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A novel extension of the saturation transfer (ST) ESR technique peratures, using small nitroxide spin-labeled molecules as
that enables the determination of extremely long rotational corre- probes (4–6) . Conventional ESR is sensitive in the motional
lation times of nitroxide spin labels up to values around 104 s is region for values of the rotational correlation time tR be-
proposed. The method is based on the observation that the integral tween 10011 and 1008 s. In the motional region for tR ú
of ST-ESR spectra is sensitive to the spin–lattice relaxation time 1007 s, ST-ESR is commonly used. ST-ESR is based on
of the electron of the spin label, which in turn is directly dependent

the diffusion and recovery of saturation between differentupon the rotational correlation time. The method is applied to the
portions of the spectrum (7, 8) in competition with fieldspin label TEMPOL (4-hydroxy-2,2,6,6-tetramethylpiperidine-N-
modulation. For the usual ST-ESR field modulation frequen-oxyl) in glycerol. From the known viscosity data and the related
cies of around 50 kHz, the upper limit of sensitivity forrotational correlation times of the TEMPOL spin label in glycerol,
rotational mobility is for tR É 1003 s (7, 9) , provided thatthe rotational correlation times of unknown samples can be deter-

mined. The method is especially applicable to systems with a very there is sufficient recovery of saturation, which is determined
high viscosity, such as glassy materials. The method is applied to by the spin–lattice relaxation time of the electron (T1) . At
a 20 wt% glucose–water mixture in the glassy state, giving a value room temperatures, T1 is about 1 ms for nitroxide spin labels
for the highest limiting rotational correlation time of about 10 3 s (10) , which is in the right range for ST-ESR spectroscopy.
at a temperature of 45 K below the glass transition temperature Beyond the upper limit, the ST-ESR spectra are no longer
of this system. This is an extension by six decades for the rotational sensitive for the diffusion of saturation, because the domi-
correlation time, as compared to the current application of ST-

nating effect is the recovery of saturation, as given by T1 .ESR. q 1998 Academic Press
This article is based on the hypothesis that ST-ESR spectraKey Words: correlation time; TEMPOL; glycerol; glucose.

are also sensitive to recovery of saturation with a limiting
value of T1 É 1003 s, and that T1 is only dependent on tR

for tR ú 1003 s. By recent work of Robinson et al. (11) onINTRODUCTION
the spin–lattice relaxation of nitroxide spin labels in glyc-
erol–water solutions, it is found that the spin–lattice relax-During the past years there has been an increasing interest
ation time T1 is proportional to t 1/8

R for tR ú 1006 s, and itin the study of molecular motions in glassy food materials
follows that T1 is about 1004 s at values for tR around 1003

(1) . Knowledge about the glass transition and physical prop-
s. It may be expected that beyond the upper limit of sensitiv-erties of glassy materials is of crucial importance for the
ity for rotational mobility (tR É 1003 s) , ST-ESR spectraprocessing, quality, and storage stability of biomaterials,
will still be sensitive to saturation recovery given by T1 , insuch as food and pharmaceuticals. Furthermore, below the
competition with field modulation until T1 has a value ofglass transition temperature, the very low molecular mobility
1003 s. Therefore the dependence of T1 with tR providesof the matrix would predict a good food stability (2, 3) .
an indirect means for measuring molecular mobility in thisMost of the basic work in this area has been carried out on
motional region.sugar–water systems that are used as a model for food sys-

In this paper, we have exploited this idea by studying ST-tems (1) .
ESR spectra of the spin label 4-hydroxy-2,2,6,6-tetrameth-Electron spin resonance (ESR) spectroscopy and satura-
ylpiperidine-N-oxyl (TEMPOL) in glycerol in the tempera-tion transfer (ST) ESR have been shown to be suitable spec-
ture range from 140 to 280 K. From these experiments it istroscopic tools for obtaining information about the molecular
found that the ST-ESR spectra, as represented by the relative

mobility in sugar–water systems over a large range of tem-
integrated intensity, indeed are sensitive to rotational correla-
tion times tR ú 1003 s. From the known viscosity data
and theoretically derived rotational correlation times of the1 To whom correspondence should be addressed.
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242 VAN DEN DRIES, DE JAGER, AND HEMMINGA

TEMPOL spin label in glycerol, the relative integrated inten- The relation between the rotational correlation time tR

and temperature of TEMPOL spin label in glycerol wassity of ST-ESR spectra of the TEMPOL spin label in glycerol
can be used as a calibration for the rotational correlation determined in the following way:
times of unknown samples. The method is applied to a 20

1. Conventional ESR spectra of the TEMPOL spin labelwt% glucose–water mixture in the glassy state, giving a
in anhydrous glycerol were recorded between room tempera-value for the highest limiting rotational correlation time of
ture and 373 K, and the rotational correlation time tR of theabout 103 s at a temperature of 45 K below the glass transi-
spin label was determined from the ESR spectra using Eq.tion temperature of this system. This method opens exciting
[1] . It is generally assumed that the rotational behavior ofnew ways for obtaining information about rotational molecu-
the spin label can be described with a modified Stokes–lar motions in the glassy state. This is an extension by six
Einstein equation, given by (4, 14–16)decades for the rotational correlation time, as compared to

the current application of ST-ESR.

tR Å (hV /kbT )k / t0 , [2]
MATERIALS AND METHODS

where tR is the rotational correlation time, h is the solventPreparation of Solutions
viscosity, kb is Boltzmann’s constant, V is the volume of the

Glycerol was mixed with the spin label TEMPOL (ob- rotating molecule, T is the absolute temperature, and t0 is
tained from Sigma) and dried over phosphorpentoxide under the zero viscosity rotational correlation time. The parameter
vacuum for at least 2 weeks. Glucose was obtained from k is a dimensionless interaction parameter, which is a mea-
Jansen Chimica. The glucose concentration was adjusted sure of the coupling of the rotational motions of the spin
with water and an aqueous solution of the TEMPOL spin label to the shear modes of the fluid. It has been found in
label. The final concentration of the TEMPOL spin label in many cases that the interaction parameter k ! 1, and that k
the samples was 0.2–0.5 mg/ml. For the use in ESR and is independent of temperature and viscosity (4, 14, 17) . For
ST-ESR, the samples were sealed in 100-ml tubes (Brandt) . the TEMPOL spin label, the volume V Å 0.180 nm3 (4) ,
The sample height was 5 mm. The capillaries were placed and for the spin label in glycerol it was found that k Å 0.09
in 4-mm quartz ESR sample tubes. For the ESR experiments, and that t0 is negligibly small. The data for the viscosity of
the sample was carefully placed in the center of the micro- glycerol were obtained from Ref. (18) .
wave cavity. All samples were rapidly cooled to a tempera- 2. Since ST-ESR spectra were recorded in the tempera-
ture of about 140 K and subsequently measured during step- ture range from 140 to 280 K, the viscosities in this tempera-
wise warming up. ture range need to be known. However, viscosity data of

anhydrous glycerol in the low-temperature region are pub-
Spectroscopy

lished only for temperatures above 240 K (18) . Therefore,
the known viscosity data at temperatures from 240 to 300 KESR and ST-ESR spectra were recorded on a Bruker ESP
were fitted to the empirical Williams–Landel–Ferry (WLF)300E ESR spectrometer equipped with a TMH (Bruker)
equation (19)cavity and nitrogen temperature control. The temperature

was measured with a small CuCo thermocouple close to the
sample. The temperature accuracy is {1.0 K. For conven-
tional ESR the microwave power was set to 2 mW. The log

h

hg

Å C1(T 0 Tg)
C2 / (T 0 Tg)

[3]
scan range, scan rate, time constant, and field modulation
amplitude were adjusted so that distortion of the spectra
was avoided. The rotational correlation time (tR) of weakly to provide the viscosities at lower temperatures. In Eq. [3] ,
immobilized spin labels (10011 s õ tR õ 1009 s) was ob- Tg is the glass transition temperature of glycerol, and hg is
tained from the relation (12) the corresponding viscosity. It should be noted that Eq. [3]

is valid only in the temperature range of about 100 K above
tR Å 6.5 1 10010 DB0(

√
hC/hH 0 1), [1] Tg . The constants C1 (017.4) and C2 (51.6 K) are universal

constants of the WLF theory. Using Eq. [3] , Tg was found
to be 185 K, which is identical to the literature valuewhere hH and hC are the heights of the high field and central

lines in the ESR spectra, respectively. DB0 is the linewidth (20, 21) . This validates the use of the universal values for
the constants C1 and C2 in Eq. [3] . The resulting value forof the central line in tesla (T). The rotational motion of the

TEMPOL spin label is assumed to be isotropic. the viscosity hg at the glass transition is 9.4 1 1011 Pars.
By using Eqs. [2] and [3], the rotational correlation timeFor ST-ESR spectroscopy the second harmonic quadrature

absorption signal was detected (10, 13) . The phase was set tR of the TEMPOL spin label in glycerol can be calculated
as a function of temperature.with the self-null method (7) .
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243ST-ESR EXTENDED TO EXTREMELY SLOW MOBILITY

more distinguished again. In Fig. 2B, the relative integrated
intensity Irel of the ST-ESR spectra is shown as a function
of temperature. To calculate the integrated intensity, the ST-
ESR spectra in Fig. 1 were integrated by a computer. The
relative integrated intensity is expressed as a fraction of
the maximal integral. The curve in Fig. 2B shows a clear
maximum at a temperature of 210 K. The temperature of this
maximum shifts to a lower temperature if a field modulation
frequency of 12.5 kHz is used instead of 50 kHz. Using a
100-kHz field modulation frequency, the maximum occurs
at a slightly higher temperature (Fig. 3) .

The lineheight ratio L9 /L and relative integrated intensity
Irel are replotted as a function of the rotational correlation
time tR in Fig. 4, by substituting the temperature for the
rotational correlation time as described by Eqs. [2] and [3].
Because the viscosity of glycerol can be calculated only for
temperatures above Tg (see Eq. [3]) , the range of tR is from
1006 to 5 1 104 s. Note that in Fig. 4A the lineheight ratio

FIG. 1. ST-ESR spectra of the TEMPOL spin label in pure glycerol at
different temperatures (in K). The lineheights L and L9 determine the
characteristic low-field ratio L9 /L . The second harmonic quadrature absorp-
tion signal was detected under the following conditions: field modulation
amplitude 0.5 mT, microwave power 100 mW, and field modulation fre-
quency 50 kHz. The phase was set with the self-null method (7) .

RESULTS

ST-ESR spectra of the TEMPOL spin label in glycerol
(Fig. 1) are measured as a function of temperature from
140 to 280 K. The low-field ratio (L 9 /L) of these spectra
increases with decreasing temperature and reaches a maxi-
mum value of 2.2 at a temperature of about 200 K (Fig. 2A).
The low-field ratio decreases again with a further decrease in
temperature. A closer look at the spectra reveals quite a
different lineshape at temperatures above and below 200 K
(Fig. 1) . On decreasing the temperature from room tempera-
ture, the lineshape changes toward an absorption-type ESR

FIG. 2. The L 9 /L ratio (A) and the relative integrated intensity Irel (B)
spectrum at a temperature of about 200 K in which the of the ST-ESR spectra of Fig. 1. The values of tR are calculated from the
lineheights L 9 and L cannot be well distinguished. On further temperature using Eqs. [2] and [3]. The results of four separate experiments

are shown.decreasing the temperature, the lineheights L9 and L become
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ESR spectra are also sensitive to recovery of saturation with
a limiting value of T1É 1003 s, and that T1 is only dependent
on tR for tR ú 1003 s. Recently it has been observed that
the spin–lattice relaxation time of the electron (T1) of the
TEMPOL spin label in glycerol–water mixtures increases
with tR and has a value of 1004 s at the limiting value of
tR É 1003 s (11) . Thus it may be expected that in the
motional region for tR ú 1003 s, ST-ESR spectra will still
be sensitive to saturation recovery in competition with field
modulation. This would provide a new indirect way of quan-
tifying the rotational correlation time tR in this motional
region.

To analyze ST-ESR spectra, a spectral characteristic sensi-
tive for rotational diffusion should be related to calculated
values of tR in a reference sample. In our study we have

FIG. 3. The relative integrated intensity Irel of ST-ESR spectra as a used the TEMPOL spin label in glycerol as a calibration
function of temperature at field modulation frequencies of 12.5 (1) and

system for carbohydrate–water systems. Glycerol has a100 kHz (s) .
close chemical resemblance to sugars, and it can be used as
a model compound for glassy sugar–water systems. Further-

L 9 /L levels off and loses motional sensitivity for values of
tR above 1002 s, whereas the relative integrated intensity Irel

(Fig. 4B) still shows a peak around this tR value. However,
for values of tR below 1002 s, the slope is much steeper than
for values above this value, indicating that the sensitivity of
the relative integrated intensity Irel for motion is decreased
for very slow motions.

By using the ST-ESR data obtained from the TEMPOL
spin label in glycerol as a calibration, the rotational correla-
tion time of the TEMPOL spin label in a 20 wt% glucose–
water mixture is determined as a function of temperature
(Fig. 5) . For comparison, the results arising from both the
relative integrated intensity Irel and the L 9 /L ratio of the ST-
ESR spectra are plotted, showing that the relative integrated
intensity Irel is much more sensitive for long rotational corre-
lation times than the L 9 /L ratio.

DISCUSSION

The goal of this study is to develop ESR methods that
can be used to determine molecular motion in high-viscosity
systems, such as glassy sugar–water systems and foods.
Conventional ESR and ST-ESR spectroscopy using nitroxide
spin labels have already been shown to be suitable methods
for this purpose: the spin labels provide information about
their local environment, and ESR spectroscopy is especially
powerful in obtaining data about molecular mobilities that
cannot easily be obtained in alternative ways (4–6, 22, 23) .
ST-ESR is based on rotational diffusion and/or recovery of
saturation in competition with the field modulation. For ST-
ESR, employing field modulation frequencies around 50

FIG. 4. The L 9 /L ratio (A) and the relative integrated intensity Irel (B)
kHz, the upper limit of sensitivity for rotational mobility is of the ST-ESR spectra of the TEMPOL spin label in glycerol as a function
usually found for rotational correlation times tR É 1003 s of the rotational correlation time tR at a field modulation frequency of 50

kHz. The results of four separate experiments are shown.(7, 9, 10) . This article is based on the hypothesis that ST-
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245ST-ESR EXTENDED TO EXTREMELY SLOW MOBILITY

of the integrated intensity is that possible line-broadening
effects are not reflected in the relative intensity Irel . There-
fore, the relative integrated intensity Irel is exclusively af-
fected by tR and T1 . It should be noted that a disadvantage
of the use of the relative integrated intensity Irel , which is
normalized to the maximum, is that the whole temperature
range must be studied.

Maximal effects of rotational motion and spectral recov-
ery in ST-ESR spectra arise if the rotational correlation time
tR, spin–lattice relaxation time T1 , and angular field modu-
lation frequency vm obey the equations (7, 8, 10)

tR,opt É 1/vm and T1,opt É 1/vm, [4]

where tR,opt and T1,opt are the optimal values for tR and T1 ,
FIG. 5. Rotational correlation time tR of the TEMPOL spin label in a

respectively. The maximal sensitivity for motion at a field20 wt% glucose–water system as a function of temperature. The values of
modulation frequency of 50 kHz, as used in our ST-ESRtR are analyzed using the L9 /L ratio (1) and the relative integrated intensity

Irel (s) obtained in glycerol (see Fig. 4) . The glass transition temperature experiments, is then expected for a value of tR,opt of about
Tg (210 K) and the melting temperature Tm (223 K) are indicated with 1005 s. The sensitivity range is usually taken as a range plus
arrows. The results of two separate experiments are shown. The field modu- or minus two decades, giving tR É 1003 s as a higher limit.
lation frequency is 50 kHz.

In Fig. 2B, a maximum is seen in Irel at a temperature of
210 K. From Eqs. [2] and [3], it can be calculated that at
around this temperature the rotational correlation time tR

more, the viscosity of glycerol is known over a large temper- has a value of about 1002 s. By extrapolating the T1 data of
ature range. We used a very broad temperature range to the TEMPOL spin label in glycerol–water systems versus
study the ST-ESR spectra of the TEMPOL spin label in tR (11) , it is then estimated that T1 is about 1004 s. At a
glycerol (Fig. 1) , to cover a large range of molecular mo- field modulation frequency of 50 kHz, this is in the sensitiv-
tions and spin–lattice relaxation times. At temperatures be- ity range for T1 , and relaxation processes will still affect the
low 210 K the characteristic transfer features of ST-ESR ST-ESR lineshape.
spectra disappear because the very slow rotational motions Following well-known theories of AC electric circuits and
inhibit transfer of magnetization at the time scale of the viscoelastic response, it can be anticipated that the out-of-
modulation frequency. At these low temperatures overmodu- phase response given by the relative integrated intensity Irel
lated spectra of saturation recovery are measured. of the ST-ESR spectra upon the angular field modulation

The analysis of the ST-ESR spectra was carried out in frequency vm Å 2pnm and with a characteristic time T1 can
two different ways, e.g., by using the low-field spectral ratio be described by
L 9 /L (7) or the integrated intensity (24–26) . Both spectral
characteristics have been shown to yield equivalent results
in determining rotational correlation times tR up to tR É Irel }

vmT1

1 / (vmT1) 2 . [5]
1004 s (24, 27) . Our results are plotted in Fig. 2. On decreas-
ing the temperature both the low-field spectral ratio L9 /L

In Eq. [5] it can be seen that effects of the relaxation time(Fig. 2A) and the relative integrated intensity Irel (Fig. 2B)
T1 on Irel will be most efficiently detected, if vmT1 É 1. Thisreach a maximum, but after passing the maximum, the tem-
is reflected by the top of the curve in Fig. 2B. Using aperature dependence of the L 9 /L ratio is relatively small
smaller modulation frequency, the temperature of the maxi-compared to the relative integrated intensity Irel . It should
mum relative intensity decreases (Fig. 3) , because the relax-be noted that around a temperature of 200 K, the L 9 /L ratio
ation time T1 increases with decreasing temperature (11) .is difficult to determine from the ST-ESR spectra (Fig. 1) ,

Since it may be expected that T1 continues to increasewhich is represented by the scattered values in this tempera-
ture range (Fig. 2A). Below a temperature of 200 K, the with decreasing temperatures (T1 varies with t 1/8

R for tR ú
1003 s (11)) , the ST-ESR lineshape will change as a func-relative integrated intensity Irel (Fig. 2B) has a more pro-

nounced change with temperature and lacks the scattering tion of temperature until a final limit for sensitivity to T1 is
reached at a temperature somewhere below a temperature ofproblem. For this reason the integrated intensity has the best

properties to be used as a spectral characteristic below a 140 K. This effect of T1 is illustrated by the decrease of the
relative integrated intensity Irel for temperatures below 210temperature of 200 K. Apart from a better reproducibility

and a stronger temperature dependence, another advantage K (Fig. 2B), as is predicted by Eq. [5] . The effect can also
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be observed in the temperature dependence of L9 /L (Fig. (Fig. 5) . Upon cooling this sample a phase separation takes
2A), but it is less pronounced. place, because ice is formed. Upon rewarming such a sample,

The lineheight ratio L 9 /L and relative integrated intensity the melting of ice starts at the melting temperature Tm. The
Irel can be directly related to the rotational correlation time process of ice formation upon cooling concentrates the re-
tR, as is presented in Fig. 4. Because the viscosity of glyc- maining glucose solution containing the spin label, and fi-
erol, as described by Eq. [3] , can be calculated only for nally the supersaturated solution undergoes a glass transition
temperatures above the glass transition Tg of glycerol (185 at a temperature Tg of 216 K (1) . The low mobility below
K), the values for tR range from 1006 to 5 1 104 s. From this glass transition temperature is expected to allow a pro-
a comparison of Figs. 4A and 4B, it can be seen that the longed storage stability of the glass, and therefore is an
relative integrated intensity is much more sensitive for values important object of study in food science.
of tR from 1002 to 104 s, as compared to the L 9 /L ratio. From Fig. 5, it is seen that the glass transition tempera-
Therefore, the relative integrated intensity Irel as given in ture Tg (210 K) and the melting temperature Tm (223 K)
Fig. 4B is the best parameter to be used as a calibration for are well identified as breaks in the plot determined from
rotational correlation times tR of the TEMPOL spin label the relative integrated intensity Irel . These values of Tg
in unknown samples, as compared to the L 9 /L ratio. It should and Tm are in agreement with the literature (1 ) . Further-
be noted, however, that because of the small slope of Irel in more, tR values can be determined at temperatures far
Fig. 4B for values of tR above about 1002 s, the errors in below the glass transition temperature Tg , and tR can be
tR will be relatively large. determined in the glassy state up to a value of about 10 3

In Fig. 4 it is assumed that the rotational correlation time s. In contrast, the L 9 /L ratio levels off at a value of about
tR can be calculated from Eqs. [2] and [3]. This implies 2.1, giving tR values around 1003 s. At these values the
(1) that the viscosity follows the Williams–Landel–Ferry limit of sensitivity for mobility for the L 9 /L ratio is
(WLF) theory and (2) that the modified Stokes–Einstein reached. This effect can be explained by realizing that
Eq. [2] is valid in supercooled liquids. It has been observed the L 9 /L ratio is almost insensitive to T1 effects, and that
in glycerol that in general dynamical processes follow the changes in T 1 are the main cause for sensitivity for motion
WLF Eq. [3] (21, 28, 29) . This is also true for the rotational for tR ú 1003 s. This means that by using the relative
correlation times obtained from NMR hole-burning experi- integrated intensity Irel of ST-ESR spectra, the range of
ments in glycerol (20) . This means that the temperature

sensitivity for mobility is extended with six orders of
dependence of the viscosity is well described by Eq. [3] ,

magnitude, as compared to using the L 9 /L ratio.
and that the interaction parameter k in Eq. [2] is temperature

In conclusion, we have shown that small stable nitroxideindependent.
spin labels incorporated in a glassy host material reflect theIt is interesting to compare our rotational correlation
motional properties of the host. Until now, the motionaltime data obtained with the TEMPOL spin label in glyc-
sensitivity of ST-ESR was limited to slow molecular motionserol with those of glycerol itself ( 20 ) . For glycerol at the
around a rotational correlation time of about 1003 s. This isglass transition temperature Tg (185 K) , it has been found
value does not always reflect the glassy state of the host,that tR is 1.0 1 10 3 s (20 ) . In our case, we calculate for
and therefore limits the motional information that can bethe TEMPOL spin label a value for tR of 4.0 1 10 3 s,
obtained about the glassy state. Here, we introduce a newwhich is in the same order of magnitude. Using the molec-
approach of ST-ESR, which enables us to measure rotationalular volumes of glycerol as given by Bondi ( 30 ) , the
correlation times of spin labels up to values of 103 s. Thisinteraction parameter k of glycerol can be calculated to
is a major breakthrough in the ST-ESR technique, giving usbe 0.03. For the TEMPOL spin label the interaction pa-
an increase by six decades as compared to previous methods.rameter k is a factor of 3 larger (0.09 ) . This difference
Taking into account that the lower limit of conventional ESRcan be explained by the fact that a TEMPOL spin label
is for values of rotational correlation times tR of about 10011

is slightly larger than a glycerol molecule ( the average
s, our experiments show that a single set of equipment forradii are 0.35 and 0.27 nm, respectively ) . It has been
ESR spectroscopy is able to cover an immense range ofobserved that for small molecules with an average radius
rotational molecular motions.between 0.2 and 0.6 nm, the experimental rotational diffu-

This observation makes ESR spectroscopy an extremelysion coefficient is systematically higher than calculated
versatile technique that enables one to provide motionalfrom the modified Stokes–Einstein; this discrepancy in-
knowledge about the glassy state. Since our work is aimedcreases as the molecule becomes smaller (17 ) .
at the study of the stability and preservation of food andTo illustrate the possibilities of this ST-ESR method, the
pharmaceuticals, such motional information might help tech-rotational correlation times tR of the TEMPOL spin label
nologists to develop better ways for storage and manufactur-in glycerol determined from the L 9 /L ratio and the relative
ing. In addition, it could give some clues about the long-integrated intensity Irel were used as a calibration to deter-

mine unknown tR values in a 20 wt% glucose–water sample term stability of biological materials ( i.e., seeds) .

AID JMR 1354 / 6j29$$$401 03-21-98 05:10:12 maga



247ST-ESR EXTENDED TO EXTREMELY SLOW MOBILITY

11. B. H. Robinson, D. A. Haas, and C. Mailer, Science 263, 490–493ACKNOWLEDGMENTS
(1994).

12. P. F. Knowles, D. Marsh, and H. W. E. Rattle, ‘‘Magnetic Reso-This research was partly supported by European Union Contracts ERB-
nance of Biomolecules,’’ Wiley, London (1976).FAIRCT961085 and ERBFAIRCT965026. We are indebted to Cornelius

13. M. A. Hemminga, P. A. de Jager, D. Marsh, and P. Fajer, J. Magn.van den Berg, Albert Prins, and Ton van Vliet from the Department of Food
Reson. 59, 160–163 (1984).Science, Wageningen Agricultural University, for helpful and stimulating

discussions. 14. R. E. D. McClung and D. J. Kivelson, Chem. Phys. 59, 3380–3391
(1968).

15. D. Kivelson, M. G. Kivelson, and I. Oppenheim, J. Chem. Phys. 52,REFERENCES
1810–1821 (1970).

16. J. L. Dote, D. Kivelson, and R. N. Schwartz, J. Phys. Chem. 85,1. Y. Roos, ‘‘Phase Transitions in Foods,’’ Food Science and Technol-
2169–2180 (1981).ogy International Series, Academic Press, San Diego (1995).

17. J. T. Edward, J. Chem. Educ. 47, 261–270 (1970).2. F. Franks, ‘‘Biophysics and Biochemistry at Low Temperatures,’’
18. ‘‘Physical Properties of Glycerine and Its Solutions,’’ Glycerine Pro-pp. 37–61, Univ. Press, Cambridge (1985).

ducers’ Association, New York (1969).3. H. Levine and L. Slade, in ‘‘Physical Chemistry of Foods’’ (H. G.
19. M. L. Williams, R. F. Landel, and J. D. Ferry, J. Am. Chem. Soc.Schwartzenberg and R. W. Hartel, Eds.) , pp. 83–221, Dekker, New

77, 3701–3707 (1955).York (1992).
20. P. L. Kuhns and M. S. Conradi, J. Chem. Phys. 77, 1771–19824. M. J. G. W. Roozen and M. A. Hemminga, J. Phys. Chem. 94,

(1982).7326–7329 (1990).
21. R. M. Diehl, F. Fujara, and H. Sillescu, Europhys. Lett. 13, 257–5. M. J. G. W. Roozen, M. A. Hemminga, and P. Walstra, Carbohydr.

262 (1990).Res. 215, 229–237 (1991).
22. M. J. G. W. Roozen and M. A. Hemminga, Spec. Publ. R. Soc.6. M. A. Hemminga, M. J. G. W. Roozen, and P. Walstra, in ‘‘The

Chem. 82, 531–536 (1991).Glassy State in Foods’’ (J. M. V. Blanshard and P. J. Lillford, Eds.) ,
23. M. A. Hemminga and I. J. Van den Dries, in Biological MagneticChap. 7, pp. 157–171, Nottingham Univ. Press, Nottingham

Resonance, Vol. 14: ‘‘Spin Labeling: The New Millennium’’ (L. J.(1993).
Berliner, Ed.) , in press (1997) Plenum, New York.7. D. D. Thomas, L. R. Dalton, and J. S. Hyde, J. Chem. Phys. 65,
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