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ABSTRACT: We introduce a new technigascanning activity gravimetric analysis (SAGAjor investigating

phase transitions in semicrystalline polymers. Isothermal growth and dissolution of polymer crystallites within
picogram to milligram samples are manifested by mass changes in response to changes in the activity of sorbed
solvent vapor. Single charged particles are levitated and weighed in an electrostatic field, providing access to
highly supersaturated states. Phase transitions are inferred from simultaneous sorption and light scattering
measurements. Analogous to differential scanning calorimetry, scanning solvent activity up and down exposes
broad transitions between the semicrystalline solid state and the dissolved state, which are influenced by sample
history. We demonstrate repeated dissolution and crystallization of an 11 ng sample of poly(ethylene oxide) by
controlling the activity of sorbed water vapor and observe self-nucleation of crystallites from partially and fully
solvated states.

Introduction large surface-to-volume ratio enables rapid equilibration of heat
Many polymers crystallize to form chain-folded platelets or &nd mass transport within the sample, thereby minimizing the
ribbons called lamellae that have thickness on the order of 10 Measurement time. The small volume also minimizes the
nm and may grow beyond a micrometer in length and width. likelihood that the sample cont'alns fore|gn inclusions that may
Molecular segments repeatedly traverse the smallest dimensiors€"Ve @s heterogeneous nuclei. Levitated samples have surfaces
to create two high-energy surfaces of folds and dangling chainsthat contact only a gas, in contrast with previous studies of
that significantly destabilize lamellae relative to the equilibrium POlymer nucleation in which ensembles of dispersed droplets
extended chain crystal, which is unattainable because of kineticVe'® in contact with foreign condensed mattef: _
frustration associated with long entangled molecules. Polymer A diversity of methods have been used to characterize the
crystals are thus metastable structirésmellar thickness is  Kinetics of crystallization in polymerS: 2% Among these, the
determined not by thermodynamics but by growth kinetics in a Most widely implemented is differential scanning calorimetry
supercooled melt or supersaturated solution. Lamellae are(PSC), which provides a point of departure for the experimental
separated by amorphous domains, which sequester severdlethods presented below. Kinetics of crystallization are most
entanglements or defects that are excluded by crystals; polymersfrequently described in qualitative terms using the rate of heat
therefore, are typically classified as semicrystalline. evolution during cooling at a constant rate. For example, the
Nucleation processes figure prominently in both early and €ffect of nucleating agents is often reported in terms of the
late stages of polymer crystallizatié&#Primary nucleationis ~ Upward shift of the temperature at which the maximum heat
the formation of a stable volume of ordered material from an €volution rate occurs during coolirfg:>* Here we show that
amorphous melt or solution; it often occurs heterogeneously in @halogous information can be obtained under isothermal condi-
the presence of foreign catalytic surfaces but may also occurtions by decreasing the activity of a solvent.
homogeneously in samples that are free of impurities. Secondary ~Calorimetry has also been a powerful tool to probe the melting
nucleation, also called molecular nucleatfia the irreversible ~ of lamellae, which typically occurs over a range of temperatures
attachment of one or more stems of an amorphous polymer chainduring heating at a constant rate. Coordinated DSC and SAXS
to a growing crystallite. Once anchored, the entire molecule is (small-angle X-ray scattering) or AFM (atomic force micros-
reversibly incorporated into the crystal. Both nucleation pro- COpy) measurements have shown that the broad melting transi-
cesses proceed at appreciable rates only far from equilibrium, tion is largely due to the distribution of lamellar thickness
which explains the unique metastability of partially melted Presentin the semicrystalline nanostructure; the thinnest lamellae
polymer sample& Few fundamental measurements of the rates Melt at the lowest temperatures in the endotherm, and progres-
of these important processes have been reported due to th&ively thicker lamellae contribute to the endotherm as temper-
difficulty of making direct observations that are not influenced ature increases.? Interestingly, heating to temperatures that
by foreign surfaces or inclusions. completely melt all lamellae that can be detected by SAXS or
This paper introduces the application of single particle Microscopy does not necessarily erase all memory of the
levitatior to the study of semicrystalline polymers. Isolated Previous solid staté$~3! the microscopic basis of the “melt
micron-sized samples of polymer are levitated in an electrostatic memory effect” is not yet well understood. Here we show that
field and exposed to solvent vapor at variable partial pressure.ramping up the activity of solvent exposes an analogous, broad
As the polymer sorbs and evaporates solvent, and consequentlgissolution isotherm and that, upon reversal of the activity scan
undergoes dissolution and crystallization transitions, sample after dissolution of the lamellae, memory of the previous solid-
mass and optical properties are continuously monitored. The state affects the degree of supersaturation that must be reached
to trigger regrowth of lamellae.

* Corresponding authors. E-mail: flagan@caltech.edu, jak@cheme. ~ Stanning activity gravimetric analysis (SAGA) permits
caltech.edu. protocols analogous to DSC, such as constant scan rate up or
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Figure 1. (a) Schematic of electrode cage for electrostatic levitation
showing particle balanced at the geometric center. (b) Schematic of
the environmental control module. The activity of water at the particle
is controlled by modulating the pressure of a nitrogen stream containing
a fixed mole fraction of water vapor. The levitation chamber, humidifier,
and relative humidity (RH) sensor are held at constant temperature with
recirculating fluid.

down in activity or discrete jumps up or down in activity.
Analogous to DSC measuring heat flux to a sample in response
to changing temperature, SAGA monitors the absorption or
evaporation of solvent in response to changing activity. The
present work investigates crystal nucleation, growth, and
dissolution in aqueous poly(ethylene oxide) (PEO) under
isothermal conditions.

Experimental Section

An automated single particle electrostatic levitation system,
described in detail elsewhetéwas used to perform SAGA on PEO
(Sigma Aldrich Co.;M,, = 100 000 g/mol), scanning the activity
of water. A three-dimensional electrostatic field generated by a cage
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Figure 2. Optical configuration for collection of angular light scattering
between 78and 102 relative to the incident laser beam (532 nm, 25
mW). Radiation is focused through an aperture and collimated onto a
CCD detector. A logarithmic polar plot of the calculated scattered light
intensity as a function of angle for a;fm droplet is superimposed.
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Figure 3. Response of the PEO particle to a continuous triangular
scan in water activity between 0.76 and 0.92 at 0.04 Rarticle mass
is normalized by the mass of the dry particle= 21.10+ 0.05°C.
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pattern is lost upon formation of a crystallite in a droplet of
supersaturated solution.

All gravimetric data presented below were recorded during a
series of experiments using a single 11 ng particle of PEO,
corresponding to a dry diameter 26 um. The results accord
well with measurements made on a number of other particles of
the same PEO.

of electrodes (Figure 1a) suspends a micron-sized charged particle

against gravitational, aerodynamic, and Brownian forces; the DC
balancing voltage\(;) applied across the disk electrodes shown in
Figure la is proportional to mass. Automated position control
maintains the particle within a finite view volume defined by an
illuminating laser beam as the sorbed water content equilibrates
with the humid atmosphere. The balancing voltage is continuously
recorded during an experiment, and relative masgny) is
calculated by normalizing the instantaneous balancing voltage by
the balancing voltage in the dry state, i.@/m = Vuy/Vp .

The relative humidity (water activitya,) and temperature of a
nitrogen atmosphere surrounding the particle are strictly regulated
by an environmental control module (Figure 1b). The apparatus
can be programmed to impose any desired water activity history;
the experiments described below use simple constant rate scan
The humidity in the sample chamber equals that of the inlet stream
at low to moderate water activity( < 0.80). At high water activity
(aw > 0.80), the humidity at the sample slightly lags that of the
inlet stream. A calibration procedure is implemented to correct for
the instrument lag, as described in the Supporting Information.

Dissolution and crystallization are directly observed through
changes in water content and optical properties. When all crystallites
dissolve, the sample becomes a spherical droplet of polymer
solution. A micron-sized optically homogeneous sphere, such as a
small solution droplet, produces a well-defined angular scattering
pattern, known as Mie scatterifgwhen illuminated by coherent
light. The Mie pattern exhibits a series of peaks and valleys in
scattered intensity with an angular frequency that increases with

S,

Results

Poly(ethylene oxide) (PEO) exhibits an asymmetric response
to humidification as the activity of water within a levitated
particle increases and decreases between 0.76 and 0.92 with a
scan rate of 0.041 (Figure 3). Starting from a nearly dry solid
state, as, increases, the particle mass increases slightly by
sorption of water into the semicrystalline strucfiré® (zone
I, Figure 3). Asa, increases further, however, it eventually
becomes large enough that the water content increases strongly
(zone Il, Figure 3) as polymer crystallites dissolve, eventually
yielding an aqueous solution droplet (zone Ill, Figure 3).

The transition from the semicrystalline solid with sorbed water
to the dissolved aqueous solution droplet is termed deliques-
cence. Deliquescence of hygroscopic aerosols governs the
formation of liquid droplets in the atmosphere and has been
extensively studied for its influence on global climate®® A
substance with a well-defined crystal structure, such as a pure
inorganic salt, exhibits a simple response to humidification. A
sodium chloride particle, for example, absorbs no water with
increasinga,, up to the deliquescence poirg(q). The particle
then spontaneously dissolves over an extremely narrow range
of activity to generate an aqueous solution droplet; salt
deliquescence appears graphically as a sharp vertical transition.
The PEO particle, in contrast, displays finite water absorption

diameter. Thus, the observed light scattering pattern (Figure 2) €Ven atlow activity, and deliquescence occurs over a relatively
provides a measure of the absolute size of the solution droplet. InWide activity range. This behavior is analogous to that of mixed
contrast, an aspherical particle or one with internal heterogeneity salt particles, which deliquesce stepwise over a range in activity

produces an irregular light scattering pattern. Therefore, the Mie as the various components activate sequenﬁ&ﬁemicrystal-CDV
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Figure 4. Parametric plotro/my vs a,) of thermodynamic data in Figure 3 and images of angular light scattering collected at various tifiés (A

line polymer may contain a population of crystallites with o
varying thickness. Since the free energy of a polymer crystal is 0.8k
a function of lamellar thickness, the thinnest lamellae will
dissolve at lower water activity than thicker lamellae. Variable JUlIFD:BL
stability in polymer samples with uniform lamellar thickness i
has also been reported and has been attributed to interactions K
between neighboring lamelldé. 02k
At water activity above the deliquescence transitiap ¢
aw,d), the solution continuously sorbs or evaporates watex,as o.0f
increases or decreases along the vagiquid isotherm (zone 75 80 85 90 95
Ill, Figure 3). Indeed, after dissolving the crystallites, it is a, % 100

possible to continue along the vapdiquid isotherm into the Figure 5. I vs a, for the data in Figures 3 and 4.
supersaturated regime by reduciag below ay . hence, the ) ] ) ) o
asymmetry in the sorption behavior. During the downward scan, internal _heterogeneity. Comparison of the fringe spacing in
zone Il continues until the solution becomes sufficiently image D (Wmy = 1.8) with Mie theory (assuming refractive
supersaturated that nucleation occurs on the time scale of thendex 1.40) indicates a droplet diameter of 33 1 um,
experiment. Propagation of crystallites throughout the particle corresponding to a dry PEO mass of 11 ng. The analysis
then drives evaporation of water in a process known as IS weakly dependgnt on the choice of refractive index; e.g., using
efflorescence (zone 1V, Figure 3). e!ther the refracyv.e index of pure water or amorphous PEO
Efflorescence, unlike deliquescence, may occur far from Yields a result within the stated uncertainty. _
equilibrium and is, therefore, ideally probed with single particle ~ The presence of crystallites correlates with a negative
techniques. Particle levitation eliminates container surfaces thatdeviation from the solution isotherm. The most extreme possible
might catalyze nucleation and enables isolation of microscopic decrease in mass corresponds to complete expulsion of water,
sample volumes in which highly supersaturated states can bel-€-, dropping tan. Therefore, an index that increases from 0
probed:; the activity at which a system efflorescagd depends to1las crystglllnlty increases may be constructed and applied
on sample size and purity. Again, it is useful to compare the to the data discussed above (Figure 5):
efflorescence observed in the polymer solution to that in a simple
salt. For example, decreasirgg, to aye in @ small drop of Mys(a,) — M@y
supersaturated NaCl solution produces complete expulsion of m(a,) — m,
water over a very narrow range af: as soon as a nucleation
event occurs, crystal growth rapidly (in effect, instantaneously) wheremy is the mass of the dry PEO particte(a,) is the actual
incorporates all of the salt. In contrast, PEO crystallization mass of the PEO particle at a given water activity, emgla.)
proceeded over a substantial intervabgf leading to the finite is the equilibrium mass of the fully dissolved PEO solution
slope in zone IV (Figure 3). The PEO particle also retained droplet at a given water activityrso(ay) is obtained from the
residual water after the steep decrease in mass; continuedinal experiment presented below. The water content of the PEO
reduction inay, led to further decrease in the mass (zone V) as particle depends on the crystal morphology and the hygroscop-
it gradually approached that of the solid during the up scan (zoneicity of the various crystalline and noncrystalline domains. The
). This “tail” at low activity reflects the slow evolution of crystal  index I is a measure of the average hygroscopicity of the
morphology characteristic of semicrystalline polymers (e.g., due particle, normalized by that of the fully dissolved state=£ 0
to secondary crystallization processky.18 on the solution isotherm). PEO crystallinity has been reported
A parametric plot of the recorded mass and water activity to be as high as 85% when measured by calorinfétajthough
clearly illustrates hysteresis between increasing and decreasinghe present index is not expected to correspond precisely to the
scans (Figure 4). Representative light scattering patterns confirmvolume fraction of material that is crystalline, we observe that
the correlation between the sorption/desorption behavior andl; increases te-90% at the greatest level of crystallinity in our
the dissolution/formation of crystallites (Figure 4;-A). The experiments.
uniform vertical Mie fringes in images D, E, and F indicate a  The hysteresis in sorption persists even if a substantial
spherical, optically homogeneous droplet. Images A, B, G, and population of crystals is deliberately left in the sample at the
H each display irregular scattering, a signature of optical peak of the scan i, (Figure 6). The PEO particle was partially
heterogeneities and/or deviations from spherical shape. Imagedissolved by increasing, only to selected values during scans
C, of the partially dissolved state, displays distorted Mie fringes B (ay, = 0.892) and C &, = 0.894) before drying. Prior to
indicative of a droplet with only minor surface roughness or each of scans B and C, the particle was brought to the SOI[&BQ/
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Figure 6. (a)lcvsaw and (b)m/my vs a, for four consecutive triangular : . .
sc%ns ir’aw((i)n;et)aévt 0.045 r?l. ijz ZZ?.Nle: 0.05°C. In each casg the Figure 7. (a)lcvsayand (b)m/mvsa, for two consecutive triangular
activity scan begins at 0.76. To create similar solid state structures for ﬁf?n.? ':naé’“lbfévleg%g;ze and 0.92 (solid) and 0.95 (dashed) at 0.04
scans B and C, the scans A antlitAke the specimen up &, = 0.92 ) ) ) )
(beyond complete deliguescence). Scans B and C have peak values
0.892 and 0.894, respectively.

It is well established that at low levels of sorption the solvent
enetrates the interlameltanoncrystalline material, but not the
rystallites themselves. To our knowledge, however, deliques-

cence of polymers has not been reported previously. Conse-

e - uently, the opportunity to characterize lamellar stabilit

cence, the upward_ shift iB,q indicates that scan B caused a gistribztions unggr isoth)érmal conditions using deliquescen)(/:e

s_,hn‘t in the populanon of lamellae toward_more stable crystal- was not recognized.

However, agrees. well. mdicaing simiar nital solid state "¢ deliduescence behavior truly probes the instantaneos

morpholégies since sc,ans A and éxhibited identical values distribution of crystglllte stabilities and is not limited by kinetics

of One L;nfamiliar with semicrvstalline polvmers miaht _of solvent penetration through the droplet. When the scan rate
Bue y poly 9 in increased by a factor of 8 (from 0.04 to 0.321)) the

emxg;;'ietlhas tgr? Jesi:]dughr?;ys;iggs Bm:r:zn(?l Vv\\llgglr?tr?éo::til\r/ri]t- deliquescence behavior is unaffected. Therefore, the scan rate
yup rying 9 ' Y used here is sufficiently slow that the activity of the solvent is

Lgrag?ngirtlzty r?|0|vc6:l(t)?1dst22':“?cl>$ gazrggcézﬁfed’ tggweggir(’je uniform throughout the sample and equal to that imposed by
gnly P the surrounding vapor.

gigozgtssci?’si?nesﬂ : ta::('jg&e_?"ﬁ; H]asr':e:(;rsitsh?n(;c?(!g[essolt\f/]?itte?he As the solvent activity is increased, a transition occurs from
P y sorption into a composite in which the crystallites remain intact

rate of secondary nucleation, which is required for crystal to sorption accompanied by selective dissolution of those

_gl_LO;;/th’ I?ngr%g{;{;g;zlilggm’d |?1 L(jjticlz';f[:égaﬁiilf :é;ltgrgsegéiizwvlvgés not crystallites that, by virtue of their thickness or the nature of the
B e y adjacent noncrystalline material, or both, are not stable at the

Icr;ltz:;ijnebrynar:grri?i(l)gztr]a?ozues d gl]fg:?nag?ﬂgtgzte;déothenurglségtlijsrl]instantaneous activity. We have shown that there is a drastic
Y Y 9 separation in time scales between this selective dissolution

known as self-nucleation at sufficiently _l(_)W gctlwty. process and the subsequent remodeling of the lamellar distribu-
The nature of the efflorescence transition in scans A and A {jon 1o form more stable crystallites (on a time scale-df0 h
(Figure 6) can be revealed by increasing the paako even
higher values. The environmental control module was pro-
grammed to ramp the activity of water up and down between
ay = 0.76 and 0.95 (dashed curve in Figure 7) at a scan rate of
0.04 h! immediately following a scan up ta, = 0.92 (solid
curve in Figure 7). Asa, decreased from 0.95, the solution

state and then recrystallized with an annealing scan that peake
atay = 0.92 (scans A and A The importance of annealing is
demonstrated by the deviation of &om A during deliques-

when held at constant activit§j. Therefore, the present continu-
ous scans reflect the selective dissolution only.

Dissolution of the least stable lamellae affects sorption in
two ways. First, it can open a wide, noncrystalline layer
sandwiched by two surviving lamellae that remain connected
; h ' by tie chains and interlocked loops. In this region the constraints
droplet remained metastable well below the activity at which g the noncrystalline strands are greatly reduced, and sorption
crystallization occurred in the previous scans. During NUMErous 5y hroceed to a greater extent than in the noncrystalline regions
related “annealing” experiments with other particles than the .t \yere tightly constrained prior to the dissolution of the
one used in the present experiments, efflorescence relativejnieryening lamella. Second, dissolution of lamellae will result
humidity varied betweeray,e = 0 (dry nitrogen) and 0.85 iy some polymer chains becoming completely untethered from
depending on the precise sample histtty. any crystallite. These chains are free to diffuse to pockets of
polymer solution that coexist with swollen semicrystalline
domains. Since the activity of water is uniform throughout the

Physics of Polymer Deliquescenc&orption into solid-state  sample, these pockets of solution have a water:polymer ratio
semicrystalline polymers has been extensively investigiteaé. given by that of the equilibrium solutiervapor isotherm. CDV

Discussion
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Interpretation of |.. The indexl. defined by eq 1 has been These secondary crystallization processes include thickening of
constructed to deconvolute differences in sorbed solvent contentexisting lamellae and nucleation and growth of thin platelets in
caused by changes in crystal morphology from those causedthe interlamellar space. DSC detects the consequences of these
by changes in solvent activity. It provides a means of making sluggish processes through changes in the melting behavior after
relative comparisons of the degree of crystallinity of a sample well-defined annealing protocolé18 Likewise, SAGA can
at different solvent activities, although we do not recommend discriminate changes in sorption behavior that may result from
that it be used as a quantitative measure. If we could assumechanges in crystal morphology (e.g., the distribution of lamellar
that crystalline domains within the semicrystalline structure are thickness) through shifts ia, 4 (cf. scans A and A Figure 6).
impermeable to solvent and that noncrystalline domains sorb Since sorption tracks the transient hygroscopicity, related to the
solvent to the same extent as the fully dissolved polymer, only crystalline content, SAGA can readily track gradual evolution
then wouldl. indicate the volume fraction of crystalline material. of crystallinity over very long times (zone V, Figure 3) that are
The assumption regarding the crystalline domains is substanti-inaccessible by conventional DSC, which requires relatively
ated3* Because of constraints imposed by the cross-linked rapid changes in crystallinity to generate a measurable heat
network of lamellae, however, noncrystalline material in the flow.
interlamellar space is expected to sorb less solvent than dissolved Another fascinating history dependence observed in semi-
polymer at a given activity. The inddy, therefore, is always  crystalline polymers is the “melt memory effect”. even when
greater than the volume fraction of crystalline material. The heated beyond the apparent melting transition, the prior semi-
nonideality, and thus the discrepancy betwkemdX., vanishes crystalline state can influence subsequent crystallization upon
asl. approaches 0. cooling. Although the mechanism is not known, the “memory”

History Effects on Polymer Efflorescenceln contrast to ~ May arise from small remnants of lamellae that persist above
the absence of kinetic effects during deliquescence, strongthe nominal melting poift~2® and then serve as athermal
effects of scan rate and Sample h|story are seen during I’lucle'fw' upon COO“ng In Calorimetry, the effect is manifested
efflorescence. A small change in the maximum water activity after a thermal quench as a shift in the timet which the
(e.g., from 0.92 to 0.95 in Figure 7) can transform the behavior maximum isothermal crystallization rate is observed. Relative
from a distinct efflorescence event at a moderate supersaturatiofo annealing above the equilibrium melting temperature,
(awe = 0.84) to requiring a supersaturation beyond the range increases by an amount that is a function of annealing time and
probed in the experiment (i.eaye < 0.76). Since the latter ~ temperaturé® SAGA displays an analogous “memory effect”:
provides a bound on homogeneous nucleation, it is clear thatScanning toa, = 0.95 enabled the PEO solution droplet to
nucleation in the former was heterogeneous even though thedchieve much greater supersaturation upon drying than did a
polymer appeared to be fully solvated after a peak activity of Scan toa, = 0.92 (Figure 7). In a forthcoming paper we will
ay = 0.92. Since the heterogeneous nuclei can be erased by gemonstrate a reversal of this the trend, causing to
modest change in history, they are not due to contaminant Systematically increase, by careful selection of a scanning
particles. The efflorescence observed in scans A dr#igure activity protocol??

6) and also in Figure 4, therefore, must have been initiated by SAGA is ideally suited for investigating nucleation kinetics
remnants of lamell&&-2° that remained after scanningag = since a single material specimen can be repeatedly probed for
092, these remnants appear to have been erased’ howeveﬁtatistical analysi§2.'45"47 Elimination of container surfaces that
during a scan up tay = 0.95. might catalyze nucleation and isolation of microscopic sample
volumes allow access to highly supersaturated states. Electro-
static levitation has been successfully implemented with sample
mass ranging from less than a picogfa@@®, < 1 um) to greater
ghan a milligram® (D, > 1 mm), although not with identical
Instruments. Since only a single nucleation event is required to
crystallize an entire sample, SAGA thus has the potential to
probe at least 9 orders of magnitude in nucleation rate (i.e.,
events per unit volume per unit time) with experiments
performed on similar time scales; extending measurement times
will further enhance the dynamic range.

The most obvious departure from DSC is that SAGA directly
controls the chemical potential under isothermal conditions.

SAGA: A Powerful Probe of Thermodynamic and Kinetic
Aspects of Polymer Crystallization.To illustrate the capabili-
ties of SAGA, we begin with analogies to DSC that show how
SAGA experiments can be designed and interpreted on the basi
of familiar protocols used to study crystallization and melting
using calorimetry. We close by highlighting unique experiments
that are enabled by SAGA, which are not possible within the
limitations of calorimetry.

Those familiar with DSC will immediately recognize that the
deliquescence and efflorescence activit®gy(@nday, o) identi-
fied by SAGA are analogous to the melting and crystallization
temperaturesT, andTc) of DSC. Each technique observes that  po\ymer crystallization and dissolution proceed without simul-
phase transitions proceed over a wide range during linear scanganeqys changes in the enthalpy of fusion that accompany studies
in activity or temperature, and each also permits other protocols ot ho\ymer crystallization from the melt or traditional studies
such as discrete jumps. DSC typically assigns the nominal ¢ oiymer crystallization from solution, which control the
temperature of a transition to that which exhibits the maximum temperature at fixed (and usually very dilute) concentration.
heat flux. The analogous assignment of nominal activity in OUr the sma|l surface-to-volume ratio of levitated particles facilitates
experiments would be that which exhibits the maximum rate \ hitorm changes in the concentration of sorbed solvent that
of water sorption or evaporation, corresponding to the inflection ;414 take prohibitive time to equilibrate in bulk samples. Thus,

points in zones Il and IV (Figure 3). It should be noted thatthe gacA makes it feasible to explore the free energy landscape
heat flux that is monitored by DSC is analogous to the derivative 4 fixed temperature.

of the mass of sorbed solvent that is monitored by SAGA.
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