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What Can We Learn by Squeezing a Liquid?
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Relaxation times(T,v) for different temperatureq;, and specific volumes,, collapse to a master curve vs
Tv?, with y a material constant. The isochoric fragilityy,, is also a material constant, inversely correlated
with y. From these experimental facts, we obtain a three-parameter function that accurat€ll, diXslata
for several glass-formers over the supercooled regime, without any divergendselfw Ty. Although the
values of the three parameters depend on the materialy@ifjnificantly varies; thus, by normalizing material-
specific quantities related tp, a universal power law for the dynamics is obtained.

Introduction The two pathways tdy (cooling and compression) have an
interesting difference: an isobaric changeTo&lters bothV

and T while an isothermal change dP only affects V.
Consequently, using high-pressure measurements, it is possible
to deconvolute the relative effects dfandV on the dynamics,
which is of fundamental importance in assessing theoretical
models and their foundation.

By cooling a liquid in a time shorter than the crystallization
time, a metastable equilibrium is reached, called the supercooled
state. A liquid can also be supercooled more rapidly and
effectively by squeezing (i.e., applying hydrostatic pressure).
Herein we discuss how the fundamental difference between
D e gt Mighpressre experiments over the past few years o ar

‘extended number of glass-form&rs' have established unam-

Certainly the most intriguing phenomenon observed on o ogly that both temperature and volume govern the tem-

C|°°|'.ng %Iass-fofrmr:ng liquids alng polyr_nersbls the drhamailz perature dependence of the relaxation time, at least at atmo-
slowing down of their structural dynamics, by more than spheric pressure. Therefore, a complete model of the glass

orders of magnitude over a relatiyely §mal| temperature range. ;.o <ition should be able to provide an equation for the
Eventually, the structural relaxation timebecomes so large dependence of on both temperature and volume. Recently, it

that molecular motions (other than vibrations and very restricted has been shovi? 15 that the behavior of(T,v) can be rescaled
reorientations) cease, at least on the experimental time scale .o o master curve when plotted Vs”.

Thus, macroscopically the system behaves as a solid, even
though no apparent changes have transpired in its microscopic Ty
structure. Gaining a molecular-level understanding of this o(Tw) = 7 (1) (1)
phenomenon is considered.one of the most challenging problemsyhere v is the specific volume ang a material constant.

of condensed matter physics. Therefore, the relevant variable to describe structural relaxation

In a typical experiment, a sample is cooled at some rate andtimes is the productv?.
below a certain temperature (the glass temperalyye this This scaling was first observed fortho-terphenyl (OTPY17
cooling rate becomes comparable witt, whereby the system  for y = 4 (the value predicted for a simple Lennard-Jones 6-12
cannot attain thermodynamic equilibrium in the time of the potentiat®!9 and then shown to be generally valid with 0.13
measurement. Consequentl, is rate dependent, making its < 5 < 8.5 for various material®-15 Equation 1 can describe
definition somewhat arbitrary. Typlcally for dielectric relaxation die|ectric}2*15 ||ght Scatterindy,zoand Viscosity measuremeﬁfsy
measurement$, is taken such that(Tg) = 100 s (we use this  with comparable values obtained fpr The scaling behavior
herein), while for viscosity measurementflg) = 102 Pa's.  has also been confirmed in simulaticis.

A popular classification of the effect of temperature on the  The scaling provides a straightforward deconvolution of the
dynamics is the fragility or “steepness indéx?® defined as  effects of T and v. If the behavior of the relaxation time at
mp = 9 10g(X)/d(Tg/T)|r=T,p=conss Wherex can ber or 5. For constant pressure is known, it is possible to determine the
small molecules and polymers, this parameter varies at atmo-pehavior at constant volume using the equation of sifTeP)
spheric pressure over the ranges8%e < 2147 which reveals ~ and the value of/ for the particular glass-formég. Defining
the drastic differences in the vitrification process among different the isochoric fragility asny = 9 |Og(x)/8(Tg/T)|T=Tg,V=<:0nsi from
materials. However, currently there is no accepted molecular- eq 1 it follows thatme can be calculated fromn, ag?13
level interpretation of fragility.

M= m,(1+ yopTy) (2)
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generally, ifap = 0 (which is true except for anomalous cases

such as water), then € my < mp, with my being smaller than BMMPC v= 8.5

mp since the former does not include the effect of volume | - BMPCy=7

changes. The two limiting casesy, = mp and my = 0 —>—-KDE =4.5 . . T ] . s

correspond ta being a sole function of andV, respectively. &> OTP/OPP y=6.2 &2

In addition to eq 2, there are two other independent relations: | —o— Salol y=5.2 ]

24 (i) comparing the value afn\, andme for more thgn 38 glass- —+ PDEv=4.5 do

formers (the second determined at atmospheric pressure), thg PMTS v= 5

two fragilities are found to be linearly correlateds, = (37

3) + (0.83+£ 0.05)my; (ii) my is related toy according toy = —o-PCy=37 12

—1.042+ 217/ny. The consequence of these two correlations < PPGEy=35 -

is the unobvious result that the temperature behavior, for both| —©— 1,2PBy=1.9 14 =

the isobaric and the isochoric conditions, is related to the | —»—PCB424=5.5 ; o)
: ; . =]

parametel which describes (viz., eq 1) the dependence of the | —¢—PCB54 y=6.7 16 =

relaxation time on volume. Thus, the scaling exponent (whose| —&—PCB62 y=8.5

physical interpretation has been discussed previét&yserves ] 18

as a “new” metric to classify glass-formers. Indeed, herein we

go a step further and identify from a variable which unifies

the behavior of all glass-formers. T 1-10

02 03 04 05 0.6 07 0.8 09 1.0

T u'/( Tv")
An equation has been found which best describes (using the 99
fewest parametersy(T,v) over temperatures and volumes Figure 1. Relaxatio'n times for representative glass-form_grs vs the
ranging from the glass transition up to temperatures at which ‘é?)g‘;‘:\'/?ag’é;S”ﬁ:"t}?e"zfspt?gn ';evi";’i‘a ?:1 ;&%xgyzsfn ;ﬁ;ﬁ;ﬂgﬂy I)The
the behavior becomes activatéd cyclohexane (BMMPCJ? 1,I-bis(p-methoxyphenyl)cyclohexane
(BMPC); cresolphthalein-dimethyl ether (KDE)(OTP/OPP}! phenyl
log[z(T,v)] = log(z,) + B((Tgvg”/Tvy))D 3) salicylate (salolf? phenylphthalein-dimethyl ether (PDE),poly-
(methyltolylsiloxane) (PMTSY® propylene carbonate (P&),poly-
. o (phenyl glycidyl ether)zo-formaldehyde (PPGEY, 1,2-polybutadiene
wherert., B, andD are constants with., the limiting value of (1,2PB)3% chlorinated biphenyl 42 (PCB42)54% chlorinated biphenyl
7 at high temperaturesyg is the specific volume at the glass (PCB54)3" and chlorinated biphenyl 62 (PCB6G2)

transition (note from eq 1 it follows thatoT at the glass

Results

transition is a constant for every condition Bfand v). This = 0.16-0.192 Accordingly, we substitute eq 6 in eq 5 finding
equation can be derived from a model relating the dynamics to max
the system entropsf )= ™ 7
Assuming a linear relationship betweay andme, mp = a my
+ bmy with a andb constants, then famy = 0, mp = mp" = o . _ o
a, while my = mp = n'  and hence it follows that = 1 — Def|n|n.g m =2 — qu(;w) (which represents the_ limiting
mE"ml® The linear relationship betweers andmy, can be Arrhemus_ s_Iope atg, similar to themparameter_used in refs 28
rewritten as and 29), it is easy to see thBt= m; and eq 3 is rewritten as
log[z(T,v)] = 2 — mp + ma((Tgvg’/Tv?))P. Calculatingmy, we
min obtainmy = D, so that
=m"+|1— 4
o ”’aX) w @ ogle(T)] = 2 = g + (T )™ (8)
Combining eq 2 with eq 4 yields In Figure 1, the relaxation times are shown for several glass-
formers vsTv” normalized by its value at the glass transition.
min This plot is similar to the more usual fragility plot, but Figure
y = m,.; 1 1 (5) 1 is not restricted to the isobaricdependence; all conditions
aTy \my, mp of T andv are considered. It can be seen that the rapidity of

approach to the glass transition is different for each material;
in fact, in this plot, the steepness index at the glass transition is
equal tom.23

If Ty and vy are known, then eq 8 has only three free
parametersy, my, my). By using eq 7 relatingn, to y, we can
m';"” reduce this to two parameterg, (M)

Comparing eq 5 with the empirical correlation found between
y and my, we obtain (p"/mp®) = 1.04 x aTg. Thus, to a
good approximation

s g ) log[z(Tw)] =2 —mp +

- . B . r.l,.‘t;)((-l—gl/l‘H/,Ug)//f|.+’y/-|—1/].+}/Uj//1‘|>}/))r'r]:»max/rﬂ:00 (9)
Equation 6 agrees with results from the empirical correlation
betweenmy and mp, " = 37 + 3 andmp™ = 231+ 7224 Sincemy = 2 — log(r.), Wheret., is the high-temperature
From eq 6,0Ty = mp"/mp® = 0.16 = 0.06, in good limiting value ofz, we expect its value to be similar for many

agreement with the literature; that is, the BoyBondi ruleaTy materialsmg ~ 12 (see refs 26 and 39 and also data herein).
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Figure 4. Relaxation time divided by the estimated valuendf for
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Figure 2. Relaxation times for the same glass-formers in Figure 1 vs
the variable Tv?)Y** normalized by its value at the glass transition.

each materialmg = 12.35 for BMMPC, 12 for BMPC, 11.3 for KDE,
2 i 12.4 for OTP/OPP, 12.65 for salol, 11.5 for PDE, 12.7 for PMTS, 12.3
for PC, 12 for PPGE, 9.71 for 1,2PB, 12.2 for PCB42, 12.2 for PCB54,
and 12.2 for PCB62. The symbols are the same as those in Figure 2,
04 i and the solid line corresponds to eq 11. In the top insert are the results
for KDE along with eq 11. The lower insert shows the difference
between the data of the main figure and eq 11.
-2 - . .
= Ty = 293.7 K (at ambienP) andvg = 0.72867 crAg~L. The
G values ofmg, mi®; andy are given in the figure caption.
2 -4 . To determine if the deviation in Figure 2 is due to differences
= in m5 among materials, in Figure 4 we plot the function
-6 4 .
log[z(T,v)] — 2+ mg
-8- ] mp
11+ 1ty L4y, yil+ e
: i ((Tg vaJ’/ YIT e y))mp me (10)

. ; . ; .
0.70 0.72 0.74 0.76 0.78
v [em’g’]
Figure 3. Relaxation times for PDE vs specific volume. Data jts asymptotic value at higl normalized by the total change
correspond to an isobar at atmospheric pressure and five isotherms a

the indicated temperatures. The solid lines are fits to eq 9, takjng up to Tg, removing the intr_insic differences in_ lag), Wh_iCh
293.7 K andv, = 0.72867 crit g%, which yieldsn; = 11.4+ 0.1, depend on molecular details. The agreement is now quite good,

™ — 264+ 1, andy = 4.37+ 0.01. with only KDE showing any appreciable deviation (as shown
in the insert to Figure 4). The origin of this deviation is unclear;
Interestingly, this roughly corresponds to the value of faj( however, KDE has peculiar behavior, for example, behaving

beyond which the behavior becomes Arrhenius (6T()) ~ as a fragile quui? for some properties bgt as an intermediate
—10.2)40 liquid for others?! Its molecular structure is very close to that
max

. . ) of PDE, but its temperature dependence is markedly difféfent.
Furthermore, sincen;™" is a number, it follows from eq 9

: ' . In Figure 4, we also show (solid line) the function
and the assumption that; is constant for all materials that all

using the values ofry = 2 — log(r.,) reported in the caption.
In practice, the left term represents the change ofrofjom

data should rescale onto a single universal curve when plotted g(Tw) = (Tglflﬂvg?’/lﬂ/Tl’l*Vv*//1+y)22 (11)
vs (Tv")Y7 normalized by its value at the glass transition
(Figure 2). which accurately describes the master curve. From the mean

m

In Figure 2, all the curves have the same slopgaand the value ofmp, we estimatenp™ = 22 x mp = 22 x 12+ 0.8=
data indeed almost scale onto a single curve. This result is263 + 18, which is consistent with the value off® deter-
important since the parametgiis determined from the scaling  mined from the correlation betweem, andmp.2* The deviation
(eq 1) ofz(T,v) data (or it can be obtained from PVT dla of the behavior of each material from eq 4 = {log[z(T,v)]
y is not directly related to the rapidity of the variationmofvith — 2+ mp}/mg — g(T,v), is displayed in the insert to Figure 4.
T. Exceptions to the general behavior in Figure 2 are noted for The small deviation|A| < 0.03 for all the materials considered
three materials: PDE, KDE, and 1,2-PB, which deviate for short herein) demonstrates the robustness of the proposed scaling.
7, nevertheless, eq 9 still accurately describes the data for these From the scaling in Figure 4, it is evident that the parameters
materials. We illustrate this in Figure 3 for PDE, with the fitto mg and mp® are about constant among different materials.
eq 9, shown as a solid line, obtained using the known values of These quantities represent the activation energies at the glass
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transition normalized by thermal energy for the two limiting account the different effects af andV on the dynamics, so
conditions, respectively. The quantityp = 2 — log(z«) is that once the material-specific quantities relateg tave been
related to the activation energy when the thermal energy is muchnormalized (see eq 11), a universal power law is obtained for
higher than the intermolecular barriers, so that differences in the dynamics of glass-forming systems. A noteworthy conse-
molecular structure are minimized. Note that the values for the quence of this universal behavior is the absence of any
“analogous” mp reported in the literature from fitting the divergence in the description of the glass transition; that is, no
Vogel-Fulcher-Tamman (VFT) equatidi 45 to 7 are gener- underlying transition needs to be invoked to interpret the slowing
ally larger. This is a consequence of the inability of the VFT down of the dynamics.

equation to fit simultaneously data both closd§and at short
relaxation timeg3:38:4649 Extrapolation of the VFT equation Acknowledgment. The work at NRL was supported by the

deduced forr in the vicinity of T, to higher temperatures ~ Office of Naval Research and that at the Universit&isa by
underestimates (larger m%) than the values actually mea- !-N-F-M. and MIUR (Cofin2002).

surec8.48:49
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