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ABSTRACT: Giant molecules are a new class of soft matter having threedimensional (3D) shapes and composed of chemically linked rigid molecular
nanoparticles. Structurally, a 3D cluster of molecular nanoparticles can be one
giant molecule or a few giant molecules associated together via speciﬁc
interactions. The dynamics of clusters that are smaller than a critical diameter
(∼5 nm) presents a power law relaxation exponent of 0.7 at the high frequency
region corresponding to segmental dynamics. Such scaling is similar to the result
of the Zimm model although those clusters are neither chain-like nor in solution.
Clusters that are larger than this critical diameter and formed by the association of
giant molecules exhibit an elastic plateau due to caging of individual giant
molecules. We hypothesize that clusters of such a large size cannot move as a
whole, even above the glass transition temperature of the sample. They thus are
“cooperative glass-like”. A structural cluster of giant molecules could be abstracted
as a dynamical cluster consisting of unlinked but cooperatively mobile beads. As derived in the random ﬁrst-order transition
theory, the cluster loses its mobility and reaches the glassy state when the diameter of the cluster is 6 times larger than the bead
diameter. In our cases, we estimate that the critical diameter for these clusters is also approximately 6 times the bead diameter
based on the glassy shear modulus of giant molecules. Thus, shape-persistent giant molecules may serve as a bridge between
polymers and colloids and a platform to mimic cooperative rearrangements.

1. INTRODUCTION AND THEORETICAL
BACKGROUND
Polymers are a class of one-dimensional (1D) macromolecules
that traditionally have micrometer-scaled contour length. They
are ﬂexible and capable of curvilinear motion such as
“reptation” above their glass transition temperatures (Tg).1,2
The dynamics change dramatically for objects with 3D
shapes.3,4 Among them, dense colloidal suspensions are most
studied. Their dynamics is governed by volume fractions and
often described as jumping out of a cage.5−8
In the eﬀort to study 3D macromolecules without solvent,
several approaches have been made resulting in “soft particles”.
Multiarm star polymers and dendrimers also exhibit 3D shapes
in the bulk.9−21 However, they had no shape persistency
because arms were 1D chains and may retract. Also, it was
diﬃcult to diﬀerentiate the eﬀect of entanglement, the number
of arms, and shape. Polymer grafted nanoparticles in the melt
have been investigated,22−33 in which they had a core of 10 nm
or larger and squeezable long grafted chains as a shell. In these
grafted nanoparticles, the core volume fractions were less than
20% of the overall volume. Their behavior was more associated
with colloidal suspensions and governed by the volume
fraction. Spherical assemblies of block copolymers have also
been studied, but the volume fraction of the core was inevitably
low.34−37
© 2017 American Chemical Society

Single-chain aggregated nanoparticles or microgels were
constructed by intrachain cross-linking an individual polystyrene chain to form a nanoparticle.38,39 Their relaxation in the
bulk was similar to the result of the Zimm model when their
diameters were small. When their diameters became larger than
a critical value of around 7 nm, an elastic plateau appeared.38,39
However, this plateau modulus was reported to increase with
increasing the diameter of the microgels, and the quantitative
values were rather close to that of the entangled polystyrene.
Herein, we investigate the dynamics of recently developed
giant molecules,40−46 which have relatively persistent 3D shapes
that range from 1 to 10 nm. It is expected that dynamic
behaviors of 3D-shaped giant molecules in the bulk are diﬀerent
from those of 1D linear polymers. We ask in what diameter
giant molecules would be too bulky to move in the bulk and act
as colloidal particles on their own, if they are only stimulated by
thermal energy kBT (the system is not under large or
destructive external deformation or force24,47,48).
With increasing diameter of giant molecules in 3D, we can
imagine that their dynamics become slower or even immobile if
they become too bulky in the bulk. These structural clusters
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Figure 1. (a) Chemical structures of building blocks: MPOSS, HPOSS, and DPOSS. Chemical structures of linkers in (b) T10M and (c) D6M. The
diameters are schematic. One T10M molecule acts as one structural cluster, while ﬁve D6M molecules associate together to form one structural
cluster.

(POSS) cages. Their chemical structures and masses are
precisely deﬁned without polydispersity. These giant molecules
in this study of dynamics only possess short-range orders in
their structures. This is diﬀerent from other giant molecules
reported so far which can hierarchically self-assemble into
superlattices, including spherical Frank−Kasper phases and
quasicrystals.40−44
There are several ways to estimate and quantify the structural
cluster and the mobile unit in these giant molecules.
Structurally on one hand, the cluster diameter ds can be
deduced utilizing scattering techniques, such as X-ray (for
nanometers) and light (for micrometers) scattering methods,
depending on the cluster diameter and electron density of the
cluster. A 3D cluster can be constituted of a single giant
molecule or a few giant molecules associated together via
speciﬁc interactions such as collective hydrogen bonding.40−43
On the other hand, the mobile unit diameter can be deduced
from linear viscoelasticity measured by small-amplitude
oscillatory shear (SAOS). It applies a small perturbation to
the equilibrium sample and measures the elastic G′ and viscous
G″ responses corresponding to energy storage and dissipation.
For a mobile unit driven by thermal energy kBT with a mass M0
and a diameter d0, the characteristic modulus G0 or elastic
plateau modulus Gpl is inversely related to M0 and d03 as shown
in eq 1:

consist of chemically or physically linked hypothetical beads.
We assume that such cluster is analogous to the dynamical
cluster of cooperatively rearranging beads in glassy dynamics.
Hence, a larger cluster could have slower dynamics, just as the
dynamics slow down by forming larger cooperative rearranging
clusters when it is approaching its glass transition.
In dynamics of general glasses, the critical cluster diameter or
length scale of dynamic heterogeneities has been estimated
based on extensive experimental results, for instance, 1 nm for
glycerol49 and 3 nm for o-terphenyl or poly(vinyl acetate).50−54
In other words, within the 3D volume of this diameter or length
scale, there were about 100 molecules in simple molecular
systems55,56 or segments in polymers.57,58 A molecule in
molecular systems or a few monomers in polymers was a
hypothetical bead in glass-forming liquids.57,58 The diameter of
the bead rb could be related to Vbead = πrb3/6 = 24.9kBTm/G,
with G as the shear modulus in the glassy state.55 In general, the
critical cluster diameter is about 6 times the diameter of the
bead.56,59−66
When the temperature was decreasing toward its glass
transition temperature (Tg), cooperative rearranging region
grows in size and a growing number of beads start to move
cooperatively as a cluster.67 An answer to the dynamics
slowdown was given by the random ﬁrst-order transition
theory,55,68−70 one of the many theoretical treatments of glass
transitions.67,71−74 ξ/rb ∝ [ln(τ/τ0)2/3] was the relationship
between τ, the relaxation time of the system, and ξ, the cluster
diameter. When closing to the Tg, the critical cluster diameter
was ≈6rb (precisely, 5.8rb). Larger than this value, the cluster
has no mobility.
We present the dynamics of four speciﬁcally chosen giant
molecules with diﬀerent cluster diameters out of a series of
specially designed samples. Their building blocks are rigid
molecular nanoparticles: polyhedral oligomeric silsesquioxane

G0 or Gpl ≈

kT
6k T
ρRT
= B ≈ B3
M0
V
πd 0

(1)

For unentangled polymers, G0 depends on a polymer’s
molecular mass; for entangled polymers, Gpl depends on the
entangled molecular mass; for dense colloidal suspensions, Gpl
depends on caging correlated to their particle diameter;5,75,76
for spherical assemblies of block copolymers, Gpl depends on
their core diameter.34−37,77
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Table 1. Summary of Parameters from Characterizations and Analysisa

T10M
H6M
D6M
D5M

Mw
[g/mol]

dM [nm]

M0
[g/mol]

no. of mol in the mobile unit

d0 [nm]

ds [nm]

no. of mol in the cluster

ds/rb

15307
9994
10204
9173

3.4
3.0
3.0
2.9

14400
25600
9660
11400

0.94
2.6
0.95
1.24

3.4
4.1
2.9
3.1

3.3
4.5
5.2
7.3

0.91
3.4
5.3
16

3.9
5.2
6.1
8.5

G0, Gpl [Pa]

η0 [Pa s]

×
×
×
×

2.9 × 106
2.4 × 106
2.0 × 107
N.A.

2.10
1.18
3.13
2.64

105
105
105
105

Molecular mass Mw and diameter dM of individual molecule, Mw = πρdM3/6; mass M0 and diameter d0 of the mobile unit; number of molecules in
the mobile unit by (d0/dM)3 or M0/Mw; scattering correlation length or diameter of the cluster, ds; number of molecules in the cluster by (ds/dM)3;
diameter of the cluster normalized by the diameter of the bead, ds/rb; characteristic modulus G0 or elastic plateau modulus Gpl at 30 °C; zero-shear
viscosity, η0.
a

shown in Figure 1b. In order to achieve larger structural cluster
diameters, association by collective hydrogen bonding has been
utilized to design the giant molecules. Both D6M and H6M
possess six MPOSS cages connected to one DPOSS or one
HPOSS cage, respectively, as shown in Figure 1c. The linkers in
D6M and H6M are longer than that that in T10M. With an
even longer linker, D5M possesses 5 MPOSS cages connected
to one DPOSS cage as shown in Figure S1c.46
In the following study, we will show that the structural
clusters are constructed by individual T10M or multiple
molecules in the cases of D6M, H6M, and D5M via collective
hydrogen bonding of hydrophilic POSS cages which form the
cores of the clusters. The peripheries of the clusters are
occupied by hydrophobic MPOSS cages. Therefore, for these
four samples, van der Waals forces are the only interactions
among the clusters.
3.2. Estimation of Characteristic Diameters of Building Block, Giant Molecules, and Structural Clusters.
These giant molecules exhibit a similar Tg around 20 °C and
similar densities around 1.20 g/cm3. Combining this density
and the molecular mass of one MPOSS cage (Mw, 1354.5 g/
mol), the diameter of one MPOSS is thus estimated to be
around 1.5 nm. If the individual giant molecule is assumed to
be packed into a sphere with Mw = πρdM3/6, the diameters of
giant molecule dM would approximately be 3.4, 3.0, 3.0, and 2.9
nm for T10M, H6M, D6M, and D5M, respectively (Table 1).
Small-angle X-ray scattering (SAXS) patterns of these
samples exhibit broad correlation scattering peaks as shown
in Figure 2 (the raw data was given in Figure S3), indicating
short-range ordered assembly structures. The weak secondorder peak for D5M may be caused by residual order from the
supramolecular spherical structure order (Figure S3).46 The
degree of this residual order is less than the liquid-like order

First, we address the correlations between the structural
cluster obtained based on the scattering technique and the
mobile unit determined by rheological measurements with
respect to diﬀerent cluster diameters. Second, diﬀerences in the
dynamic behaviors of these giant molecules are categorized by
the diameters of their 3D cluster. We seek general implications
of dynamic behaviors of giant molecules correlated to the
cluster diameters, in analogy to the control factor of molecular
mass in polymers and volume fraction in colloidal suspensions.
We further connect the structural cluster and mobile unit in
giant molecular systems with the concept of cluster in glassy
dynamics as put forward by the random ﬁrst-order transition
theory.

2. EXPERIMENTAL SECTION
The synthetic routes to construct these well-deﬁned giant molecules
have been established in a serial of studies.40−45 Detailed syntheses are
also given in the Supporting Information.
Rheological characterization was performed on a TA ARES-G2
using 8 mm parallel plates with a gap around 0.7 mm and with
temperature control under a nitrogen atmosphere. Linear viscoelasticity measurements were taken typically under strain amplitude of
0.3%, which has been checked by performing a strain sweep from 10−3
to 10%. SAOS was carried out at angular frequency from 102 to 10−1
or 10−2 rad/s at one constant temperature.
Small-angle X-ray scattering (SAXS) experiments were performed at
station 12-ID-B with X-ray energy of 14 keV at the Advanced Photon
Source at the Argonne National Laboratory. The smoothed data were
obtained by the LOWESS78 method with a span of 0.01 or 0.02.
Diﬀuse reﬂectance infrared Fourier transform spectroscopy
(DRIFTS)79 was used to collect FT-IR spectra at diﬀerent
temperatures with a custom-built heating block. The heating block
provided a stepwise increase of temperatures. Films of samples were
prepared on an aluminum pan, which was then placed on top of the
heating block and under a nitrogen atmosphere.
Diﬀerential scanning calorimetry (DSC) was performed on
PerkinElmer DSC 8000 with intercooler II. The temperature is
calibrated by indium also with 20 °C/min heating/cooling rate.

3. RESULTS AND DISCUSSION
3.1. Chemical Structures of Building Blocks and
Samples. Three types of POSS cages are used as building
blocks which are shown in Figure 1a. The hydrophobic POSS
cages were functionalized with tert-butyl side groups and
labeled as MPOSS. Bulky alkyl side groups prevent
crystallization of MPOSS cages. The hydrophilic POSS cages
were functionalized with 14 hydroxyl groups (labeled as
DPOSS) or functionalized with 7 hydroxyl groups (labeled as
HPOSS). DPOSS cages thus have a stronger association than
HPOSS cages.40−44
The ﬁrst giant molecule T10M contains 10 MPOSS cages
chemically bonded to a core of T10POSS via short linkers as

Figure 2. SAXS patterns all possess short-range orders and have
correlation length ds.
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Figure 3. (a) SAOS master curves (G′, ●; G″, ■) of T10M. Fitted curves in green show excellent match with experimental data. (b) SAOS master
curves of H6M with diﬀerent color presenting data obtained at diﬀerent temperatures. Part of G′ data show minor mismatch that do not fall onto the
master curve. (c) SAOS of D6M at 30 °C are black lines. Measurements at lower temperatures are shifted to match the high frequency crossover at
30
τ30
e . Measurements at higher temperatures are shifted to match the terminal crossover at τd . Their shapes in elastic plateau region show mismatch.
(d) SAOS of D5M at Tref of 30 °C with data shifted from 20 and 50 °C. Elastic plateau spans more than 6 decades. τd is not accessible.

observed in the melts of star polymers10,80,81 or spherical
assemblies of diblock copolymers.35,77,82 It does not signiﬁcantly aﬀect the dynamics and will be further illustrated in
section 3.5.
The correlation length corresponding to the scattering peak,
ds, is assumed to be the average and characteristic structural
cluster diameter, as if they are assumed to be spherical. Such
estimations are crude but provide the essential guideline, even
though these structural clusters are polydisperse and may not
be perfect spheres.
For T10M and H6M to D6M and D5M, characteristic
structural cluster diameters ds increase from 3.3 and 4.5 nm to
5.2 and 7.3 nm, respectively (Table 1). Therefore, clusters with
a diameter ds contain (ds/dM)3 molecules on average, equal to 1,
3, 5, and 16 for these samples, respectively. It suggests that
individual T10M molecule acts as one structural cluster, while
on average, three H6M, ﬁve D6M, and 16 D5M molecules
associate together via collective hydrogen bonding to form
clusters as illustrated in Figures 1b and 1c and Figure S1.
3.3. Small Structural Clusters of T10M and H6M
Exhibit Scaling of 0.7 at High Frequencies as “Zimm-like
Melts”. Master curves of linear viscoelasticity constructed by
time−temperature superposition and least-squares ﬁtting are
shown in Figure 3. Raw data are provided in Figure S4. The
corresponding shift factors aT and bT are plotted in Figure 4
and Figure S4d.
Giant molecules T10M and H6M with small ds values show
liquid-like dynamics with G′ ∝ ω−2 and G″ ∝ ω−1 at low
frequencies. This dynamics corresponds to the viscous ﬂow of
the cluster as deduced in the next section. At high frequencies

T 30
Figure 4. Shift factors aT of T10M, H6M, and D5M, τTd /τ30
d and τe /τe
of D6M. WLF ﬁtting on T10M is the black curve.

for over 2 decades (0.3 < ω < 50) before reaching the glassy
state, G′ and G″ are parallel and show a scaling exponent of 0.7.
The dynamics in this high frequency region corresponds to
segmental dynamics within the cluster. Such segments are
referred to as beads.
A scaling exponent of 0.7 is also seen in solutions of
polymers having high molecular masses, in some cases in melts
of unentangled hyperbranched polymers and stars with multiple
(>30) unentangled arms.14−17 The scaling exponent in the
result of the Zimm model can vary between 0.5 and 0.7
depending on the value of parameter h.83 The Zimm model is a
bead−spring model of linear chains that considered hydrodynamic interaction (quantiﬁed by h): the bead−bead
correlation beyond close neighbor on the chain. The bead
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here is a segment of Kuhn length.57 The Rouse model is the
simplest bead−spring model without considering hydrodynamic interaction.84−88 It has identical G′ and G″ and a
scaling exponent of 0.5 in the high frequency region which has
been observed on unentangled polymer melts.85,86
In the Rouse model, the relaxation modes approximate to τj
= τ0/j2; j goes from 1 to N, the number of beads. In the Zimm
model, τj = τ0/j2−h.85,86 When h = 0, the Zimm model reduces
to the Rouse model. In the θ solvent, h is 0.5 and the scaling
exponent in the high frequency region correlates with the
relaxation modes by 1/(2 − h) ≈ 0.7. When considering
viscoelastic hydrodynamic interaction, a recent approach can
also give h > 0.89,90 An alternative mechanism other than
hydrodynamics interaction also exists.91−93 In various models of
dendrimers solutions,94−101 relaxation modes decay slower than
j2, h > 0, and scaling exponent larger than 0.5.
Giant molecules T10M and H6M are not linear chains in
shape. We label their viscoelastic behavior as “Zimm-like melt”
for the characteristic exponent of 0.7. In general, giant
molecular clusters which are smaller than a certain diameter
may all exhibit such viscoelastic behavior.
As shown in Figure 1, MPOSSs are densely linked together
to a core. The molecular nanoparticle such as MPOSS with a
diameter of 1.5 nm is rather large and shape-persistent and
should not be treated as a point with negligible diameter. Thus,
the movement of each MPOSS cage should inﬂuence other
intracluster MPOSS cages within that mobile unit. A proper
physical picture could be a cluster of beads, which would be
analogous to the melt of dendrimers or solutions of chains. All
three scenarios have stronger bead−bead correlations (h > 0)
compared to the melt of linear chains where only two adjacent
beads are correlated (h = 0).
We use h to quantify the strength of the bead−bead
correlation, which alters the distribution of relaxation modes
and inﬂuences scaling exponent in the high frequency region.
Without formulating a detailed model, we numerically ﬁt the
experimental data by summation eq 2 of high frequency (HF,
glassy dynamics,102−104 eq 3) and low frequency (LF, the sum
of Maxwell relaxation modes, eq 4) contributions. This helps to
evaluate their dynamics quantitatively. There are total ﬁve
variables in the ﬁtting: h as an adjustment to relaxation modes,
the characteristic modulus G0 and relaxation time τ0 for LF; and
the shear modulus in the glassy state GHF and when glassy
response is reduced τHF for HF. The full range of dynamics is
′ = G LF
′ + G HF
′ ;
Gtotal

⎛
* = G HF⎜⎜1 −
G HF
⎝
N

′ = G0 ∑
G LF
j=1

″ = G LF
″ + G HF
″
Gtotal

(2)

⎞
1
⎟⎟ = G HF
′ + iG HF
″
1 + iωτHF ⎠

(3)

ω 2τj 2
1+

ω 2τj 2

N

;

″ = G0 ∑
G LF
j=1

3.4. Small Structural Clusters of T10M and H6M Are
Also Mobile Units. We then compare the M0 and d0 values of
mobile units deduced from rheological measurements with the
ds value, the diameter of the structural cluster obtained based
on the SAXS data, as well as the dM value, the diameter of
individual molecules. For T10M, an individual giant molecule
acts not only as one structural cluster but also as the mobile
unit stimulated by kBT, namely, ds ≈ d0 ≈ dM ≈ 3.4 nm.
Since a lower G0 value for H6M, its mobile unit thus
possesses a larger mass and d0 of 4.1 nm. The mobile unit has a
diameter comparable to the structural cluster and is larger than
individual T10M. In the mobile unit, number of molecules (d0/
dM)3 or M0/Mw is 2.6. This means that stable dimers or trimers
must be involved within the experimental temperature and
frequency ranges, namely, ds ≈ d0 ≈ 3dM ≈ 4.1 nm.
The G′ data obtained at 25 and 40 °C show slight deviations
from the master curve, which would be caused by collective
hydrogen bonding. Infrared spectroscopies (IR) in Figure 5

Figure 5. FT-IR spectrum of D6M and H6M at diﬀerent temperatures
show no sign of dissociated −OH around 3700 cm−1.

indicate that the broad absorption due to hydrogen-bonding
shifts from 3400 to 3500 cm−1 with increasing temperature.
Yet, there is no change at around 3650 cm−1, revealing that the
hydrogen bonding does not reach full dissociation.107,108 The
association to form dimers and trimers is thus stable under the
present experimental conditions.
Shifting factors aT of T10M are not of the Arrhenius form
(otherwise, it would be a straight line in Figure 4). A
relationship of log aT + 2.60 = −11.6[(T − 292.5)/(T − 292.5
+ 36.4)] is obtained by ﬁtting to Williams−Landel−Ferry
equation and is plotted as a guide line.
3.5. Elastic Plateau on Large Structural Clusters of
D6M and D5M. For D6M and D5M with ds values larger than
5 nm, SAOS in Figures 3c,d reveals diﬀerent viscoelastic
behavior, namely, a distinct elastic plateau Gpl. Its value is
determined by the value of G′ at the same frequency where G″
shows the minimum.109 D6M has one characteristic terminal
relaxation, τd, at 73.5 s as the low frequency crossover.
Segmental dynamics appear between τe and glassy region.
The elastic plateau of D5M spans more than 6 decades
without reaching terminal relaxation at low frequency. This is
more than 104 times slower than D6M, a drastic change
considering that ds increases by 30%. We cannot shift SAOS
from even higher temperatures because this sample will form
spherical ordered phases, quasi-crystal phase, and Frank−
Kasper σ phase (∼25 D5M assembled into a sphere)46 when
the temperature approaches 80 °C. In our experiments, D5M
remains as disordered spherical assemblies without heating to
high temperature.

ωτj
1 + ω 2τj 2
(4)

A least-squares ﬁt of these ﬁve parameters (GHF, τHF , G0, τ0 , h)
on T10M leads to 2.75 × 108 Pa, 0.0025 s; 2.10 × 105 Pa, 4.02
s; and 0.63. Fitting on H6M leads to 3.60 × 108 Pa, 0.002 16 s;
1.18 × 105 Pa, 4.06 s; and 0.80. The ﬁttings match well with the
experimental results, and we indeed ﬁnd large h values. If the
value of h was constrained to zero as in the Rouse model, the
ﬁtting by only four parameters would not capture the shape of
G′ and G″ (Figure S5) even with glassy contributions.105,106
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The distinct elastic plateau Gpl is linked to the molecular
mass of mobile unit M0 by eq 1. As listed in Table 1, we ﬁnd M0
≅ Mw, which is the molecular mass of individual D6M or D5M
molecule. It indicates that the mobile units in these two large
clusters consists only individual molecules, namely, d0 ≈ dM ≈
3.0 nm. This is thus clearly a diﬀerent situation compared to
small clusters of T10M and H6M, d0D5M ≈ d0D6M < d0T10M <
d0H6M, while dsD5M > dsD6M > dsH6M > dsT10M. There is a
transition between dsD6M and dsH6M.
If Gpl was attributed to the mobility of entire clusters and
proportional to 1/ds3, we should see that Gpl decreases by a
factor of 2.7 from D6M to D5M with increasing ds. This is
however not the case. If the cluster has mobility, the SAOS in
Figure 3c should show another characteristic modulus around 6
× 104 Pa and another relaxation at lower frequency. Without
such features, large clusters as a whole exhibit no sign of
mobility, namely, ds > d0 for D6M to D5M.
3.6. Caging as the Origin of the Elastic Plateau. The
existence of an elastic plateau also reveals a localized motion of
individual molecules in the sample, reminiscent of tubes for
polymers or caging for colloids. These giant molecules do not
form networks or entanglement, and we have concluded that
large clusters of D6M and D5M are immobile.41,43−45 Thus, the
reasonable origin of this elastic plateau is caging formed by
immobile neighboring clusters.5,6
Such caging conﬁnes individual D6M or D5M to oscillate
within the cage as illustrated in Figure 6. The transition from

experimental temperature range, although failure of time−
temperature superposition is evidenced by the mismatch of G′
and G″ in Figure 3c,d. The discrepancy in temperature
dependence between hydrogen bonding and other van der
Waals interactions is evidenced by the mismatch between shift
30
40 30
factors τ40
d /τd (≈0.058) and τe /τe (≈0.066) in Figure 4. In
our system, this discrepancy value is estimated to be 14% and
almost undistinguishable in logarithm scale. The dynamics of
D6M and D5M is caging on individual molecules, diﬀerent
from the liquid-like viscous response of T10M and H6M. This
might be the reason they have diﬀerent shifting factors aT in
Figure 4.
3.7. Critical Diameter of the 3D Structural Cluster and
“Cooperative Glass-like”. Prior results and discussions show
that the structural cluster is the mobile unit as long as the
structural cluster is smaller than a critical diameter. When the
structural cluster is larger than the critical value, the mobile
unit, however, cannot exceed this value.
We suggest that the structural cluster of D6M or D5M is
larger than a critical diameter of ∼5 nm. Larger than this critical
diameter, clusters behave like particles with no mobility if only
stimulated by kBT. The immobile clusters cause eﬀective caging
which then causes elastic plateau and diﬀerent viscoelasticity
from those small clusters of H6M or T10M. This critical
diameter thus marks a transition from liquid-like viscous to
glass-like elastic behavior. It is analogous to the critical volume
fraction for colloidal suspensions when becoming glassy and the
critical molecular mass for polymers when becoming entangled.
In the present system of giant molecules, the diameter of
bead rb is ≈0.86 nm as determined by G ≈ 4 × 108 Pa. This
glassy modulus has similar value across samples, which is GHF
from ﬁtting of H6M and T10M. It can also be read from
Figures S4 and S7. This rb is a reasonable value which is smaller
than the diameter of MPOSS cage. It means bulky alkyl side
groups together with the POSS core act as more than one basic
unit (bead) in glassy dynamics. Hence, the critical diameter of
clusters ξ according to random ﬁrst transition theory is ≈5.0
nm, in agreement with the experimental boundary found as
between the diameters of structural clusters of H6M and D6M.
“Cooperative glass-like” behavior would be achieved when
diameters of giant molecules are larger than ξ (when there are
about a hundred beads in the cluster) so that it is impossible to
move them by overcoming the entropic barrier of pushing their
neighbors away. This would be a unique state of 3D giant
molecules. In comparison, polymers always have unrestricted
1D motion above Tg, no matter how long the chains are.111,112
If one D6M molecule gets out of the cluster of D6M, the
remaining cluster may be below the critical diameter. If one
D5M molecule gets out of the cluster of D5M, the remaining
cluster is still above the critical diameter. This may explain the
slowdown more than 104 times from D6M to D5M.
The Tg of the system would be inﬂuenced by (1) the
interaction among molecular nanoparticles and (2) the
connectivity of molecular nanoparticles within giant molecules
or clusters. When the connectivity remains the same but the
interaction increases (by changing the pendant groups from
tert-butyl −C(CH3)3 groups to more interactive groups such as
phenyl groups or hydrogen bonding), the Tg value could
increase. In future, we will verify if the critical diameter ≈6rb is
universal on describing the dynamics of giant molecules, when
the experimental temperature is above their Tg values.

Figure 6. A scheme showing clusters of D6M formed by hydrophilic
interaction among DPOSS. The hydrophilic core is marked in orange.
The shell layer of the cluster is full of MPOSS which is hydrophobic.
Black lines mark the boundary between clusters, while blue lines mark
the boundary between individual molecules within one cluster.

elastic plateau to viscous response at ωd = τd−1 corresponds to
“breaking” of cages. Since clusters of D5M are larger than those
of D6M, the cages are more eﬀective and longer lasting, so τd is
at a lower frequency than that of D6M.
From 30 to 60 °C, the diﬀusion coeﬃcient of D6M D0 ≈
kBT/3πηdM is estimated to increase from 10−20 to 10−17 m2/s. It
is still impractical to measure. The time needed for individual
D6M to diﬀuse by a distance dM of 3 nm would be τD = dM2/D
≈ 18τd ≈ 103 s at 30 °C. A similar trend of diﬀusion time τD
longer than the terminal relaxation τd has been observed on
associative polymers.110
The terminal relaxation or “breaking” of cages may arise from
a transient dissociation of hydrogen bonding. However,
reassociation could happen instantly since there is no
dissociated hydroxyl group as revealed by the IR spectrum in
Figure 5. Hydrogen bonding can hold the clusters in our
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Figure 7. (a) Illustrations of three types of dynamics of giant molecules in a plot of the diameter of cluster ds versus the diameter of individual
molecule dM, both normalized by the diameter of the bead rb. Black ﬁlled circles mark the four samples studied here (size of the symbol is
proportional to d0, the diameter of the mobile unit). The critical diameter ξ for cooperative rearrangements is 6rb. The line-shaded region in the
lower right is not realistic, as ds deduced from SAXS cannot be smaller than dM. (b) Illustrations of four clusters of beads belonging to three types of
dynamics with the critical diameter ξ as a marker. The green circle represents a bead; pink circles represent the hydrophilic domain in H6M and
D6M. The blue circle represents a giant molecule; the black circle represents the cluster. The thicker circle is the mobile unit of that sample.
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In summary, as shown in Figure 7, we identify three types of
dynamic behavior of shape-persistent giant molecules.
The 3D structural cluster is determined by the scattering
technique, which is consisted of one giant molecule or a few
giant molecules associated together via speciﬁc interactions.
The mobile unit is determined by rheological measurements. In
glassy dynamics, the concept of cluster is used to describe the
length scale of dynamics heterogeneities as clusters of
cooperatively rearranging beads, with bead represents segment
and the basic unit in glass-forming liquids.
(1) If the diameter of the 3D cluster ds is smaller than the
critical diameter ≈6rb, its linear viscoelasticity shows scaling
exponent of 0.7 at high frequencies, similar to the result of the
Zimm model, suggesting a strong bead−bead correlation. This
is the case of T10M and H6M.
(2) Clusters in the cases of D6M and D5M that possess a ds
larger than 6r b show an elastic plateau modulus G pl
corresponding to caging on individual molecule. Note that
the clusters here are consisted of multiple molecules via
collective hydrogen bonding. Dissociation/association of
hydrogen bonding at the terminal relaxation marks the end of
the elastic plateau and caging.
(3) We suggest that if the diameter of giant molecules dM is
larger than the critical diameter, such giant molecules would be
immobile under thermal energy kBT even above the Tg of the
sample and become “cooperative glass-like”. This new type of
dynamics is marked as ds ≥ ds and dM > ξ. It is a unique feature
of 3D giant molecules.
The critical diameter for immobile clusters is evidenced by
the presence of an elastic plateau caused by eﬀective caging of
individual molecules and the lack of a characteristic modulus
and relaxation corresponding to the entire cluster. This critical
diameter is in agreement with the limit of cooperative
rearrangements ξ in experiments and in the random ﬁrstorder transition theory.
It is thus anticipated that shape-persistent giant molecules
not only demonstrate diverse dynamics as a new class of soft
matter but also can serve as a new bridge between polymers
and colloids19 and a new platform to mimic cooperative
rearrangements and dynamic heterogeneities.

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.macromol.7b01058.
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