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Abstract

In this paper we consider the extension of the recent quantitative studies of hyperquenched glassformers to include
(1) systems that exhibit first order liquid–liquid phase transitions, and(2) systems that contain molecules, which,
during normal cooling, undergo internal structural changes above the glass temperature. The general aim of these
studies is to trap-in a high enthalpy, high entropy, state of the system and then observe it evolving in time at low
temperatures during a controlled annealing procedure. In this manner events that normally occur during change of
temperature may be observed occurring during passage of time, at much lower temperatures. At such low temperatures
the smearing effects of vibrations are greatly reduced. While the case of most interest in the second class is the
refolding of thermally denatured protein molecules, any reconstructive molecular or chemical exchange process is a
potential subject for investigation. Processes that occur in stages can be studied in greater detail, and any stage of
interest can be frozen when desired, by drop of temperature, for more detailed spectroscopic examination. We review
an electrospray method for hyperquenching liquids at approximately 10 Kys, and discuss some results of such5

experiments in order to illustrate a calorimetric approach to exploiting the hyperquenching-and- cold-equilibration
strategy. To apply the idea to the study of proteins, the following protein solvent requirements must be met:(1) the
solvents must not crystallize ice on cooling or heating, yet must not denature the proteins;(2) the solvents must
support thermally denatured molecules without permitting aggregation. We describe two solvent systems, the first of
which meets the first requirement, but the second only partially. The second solvent system apparently meets both.
Preliminary results, only at the proof of concept stage, are reported for cold refolding of lysozyme, which, it seems,
can be trapped in our solvent in the unfolded but refoldable state, with only moderate(approx. 120 Kys) quenching
rates.
� 2003 Elsevier Science B.V. All rights reserved.
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Fig. 1. Depiction of the relation between the landscape energy of the basin in which the system is trapped during quenching, and
the rate of the quench. The familiar 2-D cartoon of the ‘landscape’ shown here is misleading in important ways, but this is not
dealt with in the present paper.

1. Introduction

In the study of liquid state phenomenology,
much insight has been gained over recent decades
by the deliberate investigation of systems that can
be studied at temperatures that are low, relative to
the forces that control the motion of the particles.
Such systems are typically viscous, and at lower
temperatures they lose all diffusive motion and
become glassesw1x. Following the surge of interest
in the ‘glassy dynamics’ problem stimulated by
the arrival of mode coupling theory(MCT), for
the viscous slow-down processw2–5x there has
developed a renewed interest in the ‘energy land-
scape’, whose interbasin barriers in configuration
spacew6–12x provide the escape from the critical
rigidification predicted by MCT. Important pro-
gress in the statistical mechanical description of
the liquid state is currently being made by exploit-
ing the barriers to separate configurational from
vibrational aspects of the liquid thermodynamics
and to provide the basis for a ‘landscape equation
of state’ w13–16x.
The separability of degrees of freedom is man-

ifested most directly in the phenomenon known as
the glass transitionw17x. The glass transition is
characterized by the ‘glass temperature’T definedg

as in Ref.w17x, but it extends over a temperature
range of 3–10% ofT , depending on kineticg

factors. Through the glass transition, the configu-
rational contribution to the liquid heat capacity
drops out, and the heat capacity therefore sharply

decreases. It drops out because its exploration time
scale exceeds that of the experiment that measures
the heat capacity. Then the system is trapped in
one of the vast number of minima on the landscape
and thereafter acts like a crystalline(single struc-
ture) system, in which only vibrational modes can
be excited. Seminal work in this area was per-
formed by Walter Kauzmann, and his 1948 paper
on the subject of entropy crises in supercooling
liquids w18x remains one of the most influential in
the field.

1.1. The fictive temperature

The energy of the basin in which the system
becomes trapped during continuous cooling is
higher, the higher the cooling rate. The potential
energy of the trapped state can be depicted for
different cooling rates, as in Fig. 1. The trapped
state can be characterized by its ‘fictive’ temper-
ature, T , w19x as indicated on the diagram.Tf f

relates to potential energy while the ‘real’ temper-
ature relates to kinetic energy. When the two
temperatures are the same, the system is a liquid.
Otherwise it is a glass.
In principle, the fictive temperature can be

measured by observations made during cooling
but, when the cooling rate becomes high, such
observations become difficult or impossible. Then
the fictive temperature can be assessed by calori-
metric measurements performed on the quenched
glass during its reheating, as described in detail in
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Fig. 2. Depiction of the manner in which hyperquenching of a
system in which a first order liquid–liquid transition occurs not
too far aboveT , can result in the suppression of the first orderg

transition and the vitrification of the high temperature phase.
Note that, on upscanning the system at the standard rate, a glass
transition for the high temperature phase will only be mani-
fested if the phase change has a significant activation energy,
greater than that for the relaxation out of the basins of attrac-
tion that the system has been trapped in during the hyper-
quench. Otherwise it will relax to the low temperature liquid
phase before the time scale for the standard glass transition is
reached.

recent papersw20,21x which relate back to early
studies by Moynihan and co-workersw22x.
Some recent studies of this type for a molecular

system will be reported below in order to illustrate
(1) how mobile the glasses of high fictive temper-
ature may be, at temperatures far below the normal
T , and (2) how some features of the potentialg

energy surface, that are not obvious from ergodic
measurements, can be revealed. Then we turn to
liquids of abnormal types that, despite intense
investigations, seem not to have been studied this
way before. These are liquids that exhibit first
order transitions, either in bulk or at the single
molecule level as in protein solutions. In these we
have the possibility of examining processes like
folding under conditions very different from those
normally studied, namely, under cold equilibration
conditions where the usual entropyyenthalpy com-
pensation does not hold.

1.2. Quenching in first order liquid–liquid transi-
tions, and high energy states of molecules

The fictive temperatures we want to obtain in
the present study are those which lie above the
temperatures at which the first order processes,
referred to above, occur. The type of system that
we wish to study can be depicted in Fig. 2, in
which the sudden change of enthalpy atT is due1

to the liquid–liquid transition. The aim is to trap
the system in the glassy state before the low
temperature phase can form(by nucleation and
growth). The mechanism of the phase transition
can then be studied during reheating. This trapping
has already been achieved, first in simulation
studies by Graboww23x for the case of liquid
silicon, and second, in the laboratory for the case
of Y O –Al O glasses, by McMillan and cowork-2 3 2 3

ers w24,25x. In neither case has it yet been fully
exploited for the kinetic information on the process
it should be able to yield.
In the molecular case of folding proteins, the

sudden enthalpy change of Fig. 2 is replaced by a
sharp but continuous change as the denatured
protein molecules fold into their low energy(bio-
logically active) forms. The distinction between
the two arises because, whereas the bulk phase
change between two isotropic liquids occurs at a

precise temperature for a given pressure, the
mesoscopic process does not. The process that
occurs in dissolved and uncorrelated subsystems,
(assuming no aggregation of the subsystems is
allowed—see Experimental section) takes place at
different points within an otherwise homogeneous
medium, and is subject to small system effects.
Thus, it is smeared out over a range of tempera-
tures, even when the molecular change itself(i.e.
the sub-system process) is precisely two-state in
nature. However, the main idea, which is to sup-
press the process of interest for leisurely study at
lower temperatures, applies equally well to each
case.
The observations to be made during re-heating

of a system with fictive temperatureT in Fig. 2,f
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Fig. 3. Depiction of the possible ways(b, c and d) in which
systems with complexity above the normal glass temperature
(polyamorphic transitions, molecular folding, etc) might
relieve quenched-in instabilities during upscans. Comparison is
made with the case of simple glassformers, depicted in part
(a). In each panel comparison is made with the ‘standard’ scan
shown as a dashed line.

(T )T ), will depend on the kinetics of the firstf 1

order, or quasi-first order, process. During the
reheating of simple glassforming systems, the pro-
cesses that normally occur just below the fictive
temperature in the equilibrated liquid, are the first
to occur during the re-heating scan(i.e. they occur
at the lowest temperatures). However, this is
because they are intrinsically the fastest processes
that were frozen in. The generation of a new
phase, or the folding of a complex molecule into
a specific 3-D form, are each likely to be intrinsi-
cally slow relative to the motions within the
medium(within the high temperature liquid phase,
in the first case). What then will happen during
re-heating of a hyperquenched state of the liquid
in which the liquid has been trapped at a temper-
ature betweenT andT as in Fig. 2?1 m

What will happen will depend on whether the
energy barrier responsible for the slowness of the
process in the liquid state decreases with decreas-
ing fictive temperature or not. Only a brief account
can be given here, but this is the stuff of Kauz-
mann’s seminal paper on glassformers. There he
argued w18x that the size of the homogeneous
crystal nucleus is decreasing as temperature
decreases and so somewhere between the normal
glass temperature and what is now called the
Kauzmann temperature, the nucleation barrier
would vanish. Indeed, this seems to be the case
with many hyperquenched simple liquid systems.
Crystallization during reheating commences before
T is reached, and then the glass transition is neverg

seen. This is certainly the case with the majority
of metallic glasses, glasses that can only be formed
by hyperquenchingw26,27x. It is also probably
(but controversiallyw28–30x) the case with amor-
phous water.
In the case of weak transitions that do not cause

the system to leave the amorphous state, the
trapped heat of the first order transition would be
released well below the glass transition, like the
frozen-in enthalpy of the normal hyperquenched
glassformerw20,21x, but presumably more sudden-
ly. This sort of behavior is sketched in panel(b)
of Fig. 3, which shows a variety of possible
outcomes of such experiments.
On the other hand, if the barrier remains high,

or the process cannot occur because it requires

substantial reorganization of the surrounding medi-
um, then the suppressed first order transition might
only be manifested above the normal glass transi-
tion temperature, as in panel(c) of Fig. 3. This
seems to be the behavior of the first order poly-
amorphic transition in Y O –Al O glasses2 3 2 3

w24,25x. Wilding and coworkers found they could
quench in a clear glassy state, which would release
heat suddenly, during heating above the glass
transition. After the initial exotherm, the material
still showed no Bragg peaks so the heat release
was assigned to the heat of the quenched-in liq-
uid–liquid transition(see Discussion). The pres-
ence or absence of a barrier to the first order
process, or related mesoscopic process, would be



625C.A. Angell, L.-M. Wang / Biophysical Chemistry 105 (2003) 621–637

the first point that our proposed study should help
establish.
If the phase transition, or the folding process,

were also to occur in different stages, characterized
by increasing activation energies, then it may well
be observed to occur in successive exotherms
during re-heating from the quenched-in state. This
scenario, which is made possible by the conditions
of reduced vibrational smearing characterizing the
low temperature anneal, or scan, is illustrated in
Fig. 3d. The possibility of revealing such stages
in the folding of proteins thought to be two-state
folders, is a second major reason for undertaking
this study.
There are further possibilities to be mentioned

by way of suggesting the potential richness of
hyperquenched complex system phenomenology.
Suppose a molecular reconstruction process that
occurs in a rapidly relaxing medium under ergodic
conditions is slow, but not first order. Then during
quenching its state of equilibrium will become
trapped at a fictive temperature(a second fictive
temperature) that is much higher than the fictive
temperature of the matrix. This second fictive
temperature will also be dependent on the quench
rate. An example is the chain structure of sulfur
that forms above the well-knownm–l transition
at 160 8C. This structure may be easily frozen-in
to give the ‘plastic sulfur’ phase, which is a rubber.
With respect to the chain structure itself, the fictive
temperature of rubbery sulfur is well above 160
8C. On the other hand, the standard fictive tem-
perature for the glass of this phase, determined by
the Moynihan equal area construction atT w22xg

is approximatelyy31 8C. Thus the system is
characterized by two fictive temperatures, one for
the medium range order and one for the short
range order. This is like the case of arrested
composition fluctuations described recentlyw31x,
in which the need for a second fictive temperature
was in focus. The isocompositional cases have
been treated theoretically by Stillinger and Weber
for sulfur w32x, and by Kumar and Douglasw33x
for ‘living polymers’.
Additional cases of a different type are illustrat-

ed by the sugars, fructose and galactose, in which
the slow process(due to an internal molecular
rearrangement) is manifested as a secondT -likeg

process within the fluid phase domain. This second
glass-like transition has caused much confusion
w34x. In these cases, normal DSC instrument
quenching of the samples produces effects that,
for the slow process of interest, are only manifested
far above the first(normal, low temperature) glass
transitionw34x.
Thus there are many different possible outcomes

for such experiments. This makes their investiga-
tion, for processes such as the refolding of proteins
(and link-up of hairpins), the rearrangement of
complex molecules, and the first order poly-
amorphic transition in certain liquids(e.g. Refs.
w24,25x), a matter of some interest.
In this introduction we have made no attempt

to review the huge literature on the folding of
proteins, since we will not make any interpretations
of our observations. Rather, we just note the major
contributions of Walter Kauzmann and his co-
workersw35–38x to this fascinating and important
problem, and offer the possibility of additional
experimental information that may be found useful
for such interpretations.

2. Experimental section

This section has two components. First, we give
a brief account of a method, described in more
detail elsewherew39x, for producing glassy droplets
from liquids that have been vitrified at cooling
rates of approximately 10 Kys. Secondly, we5

describe the sample preparation methods that have
been developed as a necessary preliminary to a
successful application of quench-and-scan
approach to protein folding studies. For the protein
that we have studied, lysozyme, dissolved in the
solvents we have developed, it has proven unnec-
essary to use hyperquenching rates to suppress the
refolding. Simple pan-quenching in liquid nitrogen
suffices. However, it is likely that hyperquenching
will be needed to study the so-called fast folders
that we hope to investigate in follow-up studies.

2.1. Hyperquenching method

Concerning hyperquenching, we stress at the
outset that much work on the problem of maxi-
mizing quench rates has been done in the past
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three decades(seew26x, commentary in Ref.w20x,
and other literature cited there). The great majority
of the studies have been directed at preventing
crystallization rather than for the present purpose
of preserving high temperature liquid structures of
naturally glassforming systems, for subsequent
study, i.e. for fundamental liquid state studies.
Among the different hyperquenching techniques,

the electro-spray method for producing fine parti-
cles and filaments is particularly suitable for in
situ preparation of samples for DSC study We will
present some recent results utilizing this method.
The apparatusw39x consists of a fine syringe needle
located in the dry box housing of the DSC head
directly above a DSC pan in close contact with an
aluminum pedestal that is mounted in a small
liquid nitrogen bath. Between the needle and the
pedestal is established a 10 000 V potential differ-
ence. As the test liquid flows out of the syringe at
a steady controlled rate, the electronic charge
acquired by the surface breaks the stream up into
tiny micron-sized droplets. These impact on the
cold DSC pan, and are collected in spaced bursts,
such that a cold surface is always encountered.
Cooling rates in of 10 Kys are demonstrated in5

Ref. w39x (see also Ref.w28x), and rates in excess
of 10 Kys have been obtained for other systems,6

e.g. for liquid siliconw40,41x.
Each liquid sprays optimally at different voltage

and flow rate conditions—which must be deter-
mined empirically. Below we will show results
obtained for the somewhat water-like, –OH con-
taining, molecular liquid propylene glycol, which
has very satisfactory electrospraying
characteristics.
To utilize the quenched or hyperquenched sam-

ples for study of the quenched-in state and its
relaxation to the normal state, we compare the
thermal behavior of the hyperquenched sample
with a ‘standard scan’ of the same sample. The
standard scan is one in which the heat flow is
measured during an upscan at the standard scan
rate of 20 Kymin after preparing the sample
initially by cooling it through the glass transfor-
mation range at 20 Kymin. For comparison, the
quenched sample is upscanned at the standard rate,
and the two scans are superposed using the data
at temperatures(1) below that of the relaxation

onset of the quenched sample, and(2) above the
glass transformation range, 1.1T , where all tracesg

of the sample history disappear.

2.2. Solvents for protein refolding studies

For study of the low temperature protein refold-
ing energetics using standard differential scanning
calorimetry techniques, two problems need to be
overcome. The first is the tendency of unfolded
protein molecules to aggregate and thereby become
incapable of refolding. The second is the interfer-
ence with the thermal signals of interest(i.e. those
due to refolding) by signals due to other processes.
The main problem in this respect is the exothermic
signal due to ice crystallizing from the vitrified
sample, and the endothermic signal from ice re-
melting as the temperature rises above 08C.
Thus we need to develop solvents that discour-

age the segregation phenomenon common to con-
centrated protein solutions and which, at the same
time, suppress ice crystallization during quenching
(and, more difficult, ice crystallization during re-
warming). Since the presence of considerable
water content is usually considered necessary for
the stabilization of the folded protein structure,
and in particular for refolding after denaturation to
be possible, such solvents would seem unlikely to
exist. However, it appears from data presented
below that the second problem(avoiding ice) can
be solved by adding sufficient concentration of the
dissacharide sucrose(and no doubt others as well).
It further appears that the first problem(aggrega-
tion) can be solved by including the room temper-
ature ionic liquid, ethylammonium nitrate, in the
solution. The usefulness of this ionic substance in
supporting the refolding of proteins has earlier
been described by Flowers and co-workersw42,43x.
Although the latter solutions are obviously the

more desirable, we will include results for the
former by way of showing the development of the
method.

2.2.1. Preparation of aqueous sucrose solutions
Lyophilized lysozyme from hen egg-white(Sig-

ma, batch no. L-6876) was dissolved in water to
give a clear solution, and then weighed quantities
of sucrose were dissolved to provide a viscous
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solution of known wt.% sucrose. Freshly prepared
solutions gave strong denaturation endotherms,
even up to 78 wt.% sucrose. However, such solu-
tions, when held overnight at room temperature,
lost signal strength due to some undetermined
processes(probably aggregation). For the sucrose-
only solutions described below, freshly prepared
samples had to be used in most tests in order to
establish the proper background data.
Solutions up to 65 wt.% sucrose showed small

residual ice crystallization peaks during reheating.
The lysozyme was found to refold in good pro-
portion after denaturation(at temperatures as high
as 1008C) even with sucrose concentrations high
enough (78 wt.%) to completely suppress ice
crystallization. The solution viscosity alone dis-
courages aggregation. The glass transition temper-
ature is low enough to support low temperature
studies, but is higher than desirable, approximately
y40 8C, depending slightly on the state of the
protein.
In the sucrose solutions, a certain amount of

protein is lost after the initial denaturation, presum-
ably to aggregation, though the residual re-foldable
fraction seemed to be fairly stable. This stabiliza-
tion phenomenon might have been worth further
investigation, but the question is rendered moot by
our subsequent success in largely eliminating
aggregation by the inclusion of ethylammonium
nitrate in the solution.

2.2.2. Preparation of ethylammonium nitrate, and
ethylammonium nitrateqsucrose, aqueous
solutions
A very satisfactory solution medium for protein

studies is achieved by combining ethylammonium
nitrate (a room temperature ionic liquid) with
sucrose(or other sugars). An initial solution of 20
mol% ethylammoniuim nitrate in water was used
as a base for addition of sucrose, up to 34 wt.%,
and lysozyme(approx. 21 wt.%). The final mass
distribution in a solution designated ‘30 wt.%
sucrose’(see figures below) is as follows: water
20 wt.%, ethylammonium nitrate 29 wt.%, sucrose
30 wt.%, lysozyme 21 wt.%.
A study of the phase diagram and glass forma-

tion range will be published elsewhere. We note
here that solutions above 30 mol% are glassform-

ing without any further components being needed.
However, they denature lysozyme.
Solutions of 20 mol% ethylammonium nitrate

and 80 mol% water, to which 27–34 wt.% sucrose
is added, not only totally avoid ice crystallization
during cooling and reheating, but their solutions
of lysozyme yield almost constant denaturation
signals on multiple heatingycooling cycles. These
solutions have very low glass transition tempera-
tures, close toy100 8C, so that, after initial
quenching, they offer a wide temperature range in
which thermal events related to the refolding can
be studied at leisure. In the absence of protein
content, the solutions show completely uneventful
(flat) scans, from above the glass transition to well
above 1008C where decomposition of the sugar
will eventually take place.
Only pan-in-liquid nitrogen(LN ) quenches,2

and DSC instrumental quenches, have so far been
carried out on the protein solutions. For lysozyme,
these quenches seem to be sufficient to suppress
refolding completely or partly(respectively). The
possibility of hyperquenching solutions of very
fast-folding proteins will be investigated in future
work.

3. Results

3.1. Hyperquenched molecular liquids

In Fig. 4 we compare standard scan and
quenched sample scans for two cases quenched at
two different rates. The upper pair of curves is for
a sample that was initially quenched by dropping
it, in a hermetically sealed aluminum pan, into a
bath of liquid nitrogen, before cold transfer to the
DSC head for upscan. The lower pair is for a
sample that was electrosprayed into an open DSC
pan as described in the previous section, before
cold transfer to the DSC head. The difference
between the energies trapped in the two cases is
immediately seen in the much larger area lying
between the standard scan and the quenched scan
in the case of the electosprayed sample. The effect
of changing the cooling rate, under instrument
control, between 5 and 40 Kys can be seen in Fig.
5. At these much lower cooling rates the difference
between standard and non-standard scans is seen
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Fig. 4. Comparison of the upscan(at standard scan rate) of
quenched samples, with standard samples for the case of pro-
pylene glycol. The upper pair is for a sample, in sealed pan,
dropped into liquid nitrogen, while the lower pair is for elec-
trosprayed sample in open pan. The much larger frozen-in
enthalpy of the lower case is seen in the much larger area
between the two scans for this case.

Fig. 5. Upscans of samples cooled under instrument control at different rates, including standard rate of 20 Kymin, (left hand
ordinate) and the differences between standard and non-standard scans(right hand ordinate, lower curves). The insert shows how
the fictive temperatureT , used in the Fig. 6 plot, is obtained in each case.f

mainly in the immediate vicinity of the glass
transition, whereas in the case of higher quench
rates the difference is manifested at increasingly
lower temperatures. Fig. 5 is used to obtain the
data needed to estimate the quench rate from the
data of Fig. 2. The way in which the areas lying
between the standard scan and scans at other non-
standard cooling rates can be used(see Fig. 4
inset) to obtain the fictive temperatures has been
described adequately elsewherew20,21,44x and
need not be repeated in detail here.
The fictive temperatures obtained are plotted in

a reduced form in Fig. 6. The slope(and intercept)
of this plot both yield the liquid ‘m fragility’
w45,46x or steepness indexw47x, with a precision
which is not exceeded by that of any other tech-
nique, as recently documented in detailw44x. The
value of m reported on the basis of dielectric
relaxation measurements in Ref.w48x is 54.
The data of Fig. 6, guided by the form of the

dielectric relaxation temperature dependencew48x
which is shown as a dashed line in Fig. 6, can
now be used to estimate the hyperquenching rate.
This rate is obtained from the intersection of the
scaled quench rate with the vertical line represent-
ing the fictive temperature obtained for the hyper-
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Fig. 6. Arrhenius plot of reduced fictive temperature vs. reduced quenched rate, using standard values as scaling parameters. The
full curve is the plot of dielectric relaxation times(from Ref. w48x), which are matched to the fictive temperature data nearT , ands

f

used to guide the extrapolation to the reduced fictive temperature of the hyperquenched sample. The value of the reduced quenching
rate at this latter reduced fictive temperature yields a quench rate for the hyperquenched sample of 10 Kys, while for LN Pan5.5

2

quenching, -Q is 120 Kys. The parameters of the Vogel–Fulcher–Tammann(VFT) equation best fitting the relaxation time data
w48x are given in the legend.

Fig. 7. Upscans of lysozyme-saturated sucrose solutions of dif-
ferent sucrose contents, after quenching at the maximum instru-
mental rate(5 Kys) from above the denaturation temperature.
Denaturing upscans are shown in the insert. Only at 58 wt.%
sucrose is the glass transition clearly seen followed by a weak
crystallization of ice that almost immediately remelts. The sec-
ond denaturation is seen near 908C.

quenched sample, by the same area integration
method. The fictive temperature was found to be
194 K, or 1.15 T . According to Fig. 5, thisg

indicates a quenching rate of 10 Kys after taking5

account of the quench rate of the standard scan.
This is close to the value estimated for the aerosol
droplet method of Mayerw49,50x, applied to the
case of di-ols by Mayer and coworkersw51x.
Indeed, the temperature at which their(incom-
plete) upscan of the hyperquenched glass departs
from the plots for ordinary scans(w51x, Fig. 4), is
the same as ours to within the uncertainty of
determination. In considering the reliability of our
Fig. 6 estimate of the quenching rate obtained in
the electrosprayed sample, it should be borne in
mind that the dielectric relaxation times coincide
with the ac heat capacity-based relaxation times
for PG w52x in the range in which they overlap.

3.2. Protein solutions

Most data reported here are for sucrose solu-
tions, because the more desirable ethylammonium
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Fig. 8. Upscans of lysozyme-saturated sucroseqwater solution
(65% sucrose), after dropping pan into liquid nitrogen LN to2

quench at 120 Kys. Solid curve is for the sample quenched
from above denaturation at 90–1008C, while dashed curve is
for sample cooled to 708C after denaturation, held 5 min to
renature, and then quenched into LN . Comparison shows2

exotherm due to renaturation near and aboveT .g

nitrate-based solvent system was only developed
after this paper was submitted for publication.
More adequate evaluation of the preliminary prom-
ising results reported below for this type of system,
will be given elsewhere.
Fig. 7 shows data for up-scans of lysozyme–

sucrose-water solutions of different sugar contents
scanned after(1) instrument quenching(at approx.
5 Kys, the maximum rate) to y140 8C and (2)
after denaturation by heating to the end of the
denaturation peak and immediately instrument
quenching toy140 8C. The denaturation peak is
seen(Fig. 7 insert) to be shifted from its normal
temperature of 678C systematically to tempera-
tures above 908C with increasing sugar content.
We find it remarkable that the upscan made after
the instrument quench from the fully denatured
state, shows that a substantial fraction of the
protein has refolded(either during the quench or
during the slower upscan), as manifested by the
second unfolding at the same temperature(Fig. 7
main part).
The large increase in the solution viscosity

associated with the high sugar content makes the
trapping of the protein in the unfolded state much
easier to achieve. For such conditions, hyper-
quenching becomes unnecessary and the liquid
nitrogen quench we have used in these preliminary
studies seems to be adequate. In-pan quenching is
certainly preferable as far as reproducibility of
measurements is concerned. Hyperquenched sam-
ples will be investigated in subsequent studies to
determine if any qualitative differences are to be
found, and to study fast folders.
Fig. 8 shows a fresh sample of the high sugar

content solution after its initial denaturation, fol-
lowing two different subsequent treatments. In the
first, the denatured protein has been quenched
from the denatured state at 1028C by dropping
the pan and contents into liquid nitrogen. In the
second, following the upscan shown as a solid
curve, the sample was cooled from the unfolded
state at 102–708C and held 5 min to allow every
chance to refold, and then quenched into LN as2

before. This procedure provides a control scan to
separate out the effect of the ice crystallization.
Any difference between this upscan and that of
the sample quenched from above denaturation

temperature, can be attributed to the effect of low
temperature renaturation. Differences are seen to
be present in the vicinity of the glass transition,
and will be discussed in the next section.
The presence of residual freezable water com-

plicates interpretation of the rescans so additional
solutions containing even higher sugar contents,
namely 78 wt.% of the solution in which the
protein was dissolved were prepared. From these
no ice crystallized during upscans as seen in Fig.
9. Data on DSC-quenched samples are shown in
the upper section of the plot, while scans for LN -2

quenched samples, following the protocol of Fig.
8, are shown in the lower section. One of the
upper group was acquired before any denaturation
and therefore shows the full unfolding endotherm.
The loss of refoldable protein(presumably to
aggregation) is indicated by the change in endo-
therm area before and after initial denaturation.
After the intitial loss, the refoldable protein content
appears almost stable, particularly for the lower
two scans. As in Fig. 8 there appears to be an
excess heat released in the upscan of the quenched
unfolded sample in the vicinity of the glass tran-
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Fig. 9. High sucrose samples, 78 wt.%, in which no ice forms
on reheating but refolding still occurs after denaturation and
quenching. Upper curves are for samples quenched at the max-
imum instrument rate(5 Kys). Lower curves are for quenching
25 times faster by liquid N quench. The latter show a distinct2

excess heat release near and aboveT for the sucrose–H O–g 2

protein matrix, for the case that was quenched from above
denaturation relative to the same sample held at 708C to refold
before quenching. The spike at 08C is attributed to trace water
condensed on outside of pan during transfer to the DSC head
after the LN quench procedure. Upper curve includes initial2

denaturation, and comparison with subsequent scans demon-
strates loss of some protein to aggregation after the initial
denaturation.

Fig. 10. Comparison of the upscans of solutions quenched from
30 8C (with lysozyme folded, dashed line) and quenched from
86 8C ( lysozyme unfolded, solid line). The glass transition at
y95 8C wpanel(b), is slightly (;5 Kx raised by the presence
of unfolded protein. The effect of interest is seen atT)0 8C,
and is weak in the instrument-quenched sample panel(a)
implying that much of the protein refolded during the quench.
The larger effects seen in panel(b) and(c) for independently
prepared solutions of different sugar content, are consistent
with complete suppression of the folding during the faster(120
Kys) quench. Note the structure in the refolding exotherm,
which seems to be common to each case. The sharp spike at
0 8C in panel(b) is attributed to trace moisture condensed on
pan during dry-box transfer from LN2 quench bath to DSC
head, and is not seen in panel(c).

sition and this is most marked in the LN -quenched2

samples.
Fig. 10 shows the more encouraging results for

the lysozyme solutions in more fluid mixed ethy-
lammonium nitrateqsucrose aqueous solutions
described in the previous section. The complete
recovery of the initial unfolding peak, after dena-
turation, quenching and reheating is a significant
achievement. Samples have been cycled through
the unfoldyfold transition many times with only
minor change of endotherm area. We note the
complete absence of any signals due to ice crys-
tallization or remelting. The sharp spike at 08C in
panel(b) is, as before, attributed to traces of water
condensed on the pan exterior during the transfer
to the DSC head. Such contamination was evi-
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dently successfully avoided in the case of the 30%
sucrose solution seen in panel(c).
The differences between quenched native and

quenched denatured scans are significant in all
three cases but are more pronounced in the cases
of liquid nitrogen quenching seen in panels(b)
and(c). These are discussed below.

4. Discussion

In this section we will first discuss some of the
information that can be obtained from the results
of hyperquenching simple glassformers, and will
then examine some findings from the more prelim-
inary quenching studies of systems with additional
complexity, namely the refolding protein systems.

4.1. Calorimetric quantification of initial trap
characteristics

Using the data of Fig. 6, we can proceed to
estimate the depth of the trap in which the sample
was arrested during the hyperquench at 10 Kys5

and then to compare it with the energy of the trap
minimum relative to that of the standard glass.
The energy of the trap minimum relative to that

of the standard glass has already been obtained as
part of the procedure for determining the fictive
temperature. It is simply the integral of the differ-
ence between the two curves of Fig. 2 lower
section. In the present case it amounts to 1.9 kJy
mole. Comparisons of this figure with relevant
quantities (1) the enthalpy of fusion(2) the
enthalpy of exciting the liquid from the glass
temperature to the melting point and(3) the
enthalpy of exciting the liquid from the Kauzmann
temperature to the boiling point, have been made
elsewherew39x. All are found to be large relative
to the 1.9 kJymol of trapped-in enthalpy. This was
explained by the large dependence of the relaxation
time on energy level in this regime near the glass
temperature.
The trap depth on the other hand, is large

relative to all of the above. It is found by making
use of the fact that, for an upscan at 20 Kymin,
the system will start to release heat when the
enthalpy relaxation time reaches 100 s. This is the
relaxation time of the liquid at the glass transition

temperature where relaxation commences in the
standard scan, and it must also be the relaxation
time for trap escape in the upscan of the hyper-
quenched sample.
Assigning an attempt frequency of 10 Hz, the13

energy of the barrier opposing the relaxation can
then be obtained from the Boltzmann probability,
per attempt, of escaping from the trap at the
temperatureT , viz.,esc

p sexp-(E yRT), (3)escape trap( )

from which

y14100s10 exp(E yRT),trap

and

16E s2.303RT log(10 )s37 RT (4)trap esc esc

The trap depth for the present case of hyper-
quenching, in which Fig. 4 shows escape com-
mencing at 125 K, is therefore 39.9 kJymole which
is, as pointed out in Ref.w39x, considerably in
excess of the height of the energy landscape. The
latter was estimated to be approximately 20 kJy
mol for a constant volume system with volume
fixed at the value at the glass temperature.
The same value for the trap depth is obtained

by the construction suggested by Dyrew53x to
avoid the confusion arising from the fact that,
when the temperature changes, the structure
changes.
The Dyre construction is, in turn, the same one

suggested by conductivity measurements made on
ionic glassformers in which a subset of mobile
ions move much faster than the averagew54x. In
these, the conductivity can be measured belowTg
where the structure has become fixed. Then the
conductivity conforms to the Arrhenius law with
pre-exponent close to the physically meaningful
inverse attempt frequency for the conduction pro-
cess w54x, the low frequency(far IR) optical
phonon frequency. To obtain the physically mean-
ingful activation energy at the temperature where
the system froze during the hyperquench(obtained
as in Fig. 6), one draws the straight line between
the relaxation time at the fictive temperature and
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Fig. 11. Assessment of the activation energy for relaxation of
quenched glasses out of their trap sites, using the scaled fictive
temperature,T yT . Values for the hyperquenched, and pan-s

f f

quenched samples of this study, are shown by open circles.
Extrapolation of the straight line construction to logts2, pre-
dicts the temperature at which a glass of this fictive tempera-
ture will start to relax during warm-up at the standard DSC
heating rate of 20 Kymin, which are indicated by arrows. The
relaxation time data(solid squares in the figure) are from Ref.
w48x. Vogel–Fulcher–Tammann equation parameters for the
dielectric relaxation time are given in the legend.

the pre-exponent for the process. The slope of this
line yields the activation energy according to the
usual relationE sslope=Rln10.A

The consistency of this construction with the
earlier assessment using Eq.(4), is seen from Fig.
11, in which the straight line from the pre-expo-
nential time (an inverse vibration frequency)
through the fictive temperature of the hyperquen-
ched glass, passes directly through the(Fig. 4)
escape temperature of 125 K.

4.2. Universal activation energy for glassformers
at Tg

For the less rapidly quenched glass the trap
depth is clearly greater, see Fig. 11, and it reaches
its maximum value for un-annealed glasses formed
at normal cooling rates, when the fictive tempera-
ture becomesT . The activation energy atT ,g g

which is now seen to be universal for glasses, at

the valueE s16=2.303RT , reaches 53.9 kJymolA g

for propylene glycol. This is comparable with the
quasi-lattice energy of the substancew39x. In Ref.
w39x, this value has been compared with the acti-
vation energy for diffusion in crystalline systems
in which diffusion is a single molecule process. If
the magnitude of the activation energy were to be
taken literally it would imply a need to modify
considerably the common depiction of the energy
landscape given in Fig. 1. NearT , any 2-D cartoong

of the potential energy surface would look much
more like the profile of an alarmed hedgehog than
a ‘landscape’. The meaning of ‘activation energy’,
when applied to glass-forming systems, may need
re-interpretation so as to avoid the implication that
it requires much more energy to move a molecule
from one site to another(and in so doing move
the system from one metabasin to another at the
same landscape level) than it does, per molecule,
to move the system from the Kauzmann tempera-
ture to the ‘top of the landscape’.
The activation energy for commencement of any

other process occurring within the glassy state and
requiring gross rearrangement of the glassy struc-
ture, should likewise involve a comparable acti-
vation energy. On the other hand, decoupled
processes like fast ion motion, and gas diffusion,
and small molecule penetration, may involve much
smaller energy barrier crossings. Indeed, such low
barrier modes of motion are of critical importance
in biology where they permit the loss of water and
consequent anhydrobiotic protection of seeds and
organisms.

4.3. Refolding energetics

We referred earlier to the findings of McMillan
and colleaguesw24,25x for the liquid–liquid tran-
sition in Y O –Al O liquid, studied by first2 3 2 3

quenching the liquid. They showedw25x that the
heat of the liquid–liquid transition, as studied by
upscan DSC, or dissolution studies, of the
quenched glass, was small relative to the heat of
crystallization. It amounted to some 10%, quite
similar to the value found for the liquid–liquid
transition in siliconw23x. The value was seen to
depend on composition, just as the value in the
single component silicon must depend on pressure,
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and vanish at a liquid–liquid critical point. No
further information on these transitions has been
acquired in the present study. Rather, we have
sought to acquire comparable information on the
mesoscopic version of this transition
Relative to the findings for the bulk transitions,

and to the insights on energy landscapes provided
by the data of Fig. 4 and analyzed above, the
information made available on the more complex
matter of folding mechanisms by the preliminary
quenching studies seen in Figs. 7–9 for sucrose
solutions, is disappointing. This is partly due to
the difficulties of separating the effects of interest
from the effects of crystallization of residual water.
Partly, also, it is due to the problems of sample
preparation and problems of signal-to-noise ratio
with the modest quench rates we have been able
to apply to date given the loss of refoldable protein.
There seem to be distinct differences between the
behavior observed when the protein has never
been unfolded or, alternatively, has been given
every chance to refold, and the behavior when it
has been quenched from the unfolded state, but
the differences are not significant enough to war-
rant interpretation.
Disappointment in the results of Figs. 7–9,

however, is alleviated by the data in Fig. 10 for
the less viscous solutions containing ethylammon-
ium nitrate. In these, aggregation did not occur
and refolding could be obtained repeatedly. Here
there is room for some optimism. Not only do we
observe the presence of effects that scale with the
quench rate, but we see effects that are reproduc-
ible between samples of different preparation and
different solvent compositions(27 vs. 30 wt.%
sucrose). The area under the cold refolding curve
is close to the area under the denaturation curve(s)
in the case of the liquid nitrogen quenched sam-
ples, and there is structure in the refolding curves
which is reproduced in the two independent sam-
ples. The refolding seems to start abruptly near 0
8C and be followed by a slow-down near 58C, an
acceleration near 158C, followed by a further
slowdown near 308C and acceleration beyond.
The coincidence of the sudden start with 08C
suggests an artifact associated with external ice
contamination from the quench bath, though the
absence of a melting peak in the panel(c) case

means the source of the effect will need further
investigation.
We regard these results as strictly preliminary,

but must note some semblance to the multistage
phenomenon envisaged in the construction of panel
(d) of Fig. 3. In the lysozyme case, however, no
event is detected belowT , nor indeed until farg

aboveT where the matrix is quite fluid. This isg

consistent with what is already known from struc-
tural studies of lysozyme refolding initiated by
cold dilution from a chemically denatured state
w55x. In those studies also no events are observed
below 0 8C. Hopefully, our studies might provide
an energy profile to accompany the detailed struc-
tural profile provided by Ref.w55x and its forerun-
ners, since our denaturation temperature and also
denaturation enthalpy are imperceptably different
from those of the process occurring in standard
biological mediaw42,56,57x. Comparisons with the
cold equilibration of other quenched-in n-state
processes will be shown in a subsequent paper.
In addition to clarifying the origin of the appar-

ent abrupt start, we that lysozyme is a two-state
folder w58,59x, and the more current understanding
w54 and W.A. Eaton, personal communicationx that
it is a three-state folder. This issue will be studied
by anneal-and-scan methods like those of Yue and
co-workers for glassesw60,61x, multistep annealing
studies, and anneal-and-scan studies, to be con-
ducted in future work on the quenched samples.
The dependence of the Fig. 10 scans on quench
rate and solvent composition will also need careful
evaluation.
It is perhaps not surprising that, at the 20 Ky

min upscans of this work, there are no signs of
lysozyme refolding at temperatures lower than 0
8C. Processes with time scales longer than 100 s
are not detected by these scans. When temperature
is reduced, the large entropy decrease that accom-
panies folding will not be effective in restraining
the large energy drive to fold, but the activation
energy for the process will slow down all but the
fastest elements very rapidly. The situation may be
rather different in the case of ‘fast folders’.
Attempts to relate our observations to the evidence
for two-state and multistate folding scenarios that
are the subject of such a large literature, would be
quite premature. Eventually it might be hoped to
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add some detail to, or confirmation of, the folding
funnel w62–64x, or critical nucleusw65,66x, sce-
narios and their variations, many of which are
reviewed in Refs.w67x and w68x.
In future studies we will characterize the solvent

relaxation times, optimize their compositions, and
vary the protein concentration—and of course will
look at other proteins in the same solution. Anneal-
and-scan studies will extend the time scale over
which refolding can be studied. If the promise of
these early studies is borne out, further physical
properties including the usual spectroscopic char-
acterizations will be attempted.

5. Concluding remarks

The essence of this approach to liquid and
protein studies is to replace temperature, as the
key variable, with time, so that system evolution
can be studied at low temperatures. The most
desirable case for study would be one in which
the entire process of equilibration could be carried
out at a single temperature. For simple glassform-
ers, this is not a practical possibility because at
temperatures where the initial stages of the relax-
ation are slow enough to be followed, the system
is close to its Kauzmann temperature. Therefore,
it could never be observed to reach equilibrium.
However, for a case where there is a quenched-in
first order transition the exploration of the kinetics
of the phase transition during recovery might be
determined in this manner. The best possibility
would be the measurement of an extensive prop-
erty like volume over a series of anneals to a
quasi-equilibrium, or non-evolving state—fol-
lowed by an increase of temperature and a further
anneal to quasi-equilibrium. In this way the kinet-
ics of exploration of the energy landscape at
different levels on the landscape could be deter-
mined. This sort of study was recently performed
for a sample of high density amorphous water,
observed during annealing from the quenched-in
high pressure statew69x, though the observations
were interpreted in a rather different manner.
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