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Segmental and secondary dynamics of
nanoparticle-grafted oligomers
Adam P. Holt
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The local segmental and secondary dynamics of tetramethylene oxide oligomer grafted to silica
nanoparticles (NPs) were investigated as a function of grafting density and molecular weight. Grafting
slows the segmental (a) dynamics, but gives rise to faster secondary (b) motions. Interestingly, the
magnitude of these eﬀects decreases with the extent of grafting (i.e., surface coverage), as well as with
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oligomer molecular weight. The disparity in dynamical eﬀects reflects the decoupling of the segmental

DOI: 10.1039/c8sm01443d

and more local b dynamics, the former is associated with stronger dynamic correlations that extend
over a greater spatial range. This results in greater sensitivity to interactions, including tethering of the
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chains to the NP surface.

Introduction
A principle objective of developing structured polymers (block
copolymers, thin film laminates, nanocomposites, etc.) is
control of their physical properties by tuning specific variables
on the nanoscale.1,2 An obvious focus of such endeavors is
modification of the interfacial regions of these materials, either
structurally or dynamically.3–8 The interfacial dynamics can be
affected on different timescales, and consequently exhibit
diverse changes in physical properties. For example, the chain
dynamics which governs the elasticity, diffusion, and rheological properties has been shown to be strongly affected by
grafting (e.g., tethering) of the chains to the surface of flat
substrates or nanoparticles.9–13 Conventionally, the thermodynamic and mechanical properties of polymers are altered
by controlling the segmental dynamics via plasticizers (or antiplasticizers) and by chemical crosslinking;14 however, with
adequate dispersion, chemisorption to nanoparticles also can
produce similar effects.15–21 In addition to the chain dynamics,
an often overlooked motion in polymers is the localized
secondary processes measured below the glass transition temperature, Tg. Properties of these b relaxations correlate with some
macroscopic mechanical properties of glassy polymers.22–25
It has become apparent that the molecular weight, Mw,
of interfacial polymer chains is a key factor determining
the magnitude of confinement eﬀects,26–31 which can be manifested on time scales both faster and slower than the segmental
dynamics.32–36 In this work we investigate the local segmental
and secondary dynamics of oligomeric polyamines grafted to
a
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nanoparticles. To understand how the interphase alters the
dynamics, experimental variables included both grafting
density and oligomer Mw. Attaching chains to nanoparticles
affects their dynamics on more than one time scale. Above Tg,
the segmental dynamics usually become slower, with the
magnitude of the effect increasing with decreasing molecular
weight or decreasing grafting density. In contrast, herein we
find that the secondary dynamics become faster, to a greater
degree for lower Mw or lower grafting density.

Methods and materials
The spherical silica nanoparticles (radius rnp = 7  1 nm) from
Nissan Chemicals were received as a dispersion in methyl ethyl
ketone (MEK). The concentration of surface hydroxyl groups
was B4000 per particle, corresponding to B7 per nm2, as
determined by thermogravimetric analysis (TGA; TA Instruments
Q500) and consistent with the manufacturer’s specification. These
were reacted with polycarbodiimide-modified diphenylmethane
diisocyanate (Isonate 143L, Dow Chemical), followed by reaction
with poly(tetramethylene oxide-di-p-aminobenzoate) (Air Products
Versalink P650, P1000, P2000, corresponding to Mw = 0.65, 1.25,
and 2.25 kg mol1, respectively) at a 1 : 1 molar ratio to form the
oligomer grafted nanoparticles (OGN) (Fig. 1). These reactions
were carried out in the MEK solution (a good solvent for the
oligomer). The radius of gyration of the (ungrafted) oligomers vary
with molecular weight in the range 1 to 3 nm.37 Grafting densities,
sg, were determined by TGA and assume complete reaction of the
isocyanate with the hydroxyl groups. This is corroborated by FTIR
measurements indicating the disappearance of the isocyanate
absorption band in the infrared spectrum.38 A minute amount
of free oligomer may be present, but is considered unlikely.
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Results
Eﬀect of grafting density
The mass densities of the OGN are listed in Table 2 and plotted
in Fig. 2 (normalized by the density of the neat oligomer).
At constant Mw, there is a monotonic increase in the relative
density with decreasing grafting density (since more silica is
present). To discern changes in the density of the interface,
we calculated the average density of the grafted oligomer
population, rgraft, with the assumption of volume additivity
rgraft = (rOGN  rNPfNP)/(1  fNP)
Fig. 1 Diisocyanate (R), oligomeric diamine (R 0 ), and the resulting grafted
silica nanoparticles.

Table 1

Physical characteristics of OGN (Mw = 1.25 kg mol1)

sg (chains per nm2)

c = RH  Rnp (nm)

0.59
0.20
0.03

3.75
0.94
0.35

The hydrodynamic radii, RH, of the functionalized particles
were measured in dilute solutions of MEK using dynamic light
scattering at room temperature (DynaPro Nanostar, with
l = 658 nm and y = 901). Mass densities were obtained by the
buoyance method (Archimedes principle), with DOW Corning
200 oil as the displacement liquid for the solid samples, and
helium as the displacement gas for the powdered samples.
The typical uncertainty in the density measurement was 1%.
Representative data, including the size of the grafted polymer
layer, c, are listed in Table 1 for the intermediate Mw grafted
chains. Note that less than 10% of the surface hydroxyl groups
are reacted, so that the eﬀective grafted region at the interface
is less than half the size of the unbound polymer chain.
Conventional and temperature-modulated diﬀerential
scanning calorimetry (TMDSC) was carried out with a TA Instruments Q100. Prior to measurements, samples were degassed
overnight at 50 1C in vacuo. The ungrafted higher molecular weight
(1.25 and 2.25 kg mol1) oligomers crystallized at 10 C1 min1 or
slower cooling; the lowest Mw oligomer showed no indication of
crystallization. Grafting to the silica suppressed crystallization for
the Mw = 1.25 kg mol1 sample at all grafting densities, but had no
eﬀect on crystallization of the highest molecular weight oligomer.
For the TMDSC measurements, the samples were equilibrated at
100 1C, quenched to 150 1C, and then heated at 2 C1 min1 to
100 1C with a modulation amplitude of 0.32 C1 min1.
Dielectric spectroscopy (BDS) employed a Novocontrol Alpha-A
analyzer. Sample temperature was controlled with a helium cryostat
(Cryo Industries, Model 1899-350). Additional high frequency measurements were obtained with a Hewlett Packard 4291A RF impedance analyzer, 16453A test station, and 16092A head. For these
measurements, the temperature profile was identical to that used in
the calorimetry experiments. Crystallization of the neat polymer
(Mw = 1.25 kg mol1) was avoided by quenching with liquid nitrogen
below Tg, with data subsequently obtained isothermally on heating.
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(1)

where rOGN and rNP (=2.4 g mL1) are the respective mass
densities of the nanocomposite and the silica nanoparticles,
and fNP is the volume fraction of nanoparticles.
The normalized densities rNP/rneat and rgraft/rneat in Fig. 2
vary in opposite fashion as a function of silica content. The
total mass density reflects the silica concentration, rather than
changes in interfacial density. After accounting for the silica
content, the oligomer density is seen to decrease with lower
grafting density, reflecting the chains pervading a larger local
volume. Similar results have been reported previously for
polymer nanocomposites with very high silica fractions.26
In Fig. 3 are calorimetry data for the three graft densities,
along with that for the neat silica. Note the absence of crystallization for the nanocomposites. While the OGN with the
highest grafting density has a distinct glass transition around
226 K, at the lowest sg the transition is broadened and shifted
Table 2

Relative silica concentration and density of grafted oligomers

2

sg (nm )

rOGN (g mL1) SiO2 (wt%) rgraft (g mL1) rgraft/rneat

Neat oligomer
0.59  0.06
0.20  0.02
0.03  0.003

1.05
1.48
1.67
1.77






0.01
0.01
0.03
0.04

0
57
72
82

1.05
1.03
1.00
0.94






0.01
0.02
0.05
0.06

1.00
0.98  0.03
0.96  0.05
0.89  0.07

Fig. 2 Ratio of mass densities (rgraft from eqn (1)) for OGN with varying
grafting densities as a function of the relative silica weight fraction.
Squares: sg = 0.59 nm2; circles: sg = 0.20 nm2; triangles: sg =
0.03 nm2. Error bars are smaller than the symbol size.
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Fig. 3 Reversing heat capacity from TMDSC illustrating the glass transition
occurring in the OGN (Mw = 1.25 kg mol1).

Paper

Fig. 5 Dielectric loss spectra of the OGN (Mw = 1.25 kg mol1) with the
highest grafting density.

interface. The peaks were fit assuming additivity in the
frequency domain of the a- and b-relaxations, using for both
the Kohlrausch–Williams–Watts (KWW) function40
h
i1
0
d exp ðt=tÞbKWW
A þ e1
e ðoÞ ¼ DeL^@
(2)
de

Fig. 4 Representative dielectric loss spectra for the pure oligomer over
broad temperature and frequency ranges demonstrating the segmental (a)
relaxation and the secondary (b) relaxation, as well as dc-conductivity (sdc).

by several tens of degrees to higher temperature. More insight
into this behavior can be gleaned from dielectric spectroscopy.
Fig. 4 displays the dielectric loss spectra for the neat
oligomer (Mw = 1.25 kg mol1) measured at various temperatures over a 180 K range. Much of the dynamics are masked by
crystallinity; these spectra are omitted (thus, the discontinuity
between high and low temperatures). Spectra are shown in Fig. 5
for the corresponding OGN with the highest sg (= 0.59 nm2); the
entire temperature range is accessible because of the absence
of crystallization. Three main contributions to the spectra in
Fig. 4 and 5 are evident: (1) the segmental relaxation peak at
high temperatures; (2) dc-conductivity (sdc) at intermediate
temperatures; and (3) below the glass transition, a secondary
(b) relaxation, which has been ascribed to motion of the
methylene groups.39 For the OGN, the broad a-peak partially
merges with the Maxwell–Wagner–Sillars (MWS) polarization,
the latter due to charge buildup at the nanoparticle/oligomer
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with t, bKWW, and eN constants, and L̂ denotes the Laplace
transform. For the MWS contribution, eqn (2) was used with
bKWW = 1, with a power-law to describe sdc. The best-fit
parameters are listed in Table 3, with the a- and b-relaxation
times plotted in Fig. 6 and 7 versus reciprocal temperature and
silica concentration respectively. There is a small but systematic decrease in the stretch exponent bKWW as the grafting
density is reduced. This reflects broadening of the peak, due
to a more heterogeneous local environment. That is, proximity
to the particle surface and/or to bonded segments varies
because the polymer chain is substantially larger than the
interfacial region of the particles.
The data in the supercooled range in Fig. 6 were fit by the
Vogel–Fulcher–Tammann–Hesse (VFTH) equation:39


B
(3)
ta ¼ t0 exp 
T  T0
Defining Tg as the temperature at which ta = 10 s, we obtained
the values in Table 3. Although Tg is higher for the nanocomposite than for the neat oligomer, the glass transition
temperature systematically increases with decrease in the extent
of grafting; that is, higher silica concentration. Clearly the
Table 3 Dielectric results for a-process for oligomer with Mw = 1.25 kg mol1
and diﬀerent grafting densities

sg

Tg [K] (ta = 10 s)

Oligomer
0.59
0.20
0.03

212
226
234
246






2
4
6
5

m
70
59
62
65






5
6
7
5

bKWW (T = Tg)

EbA (kJ mol1)

0.47
0.20
0.17
0.15

42.8
42.7
36.9
36.6






0.4
1.0
0.6
0.8
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from the value for the neat oligomer. This change is consistent
with the reductions in density, which facilitates the local
dynamics. Comparable results were reported by Sokolov and
coworkers for both polymer nanocomposites and polymer
grafted nanoparticles,32,33 as well as Koutsoumpis et al. for
polymer nanocomposites.36
Eﬀect of molecular weight

Fig. 6 Arrhenius plot of the segmental relaxation times for the neat
oligomer (Mw = 1.25 kg mol1; diamonds) and OGN with diﬀerent grafting
densities (squares: high; circles: intermediate; triangles: low). The gap for
the oligomer data is due to crystallization. Lines are VFTH fits (eqn (3)).

Previously it has been found that the molecular weight of the
polymer chains (grafted or adsorbed) aﬀects the degree of
modification of the dynamics.9,26,27 To examine this, we varied
the Mw of the poly(tetramethylene oxide) at a constant grafting
density, sg E 0.6 nm2. The mass densities for the OGN were
found to be 1.917  0.006 g mL1 and 1.397  0.001 g mL1 for the
low and high molecular weight samples, respectively. Using eqn (1),
this is equivalent to oligomer densities of 1.00  0.01 g mL1
and 0.996  0.01 g mL1 respectively. For the shortest chains
(Mw = 0.65 kg mol1), the calorimetric glass transition was barely
discernable due to the high concentration of silica (82%). For the
highest Mw = 2.25 kg mol1 (Fig. 8), there is significant crystallization, but the glass transition temperature can be identified.
Both the melting temperature and Tg are essentially unchanged
from the values for the neat oligomer. Note that cold crystallization
in the vicinity of ambient temperature occurs in the neat oligomer;
this is absent for the OGN.
More revealing than calorimetry is dielectric spectroscopy,
in which the a- and b-relaxations are clearly evident for all OGN.
Fig. 9 shows the temperature dependence of the a-relaxation
times for all OGN at constant grafting density (0.6 nm2). For
the lowest molecular weight, the a-dynamics becomes as much
as 6-orders of magnitude slower, corresponding to about a
58 K increase in Tg. The intermediate molecular weight sample
exhibits a weaker eﬀect, 3-orders of magnitude slower a-relaxation
(B14 K increase in Tg). Over the temperature range for which the
highest molecular weight sample can be measured (limited by

Fig. 7 Relaxation times for the secondary process as a function of silica
content (0% = neat oligomer) at T = 166 K.

influence of mass density on ta cannot be isolated from that of
grafting density, since pinning of the chains and other interactions with the nanoparticle surface exert a retarding effect on
the segmental dynamics. The effect of grafting on the fragility,

d log ta 
m¼
, is almost negligible (Table 3).
T dT 1 
g

Tg

The eﬀect of grafting on the secondary relaxation is opposite
to that on the a process, in that tb is smaller for the nanocomposite than for the neat oligomer. Moreover, the secondary
dynamics become systematically faster with extent of grafting
(Fig. 7). The magnitude of the eﬀect is not large (less than an
order of magnitude) and saturates at higher temperatures.
From the slope of the data below Tg, the activation energy for
the b-process can be obtained. There is a small decrease in EbA
when the polymer is grafted to the silica, on the order of 10%,

This journal is © The Royal Society of Chemistry 2018

Fig. 8 Diﬀerential scanning calorimetry for the high molecular weight
oligomer and corresponding OGN at the highest grafting density
(=0.59 nm2). Inset shows the glass transition region on an expanded
scale, with the curves shifted to facilitate comparison.
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Fig. 9 Temperature dependence of the a-relaxation times for (a)
Mw = 0.65 kg mol1, (b) Mw = 1.25 kg mol1, and (c) Mw = 2.25 kg mol1
oligomers (solid symbols) and oligomer grafted nanoparticles (empty
symbols) with corresponding VFTH fits (eqn (3)). Error bars are smaller
than symbols.

crystallization), no change in relaxation times were observed. This
is consistent with the DSC data in Fig. 8.
The temperature dependence of the b-relaxation times in
Fig. 10 show a similar trend (albeit opposite – faster dynamics)
with Mw of the grafted chains. For the lowest molecular weight,
the b-relaxation time decreases by as much as an order of
magnitude; this speeding up of the secondary dynamics is less
for the intermediate Mw (=1.25 kg mol1) OGN. Also, the
activation energy (see Table 4) of the lowest molecular weight
OGN decreases more so than for the intermediate molecular
weight sample, similar to the effect observed with decreasing
grafting density seen in Fig. 7. For the highest molecular weight
sample, crystallinity precludes definitive conclusions; for this
reason we limit the remainder of the discussion to the two
non-crystallizing OGN. Note all results for the effect of Mw at
constant grafting density are tabulated in Table 4.

Discussion and summary
The eﬀects of grafting density and molecular weight on the
dynamics of oligomeric polyamines grafted to silica nanoparticles were investigated. Grafting of the polymer raised its
glass transition temperature, although the detailed eﬀects on the
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Fig. 10 Temperature dependence of the b-relaxation times for (a)
Mw = 0.65 kg mol1; (b) 1.25 kg mol1; and (c) 2.25 kg mol1 for oligomers
(solid symbols) and OGN (open symbols) with corresponding Arrhenius fits.
Error bars are smaller than symbol size.

chain dynamics depend both on molecular weight and grafting
density. Above Tg the segmental (a) dynamics become slower, but
the magnitude of this retardation decreases with increasing graft
density and increasing oligomer molecular weight. Slowing of the
segmental relaxation for tethered chains is expected, having been
demonstrated in many other systems,10,11,16–21,27,34,35,41 although
there are a few exceptions.12,13,42 For the materials having low
grafting density, there may be some adsorption of oligomer onto
the silica surface, promoted by hydrogen bonding, although the
extent of such would be limited by the unfavorable configurations
imposed on the chains.
Our finding that the greatest slowing occurs for the lowest
Mw oligomer is consistent with recent literature. For example,
Kim et al.9 demonstrated that polyisoprene having Mw =
3.2 kg mol1 grafted to silica exhibited segmental relaxation
slower by as much as 4 orders of magnitude, while the eﬀect
disappeared for molecular weights only twofold higher. For
poly(2-vinyl pyridine)/silica nanocomposites, slowing of the
segmental dynamics (by about 1.5 orders of magnitude) was
greatest for the lowest Mw.27 Similarly, molecular weight dependent slowing of the segmental motions has been shown in
polymer nanocomposites with strong polymer-particle attractive interactions, the eﬀect again particularly prominent for low
molecular chains.26,27,30 Grafting per se slows the segmental
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Results for OGN with equivalent and diﬀerent molecular weights

Mw (kg mol1)

sg (nm2)

SiO2 (wt%)

rgraft (g mL1)

Tg (ta = 10 s) (K)

0.65
0.65
1.25
1.25
2.25
2.25

na
0.60
na
0.60
na
0.58

na
82
na
57
na
49

1.03
1.00
1.05
0.98
1.05
0.99

223
281
212
226
na
na

a






2
11
2
4

EbA (kJ mol1)

mP
70 
70 
70 
59 
na
na

6
10
5
6

39.8
33.8
42.8
42.7
39.1
42.9








0.7
0.3
0.4
0.3
0.4
0.3

bKWW (T = Tg)
0.50
0.08
0.47
0.20
0.49a
0.47a

Values for the highest molecular weight are for low temperatures prior to crystallization.

dynamics,8–11,21,27 analogous to the effect of crosslinking,14
in which reduced conformational freedom increases ta. The
consequence of attaching chains to nanoparticles is greater for
shorter chains because a higher proportion of segments are in
close proximity to the tethered segments and to the confining
surface of the particles. This Mw effect has also been shown
to occur for physically adsorbed chains in strong hydrogen
bonding systems such as poly(2-vinyl pyridine) and silica.43
The speeding up of the b-process observed herein has been
reported previously in systems in which the chains were not
covalently bound to the nanoparticles.12,32,33,36 Molecular
dynamics simulations44 show that only the a relaxation has
strong dynamic correlations; at the b time scale these correlations are weak. This would especially be the case for motion
limited to the methylene groups, as herein.38 The implication
is that the various factors, including chain stretching45–47
and spatial confinement,48,49 that influence the segmental
dynamics affect the secondary motions more weakly and over
a more limited spatial range. Faster b relaxations have been
reported for crosslinked polyvinylethylene14 and glycerol mixed
with oligomeric silsesquioxane (POSS),50 both materials having
increases in density and slower a relaxations. At constant
grafting density, we found a significant effect of molecular
weight (Table 4) on the activation energies of the b-process
for the lowest Mw OGN; however, the effect becomes weaker and
even reverses at higher Mw.
The properties changes arising from grafting polymer chains
to nanoparticles can potentially be exploited. A possible application is polymer electrolytes, wherein high modulus and high
ionic conductivity are desirable. This assumes the ion conduction in polymers below Tg is coupled to the timescale and
activation energy of the local secondary relaxations, as has been
reported for some polymerized ionic liquids.51
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