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SUMMARY 

The behavior of 55 commercial SHPs, of dextrose equivalent (DE) 
0"3-100, was studied by a low-temperature differential scanning 
calorimetry technique. The method, based on derivative thermo- 
grams, is used to measure the characteristic sub-zero glass transition 
temperature, T'g, of a maximally freeze-concentrated aqueous solu- 

¢ 

tion. An inverse linear correlation exists between Tg and DE. A plot 
of T'g vs. number-average molecular weight (Mn) demonstrated the 
classical behavior of SHPs as a homologous series of amorphous 
glucose polymers, and revealed an 'entanglement coupling' capa- 
bility for SHPs of <. 6 DE and T'~ >>, - 8°C. The possible relationship 
between intermolecular entanglement (leading to network forma- 
tion) and SHP functional behavior as a food ingredient in applica- 
tions involving gelation, encapsulation, frozen-storage stabilization, 
thermomechanical stabilization or facilitation of drying processes is 
discussed. The utility of low-DE SHPs for inhibiting various 
'collapse'-related phenomena, which affect the processing~storage 
stability of many foods, is described and explained. An example of 
the inhibition of enzymic activity in a frozen system, stabilized with 
low-DE maltodextrin, is cited. A generalized mechanism for 
collapse is proposed, based on the occurrence of a critical struc- 
tural relaxation transition at T'g, followed by viscous flow in the 
rubbery liquid state. The mechanism is derived from 
Williams-Landel-Ferry free volume theory for amorphous poly- 
mers, and leads to a conclusion of the fundamental equivalence of 
T'g (or other relevant glass transition temperature, Tg) and the 
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observed collapse temperature and the temperature of  recrystalliza- 
tion. 

INTRODUCTION 

The physico-chemical properties of commercial starch hydrolysis 
products (SHPs), e.g. dextrins, maltodextrins, corn syrup solids, corn 
syrups, represent an important, but sparsely researched, subject within 
the food industry (Murray & Luft, 1973). Much can be learned about 
the functional attributes of SHPs as ingredients in fabricated food 
products, from a polymer physico-chemical approach to studies of the 
thermomechanical properties of these amorphous, water-soluble poly- 
mers of glucose. For example, To & Flink (1978) demonstrated a 
correlation between increasing measured collapse temperature, Tc, 
and increasing number-average degree of polymerization, DPn, for an 
extensive series of SHPs of 2 ~ DPn~ 16 (calculated % dextrose 
equivalent, DE* = 52-6 to 6.9). 

Recently reported studies from our laboratories have utilized 
thermal analysis methods such as differential scanning calorimetry 
(DSC), dynamic mechanical analysis (DMA) and thermomechanical 
analysis (TMA) to illustrate and characterize the polymer-chemical 
properties of various food ingredients and products (e.g. rice and 
starch (Maurice et al., 1985; Slade, 1984; Slade & Levine, 1984), 
gelatin (Levine & Slade, 1984a; Slade & Levine, 1984) and frozen 
aqueous sugar and other solutions (Levine & Slade, 1984b; Schenz et 
al., 1984)), all of which behave as systems of amorphous or partially 
crystalline polymers, oligomers and monomers, soluble in and/or 
plasticized by water (Sears & Darby, 1982). 

We now report a DSC study of the characteristic sub-zero second- 
order glass transition temperatures (where Tg = T'g) of 55 commercial 
SHPs with D E  values in the range 0.3-100. (As defined by Franks 

P 

(1982), Tg is the glass transition temperature of the maximally freeze- 
concentrated solute matrix surrounding the ice crystals in a frozen 
solution.) This analysis yields a linear correlation between decreasing 

* DE is defined by eqn (1), since the reducing sugar content (in terms of the number 
of reducing end groups) of a known weight of sample is compared to an equal weight 
of glucose of DE 100 and Mn 180.16. 



Polymer characterization of commercial SHPs 215 

! 

DE and increasing Tg, such that one could predict a DE value for an 
t 

'unknown' SHP from its measured Tg, by interpolation using a calibra- 
t 

tion curve of Tg vs. DE for SHP 'standards' of known DE. The same 
DE/T'g data have been used to construct a predictive map of func- 
tional attributes for SHPs, based on a demonstration of their classical 
Tg vs. number-average molecular weight (34n) behavior as a homolo- 
gous series of amorphous glucose polymers. The present study 
examines a more extensive range of SHPs and provides a theoretical 
basis for interpreting the previously cited results of To & Flink (1978). 

The possibility that SHP functional behavior can be predicted from 
the correlation between DE (or DP. or /~n) and Tg has important 
implications for a better understanding of the mechanism of various 
'collapse'-related phenomena (discussed in recent reviews by Flink 
(1983) and Karel & Flink (1983)), which affect the processing and 
storage stability of many fabricated and natural food systems, includ- 
ing frozen products, amorphous dry powders and candy glasses. We 
shall discuss the potential (and frequently demonstrated) utility of 
SHPs in preventing structural collapse, as predictable from the present 
method, within the context of a probable mechanism for the collapse 
phenomenon. This mechanism is based on the assumption that 
collapse phenomena are consequences of a structural relaxation 
process characteristic of the material, which reflects the microscopic 
and macroscopic manifestations of an underlying and prerequired 
molecular 'state' transformation from a metastable amorphous solid to 
liquid which occurs at Tg. 

MATERIALS AND METHODS 

The SHPs used in this study are listed in Table 1, along with their 
manufacturers and vegetable sources, wherever known. The majority 
are typical commercial SHPs, readily available and widely used 
throughout the food industry, either now or in the past. These 
materials were analyzed as received, and their DE values are those 
specified by the manufacturers. Glucose and maltose were reagent 
grade chemicals from Sigma (St Louis, Missouri, USA); maltotriose 
and maltohexaose were '85% pure' maltooligosaccharide standards 
from V-Labs (Covington, Louisiana, USA). Three calibrated 
molecular-weight fractions were also obtained from V-Labs from a 
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TABLE 1 
T'g Values for  C o m m e r c i a l  SHPs  

t 

SHP Manufacturer Source DE Tg (°C) 

A B  7436  A n h e u s e r  Busch  (St Waxy maize  0"5 - 4 
Louis ,  Missour i ,  

U S A )  
Paselli  SA-2 A V E B E  (Hopelawn,  Pota to  2 - 4.5 

N ew  Jersey,  U S A )  
Stadex 9 Staley (Decatur ,  Illinois, D e n t  co rn  3.4 - 4 '5 

U S A )  
7 8 N N 1 2 8  Staley Pota to  0.6 - 5 
7 8 N N 1 2 2  Staley Pota to  2 - 5 
A R D  2 3 2 6  A m a i z o  ( H a m m o n d ,  D e n t  co rn  0.4 - 5"5 

Ind iana ,  U S A )  
A R D  2 3 0 8  A m a i z o  D e n t  co rn  0"3 - 6 
A B  7435  A n h e u s e r  B u s c h  Waxy /den t  b l e n d  0.5 - 6 
Star  Dr i  1 Staley D e n t  co rn  1 - 6 
Mal t r in  M 0 5 0  G P C  (Musca t ine ,  Iowa, D e n t  co rn  6 - 6 

U S A )  
Paselli  M D - 6  A V E B E  Pota to  6 - 6.5 
Dex t r in  11 Staley Tap ioca  1 - 7.5 
M D - 6 - 1 2  V-Labs  2.8 - 7"5 
8 tadex  27 Staley D e n t  c o r n  10 - 7.5 
M D - 6 - 4 0  V-Labs  0.7 - 8 
Star  Dr i  5 Staley D e n t  c o r n  5 - 8 
Paselli  M D - 1 0  A V E B E  Pota to  10 - 8 
M o r r e x  1910 C PC (Eng lewood  Cliffs, D e n t  c o r n  10 - 9"5 

New Jersey,  U S A )  
Star  Dr i  10 Staley D e n t  c o r n  10 - 10 
Mal t r in  M 0 4 0  G P C  D e n t  co rn  5 - 10.5 
F rodex  5 A m a i z o  Waxy maize  5 - 11 
M o r r e x  1918 C P C  Waxy maize  10 - 11.5 
Mal t r in  M 1 0 0  G P C  D e n t  co rn  10 - 11"5 
L o d e x  5 A m a i z o  Waxy maize  7 - 12 
Mal t r in  M 5 0 0  G P C  D e n t  co rn  10 - 12.5 
L o d e x  10 A m a i z o  Waxy maize  12 - 12.5 
Mal t r in  M 1 5 0  G P C  D e n t  c o r n  15 - 13.5 
M D - 6 - 1  V-Labs  20.5 - 13.5 
F rodex  15 A m a i z o  Waxy maize  18 - 14 
Frodex  10 A m a i z o  Waxy maize  10 - 15"5 
L o d e x  15 A m a i z o  Waxy maize  18 - 15.5 
M a l t o h e x a o s e  V-Labs  18.2 - 15.5 
Mal t r in  M 2 0 0  G P C  D e n t  c o r n  20  - 15-5 
Mal t r in  M 2 5 0  G P C  D e n t  c o r n  25 - 17-5 
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SHP Manufacturer Source DE T'g (°C) 

Staley 200 Staley C o r n  26 - 19.5 

F r o d e x  24  A m a i z o  Waxy  maize  28 - 20-5 

DriSweet 36 Hubinger ( K e o k u k ,  Iowa ,  C o r n  36 - 22 

U S A )  

Maltrin M 3 6 5  G P C  D e n t  c o r n  36 - 22-5 

Staley 300 Staley C o r n  35 - 23 '5  

G l o b e  1052 C P C  C o r n  37 - 23.5 

Maltotriose V-Labs 35-7 - 23.5 

F r o d e x  42  A m a i z o  Waxy maize  42  - 25.5 

N e t o  7 3 0 0  Staley C o r n  42  - 26-5 

G l o b e  1132 CPC C o r n  43 - 27"5 

Staley 1300 Staley C o r n  43 - 27-5 

N e t o  7 3 5 0  Staley C o r n  50 - 27-5 

Maltose Sigma 52.6 - 29 '5  

G l o b e  1232 CPC C o r n  54.5 - 30"5 

Staley 2300 Staley C o r n  54 - 31 

Sweetose 4400 Staley C o r n  64  - 33.5 

Sweetose 4300 Staley C o r n  64  - 34 

G l o b e  1642 CPC C o r n  63  - 35 

G l o b e  1632 CPC C o r n  64  - 35 

Roya l  2 6 2 6  CPC C o r n  95 - 42 

Glucose Sigma C o r n  100 - 43  

maltodextrin standard, MD-6, with the following manufacturer's 
specifications (as measured by high-performance aqueous gel permea- 
tion chromatography): MD-6-1,/Un = 880 and 2f/w =1030; MD-6-12, 
37/n=6500 and Mw=13000; and MD-6-40, Mn=27200  and 
Mw = 39 300. For these V-Labs and Sigma samples, DE values were 
calculated, using the equation: 

DE = 100/(37/n/180" 16) (1) 

All SHP solutions for T'g determination were 20% w/w solids basis 
(i.e. 20.0 g solid solute per 100.0 g solution), in distilled deionized 
water. Samples were prepared by mechanical stirring, with gentle 
heating when necessary, to produce clear solutions or homogeneous 
sols. (Generally, water solubility of SHPs decreases with decreasing 
DE (Murray & Luft, 1973).) 
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The effect of freezer-storage temperature on enzymic activity was 
investigated experimentally in vitro in a model system consisting of 
glucose oxidase (from Sigma), glucose, methyl red, and bulk solutions 
of sucrose, Morrex 1910 (10 D E  maltodextrin) and their mixtures, 

! 

which provided a range of samples with known values of Tg. The 
enzymic oxidation of glucose produces an acid which turns the reac- 

t tion mixture from yellow to pink. Samples with a range of Tg values 
from -9 .5  to -32°C were stored at various temperatures (25, 3, 
- 15 and - 23°C), and monitored for color change over time. 

DSC measurements were performed with a DuPont 990 Thermal 
Analyzer combined with a Model 910 Differential Scanning Calori- 
meter equipped with a liquid nitrogen quench cooling accessory 
capable of sample cooling at about 50°C min- 1. The analog derivative 
function on the DuPont 990 allowed the precise determination of 
transition temperatures, with a reproducibility (for duplicate samples) 

! 

of + 0"5°C for Tg. In practice, 20-30 mg of solution were hermetically 
sealed in an aluminum sample pan, and scanned (against an empty 
reference pan), at a heating rate of 5°C min- 1, from - 60°C (or below) 
to + 25°C. Initial cooling to below - 60°C (in all cases, well below T'g) 
ensured maximal freeze concentration, and thus maximally frozen 
samples. 

RESULTS 

Figure 1 shows two typical low-temperature DSC thermograms for 
20% w/w SHP solutions: (A) glucose and (B) Star Dri 10 1 0 D E  malto- 
dextrin. In each, the heat flow curve begins at the top (endothermic 
range down) and the derivative trace (zeroed to the temperature axis) 
at the bottom. For both thermograms, instrumental amplification and 
sensitivity settings were identical, and sample weights comparable. As 
illustrated by Fig. 1, the derivative feature of the DuPont 990 greatly 
facilitates the identification of sequential thermal transitions, assign- 
ment of precise transition temperatures, and thus overall interpreta- 
tion of thermal behavior, especially for such frozen aqueous solutions 
exemplified by Fig. I(A) (Schenz et al., 1984). Surprisingly, we could 
find no other reported use of derivative thermograms, in the many 
DSC studies of such systems, to sort out the small endothermic and 
exothermic changes in heat flow that occur typically below 0°C (see 
Franks ( 1982) for extensive bibliography). 
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Fig. 1. Typical DSC thermograms for 20% w/w solutions of (A) glucose and (B) 
Star Dri 10 10 DE maltodextrin. In each, the heat flow curve begins at the top (Endo- 
thermic range down) and the derivative trace (zeroed to the temperature axis) at the 

bottom. 

Despite the handicap of such instrumental shortcomings in the past, 
the theoretical basis for the thermal properties manifested by aqueous 
solutions at sub-zero temperatures has come to be well understood, as 
described in detail (along with voluminous corroborative experimental 
results) by, e.g., Franks, MacKenzie and their co-workers (Luyet, 
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1960; Rasmussen & Luyet, 1969; MacKenzie & Rasmussen, 1972; 
Franks et al., 1977; MacKenzie, 1977, 1981; Franks, 1982). Hence, 
only the new and salient features of the present results will be 
described. In Fig. I(A), after rapid cooling of the glucose solution to 
below - 80°C, slow heating revealed a minor Tg at - 61"5°C, followed 
by an exothermic devitrification (a crystallization of some of the 
previously unfrozen water) at -47"5°C, immediately followed by 
another (major) Tg, namely Tg, at -43°C, and then finally the 'equi' 
librium' melting of ice at T m. In Fig. I(B), the maltodextrin solution 
thermogram is much simpler, showing only the obvious glass transi- t 
tion a t  T g  = - 1 0 ° C ,  in addition to T m. These assignments of transi- 
tions and temperatures can be definitively reconciled with the 
appropriate solid-liquid 'state' diagrams, as reported by MacKenzie & 
Rasmussen (1972 (Fig. 18)) and Franks (1982). In such state diagrams 
(e.g. Fig. 6 in this paper will be described in the Discussion), the differ- 
ent cooling-heating paths which can be followed by solutions of 
typical monomeric and polymeric solutes are revealed. For the former 
(e.g. glucose), partial vitrification of the original dilute solution can 
occur because the cooling rate is fast relative to the time required for 
ice crystallization, whereas for the latter (e.g. a maltodextrin) the cool- 
ing rate is comparatively lower relative to the time for rapid freezing. 
However, as demonstrated by the thermograms in Fig. 1, in both cases 
re-warming forces the system through a major glass transition at T' g, 
(Note: In many earlier DSC studies (e.g. MacKenzie (1977, 1981) and 
Maltini (1977)), performed without the benefit of derivative thermo- 
grams, a pair of transition temperatures (independent of initial con- 
centration) ca l l ed  Tantemelting and Tincipien t melting have been reported in 
place of a single Tg. In fact, in the many cases that we have studied, the 

! 

reported values of Tam and Tim bracket that of Tg as we measure it, 
leading us to surmise that Tam and T~ actually represent the tempera- 
tures of onset and completion of the single thermal event (a glass 

! 

transition) that must occur at Tg, as defined by the state diagram.) 
The point of greatest interest in the thermograms in Fig. 1 involves 

T'g (Schenz et al., 1984). As defined by Franks (1982), T'giS the Tg of 
the freeze-concentrated solute matrix surrounding the ice crystals in a 
maximally frozen solution. This matrix, which is a supersaturated 
solution of all the solute in the fraction of water remaining unfrozen, 
exists as a 'metastable' amorphous solid (a glass, of constant composi- 
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tion) at any temperature below T'g,* but as a viscoelastic liquid (a 
rubbery fluid) at any temperature between T'g and T m. Again, with 
regard to a state diagram for a typical water-soluble solute that does 
not readily undergo eutectic cffstallization (see Franks (1982), Schenz 
et al. (1984) or Fig. 6 later), Tg corresponds to the intersection of the 
thermodynamically defined liquidus curve and the kinetically deter- 
mined supersaturated glass curve. As such, Franks (1982) described 
T'g as a 'metastable eutectic', in that it represents a quasi-invariant 
point in the state diagram, invariant as to both its characteristic tern- ! I 

perature (Tg) and  composition (i.e. C g, herein expressed as a concen- 
tration of g unfrozen water/g solute) for a particular solute. (However, 
'eutectic' in this case does not imply phase separation.) This glass, 

! 

which forms, e.g., on slow cooling to  Tg, acts as a kinetic barrier to 
further ice formation (within the experimental time frame), despite the 

! 

continued presence of unfrozen water at all temperatures below Tg, as 
well as a barrier to any other diffusion-controlled process. Recogniz- 
ing this, one begins to appreciate why the temperature of this glass 
transition is very important in several aspects of frozen food tech- 
nology, e.g. freezer storage stability, freeze concentration and freeze 
drying (Franks, 1982), which can involve various recrystallization and 
'collapse' phenomena, as will be described in the Discussion. 

In Table 1 are listed the measured T'g values for the 55 commercial 
SHPs analyzed. The T'g for glucose of - 4 3 ° C  is midway between 
reported values for Tam and Tim (Rasmussen & Luyet, 1969), and 
within _+2 ° of various values for T c and T r (recrystallization) 
(MacKenzie, 1977; Franks, 1982). The same is true of our previously 
reported T'g for sucrose of - 32°C (Schenz et al., 1984). Elsewhere in 
the literature are values for T c and/or Tr (also always independent of 
initial concentration) for soluble starch of - 5 or - 6°C (Luyet, 1960; 
Franks, 1982), and for dextrin of - 9°C (Luyet, 1960), which are also 
comparable to o u r  T'g values for various dextrins of < 1 D E  and 
maltodextrins of < 10 DE,  respectively. 

! 

Figure 2 shows Tg plotted vs. D E  for all the SHPs. There is a 
! 

reasonable linear correlation between increasing Tg and decreasing 

t 
* The glass at Tg, with invariant composition, has been described in previous litera- 
ture as 'metastable' (Franks, 1982). More discriminating terminology, e.g. kinetically 
metastable, will be discussed in a future publication. 
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DE, as demonstrated by the regression line which has a correlation 
coefficient R = -0"98.  If we assume, as defined by eqn (1), that DE is 
inversely proportional to D P  n and Aln for this series of SHPs, then the 

I • 

results in Fig. 2 demonstrate that Tg)ncreases  with increasing ~/n" 
Such a correlation between Tg and M~ is the general rule for any 
homologous family of synthetic glass-forming monomers, oligomers 
and polymers (Billmeyer, 1984). 

The equation describing the regression line in Fig. 2 is 

D E =  - 2.2( T'g)- 12.9 (2) 
We used eqn (2) to calculate DE values for three SHPs of unknown 
D E  from their measured T'g values: Crystal Gum, a tapioca dextrin 
from National Starch (Bridgewater, New Jersey, USA),  had a T'g of 
- 6°C, and a calculated DE of < 1; Capsul, a modified waxy maize 

t 

starch from National Starch, a Tg of  - 9"5°C, and a DE of 7.6; and 
! 

MD-6, a maltodextrin whole-polymer standard from V-Labs, a Tg of 
- 12.5°C, and therefore a DE of 14. Such calculated DE values seem 
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reasonable approximations for a dextrin and a maltodextrin, so that 
Fig. 2 commends  itself as a calibration curve useful for interpolating 
DE values of 'unknown' SHPs. This approximate method, based on 
eqn (2), may be preferable to the more tedious and time-consuming 
classical experimental methods for DE determination (Murray & Luft, 
1973). 

! t Figure 3 shows Tg plotted vs. C g for 13 of the corn syrups, in the 
DE range 26 -95 ,  listed in Table 1 The composition of the glass at T' • g 

was calculated from the thermogram, specifically from the measure- 
ment of the area (enthalpy) under the ice melting endotherm. By cali- 
bration with pure water, this measurement yields a maximum weight 
of ice in the frozen sample, and, by difference from the known weight 
of total water in the initial solution, a weight of unfrozen water, per unit 

t 

weight of  solute, in the glass at Tg. Many in the food industry will 
recognize this procedure as one of several routine methods for deter- 
mining what is referred to as the 'water binding capacity' of a solute• 
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Fig. 3. Variation of the glass transition temperature, T'g, for maximally frozen 20% 
w/w solutions against C~, the composition of the glass at T'g, in g unfrozen water per g 

solute, for 13 commercial corn syrups. 
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Franks (1982) has reviewed this subject in detail, and taken great 
pains to point out that this so-called 'bound' water is not truly bound 
in any energetic sense. It has been shown to be subject to rapid 
exchange, and to have thermally labile hydrogen bonds, cooperative 
molecular mobility, a heat capacity, Cp, approximately equal to that of 
liquid water rather than ice and some capability to dissolve salts (as 
reviewed by Levine & Slade (1984b)). Furthermore, it has been 
demonstrated, for water-soluble polymers and monomers alike, that 
such unfreezability of water is not due to tight binding by solute but to 
kinetic (non-equilibrium) retardation effects on the diffusion of water 
and solute molecules at the low temperatures approaching the vitrifi- 
cation Tg of the solute/unfrozen water mixture (Franks, 1982). 

I 

As shown by the results in Fig. 3, Cg (expressed as g unfrozen 
water/g solute) decreases with increasing T'g for this series of corn 
syrup solids solutions. (The correlation coefficient for the linear regres- 
sion line is - 0.91.) In other words, as the average 57/n of the solute(s) 

! 

increases, the fraction of the total water unfrozen in the glass at Tg 
generally decreases. This fact is also illustrated dramatically by the 
thermograms in Fig. 1. For comparable amounts of total water, the 
area under the ice melting peak for the glucose solution is much 
smaller than that for the maltodextrin solution. Once again, in the con- 
text of a typical state diagram (e.g. Fig. 6), the above results show that 
as the average/~fn of the water-soluble solute(s) in an aqueous system 
increases, the T'g/C 'g point generally moves up the temperature axis 
toward 0°C and to the right along the composition axis toward 100 
w% solute. The critical importance of this fact will become clear in the 
Discussion, where we describe SHP functional behavior vis-d-vis 

! 

Tg, and the possibilities of inhibiting collapse phenomena by formulat- 
ing a fabricated food product with the intent of elevating T'g. 

DISCUSSION 

Insights into structure/property relations for SHPs 

! 

At first glance, the straightforward presentation of the D E  vs. Tg data 
in Fig. 2 does not appear to be the most rigorous theoretical treat- 

! 

ment. Yet the linear correlation of D E  with Tg and the convenience 
for practical application in the estimation of D E  to characterize SHP 
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samples seem to justify its potential use. The rigorous theoretical 
dependence of DE on T'g stems from the respective dependence of 
each of these parameters on the degree of linear polymerization and 
molecular weight (MW) within a series of monodisperse (i.e. 
MW= ~t n = weight-average MW, ~/w) homopolymers. High polymers 
can be distinguished from oligomers because of their capacity for 
molecular chain 'entanglement coupling', resulting in the formation of 
rubber-like viscoelastic random networks (often called gels, in accord 
with Flory's nomenclature for disordered three-dimensional networks 
formed by physical aggregation (Flory, 1953, 1974)) above a critical 
polymer concentration (Ferry, 1980). As summarized by Mitchell 
(1980), 'entanglement coupling is seen in most high MW polymer 
systems. Entanglements (in gels) behave as crosslinks with short life- 
times. They are believed to be topological in origin rather than involv- 
ing chemical bonds" For linear homopolymers (either amorphous or 
partially crystalline, and not necessarily monodisperse) with ~t n 
values below the entanglement limit, there is a theoretical linear 
decrease in Tg with increase in 1 /M n (Billmeyer, 1984). The onset of 
entanglement corresponds to a plateau region in which further 
increases in MW have little or no effect on Tg (Billmeyer, 1984). 
(There may, however, be a dramatic effect on the viscoelastic propert- 
ies of the network, resulting, e.g., in increased gel strength at constant 
temperature (Ferry, 1980).) The conventional presentation of such 
experimental data is simply Tg vs. h~/w (Billmeyer, 1984), which conve- 
niently displays the plateau region. Two typical examples are shown in 
Fig. 4. The main plot describes the behavior of a homologous series of 
amorphous linear poly(vinyl acetate) samples, commercially available 
as Vinnapas PVAc's from Wacker-Chemie (Berghauser, FRG) (which 
provided the Mw values). The plateau region, which includes high 
polymer samples that demonstrate viscoelastic rheological properties, 
is clearly observed (Levine & Slade, 1984b). In the inset of Fig. 4 is 
shown an idealized figure (from a Perkin-Elmer DSC user's manual 
(Brennan, 1973)) illustrating the generalized relationship between Tg 
and A;/w. As exemplified in Fig. 4, Tg increases monotonically with 
increasing A/w up to the plateau limit for the region of entanglement 
coupling (typically at ;~t w somewhere in the range 104-105 daltons 
(Billmeyer, 1984)), then levels off. 

To a first approximation, DE has the simple inverse dependence on 
/~t defined by eqn (1). Expressing eqn (1) in the form ;f/n = 18 016/ 
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DE, and using the conventional presentation to explore the behavior 
! ! 

of Tg with MW, we show in the main plot of Fig. 5 the Tg results for 
the 55 commercial SHPs. After a steeply rising portion, a plateau 
region is reached for SHPs with DE<~ 6 and T'g >1 -8 °C .  * The most 
likely explanation for this previously unreported behavior is that such 
SHPs experience molecular entanglement in the freeze-concentrated 
glass that exists at T'g and C'g. Consequently, SHP samples with 
DE ~< 6 and T'g >t -8°C should be capable of forming gel networks 
(via entanglement), at concentrations above a critical polymer concen- 

* In the inset of Fig. 5 is shown the theoretical linear decrease in T'g with increase in 
1/Mn, for SHPs with M. values below the entanglement limit. To & Flink's (1978) 
T¢/MW data (Fig. 4, p. 574, in their paper) showed the same correlation. In fact, the 
theoretical treatment of the data in the inset is simply a modified version of the 
straightforward presentation in Fig. 2, with the same correlation coefficient 
r= - 0.98. 
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tration (related to C'g). Braudo et al. (1984), in their reports of the 
viscoelastic properties of thermoreversible maltodextrin gels (at 
T> 0°C), have also implicated entanglement coupling above a critical 
polymer concentration. They have concluded that the non-coopera- 
tive gelation behavior shown by maltodextrins is characteristic of 
semi-rigid chain polymers. This is consistent with Ferry's (1980) 
observation that 'molecules which are relatively stiff and extended (in 
concentrated solution) exhibit the effects of entanglement coupling 
even more prominently than do highly flexible polymers'. Additional 
information about thermoreversible maltodextrin (5-8 DE)  gels 
comes from Bulpin et al. (1984), who have reported that such SHP 
gels are apparently composed of a network of high MW ( > 10000) 
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branched molecules derived from amylopectin. These branched mole- 
cules represent the structural elements, which are aggregated with, and 
further stabilized by interactions with, short linear chains 
(MW< 10 000) derived from amylose. 

The possible implications of our new finding and the conclusions 
we draw from it may be important in helping to explain previously 
observed but poorly understood aspects of SHP functional behavior 
in various food-related applications. The SHPs which fall on the 
plateau region in Fig. 5 have D E  values from 6 to 0.3. Based on eqn 
(1), these D E  values correspond to DP,  values in the range 18-370, 
respectively, and 3,1 n values between 3000 and 60000. (The data 
points for the three maltodextrin MW standards are indicated in Fig. 5 
to provide MW markers. The points for (1) MD-6-40 (/~¢n = 27 200; 
/9/w= 39300) and (2) MD-6-12 (37/n = 6500; 37/w= 13000) fall on the 
plateau, while (3) MD-6-1 (3;/n=880; /9/w=1030) is below the 
entanglement limit.) Within this series of commercial SHPs, the mini- 
mum linear chain length apparently required for intermolecular 
entanglement corresponds to DPn = 18 and Mn= 3000. This fact 
explains why no plateau region was observed in To & Flink's (1978) 
plot of T~ vs. DPn for SHPs of D P  n <~ 16 and D E  >1 6"9. Their Fig. 3 (on 
p. 573) and the portion of our Fig. 5 for D E  >/7 are extremely similar 
in appearance, in that both show a steeply rising portion for D E  >1 20, 
followed by a less steeply rising portion for 20~>DE~>7. The 
entanglement capability evidenced by just such SHPs of DE<~6 
(materials not previously studied by the polymer characterization 
method described herein) may therefore underlie various important 
aspects of their functional behavior. For example, as shown by Slade's 
(1984) review of the literature, sufficiently long linear chain lengths 
(DPn >- 18) of SHPs have been correlated with intermolecular network 
formation and thermoreversible gelation, and with SHP and starch 
(re)crystallization by a chain-folding mechanism. It may be that, in a 
partially crystalline SHP gel network, the coexistence of random inter- 
chain entanglements in the amorphous regions and chain-folded 
microcrystalline junction zones comprising the crystalline regions rep- 
resents concomitant (but not  necessarily cause-and-effect) conse- 
quences of a sufficiently long chain length. This suggestion is 
supported by the recent work of Ellis & Ring (1985) and Miles et al. 
(1985), who reported that amylose gels, which are found to be 
partially crystalline, form on cooling solutions of molecularly 
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entangled chains. The latter workers stated that amylose gelation 
requires network formation, and this network formation requires 
entanglement, and they concluded that 'polymer entanglement is 
important in understanding the gelation of amylose'. 

The excellent fit of the experimental data in Fig. 5 to the conven- 
tional presentation of the behavior expected for such a family of 
oligomers and high polymers is gratifying, especially considering the 
numerous caveats that one must mention about commercial SHPs. For 
example, Fig. 5 was constructed using ~/n (and implicitly DPn), calcu- 
lated from DE, while the conventional form (Fig. 4) utilizes ~$/w as a 
basis for specifying a typical MW range for the entanglement limit. 
Furthermore, for highly polydisperse solutes such as commercial 
SHPs (for which MW distribution, MWD =/~w/Mn, is frequently a 

! variable), Tg is rigorously dependent on the average Mw of a mixture 
of solute molecules (Franks, 1982). Despite these facts, the entangle- 
ment limit of Mn = 3000 for the SHPs in Fig. 5 is within the charac- 
teristic range of 1250-19000 for the entanglement MWs of many 
typical synthetic linear high polymers (Graessley, 1984). 

Other largely uncontrollable potential variables within the series of 
SHPs include the following: (a) significant sample variability in solids 
composition (i.e. saccharides distribution) for a single SHP, which 

! 

would affect the reproducibility of Tg; and (b) 'as is' moisture contents 
(in the generally specified range of 5-10%) for different solid SHPs, 

I 

which would not affect measured Tg (since, e.g., 15, 20 and 25% w/w 
solutions would all freeze-concentrate to the same invariant T'g point 

! 

in the state diagram), but would affect the calculated C g. Hence, the 
C 'g data in Fig. 3 were only those for some commercial corn syrups, 
whose moisture contents are generally more tightly specified. Another 
origin of variability among different commercial SHPs of nominally 
comparable DE concerns the method of production, e.g. hydrolysis 
by acid, enzyme or acid plus enzyme (Murray & Luft, 1973). 
Especially with regard to enzymic hydrolysates, each particular 
enzyme used leads to a different set of characteristic breakdown 
products with a unique MWD (Krusi & Neukom, 1984). Still another 
major variable among different SHPs from different vegetable starch 
sources involves the original amylose/amylopectin ratio for a starch, 
and the consequent ratio of linear to branched polymer chains in an 
SHP. This variable can be particularly pronounced among a set of 
low-DE maltodextrins (which would contain higher-DP fractions), 
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some from linear amylose-containing dent corn and some from all- 
amylopectin (branched) waxy maize. The consequent range of T'g 
values can be pronounced as well, since, as a generally observed rule, 

! 

linear chains give rise to higher Tg than branched chains of the same 
! 

hT/w. This type of behavior is exemplified by the Tg data for the eight 
10 D E  maltodextrins listed in Table 1, where T'g ranges from - 7"5°C 
for Stadex 27 from dent corn to - 15"5°C for Frodex 10 from waxy 
maize, a A T of 8°C. The obvious conclusion regarding a suitable 
maltodextrin for a specific application is that one SHP is not neces- 
sarily interchangeable with another of the same nominal 
DE,  but from a different commercial source. Basic characterization of 

! 

structure/property relations, e.g. in terms of Tg (rather than DE,  
which can be a less significant, even misleading parameter), is often 
advisable before selecting such food ingredients. 

Predicted functional attributes of S H P s  

Further insights into the structure/function relationships for SHPs may 
be gleaned, if one considers Fig. 5 as a predictive map of areas of func- 
tional behavior for SHP samples. For example, SHPs which fall on the 
entanglement plateau can be postulated to demonstrate certain func- 
tional attributes, some of which have already been verified in the past, 
but not quantitatively explained from a theoretical basis such as the 
entanglement capability revealed by the present study. Thus, it 
appears (as described below) that the plateau region defines the useful 
range of gelation, encapsulation, cryostabilization, thermomechanical 
stabilization and facilitation of drying processes. The lower end of the 
~:/n range corresponds to the area of sweetness, browning reactions 
and cryoprotection. The intermediate region at the upper end of the 
steeply rising portion represents the area of anti-staling ingredients. 
The map (so labelled as in Fig. 5) can be used to choose individual 
SHPs or mixtures of SliPs and other carbohydrates (e.g. targeted to a 

? 

particular Tg value) to achieve desired complex functional behavior 
for specific product applications. 

As a specific example, the synthesis of SHPs capable of gelation 
from solution should be designed to yield materials of D E  <<, 6 and 
T'g >t -8°C.  This prediction is in good agreement with the results of 
Richter and co-workers (Richter et al., 1976a, b; Braudo et al., 1979), 
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who reported that 25% w/w solutions of potato starch maltodextrins 
of 5-8 DE produced thermoreversible, fat-mimetic gels, and with 
those of Lenchin et al. (1985), who patented tapioca SHPs of DE < 5 
which also form fat-mimetic gels from solution. Commercial malto- 
dextrins to be used for effective encapsulation of volatile flavors/ 
aromas and lipids should likewise be capable of entanglement and 

! 

network formation (i.e. Tg >~ -8°C).  AS reported by Flink and co- 
workers (To & Flink, 1978; Flink, 1983; Karel & Flink, 1983), effec- 
tiveness of encapsulation increases with increasing To, which in turn 
increases with increasing Din within a series of SHPs, although 'a 
quantitative relationship between T~ and MW has not been estab- 
lished' (To & Flink, 1978, p. 572). 

With regard to the freezer-storage (in other words 'cryo') stabiliza- 
tion of fabricated frozen food products (e.g. desserts such as ice 
cream, with a smooth, creamy texture) against ice crystal growth over 
time, the inclusion of low-DE maltodextrins would elevate the com- 

t 

posite Tg of the mix of soluble solutes, which is typically dominated by 
low-MW sugars. As a result, one would observe, in practice, a 
retarded rate of ice recrystallization ('grain growth') at the charac- 
teristic freezer temperature (Tf), along with an increase of the pheno- 
menological T r. Such behavior has been documented in the soft-serve 
ice cream patents of Cole et al. (1983, 1984) and Holbrook & 
Hanover (1983). In such products, ice recrystallization is known to 
involve a diffusion-controlled maturation process with a mechanism 
analogous to 'Ostwald ripening', whereby larger crystals grow with 
time at the expense of smaller ones which eventually disappear 
(Maltini, 1977; Bevilacqua & Zaritzky, 1982; Harper & Shoemaker, 
1983). The rate of such a process, at Tf, would be reduced, as would 

t 

also be the A T ( = Tf - Tg), by formulating with low-DE maltodextrins 
of high T' g. 

Low-DE maltodextrins and other high-MW polymeric solutes are 
well known as drying aids for processes such as freeze, spray and 
drum drying (To & Flink, 1978; MacKenzie, 1981; Flink, 1983; Karel 
& Flink, 1983; Szejtli & Tardy, 1985). Through their elevating effect 

! 

on the composite Tg, and their parallel effect of reducing the un- 
! 

frozen water fraction at Cg for freeze drying (or on other relevant 
Tg/Cg for spray or drum drying), maltodextrins raise the observed T c 
(at any particular % moisture) relative to the drying temperature, thus 
facilitating drying without collapse or 'melt-back'. 
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Thermomechanical stabilization refers to the stabilization of, e.g., 
candy glasses against such collapse phenomena as recrystallization of 
sugars ('graining'), mechanical deformation and stickiness. Here, too, it 
has been shown by White & Cakebread (1966), Vink & Deptula 
(1982) and Lees (1982) that inclusion of low-DE maltodextrins in low- 
MW sugar glasses (to increase average bY/w of solutes) increases Tg, 
thus increasing storage stability at T< Tg. Even when such a candy 
'melt' is in the rubbery state at Tg < Tstorage, maltodextrins are known to 
function as inhibitors of the diffusion-controlled propagation step in 
the recrystallization process (White & Cakebread, 1966). 

For the lower-~g SHPs in Fig. 5, sweetness and browning reactions 
are salient functional attributes. A less familiar one involves the poten- 
tial for cryoprotection of biological materials (Franks, 1982). The map 
predicts that such SHPs and other low-MW carbohydrates, in suffi- 
ciently concentrated solution, can be quench-cooled to a completely 
vitrified state, wherein all the water is captured in the solute/unfrozen 
water glass. If such a glass were maintained below its Tg, and served as 
the external medium for cells previously suspended in the SHP solu- 
tion, extracellular ice formation and the concomitant cellular damage 
resulting from lethal osmotic effects might be avoided through such a 
method of cryoprotection.* The essence of this cryoprotective func- 
tion, avoidance of ice formation by concentrated solutions of low-MW 

I 

solutes which have high Cg values, also has a readily apparent rela- 
tionship to food applications involving soft, spoonable or pourable- 
from-the-freezer products. One recent example is Rich's patented 
'Freeze-Flo' beverage concentrate formulated with high fructose corn 
syrup (Kahn & Eapen, 1982). 

The literature on SHPs as anti-staling ingredients for starch-based 
food products (reviewed by Slade (1984)), including the recent work 
of Krusi & Neukom (1984), shows that (non-entangling) SHP oligo- 
mers of D P  n 3-8 are effective in inhibiting, a n d  not participating in, 
starch recrystallization. 

One could also postulate from the map of Fig. 5 that addition of a 
low-MW sugar to a gelling maltodextrin should produce a sweet and 
softer gel. Addition of a glass-forming sugar to an encapsulating 

* Such a process would require rapid mixing as well as cooling of the suspended cells 
in the cryoprotectant solution, so that the total time spent above Tg would be insuffi- 
cient to allow cell dehydration due to the osmotic stress. 
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maltodextrin should enhance the collapse of the entangled network 
around the adsorbed species (if collapse were desirable), but decrease 
the ease of spray drying. Furthermore, the map leads to two other 

f 

intriguing postulates. The freeze-concentrated glass at Tg of an effec- 
tive SHP cryostabilizer (~<6 DE) would contain entangled solute 
molecules, while in the glass at T'g of an SHP cryoprotectant the solute 
molecules would not be entangled. By analogy, various high-MW 
polysaccharide gums have been reported to be capable of improving 
freezer-storage stability of ice-containing foods in a poorly under- 
stood manner. The effect has been attributed to increased viscosity 
(Keeney & Kroger, 1974; Harper & Shoemaker, 1983). Such gums 
may owe their success not only to their viscosity-increasing ability, 
which is common to all glass-formers, but to their possible capability 
to undergo molecular entanglement in the freeze-concentrated, non- 
ice matrix of the frozen food. Entanglement might further enhance 
their ability to inhibit diffusion-controlled processes. In a related vein, 
the effects of entanglement coupling on the viscoelastic and rheo- 
logical properties of random coil polysaccharide concentrated solu- 
tions (Morris et al., 1981) and gels (Mitchell, 1980; Braudo et al., 
1984), at temperatures above 0°C, have been discussed recently. 

The role of SHPs in collapse-related phenomena and their 
mechanism of action 

In the rest of this Discussion, we explore the critical role of SHPs in 
preventing structural collapse, within a context of the various collapse- 
related phenomena listed in Table 2. These phenomena include those 
pertaining to processing and/or storage at temperatures above 0°C as 
well as ones involving the frozen state, all of which are governed by 
the particular Tg relevant to the system and its content of plasticizing 
water. While for frozen systems T'g of the freeze-concentrated glass is 
the relevant Tg for describing the Tg/MW relationship (as illustrated 
by Fig. 5), for amorphous dried powders and candy glasses the 
relevant Tg pertains to a higher temperature/lower moisture state. It 
has been tacitly assumed that a plot of Tg vs. M n for 'dry' SHPs would 
reflect the same fundamental behavior as that shown in Fig. 5. In fact, 
since T c for low-moisture samples represents a good quantitative 
approximation of dry Tg, To & Flink's (1978) results substantiate this 
assumption. 
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TABLE 2 
Collapse-Related Phenomena which are Governed by Tg and Involve Plasticization 
by Water (Reference Numbers in Square Brackets Correspond to Numbered 

References within the Reference List) 

References 

L Processing and~or storage at T> O°C 
(1) Cohesiveness, sticking, agglomeration, sintering, 

lumping, caking and flow of amorphous powders/> 
Tcollapse 

(2) Plating of, e.g., coloring agents on surfaces of 
amorphous powder particles >/Tg 

(3) (Re)crystallization in amorphous powders >i Tcollaps~ 
(4) Structural collapse in freeze-dried products (after 

sublimation phase)/> Tcollapse 
(5) Loss of encapsulated volatiles in freeze-dried 

products (after sublimation phase)/> T~onap~ e 
(6) Oxidation of encapsulated lipids in freeze-dried 

products (after sublimation phase) t> T~onaps ~ 
(7) Enzymic activity in amorphous solids >/Tg 
(8) Stickiness in spray drying and drum drying i> 

Tsticky point 
(9) Graining in boiled sweets/> Tg 

(10) Sugar bloom in chocolate t> Tg 

H. Processing and/or storage at T< O° C 
(1) Ice recrystallization ('grain growth')~> Trecrystallization 
(2) Lactose crystallization ('sandiness') in dairy 

products/> Trecrystallization 
(3) Enzymic activity/> T'g 
(4) Structural collapse, shrinkage or puffing (of 

amorphous matrix surrounding ice crystals) during 
freeze drying (sublimation phase) = 'melt-back' t> 
Zcollapse 

(5) Loss of encapsulated volatiles during freeze drying 
(sublimation phase) t> Tcollap~c 

[4], [5], [8], [111, [181, [21], 
[22], [231, [26], [27], 
[28], [301 

[31] 

[5], [111, [18], [27], [30] 
[5], [11], [27], [28] 

[4], [5], [11], [25], [27] 

[5], [27] 

[11, [19] 
[41, [5], [111, [27], [28] 

[2], [5], [9], [10], [12], [15], 
[24], [29], [30] 

[3], [20] 

[6], [7], [14], [17] 
[5], [6], [30] 

[13],[19] 
[5], [6], [11], [14], [16], 
[27], [28], [30] 

[5], [11], [25], [27] 

T h e  ex tens ive  r ecen t  l i t e ra ture  o n  the  cak ing  of  a m o r p h o u s  o r  
par t ia l ly  crys ta l l ine  f o o d  p o w d e r s  a n d  o n  the  o t h e r  re la ted  p h e n o -  
m e n a  l is ted in Tab le  2 (see r e f e r ences  there in)  leads  us to  c o n c l u d e  
tha t  all these  p h e n o m e n a  a re  c o n s e q u e n c e s  of  a co l l apse - type  s t ruc-  
tural  re laxat ion.  T h e s e  va r ious  c o n s e q u e n c e s  r e p r e s e n t  the  mic ro -  
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scopic and macroscopic manifestations of an underlying and 
prerequisite second-order transformation from amorphous solid (i.e. 
glass) to amorphous liquid (i.e. rubber), which occurs at Tg. All the 
phenomena in Table 2 (as well as the glass transition itself (Ferry, 
1980)) are diffusion-controlled (many are also nucleation-limited) 
processes, which are driven by a mechanism involving viscous flow 
(Flink, 1983), under conditions of T>Tg and viscosity 
~] ~< ~]g = 1011-1014 Pa s (Downton et al., 1982). These kinetic processes 
are controlled by the superposed dependent variables of time, T and 
% moisture (Tsourouflis et al., 1976). At the transformation tempera- 
ture, % H20 is the critical determinant of collapse and its concomitant 
changes (Karel & Flink, 1983), through the effect of water on Tg. This 
plasticizing effect of increasing moisture content at constant T ( - the 
effect of increasing T at constant % H20) leads to increased segmental 
mobility of polymer chains in the amorphous regions of both glassy 
and partially crystalline polymers. This in turn leads to the occurrence 
of the glass transition at decreased T (Cakebread, 1969). 

The above concepts are well-illustrated by the state diagram for 
poly(vinyl pyrrolidone)-water, shown in Fig. 6. Poly(vinyl pyrroli- 
done) (PVP) is a much studied water-miscible, amorphous polymer 
whose behavior in association with water represents a good model of 
the analogous behavior of polymeric SHPs. The state diagram for 
w a t e r - P V P  (]~fn = 104, 4.4 x 104 and 7 x 105, as specified by the manu- 
facturer) in Fig. 6, compiled from several literature references 
(MacKenzie & Rasmussen, 1972; Franks et al., 1977; MacKenzie, 
1977; Olson & Webb, 1978; Franks, 1982) and augmented with our 
measurements of T'g and dry Tg (Levine & Slade, 1984b), is the most 
complete one presently available for this polymer. It clearly illustrates 
the dramatic effect of water on Tg, such that the Tg curve ranges from 
100°C for dry PVP-44 to - - 135°C for glassy water (Franks, 1982). 

Whenever the glass transition and the resultant collapse pheno- 
menon share a common time frame (Franks, 1982), Tg equals the mini- 
mum onset temperature for all the collapse-related phenomena in 
Table 2. Thus, a system is stable against collapse, within the time 
period of the experimental measurements of Tg and To, at T< Tg. 
Increasing % H20 leads to decreased stability and shelf-life, at a par- 
ticular storage temperature (Karel & Flink, 1983). The various pheno- 
menological threshold temperatures (e.g. Tc= T~--T~ticky point) a r e  all 
equal to the particular Tg (or T'g) which corresponds to the solute(s) 
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concentration for the situation in question. Again illustrating with Fig. 
6, for PVP-44, Tg = Tr= Tc'- -21"5°C and Cg=0"54g unfrozen 
water per g PVP (MacKenzie & Rasmussen, 1972; MacKenzie, 1977; 
Franks, 1982; Levine & Slade, 1984b), while for pVpo700 
Tg= Tc = Tsp= 120°C at =5% residual moisture (Olson & Webb, 
1978; Levine & Slade, 1984b). The equivalence of T r for ice or solute 
recrystallization, T c for collapse, and the concentration-invariant T' g 
for an ice-containing system explains why the phenomenological T~ 
and T~ have always been observed in the past to be concentration- 

! 

independent for all initial solute concentrations lower than Cg (Franks, 
1982), as illustrated in Fig. 6. 

Our conclusion regarding the fundamental equivalence of Tg, T c 
and Tr represents a departure from the previous literature. For 
example, while To & Flink (1978) acknowledged that 'the relationship 
between T c and MW is identical to the equation for Tg of mixed poly- 
mers' and that 'collapse and glass transition are (clearly) phenomeno- 
logically similar events', they differentiated between Tg and T~ by 
pointing out that 'while glass transitions in polymeric materials are 
generally reversible, the collapse of freeze dried matrices is irrever- 
sible'. While the latter facts may be true, the argument is misleading. 
At the molecular level, the glass-to-rubber transition for a thermo- 
plastic material is reversible. For example, the glass at T'g/C'g can be 
repeatedly warmed and recooled (slowly) over a completely reversible 
TIC path between its solid and liquid states. The same is true for a 
completely amorphous (and non-crystallizable) freeze-dried material. 
The reason collapse is said to be irreversible for a porous matrix has 
nothing to do with reversibility between molecular states. Irreversible 
loss of porosity is simply a macroscopic, morphological consequence 
of viscous flow in the rubbery state at T> Tg, whereby the porous glass 
relaxes to a fluid, incapable of supporting its own weight against flow, 
which then becomes non-porous and more dense. Subsequent recool- 
ing to T< Tg yields a non-porous glass of the original composition, 
which can thereafter be temperature-cycled reversibly. The only irre- 
versible aspect of Tg-governed collapse is loss of porosity. 

A physico-chemical mechanism for collapse based on W LF theory 

A universally applicable, quantitative physico-chemical mechan- 
ism for collapse-related phenomena is provided by the 
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Williams-Landel-Ferry (WLF) free volume theory for the tempera- 
ture dependence of the viscoelastic properties of amorphous polymers 
and glass-forming liquids within the temperature range for the rubbery 
(supercooled liquid) state from Tg to Tg+ 100°C (Ferry, 1980). The 
WLF equation, derived from free volume theory, describes the kinetic 
nature of the glass transition, and defines the exponential temperature 
dependence of the rate of any diffusion-controlled relaxation process, 
e.g. r/, occurring at T, vs. the rate at a reference temperature Tg below 
T, in terms of log ~T/r]geC AT, where AT= T -  Tg (Ferry, 1980). The 
WLF equation depends critically on the appropriate reference Tg (for 

! 

a particular glass-forming system, be it Tg for a frozen system or Tg for 
a low-moisture one), which is defined as an iso-free volume state and 
approximately as an iso-viscosity state of r]g=1011-1014 Pa s 
(Soesanto & Williams, 1981). 

The impact of WLF-governed behavior on the rates of diffusion- 
controlled relaxation processes in amorphous polymer-water systems 
(e.g. structural collapse, ice recrystallization) can be illustrated by the 
following relative rates (vs. rate = 1 at T = Tg, or AT=0) calculated 
from the WLF equation (Ferry, 1980): for AT=3,  7, 11 and 21°C, 
rate = 10, 102, 103 and 105, respectively. These calculations would also 
apply, e.g., to retardation of the rate of the propagation step in the 
mechanism of recrystallization of an amorphous but crystallizable 
polymer (or monomer), where the rate would be zero at T< Tg (i.e. 
immobility-inhibition of migratory diffusion of large main chain 
segments), but would increase exponentially with increasing A T above 
Tg. In some collapse phenomena, such a recrystallization transition 
(from amorphous liquid to crystalline solid) may occur after the glass 
transition (White & Cakebread, 1966), and its rate would be likewise 
defined by the WLF equation. 

The controlled agglomeration of amorphous powders represents a 
specific example of a WLF-governed process related to caking. As 
reported by Downton et al. (1982), and substantiated by the recent 
work of Tardos et al. (1984), spontaneous  agglomeration of solid 
powder particles occurs when 7? of the liquid phase at the surface of 
the particle drops to - 107 Pa s. This ~/is - 105 lower than ~lg at Tg. 
From the WLF equation, this At/of 105 Pa s corresponds to a A T of 
- 21°C between Tg and the Tsp for spontaneous agglomeration. Thus, 
on a typical state diagram of T vs. % moisture, the Tg and Tsp curves 
would represent parallel iso-viscosity lines. The Tsp curve for fast  
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agglomeration during processing (reported by Downton et al., 1982) 
would lie above the Tg curve for s l o w  caking during storage, and the 
A T of 21°C would reflect the different operational time scales for the 
two phenomena. 

Based on WLF theory, our physico-chemical mechanism for 
collapse would be described as follows. As T rises above Tg (or as Tg 
falls below T, due to water plasticization of a hygroscopic glass), poly- 
mer free volume increases. This leads to increased segmental mobility, 
which allows t/to fall below the ~]g range of 1011-1014 Pa s. As a result, 
the glass-to-rubber transition occurs, thus permitting viscous liquid 
flow. In this liquid state, translational diffusion is no longer inhibited, 
and diffusion-controlled relaxations are free to proceed with rates 
governed by the WLF equation, i.e. log rate oc A T (Downton et al., 
1982). Referring again to the state diagram in Fig. 6, one sees that a Tg 
curve corresponds to a boundary between physical states in which the 
collapse-related phenomena in Table 2 either can (at T> Tg) or cannot 
(at T< Tg) occur over realistic times, and that the WLF equation 
defines the rates of various molecular relaxation processes that will 
occur above Tg, in terms of an exponential function of A T above this 
boundary condition. 

In practice, collapse (and all its different manifestations) can be 
prevented, and product quality and stability maintained, by the follow- 
ing two fundamental countermeasures: (1) storage at T< Tg (White & 
Cakebread, 1966); and (2) formulation to increase Tg to a temperature 
above the processing or storage temperature, by increasing the overall 
3;/w of the water-soluble solutes in a product mixture. As has been 
described, the latter can often be accomplished by adding polymeric 
stabilizers such as the lower-DE SHPs to a formulation dominated by 
low-MW sugars (Maltini, 1974). The effect of increased MW on the Tg 
of PVPs is likewise evident in Fig. 6. 

Prevention of enzymic activity at T< Tg 

One collapse-related phenomenon listed in Table 2 but not previously 
discussed involves enzymic activity, in amorphous substrate-contain- 
ing media, which occurs only at T> Tg. Enzymic activity represents a 
pleasing case study with which to close this discussion, because it is 
potentially important in many food applications which cover the 
entire spectrum of processing/storage temperatures and moisture con- 
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tents, and because examples exist which elegantly illustrate the fact 
that activity is inhibited in low-moisture amorphous solids at T< Tg, 
and in frozen systems at T< T' v Bone & Pethig (1982) studied the 
hydration of dry lysozyme powder at 20°C, and found that at 20% 
w/w water the lys0zyme was sufficiently plasticized to permit measur- 
able enzymic activity to commence. We interpreted their results to 
indicate the following: a diffusion-controlled enzyme/substrate inter- 
action is essentially prohibited in a glassy solid at T< Tg, but sufficient 
water plasticization depresses the Tg of lysozyme to < 20°C, allowing 
the onset of enzymic activity in the lysozyme solution at T > Tg, the 
threshold T for activity (Levine & Slade, 1984b). Morozov & 
Gevorkian (1985) also recently noted the critical importance of low- 
temperature, water-plasticized glass transitions to the physiological 
functionality of lysozyme and other globular proteins. 

Within the context of cryostabilization, and the potentially critical 
role of low-DE SHPs as cryostabilizers, we have verified the above 
conclusion in maximally frozen biological systems at T,~ 0°C. By 
analogy, in such cases, the threshold temperature for onset of enzymic 
activity would be T'g. Cryostabilization, as a potential technology, is a 
means of protecting freezer-stored and freeze-dried foods from the 
deleterious changes in texture (e.g. grain growth of ice, solute crystal- 
lization), structure (e.g. shrinkage, collapse) and chemical composition 
(e.g. flavor degradation, fat rancidity, as well as enzymic reactions) 
typically encountered. The key to this protection lies in controlling the 
physico-chemical properties of the freeze-concentrated matrix 
surrounding the ice crystals. If this matrix is maintained as a mechani- 

! 

cal solid (at Tf < Tg), then the diffusion-controlled changes that typi- 
cally result in reduced storage stability can be prevented or at least 
greatly retarded. If, on the other hand, a natural food is improperly 
stored at too high a Tf, or a fabricated product is improperly formu- 
lated, and thus the matrix is allowed to exist in the freezer as a rubbery 
fluid (at Tf > T'g), then freezer storage stability would be reduced. Fur- 
thermore, the rates of the various deleterious changes would increase 

! 

exponentially with the A T between Tf and Tg, as dictated by the WLF 
theory. 

The prevention of enzymic activity at temperatures below T'g was 
demonstrated experimentally in vitro in a model system consisting of 
glucose oxidase, glucose, methyl red, and bulk solutions of sucrose, 
Morrex 1910 (10 D E  maltodextrin) and their mixtures, which pro- 
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t 

vided a range of samples with known values of Tg. The enzymic oxida- 
tion of glucose produces an acid which turns the reaction mixture 

! 

from yellow to pink. Samples with a range of Tg values from - 9.5 to 
- 3 2 ° C  were stored at various temperatures: 25°C, 3°C, - 15°C and 
- 23°C. All of the samples were fluid at the two higher temperatures, 

while all looked like colored blocks of ice at - 1 5 ° C  and -23°C .  
t 

However, only the samples for which Tstorag e w a s  above Tg turned 
pink! Even after 2 months storage at Tf = -23°C ,  the samples con- 

. " ! O taining the maltodextrln, with T g > -  23 C, were still yellow. The 
frozen samples which turned pink, even at -23°C ,  contained a con- 
centrated enzyme-rich fluid surrounding the ice crystals, while in 
those which remained yellow the non-ice matrix was a glassy solid. 

! 

Significantly, enzymic activity was prevented by storage below Tg, but 
the enzyme itself was not inactivated. When the yellow samples were 
thawed, they quickly turned pink. Thus, cryostabilization with a low- 
DE SHP preserved the enzyme during frozen storage, but prevented 
its activity below T' g -  
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NOTE 

After this manuscript was written, our conclusion about the funda- 
f 

mental equivalence of Tg, T r and T c was corroborated by Reid. He 
reported a study (Reid, D. S. (1985). Cryo-Letters 6, 181) in which T' g ,  

measured by DSC, corresponded well with the temperature at which a 
frozen aqueous system, viewed under a cryomicroscope, became 

t 
physically mobile. Reid remarked that '  Tg, the temperature at which a 
system would be expected to become mobile due to the appearance of 
the solution phase, has also been related to the collapse temperature in 
freeze drying, again relating to the onset of system mobility, which 
presumably allows for the diffusion of solution components'. Reid's 
study reveals another collapse-related phenomenon, governed by T'g 
of a frozen system, that can be added to Table 2: slow warming of 
cryopreserved embryos to T> T~ facilitates the detrimental diffusion of 
ionic components (salts), resulting in cellular damage due to high ionic 
strength, and in much reduced embryo survival. 


