm (bandwidth
20 nm). The intensity was collected as a function of time
following the lamp flash over a total window of 4 ms following
a delay time of 0.1 ms and using a gate time of 0.02 ms; 10
cycles were summed to get a single decay. The intensity
transients (I(t)) were analyzed using the stretch-exponential
decay function (Eq. (7)).

2.3. Photophysical analysis

Our analysis of the photophysics of Ery B follows that of
Duchowicz et al. [51], using slightly different nomenclature.
The measured emission rate for phosphorescence (kP=1/τ) is



Fig. 1. Delayed emission spectra of Ery B dispersed in amorphous lactose (a) and
lactitol (b). Spectra collected from 0 °C to 120 °C by 10 °C increments in lactose
(high to low intensity at 680 nm) and from −5 °C to 15 °C and from 20 °C to
80 °C by 10 °C increments in lactitol (high to low intensity at 680 nm).
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the sum of all possible de-excitation rates for the triplet state
T1:

kP ¼ kRP þ kTS0 þ kTS1 ð8Þ
where kRP is the rate of emission to the ground state S0, kTS0
is the rate of intersystem crossing to S0 (rate of non-radiative
quenching due to collisions with the matrix) and kTS1 is the
rate of reverse intersystem crossing to the excited singlet S1.
(Oxygen quenching is assumed negligible due to the
elimination of oxygen.)

The rate of radiative emission (kRP) is 41 s− 1 and constant
[51,52]. The rate of reverse intersystem crossing to S1(kTS1) is a
thermally activated process:

kTS1 ¼ koTS1expð−DETS=RTÞ ð9Þ
where kTS1

o is the maximum rate of intersystem crossing from
T1 to S1 at high temperature, ΔETS is the energy gap between
S1 and T1, R=8.314 J K−1 mol−1 , and T is the temperature in
Kelvin. The magnitude of ΔETS was calculated from the
slope of a Van't Hoff plot of the natural logarithm of the ratio
of intensity of delayed fluorescence (IDF) to phosphorescence
(IP) (d[ln(IDF/IP)]/d(1/T)=−ΔETS/R where IDF and IP are the
intensity values determined from analysis of the emission
band using Eq. (2)). The value of kTS1

o =6.5×107 s−1 for Ery
B in aqueous solution [51]; however, this value has been
found to be too large for Ery B in amorphous sucrose and
other sugars [33]. We estimated that kTS1

o =3.0×107 s−1 for
Ery B in lactose and 6.5×107 s−1 in lactitol; these values
essentially provide an upper estimate of the magnitude of kTS1
(T) and thus a lower limit on the calculated value of kTS0.

The measured phosphorescence intensity (IP) is proportional
to the product of the quantum yield for formation of the triplet
state (QT) and the probability of emission from the triplet state
(qP). Assuming that QT is constant (in absence of oxygen):

IP~qP ¼ kRP=ðkRP þ kTS1 þ kTS0Þ ð10Þ
and

1=IP~ðkRP þ kTS1 þ kTS0Þ=kRP ð11Þ
Since kRP is constant, this expression indicates that the decrease
in intensity with temperature reflects an increase in the sum
kTS1+kTS0; extensive curvature in a plot of ln(1/IP) versus 1/T
must, however, reflect a change in kTS0 since kTS1 follows
Arrhenius behavior (Eq. (9)).

In analysis of the emission lifetimes as a function of emission
wavelength, the magnitude of kTS1 made a minor contribution
(≤∼15%) to the overall magnitude of kP; Arrhenius analysis of
kP(T) thus provided a reasonable estimate of the activation
energy for collisional quenching (kTS0).

3. Results

Previous spectroscopic studies have demonstrated that Ery B
is dispersed throughout the sugar matrix and does not aggregate
at the concentrations used in this study [33,53]. At a dye/sugar
mole ratio of ∼0.8:104, each probe is on average surrounded by
a matrix shell ∼10–11 sugar molecules thick. We are thus
confident that the Ery B probe reports on the physical state of
the unperturbed sugar matrix.

3.1. Phosphorescence emission

The delayed emission spectra from Ery B in amorphous
lactose and lactitol (Fig. 1) include a phosphorescence band at
long wavelengths (corresponding to the S0←T1 transition) and
a thermally activated delayed fluorescence band at short
wavelengths (corresponding to the S0←S1←T1 transition).
The ratio of delayed fluorescence to phosphorescence intensity
increases systematically with temperature; a Van't Hoff analysis
of the ratio of intensities was linear over the entire temperature
range (with R2 >0.995 for all curves) and gave triplet–singlet
activation energies (ΔETS) of 34.1±0.3 kJ mol− 1 for lactose
and 34.0±0.3 kJ mol− 1 for lactitol. These energy gaps differ
significantly from those seen for Ery B in amorphous sucrose
(31.6±0.4 kJ mol− 1) [33] and maltose (32.7±1.1 kJ mol− 1)
[34], in 66 wt.% aqueous sucrose (36.9±1.0 kJ mol− 1) [54], in
ethanol (28.5±2.5 kJ mol− 1) [51], and in amorphous polyvinyl
alcohol (41.2±0.4 kJ mol− 1) [52], but not in amorphous
maltitol (34.2±0.9 kJ mol− 1) [34], suggesting that solvent
(matrix) properties modulate the singlet–triplet energy gap.

The phosphorescence emission peak νP and bandwidth ΓP,
determined from analysis of the emission spectra using a log-
normal function, varied systematically with temperature in both



Fig. 3. Arrhenius plot of the effect of temperature on the rate of dipolar
relaxation around the excited triplet state of erythrosin B in lactose (■) and
lactitol (□). Relaxation rates calculated from analysis of the data in Fig. 2a as
described in Materials and methods (Eq. (6)).
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lactose and lactitol (Fig. 2). The Ery B emission energy was
constant at low temperature in lactose, decreased gradually and
linearly with temperature beginning at about 40 °C, and
appeared to level off at ∼90 °C (unfortunately, the signal
intensity was too low to provide an estimate of the emission
peak energy at higher temperatures). The thermal behavior in
lactitol was different from that in lactose; the emission energy
was significantly higher (∼200 cm− 1) in the glass at low
temperature, the energy decreased gradually at low temperature,
and then more steeply at higher temperature. The dipolar
relaxation rates for lactose and lactitol, calculated as described
in Materials and methods, are plotted in an Arrhenius fashion in
Fig. 3. These curves display upward curvature at higher
temperatures, indicating that the activation energy increased
with increasing temperature in both lactose and lactitol; these
activation energies were 52 kJ mol− 1 and 260 kJ mol− 1 for
lactose and 61 kJ mol− 1 and 490 kJ mol− 1 for lactitol at low and
high temperature, respectively. The transition temperatures,
corresponding to the break point temperatures in these curves
and calculated from the intersection of the linear fits to low and
high temperature data, were estimated as 36 °C for lactose and
44 °C for lactitol, both significantly below the Tg values of
104 °C and 62 °C for lactose and lactitol, respectively.

The thermal behavior of the bandwidth also differed in the
two sugars. In lactose, the bandwidth increased very gradually
at low temperature and then much more steeply at about 60 °C.
In lactitol, on the other hand, the bandwidth was essentially
Fig. 2. Variation of phosphorescence emission peak frequency νP (a) and
bandwidth ΓP (b) with temperature in lactose (■) and lactitol (□). Parameters
determined from fit of spectra (as in Fig. 1) to a log-normal function (Eq. (2),
Materials and methods).
constant at low temperature and only began to rise very
gradually at about 60 °C.

An Arrhenius-type analysis of the inverse phosphorescence
intensity (1/IP), where IP was determined from a log-normal fit
to the emission spectra, is plotted in Fig. 4. These curves are
non-linear, indicating that novel quenching mechanisms were
activated at higher temperatures. The transition temperatures
(determined from intersection of lines fit to points at low and
high temperature) were estimated as 83 °C for lactose and 33 °C
for lactitol, both significantly below the respective Tg values for
these sugars.

3.2. Phosphorescence intensity decays

The phosphorescence emission decays from Ery B in
amorphous lactose and lactitol at −25 °C are plotted in Fig. 5.
These decays were well fit using a stretched exponential decay
model in which the Kohlrausch–Williams–Watts lifetime τ and
the stretching exponent β are the physically meaningful
parameters. A stretched exponential decay model has provided
both a statistically and a theoretically satisfying description of
the intensity decay of Ery B in amorphous sugars [33,34] and
proteins [35–37]. All intensity decays collected as a function of
Fig. 4. Arrhenius-type plot of the effect of temperature on the phosphorescence
emission intensity IP of Ery B in lactose (■) and lactitol (□). The value of IP was
determined from a fit of spectra (as in Fig. 1) to a log-normal function (Eq. (2),
Materials and methods).



Fig. 6. Effect of temperature on the lifetime τ (a) and stretching exponent β (b)
from stretched exponential analyses (see Materials and methods) of phospho-
rescence from Ery B in amorphous lactose (■) and lactitol (□).

Fig. 5. Phosphorescence emission intensity decay transients (IP(t)) from Ery B in
amorphous lactose (a) and lactitol (b) at −25 °C; solid lines are calculated fits
using a stretched exponential function (Eq. (7), Materials and methods) with
τ=0.675 ms and β=0.957 for lactose and τ=0.671 ms and β=0.920 for lactitol.
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temperature in the temperature range from −25 °C to 120 °C in
lactose and lactitol were well fit using a stretched exponential
decay model; the fit lifetimes and stretching factors are plotted
versus temperature in Fig. 6. The lifetimes decreased as a
function of temperature from ∼0.67 ms at −25 °C in both
sugars to 0.28 ms in lactitol at 80 °C and 0.16 ms in lactose at
120 °C. The lifetimes in lactose and lactitol were similar over
the temperature range from −25 °C to ∼30 °C; however, at
35 °C and above, the lifetimes in lactitol were significantly
lower than those in lactose. The stretching exponent β was
approximately constant at 0.9–0.95 over the entire temperature
range in both sugars.

Interpretation of Ery B lifetimes as a function of
temperature is complicated by thermally activated reverse
intersystem crossing that modulates the lifetime. The photo-
physical rate constants for de-excitation of the triplet state of
Ery B in lactose and lactitol, calculated from the lifetimes and
estimates of the reverse intersystem crossing rate kTS1, are
plotted versus temperature in Fig. 7. In both sugars, the total
de-excitation rate kP (=1/τ) increased gradually at low
temperature and more steeply at higher temperature; the
correction for the reverse intersystem crossing rate kTS1 was
relatively minor for Ery B in lactitol (∼5% at the highest
temperature) but more significant in lactose (∼18% at the
highest temperature); the calculated values of the collisional
quenching rate kTS0 increased gradually at low and more
steeply at high temperature for both lactose and lactitol. The
variation of kTS0 with temperature for lactose, lactitol and for
a 1:1 mixture of lactose/lactitol, calculated from the Ery B
lifetime in a manner identical to that illustrated in Fig. 7, are
plotted as log(kTS0) versus 1/T in Fig. 8. The activation
energies for kTS0 in lactose, lactitol and the mixture,
respectively, were 1.67, 1.86 and 1.01 kJ mol− 1 at low, and
43.5, 14.2 and 45.3 kJ mol− 1 at high temperature while the
transition temperatures, calculated from the intersection of the
trend lines at low and high temperature, were 94 °C in
lactose, 21 °C in lactitol and 93 °C in the mixture.
Interestingly, the quenching rate in the mixture was not
intermediate between that for lactose and lactitol, but rather
was lower than in either pure sugar over nearly the entire
temperature range from −10 to 90 °C.

3.3. Wavelength dependence of phosphorescence lifetimes

All erythrosin B intensity decays collected as a function of
emission wavelength from 640 to 720 nm and temperature
from −25 to 100 °C in both lactose and lactitol were well fit
using the stretched exponential model. The variation of τ with
emission wavelength is plotted in Fig. 9 at selected
temperatures for the sake of clarity. The lifetimes varied
with emission wavelength in both lactose and lactitol. In
lactose, the lifetimes at 20 °C ranged from a high of 0.76 ms
at 640 nm to a low of 0.57 ms at 720 nm; lifetimes also
decreased monotonically with increasing wavelength at 40 °C.
In the temperature interval from 50 °C to 90 °C, however,
lifetimes increased with increasing wavelength at the blue
edge to a maximum at 660–670 nm and then decreased at



Fig. 9. Effect of emission wavelength on Ery B phosphorescence lifetimes in
amorphous lactose (a) and lactitol (b); lifetimes determined from analysis of
intensity decay transients using a stretched exponential model (see text for
details). Data collected at 20 °C (♦), 40 °C (◇), 60 °C (▲), 80 °C (△), 100 °C
(■), 110 °C (□) and 120 °C (×) for lactose, and at −25 °C (♦), −10 °C (◇), 20 °C
(▲), 40 °C (△), 70 °C (■), 80 °C (□) and 90 °C (×) for lactitol.

Fig. 7. Effect of temperature on the rate constants for de-excitation of the triplet
state of Ery B in amorphous lactose (a) and lactitol (b); the rates plotted are kP
(■, □), kTS1 (♦, ⋄) and kTS0 (▲, △) (see text for details).
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higher wavelengths, while at 100 °C and above the lifetimes
were approximately constant with emission wavelength. In
lactitol, the lifetimes at −25 °C varied from high values of
0.48 ms and 0.52 ms at 640 and 720 nm to a low of 0.45 ms
at 660 nm; a similar pattern persisted up to 40 °C but at
higher temperatures the lifetimes were essentially constant
with emission wavelength. Comparable or larger variations in
the lifetime with emission wavelength have been reported
previously for this probe in amorphous sucrose [33], in
Fig. 8. Arrhenius plot of the non-radiative decay rate (kTS0) for the triplet state of
Ery B in amorphous lactose (■), lactitol (□) and the 1:1 mixture of lactose/
lactitol (△) as a function of inverse temperature.
amorphous maltose and maltitol [34], and in gelatin [35] and
for a similar xanthene probe, eosin, in amorphous sucrose at
ambient temperatures [54] and in glycerol at cryogenic
temperature [55].

The variation in lifetime must reflect variations in the
underlying photophysical rate constants as a function of
emission wavelength. As discussed in a previous study of Ery
B in amorphous sucrose [33], any variations in kRP due its
dependence on ν3 or kTS1 due to variations in ΔETS would
generate a systematic increase in lifetime with emission
wavelength at all temperatures. It thus seems probable that the
variations in lifetime with emission wavelength reflect
variations in the non-radiative rate constant kTS0 with
wavelength. Given that the lifetime decreases, and thus kTS0
increases, with increasing wavelength under some conditions,
this variation cannot solely reflect a dipolar relaxation
mechanism in which longer lived chromophores have red-
shifted emission [56–58]. Arrhenius analysis of the temper-
ature dependence of the rate constant kP (=1/τ) at each
wavelength provides an estimate of the apparent activation
energy (EA) for non-radiative quenching (kTS0). These values
for lactose and lactitol in the glass at low and in the melt at
high temperature are plotted in Fig. 10.



Fig. 11. Evolution of phosphorescence emission peak frequency νP with time
following excitation in amorphous lactose (a) at −10 °C (♦), 40 °C (■) and 80 °C
(▲), and in amorphous lactitol (b) at −10 °C (♦), 20 °C (■) and 45 °C (▲).

Fig. 10. Variation of activation energy (EA) for quenching of phosphorescence
lifetime of erythrosin B in amorphous lactose (a) and lactitol (b) at temperatures
below (◇) and above (♦) the glass transition temperatures.
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The activation energy for non-radiative quenching was about
10-fold higher in the melt at high temperature than in the glass at
low temperature in lactose and about three-fold higher in
lactitol. Values in lactose varied from 0.7 to 4.0 kJ mol− 1 at low
temperature and from 31 to 58 kJ mol− 1 at high temperature.
Although EA was higher at short wavelength in the glass, EA

was higher at intermediate wavelength in the melt. In lactitol,
EA ranged between 5.1 and 6.8 kJ mol− 1 in the glass with no
apparent systematic variation with wavelength, but varied
systematically from high values of 15.7 and 17.5 kJ mol− 1 at
640 and 720 nm, respectively, to a low of 11.4 kJ mol− 1 at
660 nm in the melt. Similar variations in EA with emission
wavelength for Ery B have been seen in other amorphous
biomaterials including sucrose [33], maltose and maltitol [34],
and gelatin [36].

The stretching exponent β also varied with emission
wavelength at several temperatures for both lactose and lactitol
(data not shown). In lactose, β varied randomly in the range
from 0.8 to 0.95 across the emission band with generally
smaller values at higher temperatures. In lactitol, however, β
varied over a similar range at the blue edge of the emission band
from 640 to 670 nm but was essentially constant at higher
wavelengths; temperature had a significant affect on β only at
the blue edge of the emission band.
3.4. Time-resolved phosphorescence emission spectra

The variations in phosphorescence lifetime with emission
wavelength provide indications that the emission spectrum and
lifetime of dye molecules are coupled within these sugar
matrixes. We have shown in a previous study of amorphous
sucrose using Ery B phosphorescence [33] that long lifetime
chromophores have blue-shifted phosphorescence emission and
short lifetime chromophores have red-shifted emission; a
similar correlation was found to exist in maltose and maltitol
[34], in gelatin [36], and may also exist in lactose and lactitol.
This prediction was tested by collecting time-resolved emission
spectra for Ery B as a function of delay time over the time
window from 0.1 to 2.5 ms. The emission peak frequency (νP)
for these spectra are plotted versus delay time in Fig. 11. The
peak frequency shifted to higher energy (blue-shifted) with
increasing delay time in both lactose and lactitol; these shifts
were approximately linear in time and of consistent
magnitude (∼200 cm− 1) at all temperatures measured from
−10 °C to 80 °C in lactose and from −10 °C to 45 °C in
lactitol. All curves were approximately parallel in both sugars;
vertical shifts with temperature reflected additional stabilization
of the triplet state at higher temperature due to increasing
dipolar relaxation rate [33,34,59]. At short time (0.1 ms delay),
the spectra reflected emission from all chromophores (weighted
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by their absorbance and inverse lifetime); at long time (2.5 ms
delay), however, the measured spectrum only reflected emission
from long-lived chromophores. These data thus provide direct
evidence that the emission from Ery B in these amorphous sugar
matrixes is spectrally correlated such that probes in environ-
ments with shorter lifetimes have red-shifted emission spectra
and probes in environments with longer lifetimes have blue-
shifted emission spectra.

Analysis of the emission bandwidth ΓP indicated that there
was a consistent increase with increasing delay time in lactose at
low but not at high temperature and only a slight increase in ΓP

with delay time in lactitol at low temperature (data not shown).
These data indicate that the extent of inhomogeneous
broadening, due to a broadening of the distribution of matrix
environments, was larger for chromophores with blue-shifted
emission spectra in both lactose and lactitol at low temperature.

4. Discussion

The phosphorescence emission wavelength and intensity of
Ery B in amorphous solid sucrose [33,60], maltose and maltitol
[34], and gelatin [36,37] are influenced by two general modes of
matrix molecular mobility that modulate the energy and lifetime
of the excited triplet T1 state: dipolar relaxation and collisional
quenching. Our discussion of how the phosphorescence
properties of Ery B provide information about molecular
mobility in amorphous lactose and lactitol builds on this
background.

The peak frequency of the phosphorescence emission
decreased 150 cm− 1 in lactose and 540 cm− 1 in lactitol over
a temperature range of ∼100 °C. These decreases, which are
comparable to those seen for Ery B in amorphous sucrose
(∼350 cm− 1) [33] and in maltose and maltitol (∼300 cm− 1 and
∼500 cm− 1, respectively) [34], are consistent with a dipolar
relaxation mechanism around the excited triplet state [58]. In
amorphous solid sugars, dipolar relaxation reflects mobility of
the sugar hydroxyl groups due either to localized (segmental)
motions associated with the β relaxations activated at low
temperature in the glass or to large-scale α relaxations
associated with flow activated at Tg. Interestingly, the
magnitude of the dipolar relaxation (that is, the total decrease
in emission energy) appears to be significantly larger in lactitol
(and maltitol) than in lactose (and maltose); this may be related
to the larger intensity of the β relaxation seen in sugar alcohols
than in their corresponding sugars [14,16]. The activation
energies calculated from Arrhenius analysis of the dipolar
relaxation rate for lactose and lactitol, 52 and 61 kJ mol− 1 at
low temperature, and 260 and 490 kJ mol− 1 at high
temperature, respectively, were comparable to those reported
for the β and α relaxations of the similar disaccharide maltose,
45 and 405 kJ mol− 1 [16]. (Unfortunately, there are no
dielectric studies in the literature of amorphous dry lactose or
lactitol.) Although the calculated dipolar relaxation rates at high
temperature (∼104 to 105 s− 1) are comparable to those
expected for the α relaxation in disaccharides [16,61], the
rates at low temperature (102 to 103 s− 1) are 3–4 orders of
magnitude slower than β relaxations reported for other sugars
[17]. However, since the width of the β relaxation is 3–4 orders
of magnitude, it is possible that only very slow components of
the β relaxation actually contribute to dipolar relaxation in these
sugars. A similar discrepancy between dipolar and dielectric
relaxation rates in the glass but not the melt was seen in maltose
and maltitol [34].

Dipolar relaxation rates are usually monitored by direct
observation of a red-shift in the emission spectrum as a function
of time following pulsed excitation [56,58]. In these amorphous
matrixes, as in all the amorphous matrixes we have analyzed
using the Ery B probe, such measurements were not possible
because the emission blue shifts with time following excitation.
This phenomenon, which provides insight into the dynamic
heterogeneity within the amorphous solid, is discussed below.

The emission intensity (IP) and the lifetime (τ) are directly
modulated by the rates of radiative emission kRP, of reverse
intersystem crossing to the excited singlet state kTS1 and of
intersystem crossing to the ground singlet state kTS0. The value
of kRP is 41 s

− 1 for Ery B [51,52], while kTS1 follows Arrhenius
kinetics. The rate of intersystem crossing kTS0, which is
modulated by the physical state of the amorphous matrix
[33,37,62], reflects both the manner in which the excited T1
state of Ery B is vibrational coupled to the S0 ground state as
well as the manner in which the ground state vibrational energy
can dissipate from the excited probe into the surrounding matrix
[63]. Since the efficiency of this vibrational dissipation is
related to the overall mobility of the matrix [64], kTS0 provides a
direct measure of matrix mobility.

The magnitude of kTS0 in lactose was ∼1450 s− 1 at −25 °C
and increased gradually up to about 90 °C and then dramatically
at higher temperature; this behavior was similar to that seen in
amorphous sucrose and maltose and certainly reflects the
activation of α relaxations at Tg. The magnitude of kTS0 in
lactitol was also ∼1450 s− 1 at −25 °C and increased gradually
up to about 20 °C, and then more steeply at higher temperature;
in this case, given the low temperature of the transition,
significantly below the Tg, the increase may reflect more
complex dynamic behavior in the lactitol glass. This conclusion
is uncertain, however, since the lactitol Tg may be reduced
significantly in the presence of residual water (3.8%).

The magnitude of kTS0 in the 1:1 mixture of lactose/lactitol
was not intermediate between that of pure lactose and lactitol
but rather was lower over the entire temperature range. Specific
interactions between lactose and lactitol thus significantly
decreased the molecular mobility of the mixed amorphous
matrix. A similar dynamic synergy has been seen in amorphous
mixtures of maltose and maltitol where the mobility of the 7:3
and 1:1 mixtures (maltose/maltitol) was lower than that seen in
either pure component [34].

This lower mobility in the 1:1 mixture is comparable to the
phenomenon of antiplasticization seen in amorphous synthetic
polymers where low concentrations of small molecules make
the polymer matrix more rigid, less elastic or less permeable
[65,66]. Similar antiplasticization effects have been reported in
amorphous biomaterials including starch films containing
glycerol [67] and sorbitol [68,69] as well as plasticized
freeze-dried powders of polyvinyl pyrolidone, dextran and
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ficoll [70]. Some studies of stability in amorphous foods in the
presence of small amounts of water or other plasticizers may
also be explainable in terms of the antiplasticization phenom-
enon [71].

Antiplasticization may be the result of a negative volume
change on mixing which decreases the free volume and the
molecular mobility in both synthetic polymers [72] and in
carbohydrates [73]. There are suggestions from studies of
synthetic polymers [74] and carbohydrates, including starch
[68] and maltose [75], that the effect may be a consequence of
the suppression of β relaxations within the glass.

Previous reports of antiplasticization behavior have been
largely confined to mixtures of molecules of dissimilar sizes
(and glass transition temperatures). However, given that a
similar decrease in molecular mobility has been detected in
mixtures of maltose and maltitol using this phosphorescence
method [34], such dynamic synergy as we report here may also
be a common feature of mixtures of even quite similar
biomolecules. If so, such dynamic synergies have real
implications for understanding how the composition of an
amorphous matrix modulates the local molecular mobility and
thus the long-term stability of pharmaceuticals and solid foods
[2,3] and perhaps the viability of seeds and bacterial spores [76].

The spectral heterogeneities reported here for Ery B
phosphorescence provide information about the heterogeneity
of the matrix environment in amorphous lactose and lactitol.
These spectral features are similar to those reported previously
for the same probe in amorphous sucrose, maltose and maltitol,
and gelatin. We thus propose an essentially similar photo-
physical model to explain the spectral heterogeneities in lactose
and lactitol, a model in which Ery B molecules are distributed
among a continuum of preexisting matrix sites that differ in
terms of their overall molecular mobility.

In the standard relaxation model for spectral heterogeneity,
longer lifetime probes have red-shifted emission due to more
extensive dipolar relaxation around the longer lived excited
states [56–58]; a decrease in lifetime across the emission band is
not consistent with this model. We thus propose a dynamic site
heterogeneity model in which probes are distributed among
dynamically distinct matrix sites [33]. In this model, probe
molecules with blue-shifted emission, which have higher
energy triplet states, are in matrix sites with slower dipolar
relaxation rates. Probes with red-shifted emission, which have
lower energy triplet states, are in sites with faster dipolar
relaxation rates. A distinctive feature of this model is that probes
in sites with blue-shifted emission have longer lifetimes and
thus smaller values of kTS0, while probes in sites with red-
shifted emission have shorter lifetimes and thus larger values of
kTS0.

In amorphous sucrose, and to a lesser extent in amorphous
maltose and maltitol, red-shifted sites have lower activation
energies for molecular collisions that promote de-excitation of
the excited state. In hydroxylated solvents, the magnitude of the
activation energy has been related to the size of the reorienting
unit that controls the relaxation rate [77]. Higher values of EA

thus provide evidence that the molecular collisions that activate
non-radiative quenching in these sugar matrixes involve larger
cooperative units; that is, that collisional quenching involves the
collective motion of larger molecular groups. Although there
are indications from the variation of EA with wavelength that
different matrix sites may have distinct activation energies in
lactose at low temperature and in lactitol at high temperature,
the evidence for such dynamic complexity in these sugars is
weak.

The values of the stretching exponent β vary in the range
from 0.8–0.95 in both lactose and lactitol. The Ery B probes
thus appear to be distributed among a continuum of matrix sites
that differ in the rate of collisional quenching kTS0 and thus
differ in matrix mobility. A continuous distribution, rather than
discrete classes of sites, is compatible with the known properties
of amorphous solids [78,79].

The following photophysical model thus appears to describe
how Ery B monitors the physical state of amorphous solid
lactose and lactitol. Probes are distributed among a continuum
of matrix environments ranging from more rigid (blue-shifted
emission) to more mobile (red-shifted emission) sites. Rigid
sites have slower dipolar relaxation rates and slower collisional
quenching rates; these sites of lower overall molecular mobility
may be physical regions of the amorphous matrix that are
organized into larger aggregates of more strongly interacting
sugar molecules, probably due to more extensive hydrogen
bonding. Mobile sites, on the other hand, have faster dipolar
relaxation rates and faster collisional quenching rates; these
sites of higher overall molecular mobility may be physical
regions of the amorphous matrix that are organized into smaller
aggregates of weakly interacting sugar molecules, probably due
to less extensive hydrogen bonding. Although this study
provided little information about the temporal and spatial
continuity of these regions, they must have persistence times
longer than the excited triplet state lifetime of≤1 ms and spatial
extents larger than the ∼1 nm linear dimension of an erythrosin
molecule [80].

Spectral heterogeneities in Ery B phosphorescence thus
support a physical model for dynamic site heterogeneities
within amorphous lactose and lactitol that is remarkably
consistent with the physical model generated for supercooled
liquids and amorphous polymers both below and above the
glass transition temperature [19–22]. Given similar spectral
heterogeneity for erythrosin B in amorphous sucrose, maltose
and maltitol, and gelatin and for eosin in glycerol at cryogenic
temperature [55], the existence of such dynamic site hetero-
geneities may be a consistent feature of the amorphous state of
solid sugars, sugar alcohols and perhaps other polyols; if so, this
dynamic site heterogeneity must certainly be incorporated into
any detailed physical chemical description of the stability of
amorphous biomaterials [28].
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