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Abstract—Phosphorescence from the triplet probe erythrosin B provides spectroscopic characteristics such as emission energy and
lifetime that are specifically sensitive to molecular mobility of the local environment. This study used phosphorescence of erythrosin
B to investigate how variation in NaCl content modulated the mobility of the amorphous sucrose matrix over the temperature range
from 5 to 100 �C. Addition of NaCl increased the emission energy and the energy difference with excitation at the absorption max-
imum and the red edge, and increased the lifetime by reducing the non-radiative decay rate in the glass as well as in the undercooled
liquid in a concentration dependent manner, indicating that NaCl decreased the matrix molecular mobility. Emission energy and
lifetime increased with increasing NaCl content up to a maximum at NaCl/sucrose mole ratio of �0.5; above 0.5 mole ratio, the
effect of NaCl was less significant and appeared to be opposed by increasing plasticization by residual water. Changes in the width
of the distribution of the emission energy and lifetime and variation in the lifetime with excitation and emission wavelength indicated
that NaCl increased the spectral heterogeneity and thus increased the extent of dynamic site heterogeneity. These results are
consistent with a physical model in which sodium and chloride ions interact with sucrose OH by ion–dipole interactions, forming
clusters of less mobile molecules within the matrix.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Vitreous sugar systems are important in the preservation
of seeds, spores and even living organisms under
extreme conditions because sensitive biomaterials such
as proteins or nucleic acids have increased stability when
embedded in an amorphous, non-crystalline solid.1–3

Sugars readily vitrify upon rapid drying of solutions or
cooling the concentrated liquid due to the enormous
increases in viscosity that occur upon increasing the
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Abbreviations: Ery B, erythrosin B; FWHM, full width at half
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aqueous sugar concentration or lowering temperature.
During vitrification, liquid sugar changes from a viscous
solution into a hard, brittle and rigid glass characterized
by a glass transition at temperature Tg. Glass formation
involves a dynamic transition in the rates of trans-
lational as well as rotational and vibrational molecular
mobility;4 the glass transition reflects the onset tempera-
ture for translational molecular motion that supports
viscous flow.

The glassy state of sugars and carbohydrates also
plays an important role in modulating the stability and
shelf life of dry and frozen foods and pharmaceuti-
cals.5–7 The ability of sugars to protect biomaterials
from freeze-thaw damage and to provide long-term stor-
age stability has attracted researchers to investigate the
mechanisms of vitrification and to develop solid state
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formulations, through drying or freeze-drying, for the
labile compounds of foods, such as vitamins and flavor
compounds, and pharmaceuticals, such as enzymes,
antibodies, and other proteins.

Salts, which are universally present in biological sys-
tems and food products, have a major influence on
water structure and possible interactions among hydro-
gen bonding and charged biomolecules. The effect of
salts on the thermodynamic properties of aqueous solu-
tions and the structure of water has been a topic of
intense research since the pioneering studies of Hofmei-
ster.8 However, the effect of salts on sugar glasses has
received little attention. Most of the research to date
has investigated the mechanism by which salts, espe-
cially inorganic salts, inhibit crystallization in super-
cooled or freeze-dried sugar systems. Izutsu and
Aoyagi, who studied the effect of different inorganic
salts on crystallization of poly(ethylene glycol) in frozen
solutions, found that salts inhibit the crystallization by
altering molecular interactions and reducing molecular
mobility; the level of inhibition depends on the type of
salt and concentration.9 NaCl increases the solution vis-
cosity, promotes the formation of amorphous, glassy
systems, and prevents crystallization;10 the delayed crys-
tallization may result from the effect on the nucleation
mechanism of ion-induced microheterogeneities in the
supercooled solutions.

A few studies have explored how salts modifies the
glass transition temperature of freeze-dried systems.
Shalaev et al. studied the properties of pharmaceutically
compatible buffers at sub-zero temperatures in lyophi-
lized formulations and found that the T 0g of a freeze-
dried system (the glass transition temperature of the
maximally freeze-concentrated solution) results from a
competition between two opposite actions: increased
viscosity due to an increase in the electrostatic inter-
action and decreased viscosity due to an increase in
the amount of unfrozen water.11 In a study of the effect
of salts on water sorption behavior and ice crystalliza-
tion in aqueous sugar systems, Mazzobre et al. reported
that salts can modify the properties of concentrated
sugar solutions without altering T 0g and these effects are
related to the charge/size ratio of the cations present.12

Kets et al. used a modified DSC method to determine
the Tg of freeze-dried sucrose–citrate mixtures.13 They
found that when residual water was removed from the
mixture, the Tg of sucrose increased with citrate concen-
tration despite the literature suggesting the opposite
effect.14,15 The T 0g is not directly applicable indicator to
evaluate the matrix properties influenced by salt in this
study, however, because the samples used for measure-
ments were dried films with residual moisture less than
2% (data shown in Section 2). The influence of salts
on the glass transition temperature of dry systems may
be satisfactorily described using composition-dependent
equations derived from free volume theory such as the
Gordon–Taylor equation. However, the variance of T 0g
in the salt-containing freeze-concentrated solutions
may provide insight into the mechanism of the salt effect
on the matrix.

The measurement of molecular mobility in amorphous
sugars is of fundamental interest because it provides
insight into the molecular mechanisms that control
long-term stability. A number of techniques have been
used to characterize the properties and mobility of amor-
phous materials including Fourier transform infrared
(FTIR) spectroscopy,16,17 dielectric relaxation,18–20 dif-
ferential scanning calorimetry,13,21–24 nuclear magnetic
resonance spectroscopy,25 electron spin resonance,26,27

and phosphorescence spectroscopy.28

Due to its high phosphorescence quantum yield, long
lifetime, site selectivity, and high sensitivity, erythrosin
B (Ery B) phosphorescence has been widely used to
monitor the molecular mobility as well as dynamic site
heterogeneity in amorphous solid sugars29–32 and pro-
teins.33–37 In the present study, phosphorescence of
Ery B was used to measure the matrix mobility in films
of amorphous sucrose–NaCl mixtures. NaCl content
was varied from 0 to 0.87 mole ratio of NaCl/sucrose
by addition of NaCl to the concentrated sucrose solu-
tion prior to film formation. The temperature-depen-
dence of mobility was measured and analyzed at
different NaCl contents, generating families of mobility
versus temperature curves. Comparisons thus provided
insight into the mechanisms by which NaCl influences
mobility in amorphous sucrose.
2. Results

At a probe/sucrose mole ratio of 1:104, on average
each probe is surrounded by a matrix shell approxi-
mately 10–11 sucrose molecules thick. Under these
conditions, Ery B does not aggregate within the sucrose
matrix and thus effectively reports the physical proper-
ties of the sucrose matrix.38

2.1. Delayed emission spectra

The delayed emission spectra of Ery B in amorphous
sucrose and sucrose–NaCl films (data not shown) had
a long wavelength phosphorescence band (maximum
�680 nm) reflecting emission from the triplet T1 state
and a short wavelength delayed fluorescence band (max-
imum �555 nm) reflecting emission from the singlet S1

state that has been repopulated by reverse intersystem
crossing from the triplet state.39 Delayed emission spec-
tra collected over the temperature range from 5 to
100 �C showed the expected decrease in phospho-
rescence and increase in delayed fluorescence intensity
with increasing temperature; in addition, both the
delayed fluorescence and phosphorescence band shifted
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to longer wavelength at high temperature. The intensity
ratio ln(Idf/Ip) was plotted versus 1/T and the slope used
to estimate the energy gap DETS between T1 and S1 (Eq
6, Section 5). In pure sucrose DETS was 31.56 ±
0.56 kJ mol�1 whereas in sucrose–NaCl films with mole
ratios from 0.04 to 0.87, DETS was 30.77 ± 0.67,
31.12 ± 0.58, 31.21 ± 0.18, 30.80 ± 0.52, 30.65 ± 0.48,
30.15 ± 0.32, 30.85 ± 0.50, 30.44 ± 0.26, and 29.93 ±
0.37 kJ mol�1, respectively, indicating that NaCl
induced a slight, but perhaps not significant, decrease
in the singlet–triplet energy gap.

The peak frequency (mp) and bandwidth (C) for both
delayed fluorescence and phosphorescence emission
were determined by fitting to a log-normal line shape
function (Eqs 1 and 2); the values of mp and C for phos-
phorescence are plotted in Figure 1a and b, respectively.
The peak frequency and bandwidth for delayed fluore-
scence displayed similar behavior (data not shown).
The phosphorescence peak frequency in both pure
sucrose and sucrose–NaCl mixtures decreased biphasi-
cally as a function of temperature; mp decreased gradu-
ally at low temperature and more steeply at high
temperature. The extent of the decrease in peak fre-
quency from 5 to 100 �C increased with NaCl content
in a concentration-dependent manner. For pure sucrose,
Dm (=m5 �C � m100 �C) was �340 cm�1 while in sucrose–
NaCl mixtures Dm increased from 400 cm�1 at a mole
ratio of 0.065 to 513 cm�1 at a mole ratio of 0.87. The
decrease in emission energy mp with increasing tempera-
ture reflects an increase in the average extent of dipolar
relaxation around the excited triplet state prior to emis-
sion.40,29 The increase in the energy difference Dm with
NaCl content suggested that the effect of temperature
on the rate of dipolar relaxation increased with NaCl
content.

The phosphorescence bandwidth increased biphasi-
cally as a function of temperature in both pure sucrose
and sucrose–NaCl mixtures; C increased gradually at
low temperature and more steeply at high temperature.
The increase in bandwidth reflects an increase in the
extent of inhomogeneous broadening of the Ery B emis-
sion spectra, indicating that at higher temperature there
is a corresponding increase in the range of energetically
distinct matrix environments in the amorphous sucrose–
NaCl mixtures.

The spectra of Ery B were blue-shifted (mp increased)
in the presence of NaCl in a complex, concentration-
dependent manner (Fig. 2a). The peak frequency
increased steeply with NaCl content over the range from
0 to 0.09 mole ratio of NaCl/sucrose, increased gradu-
ally with NaCl content over the range from 0.09 to
0.46, and decreased gradually at higher mole ratios.
The total increase in emission energy over the range
from 0 to 0.46 mole ratio was greater at low than at high
temperature while the decrease in emission energy from
0.46 to 0.87 was greater at high than at low temperature.
The maximum peak frequencies over the whole temper-
ature range were observed at a NaCl/sucrose mole ratio
of 0.46. The emission bandwidth also varied with NaCl
content in a concentration-dependent manner (Fig. 2b),
increasing with NaCl content up to a mole ratio of 0.36–
0.46, and then decreasing slightly at higher mole ratios.
The effect of NaCl on bandwidth was greater at high
than at low temperature.

2.2. Red-edge effect

Measurements of the red-edge effect as a function of
temperature in both sucrose and sucrose–NaCl films
are plotted in Figure 3 as the energy difference (Dmp)
of the Ery B emission band maximum with 530 nm
and 560 nm excitation. The magnitude of Dmp provides
a qualitative measure of the extent to which the matrix
can relax around the excited state prior to emission;
larger values of Dmp indicate the presence of matrix
relaxation times that are slow compared to the excited
state lifetime.41 The magnitude of Dmp decreased gradu-
ally at low and more steeply at high temperature in pure
sucrose and in films with NaCl/sucrose ratios of 0.04,
0.44, and 0.53, suggesting that the rate of matrix relax-
ation increased with temperature in both the pure
sucrose and sucrose–NaCl films. The energy difference
increased with increasing NaCl concentration over the
range from 0 to 0.53 mole ratio at all temperatures from
5 to 85 �C. All the curves exhibited a break point,
sucrose at 58 �C and NaCl–sucrose with mole ratios of
0.04, 0.44, and 0.53 at temperatures of 60, 61, and
63 �C, respectively. The slopes of the sucrose–NaCl
curves became less negative than that of sucrose at
higher temperatures; addition of NaCl thus reduced
the rate of matrix relaxation within the sucrose glass
and more significantly in the sucrose undercooled liquid.

2.3. Phosphorescence decay kinetics

Phosphorescence intensity decays of Ery B in sucrose–
NaCl glasses were measured over the temperature range
from 5 to 100 �C. As expected for Ery B in amorphous
sucrose,29,38,42 all decays were well-fit with a stretched
exponential decay model (Eq 3). The stretched exponen-
tial lifetimes (s) and stretching exponents (b) are plotted
as a function of temperature in Figure 4. The lifetimes
decreased biphasically with increasing temperature,
exhibiting a gradual linear decrease at low and a more
dramatic decrease at high temperature. The lifetimes
varied with NaCl content, increasing over the range
from 0 to 0.46 mole ratio and either remaining approx-
imately constant (at low temperatures) or decreasing
slightly (at higher temperatures) at higher mole ratios.

The stretching exponent b varied with temperature in
all sucrose–NaCl films; b was generally slightly smaller
than the value in pure sucrose below 60 �C and slightly



14200

14300

14400

14500

14600

14700

14800

14900

15000

15100

0 15 30 45 60 75 90 105

0 15 30 45 60 75 90 105

T/ºC

Fr
eq

ue
nc

y/
cm

-1

1500

1600

1700

1800

1900

2000

2100

2200

2300

2400

T/ºC

FW
H

M
/c

m
-1

a

b

Figure 1. Effect of temperature on the peak frequency mp (a) and emission bandwidth C (b) of phosphorescence emission from erythrosin B in
amorphous sucrose–NaCl films with various NaCl/sucrose mole ratios. Delayed emission spectra collected as a function of temperature were
analyzed using a log-normal line shape function. NaCl/sucrose mole ratios were r, 0; h, 0.04; D, 0.065; s, 0.09; ·, 0.20; –, 0.36; j, 0.46; +, 0.56; e,
0.73; and m, 0.87.
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larger above 60 �C. This value is close to the glass tran-
sition temperature of �63 �C for pure sucrose estimated
using the equation for the dependence of Tg on moisture
content developed by Crowe and collegues43; the Tg

reported in the literature for sucrose varies from 52 to
70 �C44 and the value of 68 �C was selected as the Tg
for anhydrous sucrose.13,21,44 Since b reflects the distri-
bution of lifetimes and thus the corresponding distribu-
tion of dynamically distinct probe environments with
different values of kTS0,29 the small decrease in b with
addition of NaCl at low temperature indicated a small
increase in the range of dynamically distinct probe
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Figure 2. Peak frequency (a) and bandwidth (b) of phosphorescence emission from erythrosin B in amorphous sucrose–NaCl films replotted as a
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environments in the glass and the larger increase in b at
high temperature indicated a large decrease in the range
of dynamically distinct probe environments in the
undercooled liquid.

The decrease in lifetime with temperature reflects an
increase in the rate of non-radiative decay of the excited
triplet T1 state due to an increase in both the rate of
intersystem crossing to the ground state S0 (kTS0) and
the rate of reverse intersystem crossing to S1 (kTS1).29

Based on our estimate of the maximum physically
reasonable value of kTS1,29 the lower limit of kTS0 was
calculated using Eq 7 (Section 5); these data are plotted
as ln(kTS0) versus 1/T in Figure 5. The variation in kTS0

was small at low temperature and increased dramatically
at high temperature, indicating that this rate is sensitive
to the molecular mobility activated at high temperature.
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Addition of NaCl decreased the quenching rate in both
the glass and the undercooled liquid and, at mole ratios
60.56, enhanced the temperature at which the addi-
tional mobility was activated; at higher mole ratios
(0.73 and 0.87) the quenching rate began to increase at
a temperature lower than the sucrose Tg but kTS0 did
not increase as much as in the other films.

The quenching rate kTS0 decreased continuously with
added NaCl over the range from 0 to 0.46 mole ratio at
all temperatures, decreasing more steeply at low mole
ratio (0–0.09) and more gradually at higher mole ratio;
the effect of NaCl at mole ratios >0.46 depended upon
the temperature. The effect of NaCl on kTS0 over the
range from 0 to 0.46 varied with the temperature and
was more dramatic at high than at low temperature:
addition of 0.46 mole ratio NaCl decreased kTS0 by
�15% at 45 �C and below and by �42% at 95 �C and
above.

2.4. Spectral heterogeneity

Phosphorescence intensity decays of Ery B in sucrose
films with different NaCl content were measured as a
function of excitation and emission wavelength at
25 �C. The stretched exponential lifetimes varied system-
atically with both excitation and emission wavelength
(Fig. 6a). In sucrose, the lifetime decreased across the
emission band from a high of 0.65 ms at 640 nm to a
low of 0.52 ms at 720 nm; lifetimes also decreased
monotonically with increasing emission wavelength in
sucrose–NaCl films. The lifetimes as well as the varia-
tion in lifetime across the emission band increased in
the presence of NaCl. Lifetimes also varied across the
excitation band at all NaCl contents, increasing with
increasing wavelength to a maximum at 520–540 nm
and then decreasing at higher wavelengths in both
sucrose and sucrose–NaCl films.

The stretching exponent b also varied as a function of
both excitation and emission wavelength (Fig. 6b) in
both sucrose and sucrose–NaCl films. The values of b
were usually, but not always, slightly lower in the pres-
ence of NaCl. In sucrose and sucrose–NaCl films b was
lower at the blue edge of the emission band, increased
with increasing wavelength to a maximum at 680–
690 nm and then decreased slightly at the red edge.
The variation of b across the excitation band in
sucrose–NaCl films was similar to that in the sucrose
film, generally increasing with wavelength.

The non-radiative quenching rate kTS0 varied system-
atically across both the excitation and emission bands in
both sucrose and sucrose–NaCl films (Fig. 7). The addi-
tion of NaCl caused a decrease in kTS0 uniformly across
both the excitation and emission bands.

3. Discussion

These measurements of the temperature dependence of
the emission energy and lifetime of the Ery B probe dis-
persed in amorphous sucrose at different NaCl contents
provide insight into various aspects of the solid-state
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biophysics of amorphous sucrose in the presence of an
inorganic salt.

3.1. NaCl increased the molecular level rigidity of the

sucrose matrix

NaCl increased the probe emission energy (peak fre-
quency, mp) and lifetime (s) in a concentration-depen-
dent manner in both the glass and the undercooled
liquid. An increase in emission energy with a concomi-
tant increase in probe lifetime indicates that NaCl
decreased the rate of dipolar relaxation (1/u), presum-
ably of sucrose hydroxyl groups, around the excited
triplet state;31 a decrease in the rate of relaxation com-
pared to the rate of emission leads to a decrease in the
total extent of dipolar relaxation around the excited
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state and thus an increase in the average emission
energy. The increase in lifetime reflects a decrease in
the rate of collisional quenching (kTS0) of the triplet
state by the sucrose matrix;29,32 the magnitude of kTS0

is sensitive to the extent of coupling of internal probe
vibrational motions to external motions of the amor-
phous matrix and thus provides an indicator of overall
matrix molecular mobility.45,46 Addition of sodium
chloride thus slowed the molecular mobility in the
sucrose matrix in the glass at temperatures below Tg

and in the undercooled liquid at temperatures above.
The molecular rigidity of the matrix increased with
increasing mole ratio of NaCl/sucrose over the range
from 0 to 0.46 and kept approximately constant at
higher mole ratios.

There are several possible physical consequences of
adding NaCl to the sucrose films. As an electrolyte,
sodium chloride strongly binds water. This is reflected
by the higher residual water contents in samples with
higher mole ratio NaCl; water content in the films
increased from a low of 0.56 wt % in pure sucrose to
a high of 2.34 wt % in films with 0.9 mole ratio NaCl/
sucrose (see Section 5). Since an increase in water con-
tent will plasticize the matrix, and presumably increase
the mobility, this cannot be the origin of the decreased
mobility. It is also possible that NaCl crystallized within
the amorphous solid matrix, forming microcrystals of
NaCl (or perhaps NaClÆ2H2O)47 that may, for some
reason, lower matrix mobility. However, Shalaev et al.,
in their thermodynamic study of the ternary water–
sucrose–NaCl system, found no evidence of NaCl
crystals in frozen samples at weight ratios of sucrose/
NaCl in excess of 6.48 Since the weight ratio of
sucrose/NaCl was always greater than 6.7 in our study
(wt. ratio of NaCl/sucrose less than 0.149), it is unlikely
that NaCl (or NaClÆ2H2O) crystals formed in the films.
It thus appears that the presence of NaCl, as the associ-
ated molecule or as individual sodium and chloride ions,
decreased the matrix mobility by modulating interac-
tions among sucrose molecules. This direct dynamic
effect of NaCl does not appear to reflect a change in
the glass transition temperature.48

NaCl exhibited the greatest dynamic effect at a mole
ratio of 0.46. The reason for this maximum is unclear.
There are a number of studies of the effect of inorganic
salts on the properties of sugar solutions; most report
the existence of a 1:1 salt–sugar complex47,49–52 while a
few mention the existence of a 1:2 salt–sugar com-
plex.51,53 It may thus indicate that mobility is modulated
by formation of a NaCl:sucrose complex. However, the
maximum may reflect the serendipitous outcome of two
contrary trends: a decrease in matrix mobility due to an
intrinsic effect of salt and an increase in mobility due to
an increase in water content in the high salt films. The
water content was 0.56 ± 0.13, 1.04 ± 0.04, 0.81 ±
0.21, 1.06 ± 0.26, 1.04 ± 0.01, 1.18 ± 0.27, 0.54 ± 0.29,
2.17 ± 0.11, 2.32 ± 0.26, and 2.34 ± 0.25 wt % water in
films with 0, 0.04, 0.065, 0.09, 0.20, 0.36, 0.46, 0.56,
0.73, and 0.87 mole ratio NaCl/sucrose, respectively,
indicating that the water content was �2-fold higher
in films with greater than 0.46 mole ratio than in films
with less. Given that the film with 0.46 mole ratio
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NaCl/sucrose had the lowest water content (0.54 wt %),
the low mobility in this film may merely reflect mobility
in a drier matrix. Breaks in the lifetime data indicate
that the films exhibited transition temperatures, calcu-
lated from the intersection of trendlines at high and
low temperatures, of 76.5 �C in sucrose, and 75, 77,
77, 77, 79, 81, 79, 50, and 47 �C, respectively, in the films
made with mole ratios from 0.04 to 0.87. The last two
values are significantly below the glass transition tem-
perature of the sucrose film, suggesting that water did
plasticize the films with high NaCl content. However,
since the 0.56 mole ratio sample with water content of
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2.17 wt % had an essentially unperturbed transition tem-
perature of 79.2 �C, the evidence for plasticization by
water is ambiguous.

The physical state of sucrose containing a very small
amount of moisture becomes complicated due to the
addition of a third component, NaCl. The miscibility/
compatibility of the compounds in the ternary system
water–NaCl–sucrose is critical for interpreting and
understanding the effect of NaCl at a molecular level,
even in dry films with moisture content 62 wt %.
Samples were thus prepared by adding NaCl to concen-
trated sucrose aqueous solution and heating to 60 �C to
ensure that NaCl was completely dissolved in the
sucrose solution.47 The lack of phase separation (NaCl
crystals) in the air-dried mixtures was an indicator of
compatibility, suggesting that NaCl affected the physical
property of the sucrose matrix through direct interac-
tions between NaCl and sucrose.

There is no particular reason, however, to propose
that mobility within the amorphous solid is modulated
by a specific complex between NaCl and sucrose.
Sucrose can apparently replace water in the hydration
sphere of NaCl in aqueous solution54 and NaCl
increases the solubility of sucrose at high concentration
of both components,55 suggesting that non-specific sol-
vation of NaCl ions by sucrose occurs in solution and
presumably also in the highly concentrated amorphous
solid. Franks and Murase have also reported that NaCl
formed a solid solution with sucrose after drying.56 It is
thus plausible to propose that NaCl restricts molecular
mobility in the solid matrix by linking sucrose molecules
into clusters held together by ion–dipole interactions.

A comparable interaction between citrate carboxyl-
ates and sucrose OH, in this case mediated by hydrogen
bonds and detected by FTIR, was reported in an amor-
phous matrix with 0.3 mass fraction citrate/sucrose;13 it
is apparently these interactions that increase Tg by
nearly 40 �C. Our studies using Ery B phosphorescence
of a sucrose matrix with 0.2 mole ratio sodium citrate/
sucrose indicate significantly decreased molecular mobil-
ity in both the glass and the undercooled liquid.42

3.2. NaCl increased dynamic site heterogeneity in the

sucrose matrix

Recent research using a variety of spectroscopic tech-
niques indicates that supercooled liquids and amor-
phous polymers are dynamically heterogeneous
through space at any given time and through time at
any give place.57,58 This physical model is supported
by evidence from Ery B phosphorescence where spectral
heterogeneity is observed in amorphous sugars and
sugar alcohols29,30,32 and proteins33,36,37 indicating that
the existence of dynamic site heterogeneity may be a
characteristic feature of amorphous biomaterials.

In the amorphous sucrose matrix, probe molecules are
distributed among dynamically distinct sites with varied
emission energies and collisional quenching rates. Prav-
inata et al. proposed a physical model for this site heter-
ogeneity in which probes in local environments with less
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constrained packing have higher overall molecular
mobility and thus shorter lifetimes (due to faster colli-
sional quenching) and lower emission energies (due to
faster dipolar relaxation).29

The variation in the Ery B lifetime with emission
wavelength in the glass at 25 �C was slightly greater in
sucrose films containing NaCl than in pure sucrose indi-
cating that the distribution of dynamic sites in the
sucrose glass was broader in the presence of NaCl.
The magnitude of the variation in lifetime with wave-
length decreased at high temperature indicating that
spectral heterogeneity, and thus dynamic site hetero-
geneity, decreased in the undercooled liquid.

Two additional spectral parameters also provided
evidence for dynamic heterogeneity. Addition of NaCl
decreased the stretching exponent b, indicating that
NaCl increased the width of the distribution of lifetimes
required to describe the intensity decay and thus
increased the width of the distribution of sites with dif-
ferent values of kTS0. The values of b were lower in the
sucrose–NaCl films than in pure sucrose at temperatures
below 85 �C but higher at temperatures above 85 �C,
indicating that NaCl increased matrix dynamic hetero-
geneity in the glass but decreased heterogeneity in the
undercooled liquid. The emission bandwidth (C) also
increased with NaCl content; this effect increased at
higher temperatures. The increase in bandwidth in the
presence of NaCl reflects an increase in inhomogeneous
broadening and thus an increase in the width of the dis-
tribution of sites with different interaction energies with
the Ery B probe; the variation in interaction energy may
reflect variations in dipolar relaxation rate.

All three measures of spectral heterogeneity, lifetime
variation with emission wavelength, stretching expo-
nent, and emission bandwidth, thus provide consistent
indications that NaCl increased dynamic site hetero-
geneity in the amorphous sucrose matrix. Such behavior
is consistent with the model proposed above in which
solvation of NaCl ions by sucrose generates clusters of
less mobile molecules. Since the ion–dipole interactions
that generate the clusters result from non-specific inter-
actions between sodium and chloride ions and sucrose
molecules, the composition of clusters is expected to fall
into a random distribution and give rise to greater
matrix dynamic heterogeneity.
4. Conclusion

Analysis of the phosphorescence emission energy and
lifetime of Ery B in amorphous sucrose and sucrose–
NaCl films over the temperature range from 5 �C to
100 �C indicates that addition of NaCl decreases the
matrix molecular mobility in both the glass and the
undercooled liquid. Three measures of spectral hetero-
geneity also indicate that addition of NaCl increases
the dynamic heterogeneity of the amorphous sucrose.
These results are consistent with a physical model in
which sodium and chloride ions interact with sucrose
OH by ion–dipole interactions, forming clusters of less
mobile molecules within the matrix. These results pro-
vide valuable insight into the possible role of salts in
increasing the stability of biomolecular glasses contain-
ing sucrose and other sugars.
5. Experimental

5.1. Sample preparation

Sucrose was purchased from Sigma–Aldrich (St. Louis,
MO) with minimum purity of 99.5%. About 50 g of
sucrose was dissolved in about 30 g of deionized water
containing 0.77 g of activated charcoal to remove lumi-
nescent impurities. After stirring overnight, the mixture
was vacuum-filtered through ashless filter paper (What-
man No. 40); 0.7 g of activated charcoal was added to
the filtrate and the process was repeated. The final con-
centration of purified sucrose solution was adjusted to
65–67 wt %, confirmed by using a refractometer (NSG
Precision Cells, Inc., Farmingdale, NY). Before prepar-
ing samples the sucrose solution was filtered through a
membrane with 0.2 lm pores to remove any particles.

The free acid of erythrosin B (Ery B, tetra-iodo
fluorescein; Sigma Chemical Co., St. Louis, MO) was
dissolved in spectrophotometric grade dimethylformam-
ide (DMF; Aldrich Chemical Co., Milwaukee, WI) to
prepare a 10 mM stock solution; an aliquot from this
solution was added to the concentrated sucrose to
obtain a dye/sucrose mole ratio of 1:104.

We prepared glassy sucrose films by using a slightly
modified version of our previous method.29 To improve
the surface activity for spreading sucrose solutions,
quartz slides were washed overnight with Alconox soap,
then washed with deionized water, activated for 30 min
with concentrated nitric acid, then rinsed with deionized
water, and cleaned with 95% EtOH for 2 h and finally
with deionized water again. To obtain amorphous
sucrose films with Ery B, 15 lL of the sucrose solution
containing Ery B at a ratio of 1:104 was added on a
quartz slide (30 · 13.5 · 0.6 mm, custom made by
NSG Precision Cells, Farmingdale, NY). Another slide
was placed on top of the solution and the slides were
drawn horizontally past one another to form a film.
The solution on the slides was then heated under a heat
gun (Vidal Sassoon) for 5 min to a maximum tempera-
ture of 86–88 �C (measured using a thermocouple
probe). The thickness of amorphous sucrose films
prepared by this procedure ranged from 10 to 40 lm.
The slides were stored against P2O5 and Drie-Rite for
at least 7 days and checked for crystals within the film
through crossed polarizers in a dissecting microscope
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(Nikon Type 102, Japan) before any phosphorescence
measurements.

Sucrose–NaCl mixtures were prepared from sucrose
solution containing dye. Sodium chloride (99.5% pure;
Sigma Chemical Co., St. Louis, MO) was added to the
purified sucrose solutions to obtain mixtures with
NaCl/sucrose anhydrous mole ratios of 0.04, 0.065,
0.09, 0.20, 0.36, 0.46, 0.56, 0.73, and 0.87. Prior to pre-
paring glassy films, sucrose–NaCl solutions were filtered
through a membrane with 0.2 lm pores. The procedure
to make a glassy sucrose–NaCl film was the same as the
procedure to make a pure sucrose film.

Water content in amorphous sucrose and sucrose–
NaCl films was determined gravimetrically (by differ-
ence of mass before and after drying for 24 h at 70 �C
in an Ephortee (Haake Buchler, Inc.) vacuum oven at
1000 mbar). Sample films were scratched from quartz
slides and ground into powders in a glove box contain-
ing P2O5 and Drie-Rite with a relative humidity less
than 5%. Pure sucrose sample contained 0.56 ±
0.13 wt % water, while the NaCl/sucrose samples con-
tained 1.04 ± 0.04, 0.81 ± 0.21, 1.06 ± 0.26, 1.04 ±
0.01, 1.18 ± 0.27, 0.54 ± 0.29, 2.17 ± 0.11, 2.32 ± 0.26,
and 2.34 ± 0.25 wt % water for the samples with mole
ratios of 0.04, 0.065, 0.09, 0.20, 0.36, 0.46, 0.56, 0.73,
and 0.87, respectively.

5.2. Luminescence measurements

Luminescence measurements were made using a Cary
Eclipse Fluorescence spectrophotometer (Varian Instru-
ments, Walnut Creek, CA). Prior to any phosphores-
cence measurements, all samples were flushed for at
least 15 min with nitrogen gas, which contained less than
1 ppm oxygen to eliminate oxygen quenching. At each
target temperature samples were equilibrated for
1 min/�C increase in temperature. The temperature
was controlled using a thermo-electric temperature con-
troller (Varian Instruments, Walnut Creek, CA). To
eliminate moisture condensation during the measure-
ments below room temperature, dry air was used to
flush the chamber surrounding the cuvette holder. All
the measurements were made at least in triplicate.

Delayed fluorescence and phosphorescence emission
spectra were collected from 520 to 750 nm (10 nm band-
width) at 1 nm intervals using excitation of 500 nm
(20 nm bandwidth) over a temperature range from 5 to
100 �C with an observation window of 5 ms and an
initial delay time of 0.2 ms, which suppresses fluores-
cence coincident with the lamp pulse. Emission spectra
from sucrose or sucrose–NaCl films without probe were
subtracted from each spectrum although the back-
ground signal was very low.

The energy of the emission maximum (mp) and the
full-width-at-half-maximum (FWHM) of the emission
bands was determined by using a log-normal line shape
function59 to fit both delayed fluorescence and
phosphorescence.

IðmÞ ¼ I0 exp � lnð2Þ ln½1þ 2bðm� mpÞ=D�
b

� �2
( )

ð1Þ

where I0 is the maximum emission intensity, mp is the
peak frequency (cm�1), D is a linewidth parameter and
b is an asymmetry parameter. The bandwidth (FWHM;
C) was calculated according to the following equation:� �
C ¼ D
sinhðbÞ

b
ð2Þ
For delayed luminescence spectra collected from 520 to
750 nm, a sum of log-normal functions for delayed fluo-
rescence (Idf(m)) and phosphorescence (Ip(m)) was used to
fit the spectra; each emission band was fit to indepen-
dent parameters.

Red-edge effect measurements over the temperature
range from 5 to 85 �C compared emission energy (Dmp)
with excitation at 530 nm and 560 nm. Phosphorescence
emission was collected from 640 to 760 nm using an
observation window of 5 ms and 0.1 ms delay. Phospho-
rescence spectra were converted to intensity versus
frequency (cm�1) and analyzed to obtain the peak
frequency (mp) and spectral bandwidth (C) using a log-
normal function (I(m)) (Eq 1).

For lifetime measurements, samples were excited at
530 nm (20 nm bandwidth) and emission transients
collected at 680 nm (20 nm bandwidth) over the temper-
ature range from 5 to 100 �C. Phosphorescence intensity
decays were collected over a window of 5 ms with an ini-
tial delay of 0.1 ms and increments of 0.04 ms. Each
decay was the average of 20 cycles. Because intensity
decays were non-exponential, a stretched exponential,
or Kohlrausch–Williams–Watts’ decay function was
used to analyze the intensity decay28,29,60
IðtÞ ¼ Ið0Þ expð�ðt=sÞbÞ þ constant ð3Þ
where I(0) is the initial amplitude, s is the stretched
exponential lifetime, and b is an exponent varying from
0 to 1 and characterizing the distribution of lifetimes.
The use of a stretched exponential model provides a
direct measurement of a continuous distribution of life-
times, which is appropriate for describing a complex
glass possessing a distribution of relaxation times for
the dynamic molecular processes. The smaller the b
value, the more non-exponential the intensity decays
and the broader the distribution of lifetimes. Program
NFITNFIT (Galveston, TX) was used to fit the decay; good-
ness of fit was evaluated by examining the v2 and R2.
Plots of modified residuals (the difference between the
intensity from the fit decay curve and the measured
intensity divided by the square root of the measured
intensity) provided an additional indicator of the good-
ness of fit. R2 for all fits ranged from 0.99 to 1.00 and
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modified residuals plots fluctuated randomly around
zero amplitude.

Phosphorescence emission lifetimes of Ery B as a
function of emission wavelength were measured with
excitation wavelength at 530 nm (20 nm bandwidth);
emission wavelength varied from 640 to 720 nm (20 nm
bandwidth). Phosphorescence emission lifetimes as a
function of excitation wavelength were measured with
emission wavelength at 680 nm (20 nm bandwidth); exci-
tation wavelength ranged from 490 to 560 nm (20 nm
bandwidth). The experiments were performed at 25 �C.

5.3. Photophysical scheme

Our analysis of the delayed emission is similar to the
photophysical scheme for Ery B outlined by Duchowicz
et al.61 and Pravinata et al.29 The measured emission
rate for phosphorescence (kP) is the sum of all possible
deexcitation rates for the triplet state T1:
s�1 ¼ kP ¼ kRP þ kTS1 þ kTS0 þ kQ½Q� ð4Þ
In this equation, kRP is the rate of radiative emission to
the ground state S0, for erythrosin B, kRP is 41 s�1 and
constant with temperature;61 kTS1 is the rate of ther-
mally activated reverse intersystem crossing from the
triplet state T1 to the singlet state S1; the value can be
estimated from the Arrhenius equation:
kTS1ðT Þ ¼ k0
TS1 expð�DETS=RT Þ ð5Þ
where k0
TS1 is the maximum rate of intersystem crossing

from T1 to S1 at high temperature, DETS is the energy
gap between T1 and S1, R = 8.314 J K�1 mol�1, and T

is the temperature in Kelvin. The value of DETS is calcu-
lated from the slope of a van’t Hoff plot of the natural
logarithm of the ratio of intensity of delayed fluores-
cence (Idf) to phosphorescence (Ip):
d½lnðIdf=IPÞ�=dð1=T Þ ¼ �DETS=R ð6Þ
where Idf and Ip are the maximum intensity values deter-
mined from analysis of the emission band using Eq 1.
The value of kTS1at 25 �C was estimated as 88 s�1 using
k0

TS1 ¼ 3:0� 107 s�1 and DETS = 31.56 kJ/mol.29

In the presence of oxygen, the quenching rate kQ[Q] is
the product of rate constant kQ and the oxygen concen-
tration [O2]. By flushing nitrogen throughout the mea-
surements we assume that oxygen quenching was
negligible. A major non-radiative decay route is by inter-
system crossing to the ground state S0; the decay rate,
kTS0, reflects the rate of collisional quenching of the
probe due to both internal and external factors.45 We as-
sume that kTS0 primarily reflects external environmental
factors since the self-collisional quenching of probe
molecules can be neglected within the extremely viscous
amorphous solid. In temperature-dependent term kTS0

can be calculated from the phosphorescence lifetime by
rewriting Eq 4
kTS0ðT Þ ¼
1

sðT Þ � kRP � kTS1ðT Þ ð7Þ
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