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ABSTRACT: The interfacial regions between nanoparticles
(NPs) and polymers in polymer nanocomposites (PNCs) underlie
enhanced properties, and the temporal stability of these bound
polymer layers is necessary for extended control on PNC
performance. Using ion scattering techniques and poly(2-vinyl
pyridine) (P2VP) mixed with 26 nm silica NPs, we investigate the
lifetime of the bound polymer layer by separating and directly
measuring the fraction of free polymer and polymer adsorbed to
attractive NPs entirely in the melt state. By annealing thin PNC
films deposited on bulk polymer matrices, free polymer from the
PNC rapidly diffuses into the underlying matrix while the
spontaneously formed bound polymer in the melt remains with
the NPs. By correlating the fraction of bound chains with the NP
surface area, our analysis shows that bound polymer chains extend ∼Rg from the NP surface into the melt. The calculated average
NP surface area occupied by adsorbed chains in the melt is much smaller than predicted for an isolated chain or measured in an
NP−polymer solution. The bound polymer fraction decreases as a function of annealing time and decreases more rapidly at higher
temperatures and for lower molecular weights. This work demonstrates that ion scattering methods can quantitatively measure the
chain-scale structure and dynamics of polymers bound to NPs in the melt state. This new information provides fundamental insights
and enables the design of PNCs with greater thermal stability during fabrication and use.

■ INTRODUCTION
Polymer nanocomposites (PNCs), or materials composed of
nanoparticles (NPs) dispersed in a polymer matrix, are
appealing candidates for a variety of applications and
technologies, including functional materials, membranes and
coatings, and various consumer products.1 In these materials,
the polymer adsorbed to nanoparticles, often called the bound
polymer, can enhance properties and improve NP dispersion,
especially for PNCs with attractive NP−polymer interac-
tions.1−4 For example, this bound layer is responsible for
mechanical strengthening5,6 and improved ion and small
molecule transport,7,8 among other properties. In addition,
the presence of bound layers can sterically prevent NP−NP
aggregation, akin to a covalently grafted polymer brush but
with less synthetic effort.9−12 Importantly, the stability of the
various PNC properties and NP morphology are predicated on
the stability and lifetime of this bound layer, which remain
poorly understood and challenging to measure.1−3

The conformations of polymers adsorbed to interfaces are
perturbed relative to bulk and contain trains (chains of
adsorbed segments in direct contact with the surface), loops
(sections of nonadsorbed segments between trains), and tails
(nonadsorbed chain ends).13,14 As observed in various
experiments, the bound polymer layer thickness (lb) around
an NP in solution11,15,16 or in the melt11,17−19 is less than or

approximately the radius of gyration of the chain (Rg).
1,3

Molecular dynamics simulations reveal a similar length-scale
and show that adsorbed chains have conformations that are
flattened perpendicular to the NP surface and extend ∼Rg from
the NP surface.14,20

Polymer dynamics are also perturbed near NP−polymer
interfaces.3,4,17,21−23 For example, in a mixture of poly(2-vinyl
pyridine) (P2VP) and highly attractive silica (SiO2) nano-
particles studied by dielectric spectroscopy, P2VP segments
beyond ∼5 nm from the NP surface relax at timescales similar
to bulk while P2VP segments within the bound layer relax
nearly 100 times slower than in bulk.24,25 One may reasonably
expect that these slow segmental relaxations lead to slow
dynamics at longer lengths and timescales, an effect that has
been observed near flat substrates.26−29 For example,
polystyrene diffusion from a hydroxyl-covered silicon substrate
was nearly one order of magnitude slower than in bulk, and
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some chains remained immobile on the timescale of the
experiment.26 In the same system, solvent washing for up to
150 days revealed two populations of adsorbed chains: tightly
bound chains composed predominately of trains and loosely
bound chains composed predominately of loops and tails.28

Using this evidence of slow segmental dynamics near NPs in
PNCs and heterogeneous populations of adsorbed chains at
the substrate interface in thin films, it is reasonable to expect
slow chain-scale dynamics at the NP interface in PNCs with
attractive interactions. These anticipated populations are
schematically represented in Figure 1. In the initial condition
depicted in Stage 1, some chains reside in close proximity to
the NP interfaces and others reside farther from NPs in bulk-
like regions. Free chains in the PNC, i.e., those far from the NP
surface, are able to relax and diffuse at timescales similar to
bulk chains. Thus, after annealing in the melt state on the order
of the bulk chain mobility, this population of polymer will relax
at the chain scale, diffuse, and be replaced by other free chains
(Stage 2). At longer times, weakly bound chains, i.e., those
with few or short trains, are expected to desorb from the NP
surface and exchange with the free polymer. At this stage, only
tightly adsorbed chains will remain from the initial PNC
configuration (Stage 3). At sufficiently long times in Stage 4,
even these tightly adsorbed chains will desorb so that all chains
diffused relative to the initial configuration in Stage 1.
Naturally, the timescales associated with these stages depend
on various parameters such as NP size, polymer molecular
weight, NP−polymer interactions, and temperature.
Distinguishing Stages 1−4 in PNCs remains an experimental

challenge. By contrast, the directionality of thin films facilitates
the separation of bound and free populations. However, some
progress has been made in PNCs. For example, free chains can
be removed by repeated solvent-washing, centrifuging to
separate NPs with the adsorbed polymer from the free
polymer, and then removing the free polymer.11,15,30,31

Recently, this technique was used to fabricate deuterated
P2VP-coated SiO2 NPs that were dispersed in protonated
P2VP and small-angle neutron scattering revealed a decreasing
bound layer thickness with increased annealing time (i.e., from
Stage 2 toward Stage 3).15 Interestingly, lb was found to
decrease from ∼3 to ∼0.6 nm when annealing at Tg + 75 °C,
but lb remained constant after annealing at Tg + 50 °C,
indicating that the desorption process is highly temperature-

sensitive.15 These scattering measurements sample the change
in scattering length density, which depends on isotope
concentration and local mass density19 and subsequently
assign a uniform bound layer thickness. Unfortunately, the
extent to which the bound layer and interfacial polymer
conformations are perturbed by solvent-washing, if at all,
remains unclear. In another study with conventional sample
preparation, the bound polymer layer thickness was inferred by
measuring the SiO2 NP diffusion in P2VP melts.37 These
measurements revealed an effective hydrodynamic radius larger
than the core NP radius by ∼Rg, implying that adsorbed chains
remain adsorbed during NP diffusion.37 Although the length
scale of the bound polymer was determined and Stages 1 and 2
were distinguished, this NP diffusion study did not capture the
internal structure or the stability of the bound polymer at long
times. With limited data sets and few experimental methods,
the understanding of chain-scale dynamics and properties of
the bound layer in melt PNCs, and the dependence on various
parameters, remains incomplete.
In this article, we develop ion scattering methods to quantify

the fraction of bound and free polymers as a function of NP
concentration, polymer molecular weight, annealing temper-
ature, and annealing time. While most techniques define the
bound layer through segment-sensitive properties17−19,24,32,33

or rely on solvent-assisted separation of bound and free
polymers,9,11,15,16,28,31,34 the experiments presented herein
probe the chain-scale structure and dynamics of bound
polymers directly in the melt state. At short times (Stage 2),
our analysis shows that bound chains extend ∼Rg from the NP
surface in the melt and reveal the average surface area per
bound chain. The bound polymer fraction decreases at long
annealing times and depends on annealing temperature and
molecular weight. These results highlight the importance of
chain-scale considerations on the structure and desorption
dynamics in attractive PNC melts, motivate more inves-
tigations at the chain scale, and provide fundamental insights
for stabilizing bound polymer layers.

■ EXPERIMENTAL SECTION
Materials. The poly(2-vinylpyridine) (P2VP) polymers were

purchased from Scientific Polymer Products and used as received.
Partially deuterated poly(2-vinylpyridine), dP2VP, of 130 kg/mol was
synthesized at the Center for Nanophase Materials Science at Oak

Figure 1. Schematic representation of chain-scale relaxations in attractive PNCs. The first chains to relax at the chain scale from the initial
condition (Stage 1) are the bulk-like polymers far from an NP surface, while chains that are bound to the NP remain in their initial configuration
(Stage 2). Next, chains that are loosely bound to the NP surface relax (Stage 3). Finally, at sufficiently long times, all chains have relaxed in Stage 4.
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Ridge National Laboratory. Other dP2VP of 110 and 31 kg/mol were
purchased from Polymer Source, Inc. and used as received. All
polymer molecular weight averages that were characterized by GPC
and polydispersities (compared to narrow polystyrene standards) are
<1.4. We use Tg = 100 °C for all P2VP and dP2VP samples.18 Silica
(SiO2) nanoparticles (NPs) were synthesized following the modified
Sto ber method35,36 with a log-normal geometric mean diameter (dNP)
of 26.1 nm and standard deviation of 3.9 nm, as determined by
analysis of transmission electron micrographs (TEM).37

Bilayer Sample Fabrication. Bilayer samples were composed of
a thin (<150 nm) dP2VP-based PNC film deposited on a matrix of
neat P2VP polymer, as depicted in Figure 2a. Neat P2VP matrices
were made by doctor-blading a solution of P2VP in methanol
(MeOH) (cpoly ≈ 50 g/L) on an ozone-cleaned silicon wafer. Doctor-
bladed films were dried for several hours at room temperature and
then annealed at ∼Tg + 80 °C under vacuum for at least 48 h. The
resulting films were ∼20 μm in thickness.
The PNC films were made from solution as follows. The dP2VP

was mixed with MeOH and allowed to completely dissolve by stirring
overnight. Then, requisite amounts of SiO2 in ethanol (EtOH) were
added to dP2VP/MeOH. The resulting polymer and NP concen-
trations were cpoly < ∼20 g/L and cNP < 7 g/L, respectively. This
solution was stirred at room temperature for at least 48 h to ensure
proper mixing and provide ample time for the spontaneous formation
of the bound polymer layer in the solution.37 To deposit the PNC
films, a thin layer of 2000 kg/mol polystyrene (PS) was first spin-
coated on an ozone-cleaned silicon wafer with a thickness ∼30 nm.
This sacrificial PS layer mitigates potential SiO2 aggregation at the
polar substrate and promotes release of the adsorbing dP2VP PNC
film from the wafer. The dP2VP/SiO2/MeOH PNC solution was
then spin-coated onto the PS-treated silicon substrate to a thickness
between 100 to 150 nm.
To form the bilayer samples (Figure 2a), the PNC film was lifted

from the substrate in DI water (such that the PS layer is facing toward
the water and the dP2VP layer is facing up) and transferred to the
preannealed P2VP matrix. This diffusion couple is placed on a
hotplate at Tg + 50 °C for <20 s to weld the bilayer films and prevent
delamination of the PNC film. Bulk diffusion couples (neat dP2VP on
P2VP) that are used for comparison and to determine the diffusion
coefficient of the free polymer are fabricated in the same manner as
PNC tracer films, without the addition of NPs.
Bilayer films are annealed at the requisite temperatures under a

nitrogen environment (∼0.4 atm) after at least four nitrogen purges.
Temperature equilibration (within ±1 °C) during purging was <1
min. For anneals less than 5 min, only one purge was used.
Ion Beam Measurements. The depth profile of dP2VP was

measured using elastic recoil detection (ERD), which has been used
to measure the tracer diffusion coefficient through the PNC film38−41

and is described elsewhere.38 ERD offers a depth resolution (full
width at half-maximum) of ∼110 nm and depth penetration (for

deuterium) of ∼700 nm, which are large compared to both the NP
and polymer size. In ERD, He2+ ions are accelerated at 3 MeV and
incident onto the sample at 70° off-normal. Light elements, such as
hydrogen and deuterium, are forward-recoiled to a detector at the
complimentary angle. A thin (∼10 μm) Mylar film is used to block
forward-recoiled He2+ ions. The measured energies are converted to
depth profiles through the stopping power of He2+ into the sample,
the stopping power of deuterium or hydrogen leaving the sample, and
the stopping power through the Mylar film.

The depth profile of SiO2 NPs was measured using Rutherford
backscattering spectrometry (RBS), which has been used to measure
the diffusion of tracer NPs into polymer matrices,37,38,40 as described
elsewhere.38 RBS offers a depth resolution of ∼80 nm and a
penetration depth of ∼1 μm (for Si). In RBS, He+ ions are accelerated
to 3 MeV and incident on the sample in normal geometry.
Backscattered He+ ions are collected at a detector 10° off-normal.
The energies of collected He ions are converted to depth profiles by
the stopping power of He+ into and out of the sample.

■ RESULTS

Evidence of Bound Polymer. Figure 2 shows a schematic
representation of the experimental samples and process
(Figure 2a) and representative experimental data (Figure
2b,c). As shown in Figure 2b, the as-cast PNC bilayer samples
contain a mixture of dP2VP (solid green) and SiO2 NPs
(black) in the top ∼150 nm film. We selected material systems
and annealing conditions such that DNP < Dpoly. Therefore,
after short annealing times, the NPs remain in the top ∼150
nm (Figure 2c, black), while the free polymer diffuses into the
underlying matrix (Figure 2c, green). Compared to the
diffusion of neat dP2VP (Figure 2c, open circles), the PNC
bilayer sample annealed at the same conditions contains excess
dP2VP in the top film (where the NPs are located) and a
corresponding depletion of dP2VP beyond ∼200 nm. These
data clearly demonstrate the ability of these experiments to
separate the dP2VP that quickly diffuses away from the PNC
layer and the dP2VP that is slower to diffuse and thereby
establish the timescale for Stage 2. Analysis of these profiles
reveals the amount of bound polymer, and by extending to
longer anneals, the progression from Stage 2 to Stage 3.

Extracting the Fraction of Bound Chains. Akin to
Figure 1, the analysis of the dP2VP depth profiles considers
two populations: bound polymer residing in the top PNC film
(ϕbound) and free polymer diffusion into the matrix (ϕfree).
Thus, the depth profiles are fit to a linear combination of

Figure 2. (a) Schematic representation of experimental samples before and after annealing. Blue and green represent P2VP and dP2VP,
respectively, while black represents SiO2 NPs. (b, c) ERD (green) and RBS (black) depth profiles for 110 kg/mol dP2VP samples with SiO2 NPs
(closed circles, ϕNP = 19 vol %) and without NPs (open circles) for samples before annealing (b) and after annealing for 120 min at Tg + 80 °C (c).
Inset of (b) depicts measurement geometry for ERD (green) and RBS (black). The underlying P2VP matrix in this representative dataset is 250
kg/mol. Schematics in (a) are not drawn to scale.
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ϕbound and ϕfree that is convoluted with a Gaussian representing
experimental resolution.

z z z( ) Res ( ) ( )bound freeϕ ϕ ϕ= × { + } (1)
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where z is the depth, Res is the resolution function, ϕpoly is 1 −
ϕNP, h is the thickness of the PNC film, D is the free chain
diffusion coefficient, t is the annealing time, and Xbound
represents the number fraction of bound dP2VP chains. A
representative fit is provided in Figure 3a.
A step function is used to describe the deuterated polymer in

the PNC layer (eq 2), which after annealing is the signature of
the bound polymer. The ϕpoly and h values in eq 2 are known
from RBS and ERD measurements of the unannealed bilayer
sample (Figure S2). The concentration profile of the free
polymer is described by eq 3 and is the solution to Fick’s
second law for a finite source diffusing into a semi-infinite
medium, as previously reported.37,39,40 The diffusion coef-
ficient of neat dP2VP into the P2VP matrix (Dbulk, Figure S4)
is used to approximate the diffusion of free dP2VP chains
through the NPs in the PNC layer and in the underlying
matrix. Note that the D used to fit the annealed PNC bilayer
samples may be reduced from the bulk diffusion coefficient by
at most ∼25% to improve the fit to ERD data.39,42 In addition,
the tracer PNC film thickness, h, may vary upon annealing due
to asymmetric diffusion between dP2VP and P2VP, i.e., the
Kirkendall effect.43 Thus, the thickness in eq 2 is allowed to
vary between the resolution of ERD (∼110 nm) and the ERD-
measured thickness of unannealed samples, typically 125−150
nm. Importantly, these two parameters (D and h) can be
separately evaluated because they have distinct contributions
to the overall depth profile of dP2VP. Thus, after selecting the
appropriate D (0.75·Dbulk ≤ D ≤ Dbulk) based on the slope at z
> 200 nm, h is selected by the region 100 < z < 200 nm. As a
result, Xbound is the only remaining fit parameter used to
describe the relative concentrations at z < 200 nm (bound
polymer) and z > 200 nm (free polymer).
It is important to note that Xbound is explicitly defined as the

excess dP2VP fraction residing with the NPs in the thin PNC
layer after a given annealing time and not necessarily the
fraction of chains in direct contact with the NP surface.
However, at short annealing conditions, the rate limiting step
for polymer diffusion into the underlying matrix is most likely
desorption from the attractive NP rather than slow diffusion
through the PNC film (i.e., confinement effects imposed by
NPs). Previous studies have established that the reduction in
polymer diffusion coefficient (relative to bulk) through
comparable PNCs is dependent on the interparticle distance
(ID)44 relative to the chain size (2Rg).

39,42 For the most
confining PNC conditions studied herein, the tracer diffusion
is expected to be only ∼2 times slower than the bulk
polymer.39,42 Furthermore, this anticipated slow diffusion of
the free polymer in the PNC lasts only in the PNC film, which
is ∼150 nm in total thickness. In reality, the population

described by ϕbound diffuses orders of magnitude slower than
the bulk. Thus, when chains desorb, they are able to freely
diffuse into the underlying matrix, thereby leading to the
experimental realization of Figure 1.
Finally, the extracted values of Xbound may have uncertainties

associated with fitting the model or sample-to-sample

Figure 3. (a) Representative volume fraction of dP2VP as a function
of depth (circles), total fit (red solid line), contributions from bound
polymer (blue dashed line) and free polymer (green dashed line), and
the actual depth profile without experimental resolution (gray dotted
line). (b) Comparison of fit quality for various values of Xbound, where
the limits are considered poor fits, to demonstrate fitting errors. (c)
Comparison of duplicate samples and measurements showing
reproducibility. Data displayed is for 110 kg/mol dP2VP deposited
on 250 kg/mol P2VP, ϕNP = 19 vol %, T = Tg + 80 °C, and t = 45 min
(a, b) or 180 min (c).
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variability. Figure 3b shows how the fit varies from
experimental data for different values of Xbound with other
variables fixed. We consider Xbound = 0.32 as the best fit, but
shows a variance of ±0.05, where the extremes clearly deviate
from the concentration profiles, particularly at z = 75 and 250
nm. Figure 3c shows replicated samples under the same
conditions to demonstrate small variances between identical
samples. Thus, we estimate an error bar of ±0.03 on Xbound.
Effect of NP Concentration. To explore the role of NP

concentration (ϕNP), we measure the depth profile of dP2VP-
130 (130 kg/mol dP2VP) with SiO2 NP concentrations of 4,
11, and 16 vol %. All samples were annealed for 45 min at 180
°C (∼Tg + 80 °C), and the underlying matrix was 110 kg/mol
P2VP. At these annealing conditions, the characteristic
diffusion length of neat dP2VP-130 is more than 500 nm.
Thus, the free polymer diffuses into the underlying film during
annealing (Figure 4a), while the slower NPs and the NP-
bound polymer remain near the surface (Figure 4b).

As shown in Figure 4c, the extracted Xbound of dP2VP
increases linearly with the NP concentration from the origin.
In PNCs with individually dispersed NPs, the bound fraction is
expected to scale linearly with the NP surface area and thereby
with ϕNP. Thus, the linear relationship in Figure 4c is
consistent with our assertion that Xbound reflects the polymers
adsorbed to the NP surface, as depicted in Stage 2. Note that
Xbound is ∼34% at ϕNP = 16 vol %, indicating that the majority
of polymer chains are free to diffuse and relax at timescales
similar to the neat polymer.
To gain more insight into the quantitative meaning of Xbound,

the concentration profile of the bound polymer around a single
NP can be calculated by assuming an exponential decay as a
function of distance from the NP surface.13,17,19,25 Using a
construct with a single NP in a volume defined by ϕNP and

RNP, the bound polymer (Xbound) was represented by
spherically integrating the exponential profile around the NP
surface

( )
X

r r

R

4 e dR
r R l

bound

2 ( )/

4
3 NP

3 1
NP

NP b

NP

NP

π

π
=

∫
ϕ

ϕ

∞ − −

−

(4)

where lb is the characteristic length of the exponential decay of
the bound polymer concentration. Figure 4d shows the
extracted concentration profiles of the bound layer. The
bound layer extends ∼Rg from the NP surface with lb ≈ 4.9 ±
0.7 nm. This value of lb is independent of ϕNP, as expected, and
is smaller than the chain size (Rg ≈ 9.9 nm15,37), in agreement
with other measurements of the bound layer thickness.3,11,15,37

The result that lb ≤ Rg further supports our assertion that (i)
annealing at 180 °C for 45 min is sufficient for the free
polymer to spatially separate from the NP-bound polymer, i.e.,
Stage 2, and (ii) that our definition and extraction of Xbound
accurately reflect the bound fraction. In addition, the result
that lb is independent of ϕNP suggests that polymer bridging
has little effect on our results, despite the fact that polymer
bridging has been observed through mechanical measurements
at small NP concentrations (ϕNP < 5 vol %)45 and that ID at
16 vol % (∼16.2 nm)44 is slightly smaller than 2Rg (19.8 nm).

Desorption of Bound Polymer. The diffusion of free
dP2VP into the underlying P2VP matrix is relatively rapid (<1
h), as demonstrated in the experimental realization of Stage 2
in Figure 4. However, polymers that are initially adsorbed to
NPs may desorb and become free to diffuse at longer times
(Stages 3 and 4).15,28 Importantly, the NP diffusion must be
restricted to access sufficiently long annealing times. To
impede NP diffusion (Figure S5) without perturbing free
polymer diffusion,39,46 the underlying P2VP Mw was increased
from 110 to 250 kg/mol.37,47,48

First, we measure the bound fraction remaining in the PNC
after long annealing times in an effort to observe Stage 4.
Figure 5b presents measurements of PNCs composed of
dP2VP-31 and dP2VP-110 with ϕNP = 19 vol % deposited on
250 kg/mol P2VP after ∼12 h of annealing at 160, 180, andFigure 4. (a) ERD measurements of dP2VP-130 concentrations and

(b) RBS measurements of NP concentrations as a function of depth
after annealing PNC samples of ϕNP = 4 vol % (light) and 16 vol %
(dark) for 45 min at T = 180 °C. (c) Xbound as a function of ϕNP
showing linear dependence. (d) Extracted concentration of bound
polymer as a function of distance from the NP surface (assuming
exponentially decaying distribution) showing a bound layer thickness
on the order of Rg. The underlying P2VP matrix is 110 kg/mol.

Figure 5. (a) Depth profiles for dP2VP-31 that are unannealed
(black) and annealed at 160 °C (purple) and 180 °C (magenta) for
12 h. (b) Measured Xbound for dP2VP-31 (open symbols) and dP2VP-
110 (closed symbols) as a function of annealing temperature for
annealing times of 12 h (circles) or 13 h (triangle). The P2VP matrix
is 250 kg/mol and the PNC layer has ϕNP = 19 vol %.
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200 °C. Importantly, all dP2VP depth profiles show the
presence of bound polymer, meaning that Stage 4 is not
observed under these experimental conditions. For all
temperatures studied, dP2VP-31 exhibits a lower bound
fraction than dP2VP-110, which is consistent with smaller lb
expected for lower Mw. For a fixed annealing time (∼12 h),
more polymer desorption has occurred at higher temperatures.
Although we observe a sharp decrease in Xbound between 160
and 180 °C, only a modest decrease in Xbound is observed upon
further increasing the temperature to 200 °C.
To probe the kinetics of desorption, i.e., the transition from

Stage 2 to Stage 3, Xbound was measured as a function of
annealing time. As shown in the depth profiles for dP2VP-31
(Figure 6a) and dP2VP-110 (Figure 6b), the dP2VP

concentration in the top PNC layer generally decreases as
the annealing time increases. For dP2VP-31 and dP2VP-110
annealed at 180 and 200 °C, the extracted Xbound are plotted in
Figure 6c as a function of annealing time. Figure 6c shows a
systematic decrease in Xbound with increasing annealing time
and demonstrates ongoing dP2VP desorption from SiO2 NPs.
Furthermore, for these times, smaller values of Xbound are
observed for the lower Mw dP2VP-31 (open circles) and at
higher temperatures (red symbols), consistent with Figure 5b.
For dP2VP-31, after an initial decrease in Xbound upon
annealing, a plateau of Xbound ≈ 5% is observed at both 180
and 200 °C. For longer dP2VP-110 at 180 °C, the initial Xbound
persists and a decrease in Xbound occurs at longer annealing
times. Thus, we observe slower desorption kinetics for larger
polymers and at lower temperatures.

In summary, at short annealing times as demonstrated in
Figure 4, we experimentally separate and identify bound
polymer from the free polymer (Stage 2). Then, upon further
annealing, as demonstrated in Figure 6c, we observe polymer
desorption from Stage 2 to Stage 3. Although the rate at which
chains desorb depends on Mw and temperature, in all cases,
polymers that are initially bound become free after additional
annealing. At long times (as demonstrated in Figures 5 and
6c), some polymer remains adsorbed to the NPs in each data
set, meaning that complete desorption (Stage 4) was not
observed at these experimental conditions.

■ DISCUSSION
Ion Beam Methods to Probe Bound Polymer in PNCs.

Before further discussing the results presented above, this
section will highlight the advantages and challenges of
combining ERD and RBS to measure the static and dynamic
properties of bound polymer in PNCs. These ion scattering
methods are unique in that they measure the chain-scale
structure and dynamics of bound polymer by isolating and
quantifying the bound polymer directly in the melt. Previous
studies have probed chain-scale mobility of polymers (polymer
diffusion) in PNCs39,40,42 and other studies have probed
segmental dynamics at the NP interface,24,25 but a few studies
have probed chain-scale phenomena at the interface.11,15,37 In
addition, many studies that probe the bound polymer layer use
solvent to isolate the bound polymer layer, which may change
the polymer conformations of the bound layer relative to the
melt.11,15,16 Below, we summarize the unique attributes and
limitations of these measurements.

Conventional PNC Fabrication Methods. PNC samples for
these ion beam measurements are fabricated by conventional
solvent-based fabrication procedures so that the observations
are widely applicable. To be specific, we mix a single polymer
component with solvent and NPs and spin-coat the film. Thus,
the bound layer is formed naturally and spontaneously in
solution and densified as solvent is removed. All postprocess-
ing is conducted in the glassy state and separation of bound
and free polymers is done purely in the melt state.

Separate Free and Bound Polymers. Using the sample
geometry in Figure 2a, isolation of free and bound polymers is
achieved by the comparatively faster diffusion of free polymers
from the PNC layer into the homopolymer layer. This spatial
separation of free and bound polymers, as discussed in Figure
3, enables straightforward data interpretation using the simple
model presented in eq 1. The ability to selectively and
independently measure the depth profile of the NPs (RBS)
and deuterated polymer (ERD) in various samples and for
different annealing conditions (t, T) permits informed fitting of
experimental data and, ultimately, accurate delineation of
bound and free polymers.

Measurement of Bound Fraction. This ERD/RBS
measurement directly measures the amount of bound polymer
in the PNC, as opposed to a length scale of the bound layer or
the local dynamics within it. As a result, new information is
available. Although straightforward approximations can lead to
the bound layer thickness (Figure 4d and Figure S3) and
measurements as a function of time can lead to chain-scale
dynamics (Figure 6c), additional information such as the
average NP surface area occupied by adsorbed chains can be
reported (as discussed below). Note that this method, unlike
scattering methods or measurements of hydrodynamic sizes, is
not sensitive to the size, shape, or size dispersity of the NPs.

Figure 6. ERD depth profiles for (a) dP2VP-31 and (b) dP2VP-110
for various annealing times for T = 180 °C. (c) Extracted Xbound as a
function of time. The P2VP matrix is 250 kg/mol and the PNC layer
has ϕNP = 19 vol %. Error bars of 0.03 in (c) are omitted for clarity.
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However, the experimental signal depends intimately on the
interfacial area, which presents an inherent paradox: high NP
concentrations are desired to maximize the signal in the
measurement and low NP concentrations are desired so
adjacent NPs are noninteracting and polymer bridges between
different NPs are minimized. Thus, a good practice is to
measure the bound layer at multiple NP loadings (Figure 4).
Broad Potential for Studying Experimental Parameters.

This experimental method offers a wide array of accessible
experimental parameters, many of which were studied herein,
such as temperature, time, Mw, and ϕNP. Ex situ annealing
provides a wide range of time and temperature without
complicating the ERD/RBS measurements. The two main
requirements for the PNC system are the necessity of
deuterated polymer and slower NP diffusion than polymer
chain diffusion. For the former, it is important to note that
partially deuterated polymer can be used and that these
measurements require very little deuterated polymer (∼10 μg
per sample). For the latter, DNP < Dpoly is naturally true for
many annealing conditions and several PNC systems. When
necessary, the NP diffusion can be slowed down by increasing
the viscosity or even lightly cross-linking the underlying matrix
(e.g., Figure S5). For matrix materials that significantly differ
from the tracer polymer, it will be important to characterize
how the differences impact the measurement. Although not a
requirement, these ERD/RBS measurements are more
convenient for glassy polymers (i.e., Tg < 25 °C). Beyond
these straightforward requirements to the materials, the ERD/
RBS method is applicable to a broad range of PNC systems
and experimental parameters.
Measuring Concentration Profiles. The ability to quantify

the polymer and NP concentrations as a function of depth into
the sample is critical to the success of these measurements.
Here, we use ERD and RBS measurements that require
specialized equipment not commonly available. Other
techniques that are more widely available, such as secondary
ion mass spectrometry, are likely capable of similar measure-
ments of the bound layer in PNCs. Depth-profiling techniques
are insensitive to areal information so complimentary measure-
ments might be needed to probe areal properties (e.g., NP
dispersion).
Characterization of Areal Density. With direct measure-

ment of the number fraction of bound chains (Xbound) and
precise knowledge of the NP surface area (through RNP and
ϕNP), we can report the average surface area occupied by an
adsorbed chain, a parameter that is often difficult to quantify in
the melt. At 180 °C, about 32% of the dP2VP-110 remains as
bound polymer after 45 min (Figure 6c). These annealing
conditions are identical to those in Figure 4c and were long
enough to separate free and bound polymers but short enough
to minimize desorption of initially bound dP2VP (Stage 2), as
supported by the extracted bound polymer layer thickness
(Figure S3). The measured Xbound values can be related to the
total NP surface area to reveal the average NP surface area
occupied by each dP2VP chain (⟨SAchain⟩)
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where ρpoly is the neat polymer mass density and NA is
Avogadro’s number. Equation 5 assumes all bound chains are
dP2VP. Note that at longer annealing times where dP2VP/

P2VP exchange is likely, calculating ⟨SAchain⟩ is unreliable and
therefore not reported.
For dP2VP-110, ⟨SAchain⟩ is ∼14 nm2/chain in the melt

state, which corresponds to an effective areal density of 0.072
chains per nm2. For comparison, the projected areal coverage
of an unperturbed polymer (πRg

2) isolated on the NP surface
is much larger ⟨SAchain⟩ ≈ 260 nm2/chain. This result suggests
that the adsorbed dP2VP has relatively few (or short) trains
and several (or large) loops and tails. Moreover, this areal
density highlights that bound chains are highly interpenetrating
within the bound layer. In contrast, a similar P2VP/SiO2
system was repeatedly solvent-washed to remove the free
polymer and is reported to have a polymer concentration of
∼12 wt %, corresponding to ⟨SAchain⟩ ≈ 60 nm2/chain.15 The
smaller ⟨SAchain⟩ measured by ion scattering in the melt
appears to be the result of solvent washing producing less
bound polymer than in the melt. This observation can be
reconciled in terms of the polymer density in the bound layer.
For an isolated chain, since the polymer density is low, the
chains near the interface occupy more of the surface area. As
the polymer density increases in a polymer solution and more
so in the melt, the densification leads to more polymers near
the interface and therefore more that are bound. This
quantitative comparison further highlights the differences
between the bound layer in solution and in the melt.11

For dP2VP-31, ⟨SAchain⟩ is 5.8 nm2/chain (areal density of
0.17 chains per nm2) at the shortest annealing time accessible
at 180 °C (5 min). The measured ⟨SAchain⟩ relative to the
projected chain size, ⟨SAchain⟩/πRg

2, are 8.0 and 5.3% for
dP2VP-31 and dP2VP-110, respectively. This difference
suggests that a larger percentage of segments in dP2VP-31
chains are adsorbed on the surface of the NP. This observation
is consistent with the model previously proposed from
broadband dielectric spectroscopy (BDS), pycnometry,
SAXS, and IR and X-ray spectroscopy studies, which indicate
that shorter chains pack more efficiently at an interface.17,25,32

It is also somewhat surprising that the chains in both PNCs
occupy, on average, relatively small amounts of the NP surface
yet still exhibit long-lived adsorption. Although we begin to
interpret these dynamic results further in the next section, it is
important to note that our analysis of ⟨SAchain⟩ reveals an
average areal density and whether the distribution is narrow,
broad, or multimodal remains unclear. As others have
discussed,3,11,15,28 we expect the ⟨SAchain⟩ of individual chain
can deviate strongly from the average and can be
phenomenologically described as ranging from weakly to
strongly adsorbed.

Collapse of Desorption Data. Data in Figure 6c
characterizes the desorption of bound polymer as a function
of time for different annealing temperatures and Mw. To gain
insights into the mechanism and microscopic parameters that
influence the lifetime of the bound layer, we scale the
annealing time to different polymer dynamic processes. Since
the P2VP/SiO2 interaction and adsorption are fundamentally
at the segment scale, Figure 7a shows Xbound as a function of
annealing time normalized by the segmental relaxation time, τα,
of the neat polymer (obtained from ref 18). Although the data
from 180 and 200 °C seem to overlay on each other, τα fails to
capture the effect of Mw, suggesting that bound polymer
desorption also requires consideration of polymer chain length
or cooperative motion. Since this measurement fundamentally
monitors the diffusion of the chain from the NP surface, Figure
7b shows Xbound as a function of annealing time normalized by
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the chain-scale mobility, given by the reptation time in bulk
polymer (τrep = Rg

2/Dchain, Supporting Information). The
Xbound data for two molecular weights, three annealing
temperatures, and a range of annealing times collapse
reasonably well. Note that error bars of ±0.03 on Xbound are
omitted for clarity. The current data set spans a range of 102−
106 τrep and the bound fraction decreases by nearly 6 times,
from ∼30 to ∼5%, over that timescale. On average, these
chains desorb ∼104 times slower than bulk τrep but even after
annealing for times longer than ∼106 τrep, some polymer
remains adsorbed. Chain desorption occurring after more than
1010 τα or 103 τrep, if they desorb at all, is particularly
noteworthy considering the relatively small average ⟨SAchain⟩
we calculated using eq 5. We speculate that the chains with
relatively few adsorbed segments (and therefore lower local
SAchain) are the ones we observe desorbing while those with
more absorbed segments (and therefore higher local SAchain)
are the bound chains that persist beyond ∼106 τrep. It remains
unclear how the polymer conformations and distribution of
them within the bound layer change during annealing,
desorption, resorption, and exchange.

While it remains to be tested if this collapse will apply to a
broader range of PNCs and conditions, the effective collapse of
the current data implies significant cooperativity and chain
length dependence of desorption of P2VP from SiO2. The
observed correlation between polymer desorption and t/τrep in
Figure 7b highlights two important dependences: temperature
and chain length. The temperature dependence is largely
captured by the temperature dependence of polymer dynamics
(i.e., friction coefficient) as opposed to an activation energy. In
fact, normalization of the annealing time to either τα or τrep
reasonably collapses data from the same Mw, which is
consistent with the fragility of chain-scale and segmental
mobilities often being comparable.49 The desorption kinetics
may become decoupled from polymer dynamics as the
temperature approaches Tg, but desorption will slow
precipitously and may be experimentally inaccessible. The
dependence of desorption on chain length, where t/τrep ≈ N3

for entangled chains, could be influenced by the fact that larger
chains have (i) slower intermediate and chain dynamics in
bulk, (ii) more adsorbed segments per chain, and (iii) likely
more or longer trains per chain. It is important to note that all
polymers in our measurements are entangled (M > Me), and
although it remains unclear how the entanglement network
and constraint release is perturbed in the bound layer,37,40,50

this may contribute to the observed chain-length dependence
in Figure 7.
Our results clearly demonstrate that polymer desorption

from attractive NPs in the melt is more than a segmental
phenomenon, is cooperative in nature, and is complex. Despite
our observation in Figure 7, it remains unclear if desorption is
dictated by a segmental relaxation rate and chain-length
dependent adsorption energy or, conversely, a chain-scale
relaxation rate and a chain-length independent adsorption
energy. One may reasonably expect the timescale of desorption
to be related to the product of a segmental relaxation time and
exponential of the adsorption energy. In this light, one can
imagine incorporating another term into the normalization of
Figure 7a that accounts for an adsorption energy that changes
with molecular weight. This difference in adsorption energy
may result from a different average length of trains, distribution
of loops and trains, or reflect some longer-lasting cooperativity.
The current data set is insufficient for this level of analysis or
the definition of this adsorption energy. Alternatively, the
collapse in Figure 7b may suggest that the chain-scale
relaxation plays a dominant role and the effective energy
term is on the order of ∼104 and constant with the molecular
weight. A physical interpretation of this may be that the rate
limiting step for desorption is chain diffusion away from the
NP surface. In other words, interfacial segments can desorb
and readsorb (which occurs on the order of 10−5 s according to
BDS)17,24 until the chain diffuses away from the NP surface
(which occurs on the order of 103 s according to Figure 6c).
Although our results in Figure 7 begin to interrogate the
complex and multiscale questions associated with polymer
desorption from an NP surface, many answers remain elusive.
Future experimental and theoretical efforts are required to
provide more insight into the underlying physics, development
of a mechanistic description, and documentation of the
microscopic properties and parameters that dictate bound
layer desorption in polymer melts.

Figure 7. Rescaled desorption data from Figure 6c. The experimental
Xbound is plotted as a function of (a) annealing time normalized to
segmental relaxation time (τα) and (b) annealing time normalized to
chain reptation time (τrep).
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■ CONCLUSIONS
The combination of ERD and RBS experiments separates,
identifies, and quantifies spontaneously formed bound polymer
layers in polymer nanocomposite melts and reveals new static
and dynamic properties of bound polymers. Unlike most
measurements of bound polymers in PNCs that rely on
solvent-assisted removal of free chains9,11,15,16,28,31,34 or define
bound and free polymers through segment-sensitive techni-
ques,17−19,24,32,33 these ion scattering methods define the
bound layer in the melt through deviations in the chain-scale
dynamics. Three populations of chains are observed in our
measurements: free chains diffusing at bulk-like timescales,
weakly adsorbed chains that desorb at timescales ∼104 times
slower than bulk polymer diffusion, and strongly adsorbed
chains that remain bound for these experimentally accessible
timescales. These ion scattering measurements reveal a bound
layer thickness of ∼0.5Rg, that bound polymer extends ∼Rg
from the NP surface, and the average surface area occupied by
bound chains in the melt, which is much smaller than
predicted by an isolated chain model or measured in solution.
Polymer desorption increases with annealing time and the
polymer desorption kinetics depends on temperature and chain
length. This study provides a framework to understand bound
polymer structure and desorption in the melt and to guide the
design and evaluation of more stable interfacial layers. Our
results and observations motivate theoretical and further
experimental inquiries into the kinetics and mechanisms of
polymer desorption from NPs and their dependence on
various PNC properties.
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