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The axiomatic theory of ideally glassy networks, which has proved effective in describing phase diagrams
and properties of chalcogenide and oxide glasses and their foreign interfaces, is broadened here to include
intermolecular interactions in hydrogen-bonded polyalcohols such as glycerol, monosaccharides �glucose�, and
the optimal bioprotective hydrogen-bonded disaccharide networks formed from trehalose. The methods of
Lagrangian mechanics and Maxwellian scaffolds are useful at the molecular level when bonding hierarchies
are characterized by constraint counting similar to the chemical methods used by Huckel and Pauling. Whereas
Newtonian molecular dynamical methods are useful for simulating large-scale interactions for times of order
10 ps, constraint counting describes network properties on glassy �almost equilibrated� time scales which may
be of cosmological order for oxide glasses or years for trehalose. The ideally glassy network of trehalose may
consist of extensible tandem sandwich arrays.
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I. INTRODUCTION

A few inorganic glasses exhibit extraordinary properties:
remarkable mechanical stability, densities of order 90% of
their crystalline counterparts, nearly reversible glass transi-
tions, and almost no bonding defects that would create elec-
tronic traps. These glasses are composed of stress-free �ideal�
networks, and these networks can persist metastably at tem-
peratures below their glass transitions for very long times. In
the last 25 years our knowledge of these networks has grown
rapidly, both experimentally and theoretically, especially for
inorganic chalocogenide and oxide glasses �such as window
glass�.1 At the same time, the idea that H-bonded protein
networks exhibit many �almost equilibrated, nearly revers-
ible� properties similar to those of inorganic network glasses
has become popular.2–4

Deductive multiparameter approaches to such ideal
glasses, employing standard polynomial Newtonian methods
�such as molecular dynamics�, encounter severe difficulties
even in supercooled liquids �where the viscosity grows ex-
ponentially and diverges as T→Tg�, and these difficulties
increase in the glass, where relaxation follows the even
slower path described by stretched exponentials. In practice
these difficulties often limit simulation times to ns or even
10 ps. Some simulations of inorganic glasses have circum-
vented these difficulties by guessing that a good approxima-
tion to the optimally dense glassy network can be obtained
by ring disordering an amorphous solid; this guess can be
tested semiquantitatively �but with only polynomial, not ex-
ponential, accuracy� by comparison with radial distributions
observed by diffraction,5 but this method, like molecular dy-
namics, does not predict phase diagrams or predict chemical
trends in general.

An abstract, parameter-free axiomatic method, based on
the variational concepts of Lagrangian mechanics, has pro-
vided an excellent guide for experiments on inorganic net-
work glasses, and it was indeed helpful in identifying the
intermediate compositional window where nonreversing and
aging effects are small, as well as the internal network
stress.1 This method is hierarchical in nature, and its appli-

cation involves the general principles of chemical bonding as
utilized by Huckel �hierarchical � and � states� and Pauling
�resonating valence bonds in mixed ionic-covalent mol-
ecules�. Interatomic forces are supposed to decrease from
bond stretching to bond bending to dihedral interactions by
roughly a factor of 3–4 between stages. �There are always
uncertainties in classical interatomic force fields �weaker
forces tend to be overestimated�, but in good glass formers
these hierarchies are unambiguous.� The accuracy of the
method in predicting optimized compositions �without using
any adjustable parameters� can be as good as 1%. It is sum-
marized in Sec. II, where examples of Lagrangian con-
straints show how the method works in the simplest cases of
covalent-ionic chalcogenide and oxide network glasses.

The success of the abstract axiomatic method can be
tested best by showing that it can be used to identify ideal
glasses. For the inorganic network glasses the success has
been confirmed in many ways,1 but most of these have not
yet been tested for organic glasses. Some organic glasses,
such as polymers, are not well described by constraint
theory, and to broaden constraint theory to include some
cases of hydrogen bonding �Sec. III� requires careful choices
of test cases. It turns out that several simple carbohydrates
�polyalcohols and saccharides� are good candidates for ideal
glasses; the reasoning that led us to those choices, as op-
posed, for example, to polymers, is discussed in Sec. III,
where the hierarchy of H-bonding interactions is inserted
into the covalent hierarchical framework. Some macroscopic
properties of polyalcohols and saccharides are collected in
Sec. IV. It is then straightforward to enumerate �Sec. V�
these interactions for polyalcohols and monosaccharides, but
when the procedure is extended to sucrose and trehalose, the
results are surprising. Molecular dynamics models in the
time range from 10 ps to 1 ns partially explain the remark-
able biopreservative properties of trehalose, but other factors
could be important on a time scale of years. The hierarchical
results for trehalose lead to the tandem array network model
described in Sec. VI; this model represents a substantial re-
finement of the two-dimensional percolative model of treha-
lose films proposed in recent molecular dynamics models of
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trehalose performed in the time range from 10 ps to 1 ns.
This model is used to contrast the structure and properties of
trehalose with a polyester biopreservative, cutin, in Sec. VI.
There we note analogies with extensible tandem arrays of the
elastic protein titin and other extracellular matrix and cell
adhesion molecules, such as fibronectin, which also contain
tandem arrays. It appears that the tandem nature of trehalose
networks corresponds well to novel tandem repeats in the
cell surface proteins of archaeal and bacterial genomes �Sec.
VII�. In the Appendix there are some general remarks on the
H-bonding network of water, especially at interfaces with
proteins, polyalcohols, and saccharides.

II. COVALENT BOND HIERARCHIES

The simplest case of a covalent glass is a binary one
A1−xBx in which the covalent radii are nearly equal because A
and B belong to the same row of the periodic table—for
example, A=Ge and B=As or Se. Then the B-A-B and A-B
-A bond angles are nearly equal and the bond-bending con-
straints at the ideal composition are all intact, while there are
no constraints on dihedral conformations. This situation is
illustrated in Fig. 1�a�. The ideal glass-forming condition is
�Nc=number of constraints� =Nd=number of degrees of
freedom=3 �number of atoms Na�, all per formula unit ac-
cording to axiomatic mean-field theory.5 Simulations with
space-filling models, based on bond-deleted, ring-disordered
space-filling networks, confirmed this condition and showed
a crossover from floppy to stiff networks at the ideal compo-
sition, with a density of soft modes nearly linearly decreas-
ing with increasing connectivity.6

What happens when A and B radii are quite different?
This is the case in g-SiO2, where diffraction data show that
the width of the O-centered bond angle distribution is much
greater than that of the Si-centered distribution. Then the
former bond-bending constraints are broken, while the latter
bond-bending constraints are intact, as shown in Fig. 1�b�. In

�Na2O�x�SiO2�1−x alloys with increasing x the Na atoms cut
�or form “nonbridging”� O–Si bonds and there is a crossover
from broken oxygen bending constraints to intact ones; this
crossover actually shows up in the phase diagram as a nar-
row low-temperature immiscibility gap �Tc�1000 K�,7 a
transition that was previously unexplained and which has so
far been inaccessible to molecular dynamics simulations
�MDS� confined to T�3000 K. More generally, the effects
of space filling on constraints is subtle and is best determined
empirically from traditional structural data �diffraction, Ra-
man, infrared� or even from the phase diagram and the loca-
tion of the stiffness transition. An important point is that the
axiomatic rules are discrete �constraints are nearly always
broken or intact in glasses and are seldom in an intermediate
case between the two limits� and have been refined system-
atically in ways that are transferable between situations that
are apparently very different and are conventionally de-
scribed by completely different �and often quite large� sets of
adjustable parameters.

The ways in which phase diagrams and structural data can
be interpreted in terms of intact and broken constraints are
illustrated in Fig. 2. In underconstrained glasses, Fig. 2�a�,
there are not enough bond-stretching and bond-bending con-
straints to exhaust the 3Na degrees of freedom. Thus some of
the dihedral angles can be constrained. In the case of g-Se,
there are one stretching and one bending constraints per
atom, leaving room for one dihedral angular constraint per
atom. This makes it possible for g-Se to form long chains
��300 atoms�,8 yet remain glassy because of entanglement.
As cross-linking Ge or As atoms are added, the number of
allowed dihedral constraints decreases and the chain seg-
ments rapidly shorten.

In overconstrained glasses �Fig. 2�b��, the number of
bond-stretching and bond-bending constraints is too large

FIG. 1. Typical constraint hierarchies for inorganic network
glasses. �a� When Nc�3Na, all of the marginal bond-bending con-
straints will be satisfied and some of the dihedral degrees of free-
dom will be floppy. �b� When Nc�3Na, some of the marginal bond-
bending constraints will not be satisfied or there will be
redundancies—for instance, edge-sharing tetrahedra.

FIG. 2. Size dependence of constraint hierarchies for inorganic
network glasses. �a� In chalcogenide and some silicate glasses, the
average sizes of cations and anions are approximately equal. Then,
because the networks are charge ordered, the condition for ideal
glasses is satisfied at or near compositions where all bond-bending
constraints are satisfied and all dihedral angles are widely distrib-
uted �floppy�. This is the simplest case. �b� When the cation and
anion sizes are very different, as in SiO2, the bond-bending con-
straints can be intact around the larger ion and broken around the
smaller one.
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and some redundancies will occur. A simple way for this to
happen is for pyramidal or tetrahedral building blocks to
share edges, but there are other possibilities, such as replace-
ment of single bonds by double bonds.

Nanoscale phase separation is common in binary glasses.
Percolative backbones can consist of molecular units that
locally satisfy the ideal glass condition, also describable by
isostatic, a term borrowed from hydrodynamics to describe
parts of the network that are strain free. The fraction of the
network that is isostatic is variable, and this leads to the
formation of a narrow range of compositions with sharp
edges that have very favorable properties. The density
reaches a plateau, and the glass transition is nearly reversible
and shows little aging.1 In this reversibility window the net-
work is unstressed and Raman vibrational frequencies shift
linearly with hydrostatic pressure. Outside the window the
shifts are small until a threshold pressure is reached, which is
interpreted as an internal network pressure.9 For undercon-
strained networks, this pressure stiffens soft matrices before
it affects isostatic backbones, and for overconstrained net-
works, it stiffens the isostatic regions before it affects the
stiffer overconstrained regions.

III. H-BOND HIERARCHIES

Hydrogen bonding DuH¯A energies are small
��3 kcal/mol� and problematic, partly due to the relative
weakness of the interaction. Their electronic components
have been studied for a few small molecules,10 while in
larger molecules these energies are subject to large dynami-
cal screening corrections, especially those due to the large
OH dipoles responsible for the dielectric constant �0�80 of
water. Thus recent models of H bond interactions in proteins
are empirical and are based on complex statistical analysis
designed to differentiate H-bonding interactions with both
peptide backbones and amino acid side groups.11 However,
one may still expect the usual hierarchy of interaction ener-
gies, with E�OuH¯A��E�NuH¯A��E�CuH¯A�
and E �bond stretching� �E �bond bending�. For the polyal-
cohols considered below, where the complexities produced
by N lone pairs are avoided, this leads to the simple hierar-
chy shown in Fig. 3�b�. It is far from obvious that the
CuH¯A bending energies are larger than the covalent di-
hedral energies; these two could be grouped together without
changing some of our results.

Polymers may avoid crystallization because of entangle-
ment, and similarly molecular glasses may form because of
steric hindrance. The polar nature of H bonds suggests that
dynamical interactions with local electrical fields to form H
bond networks can compete with steric hindrance in promot-
ing the glass-forming tendency and be more easily quanti-
fied. Thermal expansion at constant pressure ��P

=V−1��V /�T�P� and at constant dielectric relaxation time
���=V−1��V /�T��� near the glass transition temperature ��
=1 s� provides an easy way12 to gauge quantitatively
whether or not H bonding is critically enhancing the glass-
forming tendency. �The results are quantitatively similar for
�=1000 s or when � is replaced by the viscosity �.13� The
measured values of the ratio �� /�P are near unity �they range

from 0.6 to 2.8� for 15 molecular and polymer glass formers,
but are 6 and 17 for the strongly hydrogen-bonded polyalco-
hols sorbitol and glycerol, respectively. H bonding is thus
less sensitive to pressure, and more sensitive to temperature,
than covalent bonding and is more dominant, and therefore
probably more easily quantified, in polyalcohols than in
polymers.

IV. POLYALCOHOLS AND SACCHARIDES

Polyalcohols and saccharides have strikingly simple
bonding patterns: all the covalent bonds are single and all the
carbons are tetrahedrally coordinated. Many polyalcohols are
good glass formers, so they are a good starting point for
broadening constraint theory to include hydrogen bonding.
The melting points Tm and glass transition temperatures Tg of
a few polyalcohols and sugars are listed in Table I, together
with the extrapolated slopes of reduced viscosity �fragilities
m� on a reduced temperature scale—that is, m
=d ln � /d ln�Tg /T�T=Tg.14 Saccharide data15,16 are also in-
cluded, as these also have strong H-bonding interactions. The
ratios r=Tg /Tm are a simple measure of the extent of clus-
tering or medium range order in the glasses. This ratio is r
=0.77 for sorbitol, 0.74 for orthoterphenyl, and 0.73 for the
monosaccharide glucose; these ratios are typical for many
glasses. The ratio behavior of the disaccharides sucrose and
trehalose is unusual: for sucrose r=0.52, while in trehalose
r=0.81. The asymmetry of the rings in sucrose suppresses
clustering, but the bisymmetric structure of trehalose pro-
duces one of the largest values of r known for good glass
formers. However, the anomalously large value of r in tre-
halsoe does not tell us much about the nature of the cluster
ordering in the glass.

Clustering is a common property of good glass formers;
another quantitative measure of clustering is the ratio of the
minimum in Raman scattering intensity before the boson
peak to the value at the peak, denoted by R1. In the well-

FIG. 3. Comparison of covalent network glasses and polyalco-
hol glasses. �a� The ideal covalent case, repeated from Fig. 2�a�. �b�
Polyalcohols contain covalent cores and DuH¯A bonds, where
D and A can be C or O. In the absence of specific factors �such as
small or large sidegroups� the most likely constraint ordering is the
one shown here.
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known molecular glass former, sterically hindered orthoter-
phenyl �OTP�, this peak is absent, so in Table I the value
R1=1.0 �OTP�. Given the excellent glass-forming tendency
in strongly H-bonded glycerol, one would expect to see a
strong boson peak, as shown in Table I. Even stronger boson
peaks �smaller R1� are seen in the bioprotective glass formers
sucrose and trehalose.17

The stretched exponential relaxation function
exp�−�t /��	� provides another measure of the many-particle
interactions in glasses, as perturbed by a variety of probes,
through the dimensionless fraction 	.18 Although it is cus-
tomary to treat 	 merely as an adjustable parameter, this pure
number contains a surprisingly large amount of information
about the nature of the many-particle interactions in glasses:
smaller values of 	 correspond to longer-range interactions,
as short-range interactions alone give 	=3/5, while a mix-
ture of short- and long-range interactions gives 	=3/7.19

The most accurate values of 	 �to a few percent� are usually
obtained in the time domain, and the ones quoted in Table I
are largely from such measurements.18,20 Similar values
�with larger uncertainties� can be obtained from dielectric
relaxation or scanning calorimetry.15

The many-particle interactions affect m and 	 indepen-
dently: in sorbitol-glycerol mixtures, m varies smoothly and
monotonically, but 	 does not.21 From the values of 	 we see
that glycerol relaxes via short-range interactions, while sor-
bitol is affected by a mixture of short- and long-range inter-
actions, presumably due to the formation of chain bundles. A
rough linear correlation between m and 	 has been
suggested,22 and both sorbitol and glycerol lie in the “al-
lowed” band, but near equal-weight percent the mixture lies
far outside this band, with 	 “anomalously” small �excep-
tionally wide distribution of relaxation times�. This suggests
that there is a dynamically driven short-range ordering of
nearly spherical glycerol with sorbitol chain segments in
those mixtures �possibly with glycerol inserted between the
sorbitol chains�, which opens a new range of anisotropic re-
laxation channels unavailable in the pure materials. Thus,
while large values of the fragility m often describe a glass
which is strongly associated just above Tg, there are several
other possibilities.

V. CONSTRAINT COUNTING IN POLYALCOHOLS
AND SACCHARIDES

There have been several studies of glycerol by molecular
dynamics simulations;23,24 the molecular structure is shown
in Fig. 4. In the crystal23 each molecule is bound to four
neighbors by six hydrogen DuH¯A bonds, three with
D=O and A=C, and three with D and A reversed. The bond
lengths are near normal values, and the DuH¯A bond
angles are fixed by minimization of the overall electrostatic
and torsional energies in the context of the crystalline space
group. Thus, as expected, one cannot learn much about the
effective H-bonding stretching and bending constraints from
the crystal structure, but the MDS results23 for the glass tran-
sition are much more interesting. The predicted value of Tg is
in good agreement with experiment, while the width 
Tg of
the glass transition is greatly overestimated �by about a fac-
tor of 10 for the faster cooling rate of 200 K/ns and by about
a factor of 5 for the slower cooling rate of 100 K/ns�, indi-
cating that many weaker H-bonding constraints are intact in
the glass that are not attained in the MDS on these ps time
scales.

Constraint counting for glycerol24 gives the following re-
sults: �NA=14�; constraints �running total�: intramolecular
stretching constraints: 13.13 intramolecular bending �2N−3,
where N is the number of single bonds�: 3C, N=4, 3�2N

TABLE I. Glass-forming tendencies and formulas of polyalcohols and saccharides. Note that Tg of
glucose �sucrose, trehalose� is close to �well below, well above� the operating temperature of proteins. Here
	t and 	 fd refer to stretching fractions measured in the time domains �more accurate, ±0.02� and frequency
domains �dielectric relaxation, less accurate ±0.15, because of narrow band deconvolution uncertainties Ref.
�19��. In any case, the observed values of 	 suggest only short-range forces in glycerol and a mixture of
short- and long-range forces in trehalose, consistent with chemical trends in r=Tg /Tm.

Material Formula Tm �K� Tg �K� m R1 	t 	 fd

Glycerol HCOH�H2COH�2 287 187�2� 57 0.60 0.60 0.65

Sorbitol �HCOH�4�H2COH�2 348 268 128 - - 0.37

Glucose C6O6H12 420 308 70 - - 0.64

Fructose C6O6H12 274 48 - - 0.50

Trehalose �C6O5H11�2O 488 396 107 0.34 0.38 0.30

Sucrose �C6O5H11��C6O5H10CH2OH�O 448 233 60 0.48 - -

Orthoterphenyl C6H4�C6H5�2 328 243 81 1.0 0.62 0.51

FIG. 4. The molecular structure of glycerol Ref. 24.
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−3�=15,28 3O, N=2, 3�CuOuH�=3.31 Intermolecular:
stretching H, . . .8;39 bending, 3�OuH¯ �.42 �The CuH¯

bond has a stretching constraint, but it is too weak to have a
bending constraint. Stated differently, the intact-broken gap
in the constraint hierarchy at T=Tg lies between the
OuH¯ �intact� and CuH¯ �broken� bending constraints.
Total number of intact constraints:42 =3NA. Thus glycerol is
an ideal glass, the prototypical “viscous solvent”; this con-
clusion agrees with an analysis of thermal data that grouped
glycerol and orthoterphenyl together as “ideal” glasses, in
contrast to other poorer glass formers such as salol.24 Pre-
sumably the relatively weak OuH¯ bending constraints
are not optimized by MDS, which is why MDS overesti-
mates 
Tg. Dielectric relaxation and NMR also lead to the
conclusion that the OuH¯ constraints are intact in
glycerol,14,25 while the CuH¯ bending constraints are bro-
ken.

The high-frequency �or 	� “excess wing” in the dielectric
relaxation of polyalcohols increases in strength from glycerol
to sorbitol.14,25 There have been many models for the micro-
scopic origin of this wing that treat the stretching fraction 	
merely as an adjustable parameter; however, recent studies19

have shown that just as there is a duality in field-free values
of 	=3/5 or 3/7, so there is a parallel duality in field-forced
values of 	=1/3 or 2/3, according to whether the relaxation
is dominated by the macroscopic applied field or local fields.
In polyalcohols a natural model would associate the high
frequency “excess wing” with low-polarizability clusters,
possibly stabilized either by defects or by incipient crystalli-
zation. Such clusters grow in volume with aging in glycerol
as clusters form under the influence of applied measuring
fields.14 Their growth should reduce the amplitude of the
low-frequency � peak. The forced-field dynamics of the two
peaks �their asymmetric shapes� should be governed by local

fields �	=2/3�, but the amplitude of the low-frequency re-
sponse should age with the macroscopic field �	=1/3�, as
observed.14

Constraint counting for sorbitol, on the other hand �Table
II�, shows that there are not enough OuH¯ stretching and
bending constraints to freeze the glass, but that if all the
CuH¯ stretching constraints were intact, the glass would
be overconstrained. Dielectric relaxation and NMR data14,25

for sorbitol show that the OuH¯ and CuH¯ constraints
behave similarly; in other words, because the ideal glass-
forming condition is not satisfied, at the molecular level sor-
bitol is more nearly amorphous than glassy: sorbitol, unlike
glycerol, is easily crystallized.26 �Even in glycerol, where
there is a difference between the OuD¯ and CuD¯ spin
lattice relaxation times, the ratio is only a factor of 2. This
can be compared to the factor of 9 difference between the
corresponding dipole moments predicted by a standard mo-
lecular dynamics program �AMBER�.23 One model for the re-
laxation would utilize fluctuations of the polarization of the
neighborhoods of the dipoles to relax them; if this polariza-
tion depended only on the dipole in question, then the rate
would scale with that dipole’s moment. In fact, the polariza-
tion depends on many other local dipole moments as well,
which is why the rates differ only by a factor of 2. This
means that the macroscopic glass transition in sorbitol in-
volves entanglement of a polymeric nature; the rapid tem-
perature dependence of such entanglement as T→Tg could
explain why sorbitol is the most fragile �largest-m� glass
listed in Table I. Thus sorbitol is not an ideal glass, and the
large mismatch between constraints and degrees of freedom
explains why its dielectric relaxation spectrum shows a large
“excess wing” �also called a “	 peak”�,14,25 while there is
apparently little or no “excess wing” in glycerol. �This mis-
match provides a natural material-specific and parameter-

TABLE II. Constraint counting in polyalcohols and saccharides. The number of degrees of freedom per
molecule is 3NA, where NA is the number of atoms in the molecule �frozen in the ideal glass, hence ideally
no translational or rotational degrees of freedom for each molecule�, the number of covalent bond-stretching
and bond-stretching constraints is Nc, and the last three columns consider three possibilities: only OH bond
stretching and bending, adding CH stretching, and adding CH stretching and bending. Note that quite
different results would be obtained from a mechanical spring model with six �rather than five� bending
constraints and tetrahedral C; in the case of glucose, Nc+2NOH+NCH would be increased to 76�3NA=72,
making glucose and all sugars strongly overconstrained rather than marginally constrained, with glycerol
�Nc+2NOH+NCH=45�3NA=42� and trehalose �Nc+2NOH+NCH=147�3NA=135� no longer being ideal
glasses. This could be one of the reasons that the simple results listed in this table have not been obtained
previously. Another even simpler possibility is that Newtonian forces are usually displayed in vibrational
models, rather than Lagrangian interactions. For two-body stretching forces, the counting is the same for both
pictures, but when three-body bending bending forces are added, the Newtonian count is misleadingly large,
making it difficult to recognize the structural origins of floppy modes.

Material 3NA Nc �Nc+2NOH� �Nc+2NOH+NCH� �Nc+2NOH+2NCH�

Glycerol 42 31 37 42 47

Sorbitol 78 61 73 81 89

Glucose 72 60 70 �72� 77 84

Fructose 72 60 70 �72� 77 84

Trehalose 135 117 133 �135� 147 161

Sucrose 147 127 145 �147� 160 175
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free explanation for the connection between aging and the 	
peak.14 Although the origin of the 	 peak has been discussed
often in the literature,14 none of the theoretical models ex-
plain why the peak is absent in freshly quenched glycerol.�
Similarly, crossovers in the high-frequency glassy behavior
of oligo�propylene glycol� dimethyl ethers with variable
chain length26 apparently arise from polymeric conforma-
tions suggestive of collective entanglement in the H-bond
network not describable by microscopic H-bonding hierar-
chies.

Turning now to the monosaccharides �Table II�, we see
that glucose and fructose merely have different conforma-
tions and that neither is an ideal glass former at the micro-
scopic level. We note, however, that only two degrees of
freedom remain after the OuH¯ hydrogen bonding con-
straints are applied to the covalent framework. Trehalose is a
fully symmetrical disaccharide �see Fig. 5� with unique prop-
erties: it has been found in large quantities in organisms �al-
gae, bacteria, fungi, insects, invertebrates, and yeasts as well
as a few flowering plants� that are able to survive extreme
external stresses such as high or very low temperatures or
periods of complete drought up to 120 years �anhydrobiosis�.
These qualities led to the suggestion,27 now apparently pre-
scient, that trehalose forms a glassy structure around embed-
ded biomolecules and inhibits thus the denaturization due to
formation of ice crystals. Table I shows that trehalose has the
highest Tg, the best-developed boson peak, and the widest
distribution of relaxation times �smallest 	� of alcohols and
saccharides, so we expect it to show ideal glass-forming ten-
dencies at the microscopic level.

At first sight, the constraint count for trehalose seems to
show �Table II� that it cannot be an ideal glass, as again two
degrees of freedom remain after the OuH¯ hydrogen-
bonding constraints are applied to the covalent framework.
However, trehalose is a perfectly bisymmetrical molecule,
and if we associate each of the two residual degrees of free-
dom with rotation around of one flap around the bond be-
tween that flap and the bridging O �the glycosidic torsional

bond angles � and �� in Fig. 5�, then we have a prescription
for treating the flap orientation as a collective constraint,
driven by interactions of the trehalose molecule either with
other trehalose molecules �large Tg� or with associated pro-
teins, explaining its remarkable bioprotective properties.

Like glycerol, but unlike sorbitol, dielectric relaxation and
ultrasonic velocity dispersions in trehalose and maltose are
featureless,28 as one would expect for ideal glasses. There are
small differences between trehalose and maltose, with the
activation energy and hydration number being about 20%
and 10% larger, respectively, for trehalose than for maltose.28

NMR data29 show that the rotational barrier for the glyco-
sidic torsional angles �� and �� in Fig. 5� is �700 K when it
is calculated relative to gas-phase interactions, which is con-
sistent with treating these coordinates as constraints for T

Tg�400 K, so that trehalose, like glycerol, becomes an
ideal glass. Another interesting feature of the NMR data is
that the broadening of the lines produced by the distributed
torsional angles is nearly equally large both for the H’s at-
tached to the C’s adjacent to the bridging O and involved
directly in the torsional motion and the H’s in the ethanol
�H2COH� side group �C11,12 in Fig. 5�.

We conclude with analyzing sucrose, which is similar to
trehalose, but with H at the C2 position on one flap replaced
by another ethanol side group CH2OH.30 This does not
change the constraint count, but the symmetry of the two
flaps is destroyed. The ideal glass condition could still be
satisfied by freezing the torsional constraints of the flaps. An
intermediate case is maltose, which combines rings with the
glucose and fructose conformations, instead of two glucose
conformations, thus leaving the constraint count at the treha-
lose value, but breaking the flap symmetry weakly. Refer-
ence 30 suggested that the difference in the aqueous biopro-
tective properties of trehalose, maltose, and sucrose can be
explained by two-dimensional percolative models. In the
context of the unique bioprotective functionality of trehalose,
such models lack specificity. These models are refined by the
extended intermolecular trehalose structural model discussed
next.

VI. TANDEM BILAYER TREHALOSE FILMS

Strictly speaking there is an important difference between
the glassy properties of a �hydrated� saccharide and its bio-
protective properties: the latter would be enhanced best by a
glassy film. Because the ideal glass condition is satisfied for
trehalose when the torsional constraints are frozen, one is led
naturally to the staggered tandem bilayer bioprotective
model shown schematically in cross section in Fig. 6�a�.
Rigid pyranose rings are alternately more and less tightly
paired. Such a binary alternation has many favorable biopro-
tective features: for instance, it combines stability with ex-
tensibility, as we shall see. Figure 6�b� shows in cross section
how the ethanol side groups are part of the alternating struc-
ture; a similar alternation occurs in and out of the plane. This
is favored by the binary symmetry of the two glucose con-
formations. In maltose, where glucose and fructose confor-
mations are combined, both ethanol groups are either inside
or outside, and this alternation is not possible. This partially

FIG. 5. The molecular structure of trehalose. The H atoms �not
shown� complete the covalent intramolecular network, so that each
carbon �oxygen� atom is four fold �two fold� coordinated. Intermo-
lecular hydrogen bonds can attach to all the carbon and oxygen
atoms, except for the bridging oxygen O�1� Ref. 24 Sucrose differs
from trehalose by replacement of the H �not shown� at C�2� by
CH2OH. The torsional bond angles � and �� are indicated.
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explains the superior bioprotective properties of trehalose.
The alternation of the ethanol groups from inside to outside
in trehalose is also consistent with the observed ethanol
broadening and shifts seen by NMR.29

One can now ask which factor is decisive in stabilizing
the tandem sandwich trehalose structure, the torsional bond
angle � and �� constraints or the alternation of the ethanol
side groups? With respect to the structure itself, this question
cannot be decided, as both are present. However, there is by
now considerable evidence that the special properties of tre-
halose persist in aqueous solution.30 As shown in the Appen-
dix, water interfaces well with planar hydrophilic substrates,
forming a collective, stress-free monolayer; this agrees well
with the tandemly stabilized film. By contrast, the ethanol
water hydrophobic interactions are no longer planar and the
symmetry of the interface is destroyed near the ethanol units,
which are also local units that do not favor collective inter-
actions across an entire glucose flap.

The favorable mechanical properties of binary alternating
tandem structures are best illustrated not by calculation, but
by direct analogy with evolutionarily designed networks.
Thus the much-studied giant skeletal muscle protein titin
comprises a tandem array of fibronectin type-III and immu-
noglobulin domains, which are structurally similar seven-
strand 	 sandwiches.31 The simple binary partitioning of
rigid and soft of the tandem structure is utilized explicitly in
invariant substructures that form two interlocked pairs of

neighboring 	 strands in essentially all known sandwichlike
proteins. Half of the conserved residues are rigid and govern
native �folded� stability, while the other half are soft and
form nativelike interactions in the transition state.31 Many
extracellular matrix and cell adhesion molecules, such as fi-
bronectin, contain tandem arrays of fibronectin type-III do-
mains. It was suggested31 that both single molecules and
matrix fibers should have elastic properties similar to titin.
The present one-dimensional tandem model for trehalose can
itself be extended to form a two-dimensional staggered
checkerboard film �Fig. 6�c��, with essentially complete bio-
protective properties. �Of course, this structure, which ap-
pears to be crystalline, can be strongly disordered in the
amorphous phase, without sacrificing most of its favorable
packing features.�

Cutin forms interesting bioprotective films that are less
glassy than trehalose. Cutin is a support biopolyester in-
volved in waterproofing the leaves and fruits of higher
plants, rendering them shiny, regulating the flow of nutrients
among various plant cells and organs, and minimizing the
deleterious impact of pathogens.32 Infrared and Raman data
show that cutin consists of fatty polymeric acids with few or
no stabilizing rings. It can be destabilized by glycerol.33

VII. PROTEIN-TREHALOSE INTERFACES

One more step is necessary to demonstrate the specificity
of the tandem bylayer model shown in Fig. 6: the substrates
themselves should exhibit tandem patterns. In fact, computer
searches of genomes of the cell surface proteins of archaea
and bacteria have identified many tandem repeats, including
one in a single-stranded DNA-binding protein domain that
was presumably present in the common ancestor to all three
major branches of life, archaea, eukarya, and bacteria,34 with
at least four tandem repeats ��100 amino acids�. Several
longer repeats �up to seven� have recently been found.35 The
adaptability of tandem repeats supports cooperative folding
in multidomain proteins36 and favors evolutionary
“agility.”37,38 The folding of sandwichlike proteins involving
interlocked pairs of neighboring 	 strands exhibits bimodal
behavior similar to trehalose:39 half of the residues form na-
tivelike residues in the folding transition state, whereas the
other half are absent from the folding state, but present in the
native state. It appears possible that the tandem structure of
trehalose �Fig. 6� could be the origin of the tandem repeats
that appear to dominate much early evolution and still may
play an important part today in forming paths by which regu-
latory sequence can change, yet preserve function. The
reader may note that the tandem model for trehalose has been
derived here without the use of adjustable parameters or
elaborate statistical fits of undetermined reliability.

VIII. CONCLUSIONS

Constraint counting, although simple in principle, has
successfully explained material-specific properties of many
inorganic network glasses. Here it has been equally success-
ful in explaining chemical trends among simple carbohydrate
molecules �polyalcohols and saccharides�. A totally unex-

FIG. 6. �a� Cross section of tandem sandwich structure proposed
for trehalose. Strongly bound �small spacing� pairs of glucose rings
alternate with weakly bound pairs �large spacing�. �b� Enlarged
view of the structure. The ethanol side groups lie between �outside�
the rings for weakly �strongly� bound pairs. �c� Successive sand-
wiches can be staggered for better packing.
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pected by-product of the analysis is the tandem repeat struc-
ture for trehalose, the smallest molecule of evolutionary
importance.
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APPENDIX: WATER AND ITS INTERFACES
AND POLYMERS

Realistic biological interfaces are mediated by at least a
monolayer of water40. Although the freezing point of water is
low and its glass temperature is presumably much lower than
that of glycerol, theory should be concerned with the struc-
ture of water in confined geometries. MDS shows39 abnor-
mal behavior of a few layers of water between hydrophobic
solutes, but most protein surfaces are hydrophilic and treha-
lose is strongly hydrophilic. Porous Si is weakly hydrophilic,
and in this confined geometry Tg�water� already increases to
220 K.41 Recent experiments also suggest that an ultrathin
layer of water at room temperature freezes at unexpectedly
low strengths of an applied electric field.42 In fact, water
probably does form networks when confined as a few mono-
layers between strongly hydrophilic surfaces. However, con-
straint theory says that these networks are stress free,1 which
means that trehalose films can indeed carry out their biopro-
tective function.

The ideality of protein-water interfaces is implicitly guar-
anteed by evolution, but the nature and origin of this ideality
remains one of the central explicit problems in biology. Re-
cently emphasis has shifted from continuum models of sol-
vation of small molecules43 to the glassy network nature of
the first hydration shell around proteins.2,44 X-ray and neu-
tron scattering in H2O and D2O solutions showed that the
first hydration shell around proteins has an average density
�10% larger than that of the bulk solvent.44,45 MDS has
shown that the strongest coupling is between the hydration
shell and the bulk water, while the coupling of the hydration
shell to the protein substrate is weak,46 a conclusion sup-
ported by experiments.2

Constraint theory provides an independent test of the ide-
ality of the first hydration shell. With maximal hydrogen
bonding, O is effectively four fold coordinated and H is ef-
fectively two fold coordinated. Thus H2O at low T becomes
topologically isomorphic to SiO2. This explains the similari-
ties of the �P ,T� phase diagram of ice at high P to that of
SiO2. Bulk SiO2 is an ideal glass,7 and the Si/SiO2 interface
is the most perfect substrate/glass interface known �defect
concentration �10−4�. An Si*O* monolayer is sandwiched
between an SiO2 overlayer and the Si substrate, and one can
now calculate the constraints by a symmetry argument.47 The
Si* atom in the SiO monolayer forms on the average two
bonds with the Si substrate and two bonds with the SiO2
overlayer. This gives Si-Si*-Siand O-Si*-O bending con-
straints, and the angle between the normals to the intact Si
-Si*-Si and O-Si*-O planes supplies one further bending con-

straint. There are 4/2 stretching constraints for Si* and 2/2
stretching constraints for O*, giving a total of 6=2NA bend-
ing and stretching constraints for the Si*O* monolayer,
which forms a perfectly glassy interface. Repeating this ar-
gument for the hydrogen bonded first hydration shell O*H*

between a protein substrate and an H2O overlayer, we con-
clude that the hydrogen bonded first hydration shell O*H* is
also an ideally glassy �fully off-lattice, stress-free1� interfa-
cial layer. The 10% density enhancement can be regarded as
a secondary effect associated with the relative dominance of
hydrophilic interactions at the surface of the protein com-
pared to hydrophobic ones in its core, where some water is
still buried.

This paper has stressed the importance of marginal �weak�
interactions on the dynamics of H-bonded networks. These
interactions form sets, and relaxation of even strong �longi-
tudinal� dipolar interactions is determined by the weaker ro-
tational interactions �bond bending, not bond stretching�.
Water is an especially interesting case, and recent femtosec-
ond pulse-probe experiments show that the fast relaxation of
induced dipoles is driven by librational motion.48,49

The present theory applies best to molecular glasses
where there is little or no crystallization. The thermal aging
dynamics of polymers is dominated by secondary crystalli-
zation accompanied by increasing conformational constraints
in the residual amorphous material.50

Postscript. The hydrogen-bonding hierarchy shown for
polyalcohols �or more generally carbohydrates� in Fig. 3�b�
is intentionally sketchy. There is an enormous literature on
hydrogen bonding, even in the limited domain of carbohy-
drates. The simplest models of hydrogen bonding are elec-
trostatic �dipolar�, but it is commonly understood that in
practice “bare” electrostatic interactions are dielectrically
screened by polarizable molecules interacting with each
other and the solute through van der Waals interactions. In
any case, electrostatic point-charge models are consistent
with the hierarchy shown. Thus, for several glucosides aver-
aged over different conformations and different semiempir-
ical hybrid quantum-molecular dynamics programs, effective
charges e* /e for C, O, and H were found to be �0.2, −0.7,
and 0.05,51 suggesting that in polyalcohol and saccharide en-
vironments the O-H dipole moment is typically 5 times that
of the C-H dipole moment. For any specific carbohydrate,
these values could be refined by requiring charge neutrality,
but the corrections will be small ��0.02e* /e� and probably
less than the uncertainties in the calculations �see also Ref.
52 for glycerol, based on the widely used protein potential
AMBER�. As for the ratio of bending and stretching energies
mentioned in Sec. I, these are best known for planar hydro-
carbons, where the ratio for CH-terminated aromatic rings is
nearly constant at about 3.7.53

The basic assumption underlying the present model of
intermolecular hydrogen bonding in ideal and nearly ideal
glassy networks is that H bonds behave collectively as sets,
rather than acting independently. There is some evidence that
such collective behavior occurs in hydrogen bond strengths
of electron transfer chains involved in photosynthesis and
respiration, where electron delocalization plays a role similar
to that of glassy ideality here.54

One way to assess the significance of the present work is
to compare it to similar work using toy models. A recent
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example is Newtonian simulations of glassy relaxation be-
havior of hard dumbbells.55 At first sight these hard dumb-
bells seem to resemble the polyalcohols discussed here.
However, the relaxation curves obtained by the calculations
show unphysical multiple oscillations that in no way re-
semble the smooth stretched exponential relaxation �SER�
that is universally characteristic of good glass formers,
including polyalcohols.18,19 Moreover, it is impossible to
connect these simulations to any of the other properties
listed in Table I. By contrast, the present paper has identified
many such connections between constraint hierarchies for
inorganic network glasses and experiment.

Finally, there is additional evidence for the stabilizing and
protective effects of tandem repeat structures in eukaryotic
chromosomes, which have telomeres at both ends. The
telomeres protect against genome degradation and often
contain tandem repeats of short DNA sequences called
G quartets.56 The authors suggest that “the extremely diverse
conformations of the human telomeric DNA may have
mechanistic implications . . . “, which are similar to the ex-
tremely diverse protective functionality of trehalose, also
mechanistic in nature, and relying on the tandem repeat
structures shown in Fig. 6.
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