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ABSTRACT

We apply the cooperative free volume (CFV) rate model for pressure-dependent dynamics of glass-forming liquids and

polymer melts, focusing on two new applications of the model, to natural rubber and to polyurea. In CFV, segmental

relaxation times, s, are analyzed as a function of temperature (T) and free volume (Vfree), where the latter provides an

insightful route to expressing dynamics relative to using the system’s overall total volume (V). Vfree is defined as the

difference between the total volume and the volume at close packing and is predicted independently of the dynamics for any

temperature and pressure using the locally correlated lattice equation-of-state analysis of characteristic thermodynamic data.

The new results for natural rubber and polyurea are discussed in the context of results on a set of polymeric and small-

molecule glass formers that had previously been modeled with CFV. We also discuss the results in the context of recent

connections that we have made with the density-scaling approach. [doi:10.5254/rct.19.80394]

INTRODUCTION

In many applications of polymeric materials, it is important to understand their dynamic

relaxation and how it is affected by temperature. Probing the influence of changing pressure on

dynamics1,2 can also be key and offers the opportunity for understanding, even under ambient

conditions, how much of the change in relaxation time results purely from the change in T and how

much from changing density. We (among others) have recently noted the analogy between

pressure/density changes and confinement effects;3–7 these are likely to play a role in situations in

which interfaces are involved. In this article, we describe the application of our cooperative free

volume (CFV) model7–11 to understand and make predictions about segmental dynamics in a

variety of materials, including two rubbery polymers of significant interest: polyurea (PU) and

natural rubber (NR). We analyze experimental broadband dielectric relaxation (BDS) data on these

systems and combine our new results with those from successful application of the CFV model to a

range of other polymers as well as some small-molecule glass formers.

Numerous routes have been applied to the analysis of relaxation data on polymers in terms of

thermodynamic variables. One widely known expression for connecting free volume with

relaxation times was proposed by Doolittle.12 In practice, because there was no independent route to

free volume values, this relationship was used in historical models13–15 to fit isobaric relaxation data

and extract what turned out to be a temperature-dependent phenomenological function that was

nominally termed the free volume. Although enjoying some degree of success, this approach was

also viewed critically. In addition to the fit results providing no new insight, another problem was

that this approach could not account for the effects of changing pressure, as shown by comparison of

experimental P-dependent dynamics data with the corresponding volumetric data.1,2,10,16 A more

recent and widely applied approach to analysis has involved the application of density-scaling

methods.1,2,17–24 Expressions in this category have been successfully used to analyze both

temperature (T) and pressure (P) dependence of relaxation data. In density scaling, the general T,P-
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dependent dynamics data are expressed such that relaxation times, s, are given by a function of the

single combined variable, TVc, where c is a material-specific parameter. The approach requires

knowledge of the material’s volume (V) and its temperature and pressure dependence (i.e., V[T,P]);

full analysis of experimental relaxation data typically requires specifying four parameters to

express the behavior functionally as s(T,V). Values for the characteristic material-dependent

parameter, c, have been tabulated for a wide range of systems.

The CFV model7–11 is a newer alternative. One difference between this and density-scaling

treatments originates in our earlier work using a first-principles thermodynamic equation of state,

the locally correlated lattice (LCL) theory,16,25 to predict relative free volumes in polymers and

small-molecule glass formers. We noticed a strong linear correlation between the LCL prediction

for a system’s percent free volume at its glass transition (Tg) and the experimental value of that

transition.16,26 This prompted our interest in whether the T- and P-dependent free volume (Vfree) we

predicted could be a useful metric for studying other points in the relaxation spectrum. In a

following work,10 we then showed that, indeed, Vfree is a natural variable for analyzing and

predicting dynamic relaxation data over a broad T and P range. Further, we were able to use our Vfree

predictions along with experimental relaxation data to test the Doolittle relationship, show that it

failed, and explain why.

As discussed in the following section, the CFV model is based on viewing local segmental

relaxation as a rate process, having an activation energy that connects local cooperative motion to

the availability of free volume sufficient to enable the local motion. The process is affected both by

the availability of free volume and by temperature, which controls the thermal energy needed to

overcome the activation barrier. The combined influence of free volume and temperature means

that a change in experimental pressure, or the imposition of confinement effects through proximity

to an interface, will be accounted for in the analysis and in making predictions. As will be discussed

further below, one significant advantage of the CFV model is that it can be applied under conditions

in which available dynamic data are sparse, since fewer material-specific parameters need be

specified. Another advantage is that the CFV analysis is now leading us to model the effect of

confinement on dynamic response, in particular how mobility and relaxation are changing as a

function of position within nanometers of an interface. Finally, we have recently derived and

demonstrated11 a quantitative connection between the chief material-characteristic parameters of

the CFV model and the density-scaling approach. This provides insight into both model

frameworks and has the potential for significant expansion of CFV characterization to a very broad

range of materials.

The remainder of this article is organized as follows. In the next section, we provide an

overview of the LCL analysis, the CFV model, and the density-scaling model. Following this, in the

‘‘Results and Discussion’’ section, we present new results on PU and NR and discuss our findings in

the context of our prior work on glassy materials. We also demonstrate the connection between

CFV and density scaling. In the last section (‘‘Summary’’), we discuss some of the implications of

our results and comment on future directions.

THE CFV RATE MODEL AND DENSITY SCALING

The CFV rate model7–11 is a model for pressure-dependent dynamics describing segmental (a)

relaxation times as a function of temperature and volume, s(T,V). In CFV, the volume-based

contribution to dynamics is expressed in terms of the system’s thermodynamically characterized

free volume, Vfree. The advantage in this is its efficiency, because the same single form (going as 1/

Vfree) applies for all systems, and further, Vfree is determined without the need for dynamics data. We

have found—and the CFV rate model predicts—that lns is a linear function of 1/Vfree on isotherms,

where each isotherm slope depends on the value of T.
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Vfree is defined as the difference between a system’s overall volume, V, and its limiting, closely

packed, hard-core value, Vhc.

Vfree ¼ V � Vhc ð1Þ

Vhc is a constant for each system, independent of both T and P. It is determined via analysis of

experimental PVT data using the LCL model equation of state (EOS),16,25 detailed further below.

The physical meaning of the hard-core volume, Vhc, is that it represents the limiting volume at

close packing and quantifies the system’s minimum possible volume. Although we use the LCL

EOS in applications to experimental systems, we have made a strong connection with this close-

packing interpretation in our simulation results on simple Lennard-Jones (LJ)-type systems.8,9 The

Vhc value resulting from our simulation PVT data, which did not use LCL but extrapolated the PVT

data down to zero T, was found to correspond closely to the volume of the LJ atoms at random close

packing. When this Vhc value was used to define Vfree¼ V� Vhc, the corresponding plots of lns
versus 1/Vfree isotherms were all linear.

In applications to experimental systems, the LCL EOS provides a convenient and

unambiguous route to the prediction of Vhc. As noted above, the LCL EOS is fit to the experimental

system’s PVT data, and Vhc is thus obtained independent of any dynamics data. The LCL EOS

P(V,T) expression for a compressible one-component system is given by

P

kBT
¼ 1

v

� �
ln

V

V � Nmrv

� �
þ 3

v

� �
ln

V � ðNmv=3Þðr � 1Þ
V

� �

� 3

v

� �
ð2r þ 1Þ2

ðV=NmvÞ � ð1=3Þðr � 1Þ

 !
3

exp �e=kBT½ � � 1

ð1=3Þð2r þ 1Þexp �e=kBT½ � þ ðV=NmvÞ � r

� �

ð2Þ

where Nm is the number of molecules and kB is the Boltzmann constant. The molecular parameters

are r, the number of segments (occupied lattice sites) per molecule; v, the volume per lattice site; and

e, the segment–segment nonbonded interaction energy. The product of the molecular parameters,

rv, describes the (constant) volume occupied per molecule, so Vhc¼Nmrv is the limiting volume of

the system at close packing (or in units of volume per gram, Vhc¼rv/Mw, where Mw is the molecular

weight). Note when we evaluate Vfree(T,P), we use the V(T,P) value from the LCL EOS (i.e.,

solving Eq. 2 at that T,P). The actual experimental V value (if available) would give essentially the

same Vfree value if the chosen T,P point is inside the PVT data-fitting range (as the theoretical and

experimental V’s are very close). Extending outside the fitting range, we have found it better to stay

consistently within the theory (i.e., using the theoretical V together with the theoretical Vhc¼Nmrv),

as any errors will compensate/cancel. References 16 and 25 provide more background on the LCL

model, and some further details related to the implementation of the LCL EOS for CFV are provided

in ref 7 and in the appendix of ref 11.

The CFV rate model assumes segmental relaxation proceeds via a cooperative process in which

the total activation free energy, DAact, changes with the number, n*, of cooperating particles

(segments); an analogy can be drawn to the well-known treatment of Adam and Gibbs,27 a model

based on entropic considerations.

For a segment to break out of the cage of its surrounding neighbors and move, a characteristic

amount of free space (v*) is needed. The total number of nearby segments required to cooperate and

open up this space is n*¼v*/(Vfree/N), where Vfree/N is the average free volume per particle at the

given T,P condition. Each cooperating segment pays an energetic cost, Da, and this adds up to give

the overall total activation energy, DAact¼n*Da.
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The rate (� 1/s) at which a segment enters a new opening is proportional to the rate it traverses a

distance on the order of its own size (� velocity � T1/2), multiplied by the probability that a free

space is available, given by the Boltzmann factor, exp[�DAact/T]. The general result is

1=s ¼ rate ¼ constant½ �3 T1=2 3 exp �n* 3
DaðTÞ

T

� �� �

¼ constant½ �3 T1=2 3 exp � 1

Vfree

� �
3 f ðTÞ

� �
ð3Þ

The activation free energy per cooperating segment, Da(T), is some unknown function of

temperature but not of volume. In our simulation results of the high T regime, a constant value of Da
is actually sufficient in Eq. 3, leading to an especially clear demonstration of how the total DAact

depends on volume and how the volume change (occurring at constant pressure) is an important

source of non-Arrhenius behavior. Note that we have found the gas kinetic T1/2 contribution to be

important in the high T regime.8,9 At lower T in glassy systems, activation energies become high

enough that the gas kinetic term can be dropped for simplicity, which is what we do in the model

applications addressed here.

Equation 3 then leads to the following working form of the CFV equation, which is applicable

for modeling structural/segmental dynamics of experimental liquids probed via dielectric

spectroscopy.

lns ¼ Vhc

Vfree

� �
T*

T

� �b

þlnsref ð4Þ

where b,T*,sref, are material-specific parameters. Here we use the relative free volume, Vfree/Vhc

(e.g., rather than Vfree/N) because it is convenient. The form of the T dependence, Da(T)/T¼ f(T)~
1/Tb, is empirical, but it has been found to work very well. We apply Eq. 4 to a variety of

experimental systems below.

Another important model in the study of pressure-dependent dynamics is the density-scaling

approach.1,2,17–24 In a recent article11 we compared this approach with CFV and also demonstrated

some strong connections between the two methods. The density-scaling approach can be described

as the expectation that general P-dependent dynamics data can be expressed (collapsed) such that

relaxation times are given by s¼F(TVc), with s being a function of the single combined variable,

TVc, where c is a material-specific parameter and F is some function of unspecified form.

A way to appreciate the source of the power law form of density scaling is to consider

connections with the behavior of the simple, purely repulsive, inverse power law fluid, which has a

pair potential going as u(r)�1/rn and dynamic properties that depend only on TVn/3,28,29 which thus

implies n/3 ¼ c. This simple system provides the opportunity to connect thermodynamic and

dynamic properties. Further insight into why density scaling works is available in the context of the

isomorph theory of Dyre and coworkers19,20 and a body of related simulation works that have

connected dynamics with some of the thermodynamic properties that are available from simulation.

Examples include the simulation works of Pedersen et al.30,31 and Coslovich and Roland32–34

showing that the averaged slope of the correlations between the virial and the energy can lead to the

value of the system’s c parameter.

In addition to simulated model fluids, density scaling with the c parameter has been widely

applied in the analysis of P-dependent dynamics data for real experimental systems, which is the

focus of this article. Here, because of the lack of detailed thermodynamic information of the sort

described above, the value for c must typically be determined by fitting experimental dynamics

data. Real experimental systems have commonly been modeled using the analytic s(T,V)

expression developed by Casalini et al.,22,23 in which the T,V density-scaling form was derived
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using the Avramov entropy model,35 and this is given by

lns ¼ A

TVc

� �/

þlns 0 ð5Þ

Equation 5 includes the c parameter, along with three other material-specific parameters, /, A, and

s0.

It turns out that there is a strong connection between the CFV b parameter and the c parameter

from the density-scaling approach, and we have recently11 shown how they are analytically related.

Making the connection between b and c starts with the relationships that define each parameter;

these are b ¼�(]lnVfree/]lnT)s and c ¼�(]lnT/]lnV)s, which are apparent from Eqs. 4 and 5,

respectively. Both parameters serve to quantify a system’s relative sensitivity to changes in

temperature versus changes in (free) volume. For example, a large c means that for a given (relative)

change in volume, there would have to be a large (relative) change in T to compensate and keep s
fixed, and thus systems with large c are strongly volume sensitive, whereas those with small c are

more sensitive to temperature. By corresponding arguments, large b indicates strong temperature

sensitivity, whereas small b indicates stronger sensitivity to (free) volume.

The relationship for c can be written in terms of free volume as follows.

c ¼ � ]lnT

]lnV

� �
s

¼ � ]lnT

]lnVfree

� �
s

dlnVfree

dlnV
¼ � ]lnT

]lnVfree

� �
s

V

Vfree

ð6Þ

In Eq. 6, dlnVfree/dlnV¼V/Vfree follows from the simple definition Vfree¼V�Vhc (Eq. 1), where

dVfree/dV¼1. Substituting b¼�(]lnVfree/]lnT)s into Eq. 6, we obtain the relationship between c and

b.

c ¼ 1

bðVfree=VÞ»
1

bðVfree=VÞ@Tg

ð7Þ

The relationship between c and b technically carries a density dependence because of the

presence of the multiplicative factor, Vfree/V, the fractional free volume. Over the operating range of

the P-dependent analysis, Vfree/V may vary by about a factor of two. To convert between the two

parameters, the key is to choose a single Vfree/V value that is representative of the average Vfree/V of

this range. It is reasonable to expect that this should work because we know that a constant b and a

constant c each work well to describe data within their respective model frameworks. The Vfree/V
value at the ambient Tg is a good single choice. This is because being both at a low T and a low P
results in an intermediate density, putting it roughly in the middle of the range of the Vfree/V values

over a typical P-dependent data set. The Vfree/V value at the system ambient Tg is denoted as (Vfree/

V)@Tg, and this gives the operating relationship connecting each system’s c and b, c» 1/[b(Vfree/

V)@Tg], which is the right-hand form in Eq. 7. This approximate expression is quite effective, and

we will discuss the results covering a range of experimental systems below.

RESULTS AND DISCUSSION

In this work, we tackle the CFV analysis of rubbery polymers for the first time, focusing on PU

and NR. The experimental data for both systems reflect some degree of sample complexity. In the

case of NR, the samples studied by Ortiz-Serna et al.36 originate from the Hevea brasiliensis tree

and also include some vulcanization additives. In analyzing their dielectric relaxation data, the

authors were able to identify backbone segmental motion, which they assign as their a peak, and

probe the effect of changing both temperature and pressure on relaxation. They collected data on

both wet and dry samples and showed that the a process was unaffected by the difference in
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conditions. In what follows, we present our analysis of data on the wet samples, which correspond

to having the natural fraction of water content for samples exposed to ambient conditions, but note

that similar results would accrue from studying the dried samples.

The PU analysis makes use of data reported by Roland and Casalini,37 and here it is useful to

note that polyurea actually refers to a category of block copolymers, in which a ‘‘soft’’ diisocyanate

block is polymerized with an oligomeric diamine. Varying the ratios of reactants will result in

control over the fraction in the sample of the ‘‘softer’’ segments having lower Tg, relative to the

harder segments (associated with the cross-linking regions), which have significantly higher Tg.

The presence of these two different kinds of regions leads to a combined set of mechanisms for

energy dissipation, and the ability to vary their ratio creates the opportunity for tuning structural and

material properties. Another appealing feature of this group of polymers is that spray application

methods have led to film formulations that cure rapidly over a wide range of humidity and

temperature. The result is that PU has generated significant interest in its applications, including as a

retrofit coating to protect against ballistic and shockwave impact.38

The sample studied in ref 37 was produced using a ratio of 1:4 isocynate to amine (and annealed

to a water content of 3.5%). The dynamics of the soft segments were probed in a T range of 232 to

299K, with the dynamic Tg at atmospheric pressure appearing to be around 225K (figure 3 of ref

37). The Tg of the hard segments is much higher, estimated to be greater than 400K. Therefore, only

the soft segments were taken to be contributing to the dynamic relaxation data. We note that the

presence of both hard and soft regions in PU leaves some uncertainty in regard to how to analyze the

free volume. The PVT analysis we undertook on PU assumes a homogeneous sample. Although it

seems clear that the contributions from the soft segments should make a stronger contribution to

how Vfree changes with T and P, here we take the simplest approach and do not attempt to assign a

fraction of Vfree to the soft segments.

In Figure 1a, we show the series of isotherms arising from CFV analysis, in which log s is

plotted against the inverse relative free volume. Vhc and Vfree were predicted using the LCL theory

FIG. 1. — T,P–dependent a-relaxation times (s) for natural rubber (NR). (a) logs vs inverse relative free volume (Vhc/Vfree),

plotted as isotherms. Symbols mark each experimental relaxation time at the corresponding Vhc/Vfree value, calculated

independently via LCL EOS analysis of the PVT data. References for experimental data are available in Table I. Isotherms

correspond to T¼268, 278, 288, 298, and 308K (lines are the corresponding linear fits); pressure values range from 1 atm up

to 240 MPa. (b) and (c) show collapsed plots of the same T,P–dependent data (and with the isotherms at 273, 283, 293, 303,

and 313K also included). CFV model (b): logs vs (Vhc/Vfree)/T
b, where b¼4.6 (T in K). Density scaling (c): logs vs 1/TVc,

where c¼3.1 (T in K, V in mL/g).
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applied to (thermodynamic) PVT data. As we have found in all the materials studied so far, the LCL

free volume emerges as a natural variable in the CFV model, a conclusion supported by the

unambiguously linear set of isotherms, whose slopes increase as the temperature drops. In prior

work7–9,11 introducing the CFV expression, we have discussed why the form of the volume

contribution goes as inverse free volume in particular and why the slopes are T dependent.

Mechanistically, the general form embodies a model view of cooperativity that reflects the

combined requirement of free volume along with thermal activation for each participating segment

(see Eq. 3). The details of the temperature dependence of the isotherms is captured by using the full

FIG. 3. — Relationship (Eq. 7) between the c parameter and the CFV b parameter for polymers and small-molecule liquids:

c vs b(Vfree/V)@Tg (with smooth fit hyperbola). Inset: c vs 1/(b(Vfree/V)@Tg) (with corresponding linear fit). System acronyms

are marked in the figure. Acronym definitions and references for c values and experimental data are available in Table I.

FIG. 2. — T,P–dependent a-relaxation times (s) for polyurea (PU). Main plot: logs vs inverse relative free volume (Vhc/

Vfree), plotted as isotherms. Symbols mark each experimental relaxation time at the corresponding Vhc/Vfree value, calculated

independently via LCL EOS analysis of the PVT data. References for experimental data are available in Table I. Isotherms

correspond to T¼267.7, 283.8, 298.6, and 312.3 K (lines are the corresponding linear fits); pressure values range from 1 atm

up to 260 MPa. Inset: collapsed plot of the same T,P–dependent data (and with the data collected on the ambient pressure

isobar also included); shows logs vs (Vhc/Vfree)/T
b, where b¼4.6 (T in K).
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CFV expression (Eq. 4), which means plotting against (Vhc/Vfree)*(1/Tb), with b optimized by

inspection. The result is a single straight-line plot, shown in the upper right (Figure 1b), where we

obtain a value of b¼4.6 and where values for the remaining two dynamics-related constants, sref

and T*, may now simply be read off of the plot from its slope and intercept. (T*¼237K, and logsref¼
�8.66.) We emphasize that, having parameterized the LCL EOS data using thermodynamic data to

predict the Vfree values, only one dynamics parameter (b) remains to be optimized to capture fully

the experimental relaxation data across the entire T and P range.

In Figure 1c, we also show the collapse of the relaxation data according to the density-scaling

approach. In that case, the abscissa is 1/TVc; temperature and volume also are key in this analysis;

however, it is the total (not free) volume that is scaled, here using c. The c value for NR has not yet

been made available in the literature. Here, we find that c¼3.1. The curve shown in Figure 1c can be

expressed using Eq. 5, and optimization leads to the values for its three additional dynamics

parameters: A, /, s0. (We find A¼423 [mL/g]� cK�1, /¼4.87, logs0¼�8.56.) It is interesting to

compare our c value of NR with values reported for cis-1,4-polyisoprene, of which NR is

principally composed. In Fragiadakis et al.,39 values of c¼ 3.4 and 3.7 were found for two low-

molecular-weight samples; these are reasonably close to the value found here for NR, but a little

higher, which is sensible as c generally increases with decreasing molecular weight.40–42

Figure 2 shows the analogous CFV analysis for the PU data. The T and P ranges covered for the

PU analysis are similar to that for the NR data, spanning roughly 268 to 312K and ambient pressure

up to about 260 MPa. The collapsed data set for PU, obtained using a value of b¼6.6, is shown as an

inset. The density-scaling result was reported in Roland and Casalini,37 who obtained c¼2.35. We

note that the ref 37 data extend to pressures greater than 260 MPa; the CFV model can still be

applied to these data with fair agreement, although there is some downward curvature in the

isotherms at these very high pressures. It is possible that the extension to higher P data could be

improved by correcting the Vfree prediction so that it reflects only the soft segments, because only

that portion of the sample contributes to the dielectric response.

As outlined in the previous section, the CFV b and the density-scaling c parameters are directly

related, and one may be obtained from the other if a representative Vfree/V value is chosen to connect

the two (Eq. 7). For reasons described above, we use Vfree/V evaluated at the ambient glass

transition of the material in question. Figure 3, in which we combine the points from the two new

studies reported here with those from our recent prior work,11 illustrates the correspondence

between the two. The inset demonstrates that the linear relationship described by Eq. 7 indeed

holds, supporting the assumption that choosing a constant representative value for the fractional

free volume (in particular, the value at the ambient Tg for each sample) retains the robust connection

derived in Eq. 6.

In Table I, we tabulate the full set of CFV dynamic and LCL thermodynamic parameters, as

well as the c values and data references, for all the systems we have studied to date. In some cases,

the c values derive from our own implementation of density-scaling analysis, whereas most come

directly from the literature (e.g., many have been tabulated in the Roland et al. review).1 We recently

demonstrated11 that the smaller number of model parameters required to fit the dynamics data in the

CFV model (b, T*, sref as opposed to c, /, A, s0 in Eq. 5) results in our ability even under very sparse

data conditions to characterize fully the dynamic response. Given a full set of thermodynamic data

(e.g., PVT results, along with Tg values for at least two pressures), we can fully implement the CFV

model using as few as two ambient-pressure relaxation data points and then predict the dynamic

response at other pressures. We have shown, for example, that such predictions are in excellent

agreement with experimental results on poly(vinylacetate).11 This flexibility means that we can use

the CFV model under conditions in which the data are insufficient to apply the Eq. 5 density-scaling

expression or insufficient even to obtain the c parameter alone. In the latter case, see the example in

ref 11, in which by implementation of Eq. 7, we could still use CFV to predict the correct c value.
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Although the connection between the two characteristic material parameters, b and c, is clearly

very strong, inspection of the results summarized in Table I does not yield obvious correlations

between b and the other material-dependent properties that are listed in the table (e.g., glass

transition temperatures, characteristic hard-core volumes [Vhc], or [from the LCL characterization]

strength of nonbonded nearest-neighbor interactions [through e]). In the CFV model, b controls the

sensitivity of the material to explicitly the turning temperature ‘‘knob’’ (beyond the extent to which

Vfree changes with temperature). This can be interpreted as the effect of incremental temperature

changes in altering the local motions that result in segmental relaxation. For example, consider log s
¼�5.8 in the top panel of Figure 1; this value was picked because it is relevant to all five of the

isotherms plotted. There are five values for the abscissa point (Vhc/Vfree), corresponding to log s¼
�5.8—hence five points on the five isotherms. But when each of those abscissa values is multiplied

by the shift factor T�4.6, they collapse into a single value. In general, the larger the value of b needed,

the smaller the shift factor needed for such a collapse. A smaller shift factor means a lighter touch

(smaller tweak) on the temperature knob is needed to compensate for the changes in free volume

that are also occurring, in order to balance the two effects and put all the relaxation results on a single

straight line. Quantitatively speaking, this compensation between the tuning of b and the sensitivity

of Vfree to changes in T is exactly what is reflected in the expression b¼�(]lnVfree/]lnT)s, which was

introduced just before Eq. 7.

Another connection to make here is the relationship between b and the isochoric fragility, mV.

More generally, the fragility is the slope of the logs versus Tg/T plot at T¼Tg and characterizes the

extent to which the relaxation process deviates from simple Arrhenius dependence. The common

isobaric fragility, mP, is the slope under conditions of constant P, where both T and V are changing,

whereas mV is the slope at constant V and thus isolates the changes due to T alone. For the CFV

model, we have mV¼b log[s(Tg)/sref]. (The analogous relationship involving mv and the density-

scaling parameter / [Eq. 5] is mV ¼ / log[s(Tg)/s0].) Under isochoric conditions, a larger b is

associated with materials having greater isochoric fragility, which in turn, drawing from the

comments above, is related to there being greater sensitivity of local activation mechanisms to small

changes in temperature.

Casalini and Roland23 have noted in their discussion of the density-scaling equation (here

given by Eq. 5) what appears to be a rough inverse correlation between the parameters c and /. (See,

for example, figure 2 of that work.) This suggests that the / parameter serves a purpose that is

similar to b, as both scale the T dependence. The inverse pattern we have shown here between c and

b in Figure 3 therefore has some relation to the rough inverse relationship between c and / found by

Casalini and Roland.

One emerging trend from the results in Table I is that the nonionic small-molecule glass

formers (1,1 0-bis(p-methoxyphenyl)cyclohexane, 1,1 0-di(4-methoxy-5-methylphenyl)cyclo-

hexane, phenolphthalein-dimethyl-ether, orthoterphenyl) have smaller b values than most of

the polymeric materials, with the exception being the polysiloxanes, poly methylphenylsiloxane

and poly methyltolylsiloxane. This means that small molecules show (on average) a greater

relative sensitivity to free volume, compared with most of the polymers, which means that greater

shifts in temperature are needed to compensate and thus collapse the isotherms into a single

straight line. Another observation is that the b values across the set of polymers vary more

widely—by a factor of three—for this collection of materials whose Tg range spans 170K,

compared with the 65K span of Tg in the nonionic small-molecule set. This suggests that a broader

range of local structural relaxation mechanisms (e.g., intermolecular as well as intramolecular

backbone-related mechanisms) are involved across the variety of polymers represented,

requiring quite different relaxation activation energies to be overcome. This picture is supported

by the recent simulation work of Fragiadakis and Roland,40 which investigates the role played by

intramolecular barriers (chain flexibility) in determining a system’s volume sensitivity.
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With regard in particular to the two newly analyzed systems, NR and PU, inspection of the b
values in Table I shows that for NR, the sensitivity toward temperature versus volume puts it close to

the middle of the range among polymers (intermediate b values), whereas PU has a somewhat

stronger relative sensitivity toward temperature (higher b). Similar conclusions can also be drawn

by inspecting c or by considering the ratio of the isochoric and isobaric activation energies, EV/EP,

where higher EV/EP values indicate stronger relative sensitivity to temperature. For NR, Ortiz-

Serna et al.36 found a value of about EV/EP ¼ 0.70, whereas for PU, we found EV/EP ¼ 0.77

(calculated using the relationship in equation 35 of ref 1, taking the ambient Tg as the reference

point).

All of the work summarized involved bulk samples, but many applications of glassy

materials involve thin film formulations. Very recently,7 we also used the CFV model to study

limited relaxation data on a series of films (T constant, thickness varied) of poly(4-chlorostyrene)

(P4ClS). We characterized the material in the bulk and used the same set of LCL parameters for

the film analysis. We exploited the only available film relaxation data, which had been collected at

a single temperature, to determine the one additional material parameter needed to characterize

the thin-film response. In a follow-up collaborative work,6 newly collected experimental P4ClS

relaxation data for varying film thicknesses at different temperatures showed that the CFV model

predictions were extremely accurate, breaking down only for cases in which the films had become

ultrathin (less than 10 nm). We therefore anticipate that the CFV model will be usefully applied to

a wide range of materials for analyzing and predicting thermodynamic and dynamic behavior in

both bulk and film.

SUMMARY

In this article, we applied the CFV rate model to study the pressure-dependent structural

dynamics in two new systems, NR and PU, and placed these new results in the context of the

analysis we have completed on 11 other systems. We used the CFV model to probe the dependence

of the experimental BDS a relaxation time behavior as a function of temperature and (free) volume.

We have shown, for example, that isotherms of logs versus 1/Vfree are linear with T-dependent

slopes and that this set of linear plots can be collapsed with a single parameter (b). Here, we used our

full set of results on b to discuss how it characterizes the material-dependent sensitivity that each

system shows toward temperature, relative to its sensitivity to (free) volume. In addition, we noted

the ability of the CFV model to capture and predict dynamic behavior under sparse data conditions.

Throughout this analysis, we also made connections and comparisons with the widely applied

density-scaling model for P-dependent dynamics. We demonstrated that there is an analytic

relationship between the CFV b parameter and the density-scaling c parameter and used the entire

parameter set to show that this connection is strikingly well obeyed across a considerable range of

systems, including small-molecule and polymeric rubbers and glassy melts and even an ionic

liquid.

One conclusion we draw from our combined work to date is that the CFV model mechanism of

local relaxation works well across the entire temperature and pressure range of practical interest.

This process can be understood through a picture in which the success of segmental motion depends

on overcoming an activation barrier through the combination of local free volume and sufficient

thermal energy. It is worth noting explicitly that this model does not anticipate or assume a glassy

‘‘crisis’’ as T is lowered, only an increasing attenuation of successful segmental moves for the

reasons delineated above.

We are currently working on a more detailed CFV treatment to make predictions about mobile

layer thickness and relaxation times very close to an interfacial region. We anticipate that this will

require only a small amount of additional thermodynamic data (surface tension as a function of
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temperature) and only bulk dynamic relaxation data, with the result being that we can probe material

response over length scales ranging from nanometers away from an interface, all the way in to the

bulk.
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