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Abstract

The glasstransition behaviour of polyphosphate compounds such asdi- and tri- polyphosphates
used as food additives and ATP, ADP existing in biosystems, were investigated by using DSC.
From the DSC heating curves of the frozen solutions, the glass transition temperatures of the
maximum freeze concentrated solutions, Ty, were determined. It was found that Tgy's for
polyphosphates are relatively high. The lyophilized tripolyphosphates, ATP and ADP also
showed the glass transition at arelatively high temperature, depending on the moisture content.
In addition the enthalpy relaxation behaviour of glassy ATP and ADP was examined and
analyzed by using the Kohlrausch-Williams-Watts (KWW) and the Voge-Fulcher-Tammann
(VFT) equations. Judging from the parameters of the KWW and VFT equations, the amorphous
states of ATP and ADP were suggested to be more fragile than trehal ose and sucrose.
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INTRODUCTION

Recently, information on the glassy state of carbohydrates has been accumulated. It is well
known that among them, sucrose and trehalose are good glass formers and effective protein
stabilizers on freezing or lyophilization. Understanding their stabilizing effect has been
attempted through their state diagrams, i.e. glass transition temperature (Tg)- moisture relation
(1, 2). Such insight provided a new paradigm in the field of food science and pharmaceutical
science (3, 4), even though some doubtful results have been reported (5, 6). Thus, the current
exploratory studies for good glass formers have been conducted, of which targets covered not
only new materials but also a mixture of known glass formers (7, 8).

Meanwhile, it is well known that polyphosphates have often been used as a stabilizer for
frozen or dry foods. They have been believed to play the role of a buffer during the process.
However, there are some questions that could not be interpreted only by the buffer effect (9). It
is interesting to note that there is no report as to glass transition behaviour of polyphosphates
used for foods. In the field of inorganic glass science, polyphosphates have been categorized as
good glass formers as well as silica (10, 11). However, polyphosphates dedlt in inorganic

79



chemistry are highly polymerized, whereas those used as food additives are limited to di- or tri-
polyphosphates. Therefore, the present study attempted to reconsider the physical properties of
di and tri- polyphosphates in terms of glass transition ATP related compounds (ATP, ADP and
AMP), which are typical polyphosphates existing in biosystems and have a similar chemical

structure to di- and tri- polyphosphates, were also investigated, because such informationon
these compounds might provide some aid for understanding the physicochemical behaviour in
biosystems at subzero temperatures. As a first step, these polyphosphates were examined by
using DSC whether their frozen solutions and lyophilized sampleswould turn into a glassy state
or not.

It became apparent that for the validity judgment of a glassy stabilizer, understanding the
molecular mobility above and below Ty is necessary (12, 13, 14). Hancock et al. (12) elucidated
the difference in molecular mobility below Ty among some excipients including indomethacin,
sucrose, and poly (vinylpyrrolidone) (PVP) from the investigation of the enthalpy relaxation
process, and pointed out that such investigation is important to understand the stability of the
glassy state. Therefore, according to the method by Hancock et al., weattempted to evaluate the
stability of the glassy state for polyphosphate systems through the investigation of the enthalpy
relaxation phenomena, and we compared them with carbohydrates such as trehalose and
sucrose.

MATERIALSAND METHODS

The reagents used in this study were sodium diphosphate decahydrate (WAKO Pure Chem,
Inc., Japan), pentasodium tripolyphosphate anhydrous (WAKO Pure Chem., Inc., Japan),
adenosine 5’-triphosphate (ATP) disodium salt (SIGMA 99%), adenosine 5’-diphosphate
(ADP) sodium salt (SIGMA 95-99%), and adenosine 5-monophosphate (AMP) sodium salt
(SIGMA 99%). Approximately 10mg of 5-15(w/w)% agueous solutions of the reagents were
sealed in an aluminum pan with a crimping press, and the thermal analysis was performed on a
differential scanning calorimeter (DSC) (SIMADZU DSC-50), which was caibrated for
temperature and heat capacity by indium as astandard material. Samples were warmed to 293K
at 2K/min after being cooled to 213K at —6K/min. To prepare low moisture samples, solutions
of tripolyphosphate, ATP and ADP were lyophilized by being kept for afew days at 233K under
the vacuum of 3x102 Torr. After that, the moisture content was adjusted by keeping in the
desiccator where the relative vapor pressure was controlled. These dried samples were also
sealed in an duminum pan, and heated from 273K to 393K at 2K/min on DSC. After DSC
measurements, pans were drilled on the top with apin, and dried in the oven at 393K. Thenthe
moi sture content was determined from the weightlessness.

The lyophilized glassy samples of ATP, ADP and D (+) trehalose dihydrate (SIGMA) were
sealed in an auminum pan and scanned by DSC as the following. They were once heated to
(Tg+30)K to erase their thermal history and cooled to (Tg-50)K . After that, samples were aged
inaDSC for 2to 48h at (T¢-10) to (T¢-45)K. Then, the aged samples wererecooled to (Tg-50)K,
and then reheated to (Tg+30)K. It is believed that the enthal py relaxation effect during the DSC
scanning can be minimized by keeping the heating and cooling rates the same (15, 16).
Therefore, to eliminate such effects of enthalpy relaxation by the difference between the
heating and cooling rates, every heating or cooling was performed at 5K/min. The extent of
enthalpy relaxation (? H) was evaluated from the endothermic peak area around Ty obtained by
the DSC heating scan The moisture content of the samples was determined aternatively by the
Karl-Fischer method.
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RESULTS AND DISCUSSION

Glass transition of polyphosphate compounds

DSC warming curves for polyphosphate agqueous solutions indicated clear glass transition
(glass-rubber) beforeice- melting peaksappear as shown in Figure 1. The transition was thought
to correspond to the glass transition of maximal freeze-concentrates referred to Tg' (1). The Ty's
of di, tri-polyphosphates, ATP, ADP, and AMP were estimated to be 258, 230, 246, 244 and
249K, respectively. The only AMP agueous solution showed an exothermic peak due to
devitrification above the Tg'. It should be noted that double glass transitions, which have often
been observed in low temperature DSC curves for some solution systems (17), did not appear
and only one glass transition was observed.

Although, the DSC warming curves of only lyophilized ATP are shown in Figure 2,
however, other lyophilized samples also indicated a clear glass transition. All the lyophilized
samples were found to be in the glassy state. Moreover, Ty decreased with increasing moisture,
indicating a plasticizing effect of water. The glass transition temperatures Ty versus moisture
content relations for some polyphosphates are plotted in Figure 3.

DSC heat flow

Temperature (K)

Figure 1. DSC warming curves of approximately 10% polyphosphate
solutions. Every scanning was performed at 2K/min, except for
diphosphate. Diphosphate sample was scanned at 0.5K/min. Arrows

indicate T,

Inthisstudy, every Ty or Ty wasdecided by the onset point of the base line shift. In Figure
3, the fitting curves by the following Couchman equation (18, 19) Eg. 1 are also shown as solid
lines,
_ XX Cps>q'gs+xw g pr

Tg
BTN W _(Eq. 1)
s¥ CpgtAw>* Cp,,

Tg

where X; is a mole fraction of solute, and Xy, isthat of pure water. Tqy and ?Cpw are the glass
trangition temperature and heat capacity increment for pure water, respectively, and were given
as 135K and 35J/(mol-K) from a literature (20). Tgs and ?Cps for pure solute are adjustable
parameters in the fitting calculation
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Figure 2. The typical DSC heating curves of lyophilized ATP adjusted to
each solute content. Every scanning was performed at 2K/min and
arrows show T,

For comparison, the glass transition temperature curves for trehalose and sucrose (21) are dso
shown in Figure 3. It was found that tripolyphosphate, ATP and ADP have relatively high Ty
and Tgy values compared with carbohydrates such as trehal ose and sucrose. On the other hand,
Cy, i.e., solute concentrationat Ty (2), was found to be lower thanthat of trehal ose and sucrose
systems. Thisresult suggests that the polyphosphates have higher water holding capacity. These
results are summarized in Table 1.

Table 1. The glass transition temperature of polyphosphate compounds

; T A C o molecular weight
Compound _T'=‘ g ; i e §
(k) Ky (J{mol- K)) (%)
Diphosphate 258 - - - 266.1
Tripolyph=phate 230 i 267 62.4 367 89
ATP 246 340 248 76.3 5511
AP 244 305 226 72 427.2
AMP 240 - - . 347.2
Ref. 21

Sucrose 227 335 195 81.7 342 3
frehatose " 233 a73 187 81.6 3423
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Figure 3. State diagrams of solutes - water binary systems. The data for
sucrose and trehalose in the diagram were taken from ref. 21

ENTHALPY RELAXATION OF POLYPHOSPHATES

Figure 4 shows the DSC heating curves of fresh and aged glassy ATP, ADP and trehalose
as atypical result. Whereas the fresh samples showed normal glass transition feature, the aged
samples indicated an endothermic peak around Tg, which represents the enthal py relaxation of
the glassy samples. Though DSC thermograms for other aging conditions are not shown here,
they gave smilar results. The relaxed enthalpy (?H) for the samples aged under different
conditions was estimated from the peak area as shown in Figure 4. Then, the relation of the
relaxed enthal py and aging timeis plotted in Figure 5. The relaxed enthalpy for glassy ATP and
ADP was found to be considerably less than that of trehalose. At (T-30)K, though it is not
shown here, the enthalpy relaxation for ATP and ADP could not be recognized within 48h
aging, whereas that of trehalose was confirmed even at (Tg-45)K.
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Figure 4. Typical DSC heating curves of fresh (above) and aged (below)
glassy ATP, ADP and trehalose sample. The aging for these samples was
performed for 48h at (T4-15)K.

To obtain a mean relaxation time (t), the relaxed enthal py—aging time data were analyzed
by Kohlrausch —Williams -Watts (KWW) equation (Eq. 2) (3,12, 22),

—expg 'ge/ 2 (Ea.2)

where t is aging time, t and 3 are the mean relaxation time and a relaxation time distribution
parameter, respectively. And F , isafraction of enthalpy remained unrelaxed as defined by Eq.

31
L @H/ o
Ft—l-f %H¥B-(Eq.3)

where ?H; is the relaxed enthalpy after t hour, and ? Hg is the maximum relaxed enthalpy at the
aging temperature, T. ?Hg calculated from Eq. 4,

?H, =(T,- T)% C, -(Eq. 4)

where Tq and ?C,, is the glass transition temperature and the heat capacity change at Tq
measured, respectively. The above KWW equation, which has been often used to analyze a
rel axation process of amorphous polymers (22), was used for small molecules by Hancock et al.
(12). The best fitting to the KWW equation was found to be applicable to the results obtained
for each sample as shown in Figureb. This means that all the relaxation processes of ATP, ADP
and trehal ose obey the KWW equation. So, t and 3 for the samples at each aging temperature
were determined.
Furthermore, the relation between the t for each sample versus aging temperature was
analyzed by using the Vogel- Fulcher- Tammann (VFT) equation (EQ. 5) (23, 24),

t=t, >exp§° X%I. To)g—(Eq. 5)

where tg and Tp are hypothetical relaxation time constant for an unrestricted molecule and an
ideal temperature at which molecular mobility is frozen perfectly, respectively (12, 23). D isa
parameter that controls how closely the system obeys the Arrhenius law (25). This VFT
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equation, which is known to be applicable to a nontArrhenius type dynamic behaviour, has
been used to characterize glassy materials above Ty by Angell et al. (23, 24, 25).
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Figure5. Enthalpy relaxation-aging time at (T,-15)K. The solid lines were
obtained by fitting the KWW equation.
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Figure 6. The relation between the mean relaxation time t and T4/T. The solid lines were
calculated from the VFT equation. The point denoted by superscript * means that at the point
no enthalpy recovery has been observed at least within 48h. The plots for sucrose were taken
from ref.12, and the fitting curve was recalculated in this study.
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On the other hand, Hancock et al. first applied the VFT equation to the analysis of the relaxation
process below Ty for glassy materials. In this study, to evaluate the relaxation process with a
wide temperature range below Ty, we also attempted to use this equation. Thus, the plots of the
In t and TyT, and the best fitting curves by Eq. 5 are shown in Figure 6. The values of
parameters, to, D and To, giving the best fit for Eq. 5, and B determined by Eq 2 are listed in
Table 2.

Table 2. The parameters in KWW and VFT equations

R 1o To TgTo D moisture content
Compound
thoun (K)  (K) (Wt%)
ATP 0.53-055(T;10 t0 -20K) 0.81 2942 34 0.39 6.7
ADP 0.54-0.62(T;10t0 -20K) 012 278.2 33 0.48 11.2
Trehalose 0.56-0.87(T, 150 -30K) 110 2745 51 052 8.2
Sucrose™" '?  0.40-0.80(T; 1510 -45K) 025 290 60 0.62 .

Asshown in Table 2, the obtained values of parameter 3were within the range of 0.4t0 0.8
for every compound, and showed an increasing tendency as the aging temperature decreases.
According to Ediger et al. or Bohmer et al ., the 13, representing the degree of ununiformity in the
distribution of relaxation time, gives around 0.5 at Ty for most fragile glassy systems while near
to 1.0 for strong glasses such as silica (26, 27). Then, judging from 3 obtained in this
experiment, ATP and ADP may be categorized in afragile glass type that has structures that do
not resist thermal degradation. However, it should be noted that 3 referred by Bohmer et al. was
determined from the experiments conducted under the temperature condition of T>Ty while our
experiment was carried out below Tg. With respect to [3 below T, there are alimited number of
reports even today though Hancock et al. also reported some data (12). Furthermore, theoretical
interpretation as to the parameter (3, including the temperature dependency, is on confusing and
not yet established. For example, it is considered that 3 decreases with the aging temperature
(28, 29), however, some studies reported that 3 does not always show such a decreasing trend
with the aging temperatures (30, 31). The complexity of enthalpy relaxation process of glassy
materials might have reflected such results, and more data will be necessary for the essential
interpretation of glass.

It has been proposed through experiments below Tg that the less Ty-To value is, the more
fragile and effective the material is as astabilizer (13). Tq-To value obtained for ATP, ADP and
trehalose, which were determined from the experiments conducted below Tg, were 34, 33 and
51K, respectively. It was found that ATP and ADP take not only high T4 and Tq but also small
Ty To value. Then, amorphous ATP and ADP are thought to be more fragile and effective as a
stabilizer than trehalose and sucrose. However, both to and D listed in Table 2 were far from
literature values for various materials determined from the experiments above Tg. For example,
tos of almost glassy materials are less than 10° hours (12), and D of fragile system such as
glassy Ca(NOs3), isreported to be 6 (23). That isto say, t o wastoo large and D was too small.
The inconsistent results may be derived from the difference in the condition of measurements,
i.e. above or below Ty In other words, the result in this study indicates that the parameters
obtained by the measurement above Ty do not always coincide with those obtained below Tg.
There remains difficulty in the theoretical interpretation of such parameters as Hancock et al.
have suggested (12). At this stage, it might be thought to be worthwhile that the parameters
were got and could be compared as listed in Table 2.
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CONCLUSIONS

It was found that polyphosphates including ATP related compounds are good glass formers
as well as carbohydrates, and they have a relatively high glass transition temperature. Among
them, ATP and ADP were the best glass formers having high Ty and Tg. Moreover, from the
result of the enthal py relaxation study below Ty, it was found that ATP and ADP forma fragile
glass with small TgTo value compared with trehalose or sucrose. Therefore, these
polyphosphate materials might be expected as an effective protein stabilizer. However, the
mechanismwhy ATP and ADP form such a stable glass could not be understood in this study. It
should be noticed that they have many phosphate ester groups with charge. Such characteristics
may affect the glass transition behaviour and stability of amorphous polyphosphates
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