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ABSTRACT 

Conventional and saturation-transfer e.s.r. spectroscopy have been used to study the rotational 
behaviour of the spin probe 4-hydroxy-2,2,6&tetramethylpiperidine N-oxyl (1, tempo]) around the glass- 

transition temperature of malto-oligosaccharide-water mixtures. The temperature at which an increase in 
mobility was observed agreed reasonably well with the glass-transition temperature as determined by d.s.c. 
The apparent activation energy for rotation in the glassy malto-oligosa~h~ride increased as the molecular 

weight became larger, p~sumably due to a decrease in the free volume of the sample. No influence of the 
water content of the glassy samples, at temperatures above the freezing point of water. on the apparent 
activation energy was observed. 

INTRODUCTION 

The glass-transition behaviour of bio-organic materials, which has become a 

topic of much interestlm3, is the phenomenon in which a solid amorphous phase exhibits 

a discontinuous change in the specific heat on changing the temperature4. The mechani- 
cal and thermal properties of systems change markedly in the region of the glass- 
transition temperature’-‘. Not only is there a sudden change of macroscopic properties 
around this temperature, but also a change of the translational diffusion coefficient of 
molecules or segments of polymers*. 

The glass-transition temperature (7”) for carbohydrate-water mixtures depends 

strongly on the proportion of water. If the glass transition takes place at temperatures 

below the freezing point of the solution, a part of the water may crystallise. The viscosity 
of the remaining solution will become so high that, eventually, freezing of the remaining 
water is inhibitedg. The physical state of such a mixture consists of ice crystals embedded 
in a solid supersaturated matrix. The temperature at which water stops freezing, and 

where a discontinuous change of the specific heat takes place, is the special glass- 
transition temperature (r,‘>. The amount of water that remains unfrozen is often 
assumed to be independent of the starting ~oncentration5. On rewarming such a 
mixture, the Stokes viscosity of the amorphous solution starts to decrease strongly 
above T,’ due to the melting of ice and the increase of the free volume’. 

* Laboratory of Dairying and Food Physics, Department of Food Science 
‘Author for correspondence: Department of Molecular Physics. 

0008-6215/91/$03.50 0 1991 - Elsevier Science Publishers B.V. 



Spin-probe e.s.r. spectroscopy is a good method for the study of molecular 

motion in bio-organic glasi;es’“~” and gives information on rhc rotation;t! mobilit) of 

dissolved spin probes. ‘fhr rotational mobility of the prohcs i\ e~prcswd by the 

rotational correlation timt: f T,.) 



MOLECULAR MOTION IN GLASSY WATER-MALTO-OLIGOSACCHARIDE MIXTURES 231 

Spectroscopy. - E.s.t-. spectra of the sealed samples in 4-mm e.s.r. tubes were 

recorded with a Bruker 200D spectrometer with nitrogen-flow temperature control. For 
conventional e.s.r. spectroscopy, the microwave power was l-5 mW. The scan range, 

scan rate, time constant, and modulation amplitude were adjusted so that distortion of 

the spectra was avoided. The rotational correlation time (2,) in the region IO-200 ns was 
estimated by using the method of Goldman18 from 

r, = a (1 - A’,/A$, 

where A’, is the separation of the outer hyperfine extrema and A, is the rigid limiting 
value for the same quantity. Both a and h depend on the nature of the motion of the 

probe and on the intrinsic line width of the spectra. The Brownian diffusion model was 
used and gave u = 1.09 10P9 s and h = - 1 .051i~1y~20. 

Saturation transfer e.s.r. spectroscopy was applied in the stow motional region 
( 10P6 s < t, < IO-” s). Spectra were recorded under saturation conditions (microwave 

power, 200 mW; modulation amplitude, 1 mT). The e.s.r. signal was recorded in 
quadrature with respect to the modulation signal. z, was estimated by comparing the 

recorded spectra with spectra for probe 1 in anhydrous glycerol under similar condi- 
tions. Values of rC between lo-’ and 10-j s are accurate*’ to within a factor of 2. 

For ma~to-oligosaccharide-water mixtures to be studied at CO”, the system was 
cooled rapidly to -70” and rewarmed to the desired temperature, which ensured 

maximally frozen samples2’. 

RESULTS AND DISCUSSION 

The glass-&ra~s~tj~ff temperature. - Fig. 1 shows a plot of rC versus temperature 
on rewaking a rapidly cooled 20% maltotriose-water mixture. There is a sudden 

change in the temperature dependence of the rotational mobility at - 23”, which is close 
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Fig. 1. Rotational correlation time (r.,) of 1 as a function of temperature in a 20% maltotriose-water 
mixture. 



TABLE I 
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TABLE II 

Water content and glass-transition temperatures of malto-oligosaccharide-water mixtures 

Mixture 

Trisaccharide 

Humidity” 

0.d.’ 
33 
51 
75 

Corrected water con- Glass-transition temperature (“) 

tenth (%) 

E.s.r. D.S.C.’ Equation Zd 

2.5 85 90 108 
10.0 45 24 52 
11.5 15 16 42 
19.5 10 N.d.’ 1 

Pentasaccharide 0.d. 4.0 90 100 119 
33 12.5 45 31 48 
57 13.5 35 31 42 
75 18.5 15 I 13 

Heptasaccharide 0.d. 3.5 100 109 138 
33 11.5 42 42 64 
57 14.5 40 25 44 
75 18.5 22 I 20 

a Relative humidity of the air above the solution of salt over which the sample was dried. ’ Determined by 
drying at 100” overnight; corrected by +2%, +4%, and +3.5% for tri-, penta-, and hepta-saccharide, 
respectively (see text). ‘From Orford*‘; for the penta- and hepta-saccharides, the results for the hexasaccha- 

ride were taken. ‘Calculated from equation 2 (see text). ’ Oven-dried for 16 h at 102”. ‘Not determined. 

the drying procedure described by Orford et a1.23 (which consists of freeze-drying 
followed by vacuum-drying over P,O, at 60”) is more reliable than drying at 102”. 

Couchman24~25 developed a thermodynamic model for the glass transition. The 

relation (equation 2) for the compositional variation of T, derived from entropy can be 
used generally. 

In T, = 
X, ACp,, In T,,, + X, AC,,, In Tg,2 

(4 

4 AC,,, + x2 AC,,, 

where X is the mol fraction, AC, is the heat capacity increment (J. mol- ‘.K -I), which is 

assumed to be temperature independent, and the subscripts 1 and 2 refer to the two 
components. In equation 2, which has been used26.27 successfully for plasticised organic 
polymers, the values for Tg and ACp of the malto-oligosaccharides estimated by Orford 
et a1.‘3 were applied. The glass-transition temperature and heat-capacity increment of 
water were taken to be 134 K and 1.2 kJ.kg- ‘.K- ‘, respectively, based on the study by 

Angel1 and Tucker2’. The value for AC,, as used by Orford and RingZ3 (1.92 kJ.kg-‘.K-’ 
as reported by Sugisaki et al.29) is less adequate, due to the formation of ice in the 
samples3”. 

Table II shows a comparison of the e.s.r. results and those calculated using 
equation 2. Differences between the experimental and calculated glass-transition tem- 
peratures cannot be attributed solely to uncertainties in the data. Specific interactions of 

the malto-oligosaccharide and water molecules may account for the deviations, since 



the latter break or weaken the hydrogen bonds between tht: former. This results in 

experimental values for T, that are lower than those calculated using equation 2. This 

&ect is shown clearly in Table IT for the oven-dried samples. I%CZ restricted applicahilit> 

of the random mixing effect. on which eyuation _ ’ is based. ma> he 3ti addir!~~n:~l sijurc’t’ 

of ditrerences between the cuperimental and calculated \~lue> :)i’ i_. 

C‘otmwrr~icri nlcrltotlf~.ur~ir1, In order to compare the :I~ULY results \vith t hosr on 

materials used in the thod industry. such as enzymlcally conlcrtcd starch. which is a 

mixture of oligosaccharides Lvith various molecular weights, ;I l:omrnercial samptc iIt 

maltodextrin was examined. namely. Passclli SA 2. M-hit-11 ha\ an a\eragc molecula:~ 

weight of 8000. Fig. 3 shows ihe rotational mobilit) of I 111 thi, mnplc ieyullibr~um 

relative humidity. 57%) as .I function of temperat tire. Aparr from ii sudden change in 

the temperature dependence of the mobility at 30 . rc hcc<)mcs Cl)!l5t;itll ;I[ 70 Phi> 

phenomenon was also obscried with other commrrclal m:ritodextrin mt~ture~ (rc~ults 

not shown). but not for the smaller malto-oligosacchal-liic:i. \i hich could indi<atc that 

the interaction of the polymer chains and 1 incrcafea (dut, 1~) I~C ~)t‘te’n~f~~ :ii 1hr3 chain 

molecules} to the same extent as ~1 Tdecrcases, 

Fig. 3 also shows that the addition ofX”$, (by weight) of i?-glucose to the polymer 

results in a decrease of Y-g by 5 , possibly because of‘a small increase (>i‘the \vatzr malto- 

oligosaccharide ratio or a plastrciser eft‘ect of the glucose, althc~uph waler molecules that 

interact with glucose molecules may not bc able to plastlcisc thy pt~i)mcr chain. 

Kr)trrticvml nlohilit~r itr g/c/,\ !._I s i.,strw~.\. The tcmpcr:rt urc ~iq~nd~n~~~ 0f the 

correlation time of spm probes 15 frequently described b! the: f2r-r-hcni~ts-i!,~~~ cqu,ition 

?< =- T, exp(E,,: K 7-1, (31 

where T,, is a temperature-independent factor, K and T have their usual meaning. and El! 

is often interpreted as an activation energy for rotation”-“‘ ” “. The values ofb;,, for 1 in 

glassy malto-oligosaccharidc \sater mixtures arc sho\vrr in T:ihiea 1 Ii and ICI 
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TABLE II1 

Apparent activation energy for rotation (E,) of probe 1 in glassy 20% malto-oligosaccharidewater-ice 

mixtures 

Oligosaccharide 6, 
(kJ/mol) 

Tri 17 
Penta 14 

Hepta 26 

TABLE IV 

Apparent activation energy for rotation (E,) of 1 in concentrated glassy malto-oligosaccharide+water 

mixtures 

Oiigosucchuride Corrected water content 
(“A) 

E” 
(kJ/mol) 

Tri 2.5 35 

10.0 49 

11.5 35 

19.5 41 

Penta 4.0 35 

12.5 26 

13.5 26 

18.5 43 

Hepta 3.5 21 

11.5 29 

14.5 34 

18.5 34 

‘Determined by drying at 100” overnight; corrected by +2.5%, +4%, and + 3.5%, respectively, for the tri-, 

penta-, and hepta-saccharide (see text). 

It was concluded” that the spin probes in glassy sucrose-water mixtures were 
present in cavities in the lattice of the amorphous solution. The value for t, in glassy 
maltotriose (Fig. 1) also indicated the presence ofcavities. However, the absolute values 
for r, and E, clearly show that 1 did not rotate freely in such cavities. 

Two important factors have been proposed to determine the rotational mobility 
of probes in glassy systems: (a) the free volume of the “host” systems*, and (6) the 
specific interaction of the spin probe and the chain molecule”. Hydrogen bonds often 
are the most important interaction*.“. These factors not only influence the absolute 
value of r,, but also the change oft, as a function of temperature (as expressed by E,). 
Table IV shows that the values of E, for the trisaccharide samples are somewhat higher 
than those for the penta- and hepta-saccharide samples, which may reflect an increase of 
free volume with increasing molecular weight34. The same effect is more pronounced in 

Fig. 3. The addition of glucose to the polymer presumably results in a decrease in the free 
volume of the system, which may explain the strong increase of E, from 8 to 60 kJ/mol. 



The value (I I-49 kJ:mol) for E,, in glassy malto-oligosaccharide ~watcr mixtures 

is relatively high compared to the results from studies of spin probes in glassy nylon- 

water tilrn~~‘~~‘. In the latter qstem. the probes appear to rotate in local defects uith a 

low E., (2X3 kJ:mol) and a rL between 10 ’ and 10 ’ s. The rcl3tively high values t’or EC, 

and :L noted abole probably reflect the difrerence in number and itrenpth of hydrogen 

bonds formed between the probe and its surrounding. Also the r.elati\ely ?;mall fret’ 

volume of the malto-oligosaccharide. due to its small moiccuiar~ weight as comptuxd to 

that of nylon, may add to thlc ef‘fcct. 

Taking into account that the uncertainty in 15:,, in Table IV is at least IO”,O. no 

significant influence of the water content of the samples on I:~ can be observed. I-.or the 

mobility of probes in glass> nylon. two efrects of water ha\c been described. t(r) The 

efl’ect of water molecules on the micro-environment around the probe molecule. Ac- 

cording to McGregor rt td.‘i. water may be able to reduce the mobilit!, of spin probes in 

glassy systems due tco an obstruction effect (lowering of the free L olumct). The :rdditic>n of‘ 

a little water to dry glassy nylon causes s, to increase by ;I factor of‘ I .h. licc.!uc~ion ofthe 

local viscosity, and thus an increase of mobilit! of Ihe spin pt-otxs b> x”\;ttcr. C;III lx 

detected” ” onI1 at tcmperaturcs above 7;. (h) The e&xt of \t;itci’ molc~ulcs on lhc 

interaction of the chain and the probe. According to Hamada ~‘. 11 ;xtcr molccule~ can 

break the hydrogen bonds between the chain and the probe m~~l~culcs. which ma! result 

in a decrease of f<<, for rotation. The two factors have opposite eKects on F;, and may be 

small. so that no significant influence of the water content ni‘ the <ample\ on I:, ia 

observed. 

The values for EC:, in frozen malto-oligosaccharidc water mixtures ~1s shown in 

Table III are smaller than in the concentrated samples (Table IV). The presence of ice 

crystals may increase the free volume or reduce the interzrction with rhc <pin probe. 
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