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Abstract

Despite wide use of polymer nanocomposites (PNCs) in various applications, our understanding
of microscopic parameters controlling their macroscopic properties remains limited. In this study,
we examine the dielectric strength of segmental dynamics Agi(T) in the interfacial polymer layer
surrounding nanoparticles in PNCs. The presented analysis reveals significant drop in Agi.(T), and
its anomalous temperature dependence in polymer layer adsorbed to nanoparticles. The drop in
Aei(T) was observed in all samples regardless whether segmental relaxation time in the interfacial
layer was slower or faster than in the bulk polymer, excluding interpretation of the ‘dead’ layer.
We ascribe the observed decrease in the dielectric strength to the restricted amplitude of segmental
relaxation in the interfacial/adsorbed layer. Our results provide new perspective on discussion of
dynamics in the interfacial layer in PNCs and thin polymer films, demonstrating that not only

segmental relaxation time but also its amplitude can be strongly affected by the interface.

Keywords: Polymer nanocomposite; interfacial layer; dielectric properties, segmental dynamics,

grafted nanoparticles, thin polymer films

Introduction

Polymer nanocomposites (PNCs) with nanoscale fillers dispersed in a polymer matrix are widely
used in many applications and have generated extensive research interest in materials science **°.
This interest is caused by a wide range of macroscopic properties that can be achieved in PNCs. It
becomes clear that the interfacial layer formed around nanoparticles plays a critical role in defining
these macroscopic properties!’. The thickness of the interfacial layer in PNCs is usually in the
range ~2-6 nm"29-2° Interfacial layer is also formed in polymers confined to nanopores 2 and in
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thin polymer films 274, It was shown that characteristic structural (segmental) relaxation time in
the interfacial layer might differ significantly from that in the neat polymer 2031 3438, 40-41,43,45-51
it can be faster or slower depending e.g. on polymer — nanoparticle (or substrate) interactions. Also
mechanical properties in the interfacial layer differ significantly from that of the bulk polymer,

leading to substantial mechanical reinforcement of PNCs 8 14 46:52-53,

In current literature interfacial layer sometimes is confused with the bound polymer layer. Bound
layer (see Sketch 1) is formed by the molecules adsorbed at the interface, and its thickness is
usually comparable to the radius of gyration (Rg) of the adsorbed molecules #65% 5456 (unless the
distance to another interface is smaller than Rg). Bound layer is formed in solution and might
depend on the solution used *’. The bound layer in PNCs provides repulsion between nanoparticles
at higher loading and helps to improve their dispersion ¢ %, It also slows down diffusion of
nanoparticles in polymer melt by increasing their hydrodynamic radius °* 58, Although it was
shown that estimates of the bound layer thickness might depend on the method used®, it is
generally accepted that the thickness of the bound layer (non-confined between interfaces)

increases with the molecular weight (MW) of the polymer®® %4,

The interfacial layer is defined as the region with the properties of the polymer changed by the
presence of the interface (see Sketch 1). These can be changes in density, segmental relaxation
time, mechanical properties, etc. 2024 28.34,38,52:53,59-60 1y contrast to the bound layer, the thickness
of the interfacial layer shows no significant dependence on molecular weight %3, but it increases
with chain stiffness and upon cooling 1" 225, It has been also shown that the thickness of the
interfacial layer decreases with the decrease in nanoparticles size ®* (although authors called it

bound layer).
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Sketch 1. Difference between the bound and the interfacial layer. The bound layer is formed by
adsorbed (blue) chains and its thickness, dsL, increases with polymer MW, while interfacial layer
is formed by adsorbed and free (green) chains, and presents the polymer region with properties
affected by the presence of the interface. Its thickness, di, is essentially MW independent, and

increases with chain rigidity and upon cooling®” 202,

In many PNCs and thin polymer films, the interfacial layer shows segmental relaxation
significantly slower than in the bulk polymer?® 24 28.34.38.53,59 'Qne of the best techniques to study
the segmental dynamics in these systems is the Broadband Dielectric Spectroscopy (BDS) 2034 36
6265 Advantages of BDS are extremely broad frequency range (more than 10 decades) and very
high accuracy. It has been noticed that the segmental peak in the dielectric spectra of PNCs
broadens on the low-frequency side, and decreases in amplitude stronger than expected from the
polymer volume fraction 2% ®% 6 The authors of study ®* ascribed this lost amplitude of the bulk-
like dielectric response to the ‘segments immobilized in the bound layer”. However, more detailed
analysis of the dielectric spectra revealed that the segments in the interfacial layer are not
immobilized, but slowed down significantly, leading to the additional dielectric response at lower
frequencies 2 %1, MD simulations of PNCs and thin films also revealed a gradient of segmental
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relaxation time in the interfacial layer, but no frozen or immobilized segments ®’-"°. Recent analysis
of bound layer in PNC using small angle neutron scattering and partially deuterated polymer*®
reveals significant exchange of the adsorbed and free chains, again emphasizing that the adsorbed

chains remain mobile, although slowed down significantly.

Many earlier BDS studies provided critical information on dynamics of the interfacial layer 2% 3*
62-65.71 These PNCs studies were traditionally focused on explanation of changes in characteristic
segmental relaxation time of the interfacial layer 7i.(T), while not much attention has been paid to
analysis of the dielectric strength of segmental dynamics in the interfacial layer, Agi (T). Detailed
studies of thin polymer films revealed significant reduction of the dielectric strength of segmental
relaxation 28313344 1t was demonstrated that regardless of whether segmental dynamic in thin
films is getting faster or slower than in the bulk polymer (i.e. the glass transition temperature Tg
decreases or increases), segmental Ae always decreases 2831 3344 As we mentioned above, a
decrease of the amplitude of the bulk-like segmental peak in the dielectric spectra of PNCs, Ag,
has also been noticed earlier 28-31: 3334, 3644, 66 Thjg decrease, however, was assigned to segments
in the interfacial layer that might contribute to the dielectric spectra at lower frequency. There are
only a few papers that analyzed the dielectric strength of segmental relaxation A (T) in the
interfacial layer in PNCs?% %6 7273 They all revealed a significant decrease in the dielectric strength
of the interfacial layer. One of the obvious ideas proposed to explain this effect is the ‘dead layer’
model, 3% 4 7 implying that the significant fraction of segmental dipoles being frozen and not
contributing to the dielectric response. The idea of ‘dead’ (or glassy) layer has been widely used
in many studies to explain various experimental results in PNCs and thin polymer films 27 3% 66, 74-
76, However, as was mentioned above, there are many experimental and simulations data that
contradict the idea of ‘dead’ layer and emphasize that the dynamics in the interfacial layer is not
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frozen, although can be much slower than in the bulk 2021254559 Thys, the suppression of the
dielectric strength of segmental dynamics in the interfacial layer might have different mechanism,
and its understanding can provide additional critical information on properties of the interfacial

layer, and might have fundamental implications for the fields of PNCs and thin films.

This article focuses on analysis of the dielectric strength of segmental relaxation, Agi(T), in the
interfacial layer in various types of PNCs. We specifically chose a well-studied model system -
poly(2-vinyl pyridine) (P2VP) with silica nanoparticles. We used nanoparticles with grafted
polymer chains (GNP), regular PNC and nanoparticles with only adsorbed polymer layer (APL).
The latter system is the PNC where polymer chains non-adsorbed and weakly adsorbed to
nanoparticles (NP) were removed by centrifugation. Thus, only strongly adsorbed polymer chains
remains in the APL samples. In all cases, we found significant decrease in the dielectric strength
of segmental dynamics in the interfacial/adsorbed layer. Interestingly, however, Ag(T) in APL
shows anomalous temperature dependence: It decreases with cooling, while in neat polymer and
GNP the Ag(T) increases with cooling (normal Curie law). At the same time, the average segmental
relaxation time in the adsorbed layer does not differ significantly from that of neat polymers. We
ascribe the observed changes in Ag(T) to the restriction of the amplitude of segmental motions in
the interfacial layer. We propose a simple model that explains the observed results without

involving ‘dead’ layer.

Material and Methods

Adsorbed Polymer Layer samples: To focus on the dielectric response of a polymer in the
nanoparticles vicinity, we prepared samples of nanoparticles with only adsorbed polymer layer

(APL), where not adsorbed or weakly adsorbed chains were removed. We choose the well-studied



P2VP/silica nanocomposites as a model system. P2VP with molecular weights (MW) 9kg/mol,
36kg/mol, 101kg/mol, and 400kg/mol were purchased from Scientific Polymer Products.
Monodisperse colloidal silica nanoparticles (D = 20 nm) were synthesized by the modified Stober
method according to previous reports '8, In order to prepare the APL samples, a polymer and
nanoparticles were dissolved in ethanol and spun overnight. Then, the solution was centrifuged in
2mL vials for one hour. The solution (containing the free P2VP polymer) at the top of the vial was
removed and the precipitate (nanoparticles with adsorbed polymer) at the bottom was re-dissolved
in ethanol via sonication for 10-15 min. This procedure was repeated twice, meaning the sample
was centrifuged 3 times. After the final centrifugation, the precipitate was removed from the vials
and allowed to dry in a Teflon dish overnight. To remove any remaining solvents, the samples

were annealed at 120°C in vacuum for at least one week prior to measurements.

Thermogravimetric analysis (TGA) was employed to estimate the weight fraction of
nanoparticles in the samples. The samples were heated in air to 900°C at a rate of 20°C/min using
a Discover Q50 instrument (Fig. S1 in SM). The level reached at T ~ 800C was used to estimate
the weight fraction of silica nanoparticles.

Broadband Dielectric Spectra (BDS) were measured in the frequency range of 1072 —107 Hz,
using a Novocontrol Concept-80 system with Alpha-A impedance analyzer. Temperature was
controlled by a Quatro Cryosystem with a stability of £0.1 K. All samples were measured between
two gold-coated electrodes. The APL samples did not form a good stable film in a hot press, and
were measured as a pressed powder. The samples were equilibrated for 20 minutes at each T prior
to the measurements. Measurements started at the highest temperature, and the cooling was done

in 5°C steps.



Result and Discussion

Thermogravimetric analysis (TGA) data of APL samples (Fig. S1 in Supplementary Materials
(SM)) reveals that the mass fraction of the adsorbed polymer increases from ~25wt% for lowest
molecular weight polymer to ~40wt% in the highest MW sample (Fig. 1). Using the obtained

weight fraction of the silica particles, ¢, their radius R, =10nm, and density p,, = 2.45 g/cm?,

and assuming that the polymer forms a homogenous layer around nanoparticle with the density of

the bulk polymer ppoiymer, We can estimate the expected thickness of the adsorbed layer (Fig. 1)
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Figure 1. Weight fraction of nanoparticles in the APL samples, ¢y, (black open squares);
expected adsorbed layer thickness (red full squares) and ratio d/Rq (black full squares) calculated

from the Eq. (1).
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The analysis suggests (Fig. 1) that the expected thickness of the adsorbed layer is ~2-3.5 nm and
increases slightly with MW, while its ratio to polymer radius of gyration, d/Rg, decreases sharply
with MW suggesting formation of pancake-like structure. We emphasize that the estimated d is
not the real thickness of the adsorbed layer, because most probably the polymer density in this
layer is significantly lower than in the bulk, especially for higher MW samples. Thus, the thickness

presented in the Fig 1 is the lower estimate of the adsorbed layer thickness.

. . . . 11 e
T=393K T=433K b) ——453K MW =400 kg/mol T = 403 - 453K, AT = 5K

QD
Na”

Neat polymer
(Ae decreases)

APL, ¢"x 8
(Ae increases)

oo
0°00%%0
o° %o

Dielectric losses, "
Master Plot "/e

%o

o
oooooo
0© o

oooooo

400 kg/mol °o%,

10° 10! 10° 10° 10° 10° 10° 0-8_ o g T i
Frequency, f [Hz] Frequency, #f

Figure 2. a) Dielectric loss spectra of neat P2VP (lines) and APL samples (symbols) with

MW=400kg/mol at T=393K (blue) and T=433 K (red). For convenience, the spectra of APL

sample are multiplied by a factor of 8. b) Master plot of the dielectric losses for segmental

relaxation in APL sample with MW = 400kg/mol reveals no significant change in the peak shape

with temperature.

Broadband Dielectric Spectroscopy measurements were made in a wide temperature range from
313K up to 453K. The data measured on cooling and heating show good reproducibility,

emphasizing no aging or other effects occur during the measurements. We note that the absence



of changes on heating and cooling does not exclude that the samples are in some none-equilibrium
state. They might be in a deep metastable state that does not change even on time scale ~10%° times
longer than characteristic segmental relaxation time. Analysis of the dielectric response of
segmental relaxation in adsorbed polymer layer reveals two important results (Fig. 2a): (i)
significant (~30 times) drop in the amplitude of segmental peak, when the weight fraction of the
polymer is still ~40%; and (ii) surprising decrease of the amplitude upon cooling, while neat
polymer exhibits the typical increase upon cooling (the Curie law). The spectrum of segmental
relaxation in adsorbed layer appears extremely broad (Fig. 2, and Fig. S2 in SM) reflecting broad
distribution of relaxation times. The latter is caused by a gradient in segmental dynamics with
slower dynamics at the nanoparticle surface and faster dynamics at the free surface of the adsorbed
layer. However, the shape of the peak in the APL systems shows no significant changes with

temperature (Figure 2b).

To provide a quantitative analysis, the dielectric spectra were fit to a single Havriliak-Negami

function, conductivity term and Jonsher’s correction of the low frequency part

A A
% , + ¢ 5 (2)

e*(w)=¢, +- -
0z, (i) [1+(iot)" |

Analysis of the fit results reveals that the characteristic relaxation time of segmental dynamics in

1 1
APL samples estimated from the peak position, z{sin( apr Ha {Sin(ﬂﬂ " is
e 2(1+B) 2(1+B)

comparable or even faster than in the neat polymer (Fig. 3a and Fig. S2 in SM). This is in contrast

to the segmental relaxation in PNC and GNP samples, where it is usually slower than in the neat

samples (Fig. 3) 232%61.6475 Thys, acceleration of segmental dynamics in polymer adsorbed to an
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attractive surface is unusual, but has been reported earlier for poly(propylene glycol) (PPG)
adsorbed to silica nanoparticles ’°, for PMMAVsilica PNCs®, for PMMA/Ag PNCs®! and in thin
polymer films2® 494144 "In our case, this effect is more pronounced for higher molecular weight
systems (Fig. 3a). In earlier papers®®®2 the counter-intuitive acceleration of segmental dynamics
was ascribed to additional free volume in these systems. Following the same idea, we ascribe the
observed effect to a frustration in packing of long chains in the adsorbed layer that creates extra

free volume and accelerates segmental dynamics.

The most intriguing result, however, is the strong decrease in the amplitude of segmental peak in
BDS spectra of the interfacial/adsorbed layer and its anomalous temperature dependence (Figs. 2a
and 3c). The dielectric strength of interfacial/adsorbed layer Agy, = Agpgqs/(1 — djp) in APL
systems is roughly 5-10 times lower than in the neat polymers, and it decreases upon cooling for
all molecular weights (Fig. 3c). To broaden the analysis, we also include our earlier published data
for P2VP-based PNC from #>%3 and GNP from 24, and for poly(vinyl acetate) (PVAc) based PNC
from *. In the data analysis, in the case of short (MW~6kg/mol) grafted P2VP chains the entire
polymer fraction was considered as the interfacial layer 24, while analysis of the interfacial layer
spectra in PNCs was done using the Interfacial Layer Model 2% %°, Analysis of BDS data reveals a
significant slowdown of the segmental dynamics in GNP and PNCs (Figs. 3a, 3b). However,
AeiL(T) of the interfacial layer in PNCs is suppressed as strongly as in APL samples (Figs. 3c, 3d),
while AgiL(T) in GNP shows the behavior in between those of the neat and adsorbed polymers
(Figs. 3c). Thus, regardless of whether average interfacial segmental dynamics is getting slower
(GNP and PNC), remains nearly the same or even accelerates (APL), the dielectric strength of the
interfacial segmental dynamics is always suppressed (Fig. 3). These results are similar to the earlier

observations in thin polymer films where segmental Ae always decreases with decrease in film
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thickness, regardless whether the film Ty increases or decreases (i.e. segmental dynamics slow

down or accelerate) 28313344,
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Figure 3. (a, b) Temperature dependence of the ratio of the segmental relaxation times (half-filled
symbols) in the interfacial/adsorbed layer (IL), T, to that in the neat polymer, Tneat. (C, d)
Temperature dependence of the dielectric strength of the neat polymer, Agneat (Closed symbols),
and of the interfacial/adsorbed layer, AeiL (open symbols). a) and c) present the data for neat P2VP
and APL samples with MW=400kg/mol (black squares); 36kg/mol (red down triangles) and
9kg/mol (blue circles). P2VP PNC data are from °3. Magenta stars present data for GNP and neat
polymer with MW=6kg/mol (data from 2%). b) and d) present the data for neat PVAc with
MW=40kg/mol and for the interfacial layer in PVAc-based PNC with 2 different nanoparticle

loadings estimated using Interfacial Layer Model, data from 2045,
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Thus, the decrease in the dielectric strength of the segmental peak is a general behavior for the
interfacial layers in PNC, GNP, adsorbed polymer layer, and thin polymer films. What is the origin
of this suppression in the dielectric signal? In a simple approximation, neglecting Onsager local
electric field corrections and presenting polymer chain as a set of segmental dipoles, the relative

dielectric strength of polymer can be described as 83

_ N _ gNp?
A’f’:neat - V_g - éngi'I{V’ (3)

where N is the number of dipoles per volume V, u is the segmental dipole moment and g is the
Kirkwood-Frohlich factor that accounts for dipole-dipole correlations. The decrease of Ag in thin
films was interpreted as a decrease in the number of participating dipoles N in comparison to the
neat polymer, i.e. to the so-called ‘dead layer’3h 34 3% 4374 " A similar interpretation was recently
proposed for the description of the reduced Agi in PNC 8. It has been shown, however, that in the
case of many PNCs there is no significant ‘dead’ layer, and segmental dynamic just slows down
21,2545 The observed acceleration of average segmental dynamics in APL (Fig. 3) also seems
contradictory to the idea of the dead layer. Moreover, our results reveal that although interfacial
segmental dynamics in GNP is significantly slower than in APL (Fig. 3a), the decrease in the
dielectric strength in GNP is much weaker (Fig. 3c). These observations reveal a very important
property of the dynamics in the interfacial layer: behavior of segmental relaxation time and
segmental relaxation amplitude in the interfacial layer can differ strongly. Furthermore, no
significant change in the spectral shape of the segmental peak in APL with temperature (Fig. 2b)
excludes a possibility of unfreezing the ‘dead’ layer with temperature as the major reason for the
observed temperature changes in Ag(T). Indeed, a significant additional broadening would be

expected on the low-frequency side of the segmental peak with ‘unfreezing’ dipoles from the dead
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layer. No this low frequency broadening has been observed in the experiment. Thus, there are
several results contradicting to the idea ascribing the reduction of Ae to the ‘dead’ layer in PNC.

Alternative explanation can relate the observed changes in Ae to the constrained amplitude of
segmental relaxation caused by specific chain conformations in the interfacial layer and segmental
dipole’s correlation. To the best of our knowledge, this scenario has not been discussed in

literature.

It is important to emphasize that earlier analysis of the dielectric strength in the interfacial layer of
glycerol/silica composites revealed no significant change in the amplitude As 2% #. Glycerol
molecules are small and there is no particular restrictions on the amplitude of their reorientation in
the interfacial layer, their dynamics just slow down 284 This result emphasizes importance of the
chain connectivity and specific role of chain conformations in the interfacial layer in restricting
the amplitude of segmental Ae(T). The chains are expected to be stretched in the interfacial layer
in GNP and PNC 52:8, As a result, the reorientation of the segments (and of the associated dipoles)
is limited on the segmental time scale. This time scale might not differ much from the segmental
relaxation time of the neat polymer due to competing effects of the chain adsorption, stretching
and packing (density) 2* 523, However, the amplitude of the dielectric strength will be strongly
suppressed due to the restricted amplitude of segmental reorientation. The most probable chain
conformation in the adsorbed polymer layer, especially at high MW, is a pancake-like structure 8¢
87 The amplitude of the segmental reorientation will be also limited in the pancake-like structure,
especially in the out-of-plane direction. This idea of restricted segmental amplitude in the
interfacial layer is supported by recent Neutron Spin Echo studies of GNP 8, where it was found
that the intermediate scattering function associated with the relaxation of grafted chains does not

decay completely to zero. Instead, there is a non-relaxing part that depends on the scattering wave-
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vector Q, similar to the behavior of confined diffusion with confinement length defined by the
polymer grafting density . Non-relaxing part of the intermediate scattering function was also
observed in the (NSE) studies of solutions of polybutadiene chains adsorbed to carbon black

nanoparticles %,

Restricted amplitude of segmental relaxation in the interfacial layer leads to a limited angle of the
dipole reorientation. To describe this restriction theoretically, one needs to introduce a specific
potential for the angle of the dipole (segment) reorientation, and this potential should have a
gradient changing with the distance from the interface. Thus, a detailed microscopic description
of this effect presents significant theoretical challenge. Instead, we use a simple assumption that
segments can freely fluctuate in a conical angle 23, but any larger angle reorientation requires to
overcome a fixed potential energy barrier U (cartoon in Fig. 5b and Fig.S3). In this case we can

rewrite Eq.(3)
Nl ggds N, ——=
Aepgs = (1= dNp) =55 = (1 — dp) 7o (HCOSB)yp, (4)
where (...)yp defines an averaging of the potential wells around nanoparticle and cos® is an

averaging of the angle between the dipole moment and the electrical field inside the potential well

Ew-U Ew-U

cosB = [cos(Ep) e k8T dQ/ [e k8T dQ. (5)
Thus, instead of changing the numbers of the dipole moments, N, as assumed in the ‘dead layer’
model, we introduce the restricted amplitude of the dipole reorientation caused by interactions
between stretched neighbor chains. In usual unrestricted case (Eqg. (3)), contribution of each dipole
is proportional to u? (neglecting dipole-dipole correlations). Restriction of the dipole reorientation

angle leads to a decrease of the dielectric signal produced by each dipole (Egs. (4) and (5)), and is

15



controlled by average cosf. The calculation of (5) (for details see SM), assuming that pE /kgT <

< 1 (usual conditions for BDS experiment), provides simple relationship

Agpq gNu? 2 sin?§
Agyp, = — 1- = 6
L™ (1—¢7) 3kBTV( . f 2(coth(U/2kpT)—coss)’ (6)
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Figure 4. The model data obtained from the Eq.7 for different value of potential barrier U (a) and

angle 6 (b)

Using the definition of A, = gNp®/3k,TV , we can write

ASIL _ ASAds _ :(1_ fz) (7)
Ag Neat Ag Neat (1_ d)NP)

Predictions of the model Eq.(7) in a wide temperature range for different values of potential barrier
U and angle & are presented in the Figures 4a and 4b.

In the limit of high temperatures (U < kgT), we have f — 0 , and the Eq.(7) reduces to the
classical result Eq.(3), i.e. Agy, = Ag,eqat- In CONtrast, in the case of U/kgT > 1, Eq.(7) predicts a
temperature independent behavior for the ratio Agy;, /Agpeae = 1 — cos*[8/2] (Fig. 4). At small &

this ratio will be significantly smaller than 1, emphasizing that the dielectric response can be
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strongly suppressed without decreasing the number of contributing dipoles. In the intermediate

case, the Eqg. (7) may be approximated by

%:t~exp (— RBLT) (8)
Analysis of the experimental data (Fig. 5a) indeed revealed that the ratio Aei/Agneat in PNCs is
essentially T independent, corresponding to the case U/kgT > 1. Moreover, the temperature
dependence of the ratio for the APL, GNP and PVAc-based PNC at low loading follows well the
Arrhenius dependence Eq.(8) (Fig. 5a). The latter provides estimate of the potential energy barrier
U, which decreases with molecular weight of the adsorbed polymer (Fig. 5b). This decrease might
be caused by the lower density of longer polymer chains adsorbed to nanoparticles that imposes
less restrictions on reorientation of segments. Even smaller activation energy appears for grafted
chains and for the interfacial layer in PNC with only 6vol% of nanoparticles (Fig. 5b). This result
emphasizes that chain stretching in GNP and PNC with low nanoparticles loading imposes weaker
restrictions on amplitude of segmental reorientation than the pancake-like structure in APL.
However, when chain in PNC is confined between NPs, i.e. when the distance between NP surfaces
is smaller than 2Rg of the chains (the case for both P2VP-based PNCs with ~26vol% >3 and for
PVAc-based PNC with 23vol% of NPs 2% 4%), the energy barrier for softening of the segmental
reorientation is much higher. The latter leads to temperature independent AgiL/Agneat. We want to

emphasize that according to the proposed model, temperature independent Agi/Agneat does not

mean U =0, but corresponds to a very high potential barrier U >>k,T (see Figure 4a).

APL samples present especially interesting case (Figs. 3 and 5). Although the nanoparticles
loading in APLs is high, the density of the adsorbed layer should be lower in comparison to PNCs.

This density should decrease with increasing of molecular weight due to larger frustration in
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packing of longer adsorbed chains. Lower density (higher content of free volume) leads to faster
segmental dynamics of the adsorbed layer, which is even faster than in the neat polymer at higher
MW of the adsorbed chains (Fig. 3a). This lower density also leads to lower energy barrier U for
restricted segmental fluctuations. As a result, the activation energy estimated from Eq.(8)
decreases with increase in MW (Fig. 5b). It is easier for the polymer chains to overcome the
potential barrier U at higher temperatures, and this leads to a larger angle of segmental fluctuations.
This explains the anomalous increase of Ag;;, (T) with temperature (Fig. 3c) observed in the APL
samples. It is alternative explanation to the dead layer model, where it is assumed that number of
contributed dipoles into the dielectric response increases at high temperature (unfreezing of dipoles
in dead layer). At present, we don’t have a microscopic picture that would relate the estimated
activation energy (Fig. 5b) to specific polymer parameters, conformations of polymer chains, their

density or stretching in the interfacial/adsorbed layer or in the grafted chains.
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Figure 5. a) Temperature dependence of the ratio Agi/Agneat In various APL, PNC and GNP
samples. b) Molecular weight dependence of the estimated activation energy for adsorbed layer

(filled black symbols), for GNP (open magenta star) and PVAc-based PNC with 6vol%
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nanoparticles (filled red circle). The cartoon illustrates model assumption for the potential
restricting angle fluctuations of a polymer strand, it is zero for conical angle &, and U for larger

angles. For details of the model see SM.

We want to emphasize that detailed BDS studies of thin polymer films revealed that the thickness
of the interfacial layer with changed Ag(T) is significantly larger than the thickness of the layer
with changed segmental relaxation time 3+ 44, This clearly demonstrates a decoupling in behavior
of characteristic time and amplitude of the segmental dynamics in the interfacial region, providing
another contradiction to the idea of a ‘dead layer’. At the same time this decoupling can be
explained by the proposed here mechanism: Effect of specific chain conformation (e.g. chain
stretching) induced by an interface can propagate over larger distance, independently of
characteristic length scale of changes in segmental relaxation time. Thus, change in Ag can
propagate to much longer length scale, while characteristic segmental relaxation time in the
interfacial layer is affected not only by chain conformations, but also by polymer-nanoparticles
interactions, chain packing, etc., and can be slower or even faster than segmental relaxation in the
neat polymer. This decoupling of segmental time scale and amplitude is critical for understanding
the interfacial phenomena, and can be one of the reasons for many contradictions in the fields of

thin polymer films and PNCs.

It would be important to analyze this effect using neutron scattering spectroscopy that can measure
both, time scale and geometry (e.g. mean-squared displacement) of the segmental dynamics.
Molecular dynamic simulations might provide even more detailed microscopic insight into this
phenomenon. We emphasize that generality of the reduced amplitude of segmental relaxation in

PNCs is not obvious. Studied here systems have attractive polymer-nanoparticle interactions.
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Whether repulsive interactions will also affect the amplitude of segmental relaxation remains
unclear, although example of thin polymer films with amplitude reduced regardless of the

polymer-substrate interactions®* 37394274 gyggests rather general trend.

Conclusion

In summary, the presented here analysis of the dielectric spectra of polymer layer adsorbed to
nanoparticles reveals a significant drop in the dielectric strength of segmental dynamics, while
characteristic segmental relaxation time remains comparable to that of the neat polymer and even
faster. Moreover, the dielectric strength shows anomalous temperature dependence — a decrease
upon cooling, in stark contrast to the usual increase with cooling (Curie-law behavior) observed in
neat polymers. Similar drop in the dielectric strength of the segmental peak is observed for chains
chemically grafted to nanoparticles, in the interfacial layer of regular PNCs 20244553 ‘and also in
thin polymer films 231 3344 Thijs effect, however, was not observed in glycerol/silica
nanocomposite 8, emphasizing the role of chain connectivity in this phenomenon. We ascribe the
observed changes in Ag(T) to a limited amplitude of segmental fluctuations on the time scale of
segmental dynamics. We propose that this reduced amplitude of segmental motions is caused by
chain stretching in the interfacial layer or pancake-like structure in the adsorbed layer. It is
important to emphasize that depending on the strength of the imposed restrictions on segmental
reorientation, the observed temperature dependence of Ag(T) can be comparable or a bit weaker
than in the neat systems, or can even show the anomalous behavior — a decrease of Ag(T) with

cooling.
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The obtained results emphasize an interesting new aspect of the dynamics in interfacial and
adsorbed polymer layers in PNCs and in thin polymer films. The presence of an interface affects
not only characteristic relaxation time, but also the amplitude of segmental motion. Moreover,
there is a significant decoupling between the behavior of segmental relaxation time and amplitude
in the interfacial region. While the interfacial segmental dynamics can slow down significantly,
can be only slightly affected or can be even faster than in the bulk, the amplitude of the segmental
fluctuations on the segmental time scale always decreases. This restricted amplitude of segmental
mobility and its decoupling from the behavior of characteristic relaxation time might also explain
many controversies about dynamics in the interfacial layer, where different conclusions are drawn
from different experiments. In all these discussions, possible reduction of the amplitude of
segmental dynamics is usually omitted. Detailed microscopic understanding of the mechanism
leading to the reduction in segmental dynamics amplitude in the interfacial layer is critical for

understanding interfacial phenomena and requires development of an accurate theoretical model.
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