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We show that shifts in dynamics of confined systems relative to that of the bulk material originate in the
properties of bulk alone, and exhibit the same form of behavior as when different bulk isobars are compared.
For bulk material, pressure-dependent structural relaxation times follow τðT; VÞ ∝ exp½fðTÞ × gðVÞ�. When
two states (isobars) of the material, “1” and “2”, are compared at the same temperature this leads to a form
τ2 ∝ τc1, where c ¼ g½V2ðTÞ�=g½V1ðTÞ�. Using equation of state analysis and two models for P-dependent
dynamics, we show that c is approximatelyT independent, and that it can bevery simply expressed in terms of
either the (free) volume above the close packed state (Vfree) or the activation energy for cooperative motion.
The effect of changing state through a shift in pressure (P1 to P2) is thus mechanistically traceable to
cooperativity changing with density, through Vfree. The connection with confined dynamics follows when 1
and2 are taken as bulk and film at ambientP, differing in density onlydue to the film surface. Thegeneral form
for τðT; VÞ also illuminateswhy samples in different states (film vs bulk, highP vs low) trend toward the same
relaxation behavior at high T.
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Over the last three decades there has been significant
research interest aimed at understanding how a system’s
structural dynamics is affected by the presence of an
interface [1–14]. This “nanoconfinement effect” is seen
in polymer thin films, whose behavior is affected by the
presence of free surfaces and/or various types of substrate
interfaces. Experiment and simulation have shown film
segmental relaxation times may differ from bulk depending
on film thickness, film preparation, temperature, and
the types of interfaces involved. Here, we focus on the
segmental (α) relaxation of glass forming materials, e.g., as
measured via dielectric spectroscopy [1,9,12,13]. Recently,
we among others have noted [15–21] an apparent analogy
between pressure (density) changes and the effects
observed in nanoconfined systems. In this Letter we show
that understanding what controls a material’s bulk pressure-
dependent dynamics [22,23] provides essential insight into
the confinement effect on dynamic response.
Experiment has shown bulk relaxation times follow a

general form

τðT; VÞ ∝ exp½fðTÞ × gðVÞ� ð1Þ

with a T-based contribution fðTÞ, and V-based contribu-
tion gðVÞ; two models that describe these functions will be
introduced further below. A key theme here is that fðTÞ and
gðVÞ are multiplicatively coupled in the exponential.
The framework of Eq. (1) accounts independently for

variations in density and temperature. In confined systems
we expect density differences to play an important role.
However, density in these systems (e.g., polymer films) is
challenging to measure experimentally [24–26]. In the case

of a free surface, it is clear that the local density profile ρðzÞ
changes from bulk density to zero, and so a fraction of
segments must experience an environment of lowered
density. However, the relaxation profile τðzÞ will not track
directly with ρðzÞ. Simulation results [5,27–29] show that
the gradient in τðzÞ is wider than that of ρðzÞ. For example,
ρðzÞ could be at the bulk density at a given position z from
the free surface, while the average over a single near
neighbor distance could yield a value closer to half of that.
Indeed the gradient in ρðzÞ can be very narrow, ≈1 nm wide
[30], while a molecular (Kuhn) segment is ≈1.5 nm [31].
As density in the bulk effectively characterizes intermo-
lecular crowding, the relevant density in inhomogeneous
environments must therefore be an average of ρðzÞ over a
sensible intermolecular scale, e.g., 2, 3 Kuhn segments.
In fact, this ∼5 nm length scale is similar to measure-
ments of mobile layer thickness [32]. Lower densities
may also occur near a supporting substrate interface
[11,19,21,33,34]. Probe adsorption measurements [33,34]
demonstrated added free space from inefficient packing of
polymer chains following spin coating, and AFM mea-
surements [21] have shown open pockets of free space near
asperities on rough substrates. Additional details may be
found in the Supplemental Material [35] and the appendix
of Ref. [18].
When compared at the same temperature, the relaxation

time of a confined, relative to a corresponding bulk, sample
can be expressed as τfilm ∝ τcbulk, where the power law
exponent (c) has been ascribed [6,36] to the nanoconfine-
ment effect. In Diaz-Vela et al. [36], c was called the
“decoupling exponent,” a constant multiplicative factor that
scales the bulk activation energy (sufficient at any given T).
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In a confined system c depends on film thickness h or, in
other more resolved experiments, it can be ascribed to a
position in the film z.
Experimental results that demonstrate confinement

effects are shown in Fig. 1(a) for the case of stacked poly
2-chlorostyrene films (taken from Fukao et al. [37]); in
Fig. 1(b), simulation results (taken from Diaz-Vela et al.
[36]) are shown for freestanding films of bead-spring
polymers. The plots show log τfilm plotted against log τbulk
for sets of film data at a fixed thickness. In both plots the
bulk behavior falls on the diagonal; in the case of the Fukao
et al. [37] data results (red symbols) were collected on a
film 120 nm thick, and interpreted as representing bulk
behavior. Each of the other points represents a comparison
between τfilm and τbulk at the same T; traveling upward
along the line from left to right, T is decreasing. The results
for each film thickness fall on lines having slope c, the
power law exponent. The results from both plots illustrate
that deviation from bulk increases as T decreases (left to
right). The simulation results (b) also show that thinner
films deviate more strongly than thicker ones from bulk
behavior.
In Fig. 2 we turn to the bulk, and show that the same

form of behavior (Fig. 1) is manifest in bulk samples, alone,
when comparing results at different temperatures and
densities. We plot experimental relaxation times [38,39]
for bulk polyvinyl acetate (PVAC) on two isobars
(P ¼ 1 atm and 100 MPa). The 100 MPa isobar is treated
as the “reference” here because it is at higher density,
making the lower density 1 atm isobar analogous to the
situation for the lower density freestanding, or stacked
freestanding, films. The relaxation times of the 1 atm isobar
are plotted against those of the 100 MPa isobar, with each
point taken at the same temperature. As was the case for the

films, the lower density (1 atm bulk isobar) sample shows a
characteristic average slope that is different (smaller)
compared to the higher density (100 MPa bulk isobar,
i.e., the diagonal line) sample.
The results in Fig. 2 will follow a power law behavior

analogous to that shown by data for confined systems,
and we can now show why this is expected. We denote
the two isobars as “1” (100 MPa) and “2” (1 atm), and
the temperature-dependent volume on each isobar as V1ðTÞ
and V2ðTÞ. Using Eq. (1), the relaxation time, τ2ðTÞ ∝
expffðTÞ × g½V2ðTÞ�g, is then written in terms of the value

(a) (b)

FIG. 1. Film relaxation times plotted vs bulk relaxation times at the same T. (a) α relaxation times [37] for 18 nm stacked P2ClS films
(before annealing) vs bulklike relaxation times for 120 nm films. (b) Molecular dynamics simulation results [36], film thicknesses of 15σ
and 47σ.

FIG. 2. PVAC α relaxation times [38]; the log of relaxation
times for the 1 atm isobar are plotted against those of the (denser)
100 MPa isobar at the same temperature.
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of τ1ðTÞ ∝ expffðTÞ × g½V1ðTÞ�g at the same T. This
leads to

τ2ðTÞ ∝ fexpffðTÞ × g½V1ðTÞ�ggg½V2ðTÞ�=g½V1ðTÞ�; ð2Þ

and thus equivalently τ2ðTÞ ∝ τ1ðTÞc, where we identify

c ¼ g½V2ðTÞ�=g½V1ðTÞ�: ð3Þ

As the ln τ2 vs ln τ1 plots (Figs. 1 and 2) are approx-
imately linear, this indicates that c ¼ g½V2ðTÞ�=g½V1ðTÞ�
must remain approximately constant even though both
V1ðTÞ and V2ðTÞ change with T. Indeed, we can verify
this using two different models for pressure-dependent
dynamics.
One is the density scaling model [40–44]

τ ¼ τ0 exp

�
Aϕ

TϕVγϕ

�
; ð4Þ

where γ, ϕ, A, and τ0 are four material specific parameters,
and where fðTÞ ∝ 1=Tϕ and gðVÞ ∝ 1=Vγϕ. We also apply
the cooperative free volume (CFV) rate model [18,45,46]

τ ¼ τref exp

�
T�b

Tb

Vhc

Vfree

�
; ð5Þ

where b, T�, and τref , are material specific parameters, and
where fðTÞ ∝ 1=Tb and gðVÞ ∝ 1=Vfree. Vfree ¼ V�Vhc is
defined [47] as the difference between a system’s overall
volume V and its limiting, closely packed, hard core value,
Vhc. Vhc is a constant, independent of the dynamics, from
analysis of thermodynamic (PVT) data using the locally
correlated lattice model (LCL) equation of state (EOS).
[47] Both models have been applied to express the
pressure-dependent dynamics of PVAC. Background on
the models is available in the Supplemental Material [35].
The CFV model yields c ¼ g½V2ðTÞ�=g½V1ðTÞ� ¼

Vfree∶1ðTÞ=Vfree∶2ðTÞ. Figure 3 illustrates that this ratio
indeed remains approximately constant as temperature is
varied. Here, results based on the LCL EOS analysis of
PVAC PVT data [48] are shown for Vfree∶1ðTÞ at P ¼
100 MPa, and Vfree∶2ðTÞ at P ¼ 1 atm. Multiplication of
the Vfree∶2ðTÞ curve by a single constant produces a curve
that overlaps very well with the Vfree∶1ðTÞ curve, and from
this we thus estimate a value of c ≈ 0.66 (the value that
gives the best overlap). In the case of the density scaling
model, we have plotted Vγϕ

1 ðTÞ and Vγϕ
2 ðTÞ in the inset of

Fig. 3. Here, we have taken the γ ¼ 2.34 and ϕ ¼ 4.71
values from Casalini and Roland [41]; the values for V are
in mL=g and come from fitting the Tait equation [49] to the
PVT data. These results show that the curves overlap using
a constant multiplicative shift, verifying that g½V2ðTÞ�=
g½V1ðTÞ� ¼ Vγϕ

1 ðTÞ=Vγϕ
2 ðTÞ has an approximately constant

value of c ≈ 0.61. Note that both of these model-based

estimates for c are in very close agreement with the raw
trends in Fig. 2, which follow directly from the exper-
imental relaxation times; in this case the slope of the ln τ2 vs
ln τ1 power law plot is approximately c ≈ 0.63.
Both the CFV and density scaling models demonstrate

that the physical significance of c < 1 is that the density of
2 is lowered (for CFV this corresponds to higher Vfree)
compared to the reference system 1, and thus the dynamics
are faster, τ2 ¼ τc1 < τ1. This reasoning applies broadly; it
explains trends in the two bulk isobars, as well as in the
results for film vs bulk.
From this point onward we apply the 1 and 2 notation in

the general sense: These can be either two bulk isobars, or,
bulk and film isobars, say at ambient pressure (1 atm), with
V1ðTÞ and V2ðTÞ differing due to the presence of film
interfaces. The density that describes a film, which has a
nonhomogeneous local density, would be the value aver-
aged over the cooperative length scale. [18] In all cases we
expect V1ðTÞ and V2ðTÞ will increase with T, and the c ¼
g½V2ðTÞ�=g½V1ðTÞ� ratio will be approximately constant, as
illustrated in Fig. 3 for PVAC. [Another case would be two
isochors, where c ¼ gðV2Þ=gðV1Þ must be constant.]
We now return to the fundamental τðT; VÞ ∝ exp½fðTÞ ×

gðVÞ� relationship to emphasize some important points. The
key to deriving the τ2 ∝ τc1 result for two bulk isobars above
relied on the fact that the same function fðTÞ applies for
both isobars, 1 and 2. [Indeed, fðTÞ must apply at any

FIG. 3. PVAC volume-based contribution to dynamics gðVÞ for
P ¼ 1 atm (black) and 100 MPa (blue) isobars based on EOS
analysis of PVT data [48]. The red curve corresponds to the 1 atm
isobar multiplied by a constant shift factor. Main plot (CFV rate
model): 1=gðVÞ ¼ Vfree=Vhc vs T. Inset (density scaling model):
1=gðVÞ ¼ Vγϕ vs T.
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density in a bulk pressure-dependent dynamics descrip-
tion.] However, given that the bulk isobar-film isobar
scenario has been shown to exhibit the same τ2 ∝ τc1 form
of behavior, we can conclude the following: The same
function fðTÞ that works for the bulk material must also
be sufficient (at least approximately) for describing the
T-dependent contribution to the dynamics in films.
In fact, we have already made this very assumption in

our CFV model for polymer films [18], which has been
tested experimentally [19]. More examples of successfully
using the bulk functional form fðTÞ for (isobaric) polymers
and (isochoric) small molecules in confinement can be
found in Adrjanowicz et al. [16,20] where the authors
applied the density scaling model.
We now apply the above analysis to nanoconfined

systems using our CFV film results, along with exper-
imental data; both are shown in Fig. 4 (from Ref. [19]) for
poly(4-chlorostyrene) (P4ClS) films. (See Supplemental
Material [35] for details on the CFV film model.) Here, the
plots are in the ln τ2 vs ln τ1 representation, and they
confirm the same power law form as the results in Figs. 1
and 2. The Fig. 4 plot also clearly shows that the linear
slope (power law exponent, c) decreases with film thick-
ness (h). Now we are in a position to explain this trend.
Our new analysis shows that the volume-based contri-

bution to the shift in film dynamics follows model pre-
diction for the effect of a density shift in bulk dynamics.
In both cases this plays out through the free volume ratio
Vfree∶1ðTÞ=Vfree∶2ðTÞ. A thinner film sample (2)–analogous

to a bulk sample at lower pressure—has a larger relative
Vfree. In the nanoconfined experiment this is due to the
larger “voice” of the lower density interfacial region in a
very thin film. The result is that the free volume ratio—
which translates as the slope of the plot—decreases with
film thickness (or bulk sample pressure).
We can compare the power law slopes c for films of

comparable thickness in Figs. 1, 2, and 4 where, in each
case, we average over all the data in determining the slope.
The freestanding 15σ bead-spring films, 18 nm stacked
P2ClS films, and 14 nm Al-capped P4ClS films have
c ≈ 0.72, 0.75, and 0.84 respectively. We see across results
from different methods that comparable film thicknesses
have comparable values of c. Within this group we note
that the stacked P2ClS films have greater free surface
area, hence a more reduced density relative to bulk, than the
Al-capped P4ClS films, where the decrease comes from
inefficient packing near the substrate interface. This is
reflected in a lower c for the former than the latter. Turning
to the bulk PVAC isobars, c ¼ 0.66 was obtained in Fig. 3
in shifting from P ¼ 100 MPa to 1 atm (Vfree=Vhc chang-
ing from 0.101 to 0.149 at T ¼ 350 K). By the same
analysis, shifts of 50 MPa to 1 atm, and 25 MPa to 1 atm,
give c ¼ 0.79 and 0.88, respectively. The effect of chang-
ing pressure on bulk samples yields c values that are very
similar to those that reflect shifting from bulk to thin film.
To give a sense for c in terms of density changes, the
PVAC values of c ¼ 0.66, 0.79, and 0.88 correspond (at
T ¼ 350 K) to density changes of 4.2%, 2.4%, and 1.3%,
respectively. Consistent with these values, CFV calcula-
tions in Ref. [19] gave a density change of 2.0% for the
14 nm P4ClS film compared to bulk (433 K).
These results also allow us to relate changing film thick-

ness, or bulk pressure effects, to shifts in activation energy
(Eact) and local cooperativity for segmental relaxation. Using
Eq. (1) we can write EactðT; VÞ ¼ RTfðTÞgðVÞ, and on any
particular isobar, VðTÞ,

EactðTÞ ¼ RTfðTÞg½VðTÞ�: ð6Þ

As noted above, Diaz-Vela et al. [36] described the
exponent c as a constant multiplicative factor that scales the
T-dependent bulk activation energy EactðTÞ at any given T,
into that of the film. This leads to Eact∶2ðTÞ ¼ cEact∶1ðTÞ,
where c ¼ Eact∶2ðTÞ=Eact∶1ðTÞ ≈ constant.
Once again, this simple result only works well as long as

the same functional form fðTÞ applies for both bulk and
film. If that is true then it follows from Eq. (6) that
Eact∶2ðTÞ=Eact∶1ðTÞ ¼ g½V2ðTÞ�=g½V1ðTÞ� ¼ c ≈ constant
(the latter equalities were shown above). Note that this
condition is supported by experiment. If the functional T
dependence differed for bulk and film—say f1ðTÞ for bulk
and f2ðTÞ for film—then, the ratio f2ðTÞ=f1ðTÞ would
survive to appear in c and would show up as a residual T
dependence in the slope of the film plots.

FIG. 4. Relaxation times for Al-capped P4ClS films: log τ vs
log τbulk at the same temperature. Experimental data (symbols),
CFV model (curves) for bulk (black), and 71 nm (green), 21 nm
(red), and 14 nm (blue) films.
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We can go further by applying the CFV model. From
Eq (5), EactðTÞ ¼ RTfðTÞg½VðTÞ� ∝ ð1=Tb−1Þ½1=VfreeðTÞ�
for any given isobar. The CFV rate model is based on a
mechanism [46] where a number (n�) of segments must
cooperate to open up enough total space to promote a
relaxation event. n� increases with density which changes
the activation energy according to Eact ∝ n� ∝ 1=Vfree.
The CFV model relates the Eact required for thermal

activation to the inverse free volume. This explains the
origin of the result that P-dependent dynamics follows the
fundamental τðT; VÞ ∝ exp½fðTÞ × gðVÞ� form, showing
multiplicative dependence of relaxation times on T and
V. (See the Supplemental Material [35].) For CFV the 2∶1
activation energy ratio yields a very simple result:Eact∶2ðTÞ=
Eact∶1ðTÞ ¼ Vfree∶1ðTÞ=Vfree∶2ðTÞ ¼ c.
Using the above, the CFV model also equates the power

law exponent to the ratio of the number of cooperating
segments c ¼ n�2=n

�
1 required in the two states (film or

bulk, lower pressure or higher). The model directly con-
nects shifts in density with corresponding shifts in
activation energy and degree of cooperativity. Since the
entropy-based model of Adam and Gibbs [50], coopera-
tivity has been important in explaining glassy dynamics;
these CFV model results provide a novel route for
interpretation.
As a final point, we explain the evident insensitivity of

relaxation times to either confinement (Figs. 1 and 4) or
pressure (Fig. 2) effects at high temperatures. For the ratio
of the relaxation times associated with states 1 and 2 Eq. (1)
gives

τ2ðTÞ=τ1ðTÞ ∝ expffðTÞ × ðg½V2ðTÞ� − g½V1ðTÞ�Þg: ð7Þ

Between film and bulk, or between a bulk sample at two
very different pressures, we expect some nonzero differ-
ence in the volume-dependent contributions, g½V2ðTÞ�−
g½V1ðTÞ�. However, the multiplicative form means that this
difference is scaled by fðTÞ. Now, fðTÞ increases as T is
lowered, and it vanishes at high T. Thus, at high T there is
little difference between τ1 and τ2 no matter how thin the
film or how low the pressure. In addition, as is observed
experimentally (e.g., Figs. 1, 2, and 4), the separation
between 1 and 2 (the “sensitivity to confinement” in the
case of films) will systematically grow as T decreases, and
this is indeed the qualitative prediction of Eq. (7).
In conclusion, we have mapped a bright line connecting

the impact of sample nanoconfinement on segmental
dynamics to the effect of changing the thermodynamic
state of a bulk sample. This analysis succeeds because the
roles of temperature and density in altering dynamic
response are multiplicatively linked. The simplicity of
our model also leads to predictive power: characterization
of bulk behavior alone allows us to anticipate how
changing pressure and/or film thickness will affect sample
free volume, local activation energies, and cooperativity

requirements. The result is a deeper understanding of what
drives segmental relaxation under a wide variety of sample
conditions.
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