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ABSTRACT: Hierarchical structure and dynamics of clusters
of self-assembled star-like micelles formed by oligocarbonate-
fluorene end-functionalized poly(ethylene glycol) triblock
copolymers were characterized by small-angle neutron
scattering and static and dynamic light scattering at
concentrations below the gel point. These micelles persist in
equilibrium with concentration-dependent sized hierarchical
clusters. When probed at length scales within the clusters by
dynamic light scattering, the clusters exhibit Zimm dynamics,
reminiscent of dilute mesoscale chains. The ability to form
chain-like clusters is attributed to the π−π stacking of the
fluorene groups that drives the formation of micelles. This
enables a design variable to control the rheology of injectable gels. Further, predictions of the solvent (D2O) viscosity show
deviations consistent with polymers in organic solvents, stressing a need for refinement of molecular theories of polymer
dynamics.

Self-assembled block copolymers are versatile platforms to
access functional soft materials for nanobiomedicine,

including tissue engineering1 and drug delivery applications.2,3

Nanostructured micelles and gels can be designed to
spontaneously self-assemble by tailoring parameters including
block copolymer concentration, solvent compatibility,4−6 block
molecular mass fraction,7,8 sequence,9 and asymmetry.10,11

Nanostructures may also be encoded in polymers through
specific associative interactions, similar to supramolecular
polymerization12 that forms structures through directional
and reversible secondary interactions among discrete building
units. Soft materials using the principles of block copolymer
assembly and supramolecular polymerization offer routes to
hierarchically ordered micelles and structured gels.13−18

The structure of the solution-dispersed particles or physical
gel network should meet the requirements for a desired
application. In particular, thermoreversible gels have broad
applicability to nanomedicine and may require injectable,
spreadable, or mechanically tough platforms. Each niche
application may require properties that differ vastly. In this
example, injectable thermoreversible gels19,20 should satisfy at
least three criteria: (1) the material must recover its mechanical
property after being subjected to a shear force, (2) maintain the
microphase separated structure to retain cargo, and (3) have a
tailored viscosity and shear modulus. Therefore, one must
identify design rules relating the physicochemical parameters
with that of macroscopic structure and properties. Enabled by

advances in synthetic polymer chemistry, materials can be
tailored to suit the broad requirements of functional soft
material properties. However, the design rules connecting
microscale-to-mesoscale-to-macroscale properties are lacking.
Among synthetic routes to access block copolymers for

biomedical applications, aliphatic polycarbonates are a class of
biodegradable materials that enable incorporation of a broad
range of biocompatible and diverse functional groups to design
advanced materials.2 For example, cholesterol-functionalized
polycarbonate-based diblock copolymers were developed that
formed nanoscale disk-like micelles.21 More importantly, the
hydrophobic block of these poly(ethylene glycol)-based (PEG)
amphiphilic block copolymers could be tailored via copoly-
merization with trimethylene carbonate (TMC) to encapsulate
hydrophobic anticancer drugs.22 A novel fluorene-function-
alized aliphatic polycarbonate (F-TMC) containing PEG
amphiphilic block copolymer formed discrete sheets, micellar
tapes, and micelles controlled by the relative fraction of F-
TMC.23 Shear-thinning positively charged polycarbonate
vitamin E-functionalized PEG triblock copolymers formed
spreadable gels with near constant storage modulus, but with
antimicrobial properties dependent on the vitamin E block
copolymer content.24 Lastly, injectable, biodegradable gels of a
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vitamin D-functionalized polycarbonate block copolymer were
physically cross-linked by the antibody avastin for in situ-
formed hydrogels.20 In this example, the avastin content and
degree of polymerization of vitamin D-functionalized poly-
carbonate controlled the phase separation and shear modulus.
A hierarchical block copolymer micelle structure was
hypothesized to control the rheology. However, methods to
characterize the hierarchical structure and relationships to
rheology were unavailable. In general, the rheological proper-
ties, phase stability, and morphology depend on the specific
block copolymer chemistry. The hierarchical structures formed
by self-assembly of functional block copolymers bear
resemblance to supramolecular polymerization systems in the
presence of such specific and secondary interactions.
Small-angle neutron scattering (SANS) and static and

dynamic light scattering (SLS and DLS, respectively) provide
a noninvasive approach to characterize the hierarchical
structure from the nanometer to micrometer length scales.
SANS was applied to measure the local star-like micelle
structure in F-TMC triblock copolymers.25 Star-like micelles,
formed by the association of F-TMC moieties, were the first
level of structure below the gel point.
Here, we illustrate the hierarchical structure in an

oligocarbonate-fluorene PEG (ABA-F3), Scheme 1, to under-

stand two length scales, above the chain dimension, a basic star-
like micelle building block with sticky ends that form larger
clusters. The number-average molecular mass of the parent

PEG middle block is Mn,PEO = 19600 g/mol with two
symmetric oligo F-TMC end groups.
SLS and DLS, at 25 °C, of ABA-F3 in D2O as a function of

concentration (C) used the same samples studied by SANS.25

The normalized intensity−intensity correlation functions were
measured as a function of scattering angle (θ) and analyzed by
an a priori approach using a combined single and stretched
exponential fit after analysis by inverse-Laplace transform
methods confirmed two modes. Figure 1a shows the
normalized electric-field time correlation function, g1(Q,t)
(every other angle is shown for clarity). The decay rate Γ1/
Q2 of the exponential fast-mode plotted versus Q2 for four
concentrations are shown in Figure 1b, where Q is the
scattering vector defined by Q = 4πn/λo sin θ/2, where n is the
solvent refractive index and λo is the laser wavelength. The
translational diffusion constant was determined as D1 = Γ1/Q

2.
The hydrodynamic radius (RH) was quantified by the Stokes−
Einstein relation, RH = kBT/6πDηs, with solvent viscosity (ηs),
Boltzmann constant (kB), and temperature (T).
Figure 2 shows the stretched exponential decay rate (Γ2)

results for four concentrations. In this case, Γ2/Q
2 is not Q-

independent, but plateaus at low-Q with systematic deviations
at higher Q or smaller probing length scales. As will be
illustrated, these deviations represent the internal dynamics of
clusters of micelles. The translational diffusion constant of the
clusters (D2 = Γ2/Q

2) was estimated from the low-Q plateau
and reported as RH.
The two characteristic RH values obtained by DLS are shown

in Figure 3. The fast-mode RH is consistent with the micelle size
and does not depend on ABA-F3 concentration. The apparent
micelle radius of gyration (Rg) determined by SANS is also
shown. The micelle size and number of chains per micelle
remains weakly dependent on concentration when estimated by
a star-like model or SANS Zimm plot.25 The micelle RH

combined with the Rg from SANS yields an Rg/RH = 1.2 ±
0.1 when averaged over the four concentrations implying an

Scheme 1. ABA-F3 Triblock Copolymer under Study

Figure 1. (a) Typical DLS correlation function with fits. (b) Exponential decay rate with Q2 diffusive scaling for four concentrations of the ABA-F3
polymer in D2O.
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extended structure. This Rg/RH is compared to calculations26

for monodisperse Gaussian chains (1.27), regular discs (0.99),
uniform spheres (0.77), and measured collapsed polymer
chains with hydrophobic stickers27 ≈ 0.6. A calculation for a 12-
arm regular star28 shows Rg/RH = 1.17, while more recent
simulations find a 10-arm star29 Rg/RH = 0.95. A mixture of star
and flower-like free micelles cannot be ruled out30 as it is likely
free micelles not associated with a cluster must have the
hydrophobic groups buried, as in a flower-like micelle.
The C dependence of the cluster size is shown in Figure 3

below the overlap concentration estimated by the parent PEG

polymer (C* = 3Mn,PEG/4πR
3
g,PEGNA ≈ 0.024 g/cm3) illustrates

structure above the micelle and chain dimension (Rg,PEG ≈ 7
nm).31 In the present case, rather than a solution of disk-like
micelles formed from diblock copolymers,23 a hierarchy was
observed based upon star-like micelles with fluorene groups
that enable self-assembly with other micelles. The finite-sized
clusters in equilibrium with micelles is compared to a C1/4

scaling. This scaling is consistent with equilibrium worm-like
micelles,32 where the mean length ∼C1/2 and by assuming ⟨Rg

2⟩
∼length. While micelles are not observed in aqueous solutions
of polyethylene glycol, clustering is known to occur as a
function of different end groups with a concentration-
dependent correlation length.33−35 Therefore, the oligo end
groups in these telechelic, or triblock copolymers, affects self-
assembly and the hierarchical structure. Further insight can be
observed by examining the relative amplitudes by DLS.
The relative DLS amplitude, Ai/(A1 + A2), of the micelle (i =

1) and cluster slow-mode (i = 2) appears independent of
concentration, as shown in Figure 3 for fixed Q = 0.0082 nm−1

in the QRg < 1 limits when sensitive to translational diffusion.
The fraction of fast-moving micelles appears constant in dilute
solutions as does the micelle size via SANS and DLS. However,
since the relative amplitude is insensitive to the concentration,
below C*, we draw an analogy to an equilibrium constant, K =
[AB]/[A][B], defined by a reversible reaction such as [A] +
[B] ⇄ [AB], a two-state model. Taking the DLS amplitudes as
a measure for the fraction of clusters (A2 ∼ [AB] and [B]) and
micelles (A1 ∼ [A]), by increasing the concentration of micelle
reactant, [A], the ratio of [AB]/[B] would increase in
proportion if defined by an equilibrium constant. This appears
true above the critical micelle concentration (CMC; 5 × 10−5

g/cm3). This signifies the cluster size may be controlled, but
not the relative fraction of micelle to clusters. The cluster
formation mechanism may be related to other mesoscale
structures,36 equilibrium supramolecular fibers,37 worm-like,32

and multimolecular flower-like5 micelles, but here the
connectivity is driven by the oligocarbonate-fluorene groups.
If the F-TMC groups were designed to remain buried in
discrete flower-like micelles to eliminate cluster formation until
the gel point, one may tailor the rheology and viscosity of the
solution. In this spirit, molecular dynamics simulations
demonstrate that the flexibility and molecular mass of the
middle block control the flower-like to star-like behavior.38

Lattice theories39,40 and the framework developed to character-
ize supramolecular polymerization12,41 may describe the
thermodynamic and kinetic parameters governing our observa-
tions.
The scaling properties of the radius of gyration of

equilibrium and nonequilibrium polymeric structures have
well-known asymptotic scaling laws, such that ⟨Rg

2⟩ ≈ N2νl2,
with degree of polymerization (N) and step length (l).26 In
three dimensions, the scaling exponent, ν, takes on different
values, such as for equilibrium clusters with Gaussian statistics,
ν = 1/2, and self-avoiding walk, ν = 0.588. In nonequilibrium
clusters formed by diffusion-limited aggregation ν ≈ 0.4. For
objects formed by multifunctional groups, such as poly-
condensates, ⟨Rg

2⟩/ l2 = ( f − 1)/2f N, where f is the
functionality of the monomeric species.28 We estimate the
effective cluster degree of polymerization (Neff) by taking the
ratio of ⟨Rg

2⟩cluster/⟨ Rg
2⟩micelle to understand the concentration

dependence of the effective number of micelles per cluster in
Figure 4. When estimated by Gaussian, SAW, and nonlinear
polycondensate, Neff scales comparable to the mean field C1/2

Figure 2. Q2 normalized decay rate from the stretched exponential fits
vs Q2 on a double-logarithmic plot for ABA-F3 showing diffusive
scaling and positive deviations from translational diffusion. The inverse
⟨R2

g⟩ of the cluster is provided.

Figure 3. Concentration dependence of the hydrodynamic radius of
the cluster and micelles with relative amplitude (upper panel).
Apparent radius of gyration by static light scattering (cluster) and
small-angle neutron scattering (star-like micelle). The overlap
concentration is provided (C*).
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scaling, for reversibly assembling worm-like micelles formed by
low molar mass surfactants.32,42 Using the SLS Zimm plot (C
→ 0 limit), the mass-averaged molecular mass (Mw) of 402000
± 17000 g/mol estimates an ABA-F3 aggregation number of 21
chains. The star-like micelle aggregation number25 by SANS
was 12 at 25 °C, leading to Neff ≈ 1.8. The linear and branched
models extrapolate near this value at the CMC. Therefore, the
apparent growth in comparison to the mean field result could
result from either linear or branched models, further data are
required to better test the effect of branching in the observed
clusters. The second virial coefficient by SLS, −(2.4 ± 1.4) ×
10−5 mol·cm3/g2, was smaller than solutions of PEG of
comparable molecular mass43 due to the presence of the
clustering. The negative, but small, value signifies poor solvent
conditions and shows that the clusters are slightly attractive
driven by the F-TMC groups.
Returning to the systematic deviations in Figure 2 that occur

near the inverse cluster ⟨R2
g⟩, the decay rates above this length

scale are linear with Q3 and displayed as Γ2/Q
3 in Figure 5a.

The stretched exponential β parameter is shown with average β
provided in Figure 5b. In the translational diffusion Q-range, β
was observed to remains below unity. The stretched

exponential S(Q,t) = S(Q,0)e−1.35(ΓQt)
2/3

is a limiting form for
the dynamic structure factor at the theta condition (screened
excluded volume) for the Zimm model,44 where ΓQ = (kBT/
6πηs)Q

3 and β = 2/3. The stretched exponent is comparable to
the limiting form for Zimm dynamics, as shown as the solid line
in Figure 5b. Fits to Figure 5a provide the quantity kBT/6πηs
that estimates the solvent viscosity. This predicted solvent
viscosity is greater than, but comparable to, that of D2O

45 of
0.0011 Pa·s at 25 °C, as shown in Figure 6. These deviations
are larger than expected for good versus θ solvent conditions
that leads to slightly different decay-rate prefactors.44

Rigorous tests for hydrodynamic effects on the dynamics of
self-assembling polymers are not available as for linear
polymers.46,47 However, the deviations in the solvent viscosity
are consistent with an established literature on local solvent
viscosity and relaxation times affected by the presence of
polymers in dilute solution, as observed by Lodge.48 Such
observations, made by oscillatory electric birefringence,
depolarized Rayleigh scattering, and 13C nuclear magnetic
resonance (NMR) find the mean solvent rotational relaxation

times varied systematically with polymer concentration.48

These high-frequency, molecular-scale origins affect polymer−
solvent friction in a manner not considered by continuum
medium bead−spring models, where each bead is treated in the
Stokes approximation with friction coefficient (ζ) depending
on pure solvent viscosity (ηs) and bead radius (a) by ζ = 6πηsa.
Lodge proposed η∞′ ≅ ηs exp{C[η∞′ ]} to summarize these
effects for several polymers in organic solvents. The frequency-
independent effective solvent viscosity, η∞′ , is a function of
polymer concentration and a local viscosity increment
parameter [η∞′ ]. The sign of [η∞′ ] implies local solvent
viscosity increases or decreases in the presence of polymer.
Both effects are experimentally observed. The dashed line in
Figure 6a is a fit to Lodge’s expression with an additional
baseline term using the extracted solvent viscosity from the
Zimm expression (with ηs → η∞′ ) that leads to [η∞′ ] = (51 ± 6)
cm3/g and baseline (7.0 ± 0.6) × 10−4 Pa·s. The magnitude of
the [η∞′ ] parameter is larger than that observed in organic
solvents. Perhaps the effect of polymers on increasing the local
viscosity of water may be enhanced by PEG−water hydrogen
bonding. The interactions between water and PEG may be
characterized by 1H and 2H NMR and perhaps provide further

Figure 4. Concentration dependence of the cluster degree of
polymerization for linear Gaussian and self-avoiding walk (SAW)
and branched polycondensate ( f = 3) models. A scaling of 1/2 is
shown.

Figure 5. ABA-F3 concentration dependence of the (a) stretched
exponential fits to the cluster mode decay rate plotted with Zimm
dynamics scaling with fits (dotted line). (b) Stretched exponential
parameter (β) with the Zimm limiting value (β = 2/3) as the solid line.

Figure 6. (a) Solvent viscosity from Zimm model with fit to intrinsic
effective solvent viscosity model. (b) Schematic of a chain-like cluster
of star-like micelles.
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insight.49 These quiescent Zimm dynamics, in the absence of
external flow fields, represent both the flexible chain-like nature
of the clusters in equilibrium with micelles in solution. Recent
experiments using neutron spin−echo spectroscopy observed
an enhanced solvent viscosity in well-defined microgels when
analyzed within the Zimm dynamics framework.50,51

The hypothesized chain-like structure of micelles, depicted
by Figure 6b, must have unscreened hydrodynamic interactions
to display Zimm dynamics. The intracluster Zimm dynamics
(normal modes of the cluster) were concluded based on two
signatures: the scaling of the decay rate, Γ2(Q) with Q

3, and the
stretched exponent β ≈ 2/3. Further, the scaling of the cluster
radius of gyration and effective degree of polymerization with
concentration are consistent with equilibrium worm-like
micelles. As C increases and the gel point is crossed, the
connectivity of the micelles display a three-dimensional
ordering expected by triblock copolymer gels.52 A crossover
to Rouse-like dynamics (screened hydrodynamics, β ≈ 1/2) of
the chain-like clusters may not be observed, as collective modes
may appear.53

The π−π stacking driven by the hydrophobic oligocarbonate-
fluorene groups play the definitive role in the formation of
these hierarchical structures as well as at higher molecular
mass.54,55 Given the vast synthetic structures achievable with
the polycarbonate chemistries,56 mesoscale molecular dynamics
simulations would enhance the search for novel materials in the
spirit of the Materials Genome Initiative.57 The ability to
molecularly connect micelles via hydrophobic linkers supports
the hypothesis developed for vitamin D-driven bridging
assembly.20 In the present case, the π−π stacking interactions
appear to induce the hierarchical structure related to the field of
supramolecular polymers.12 A combination of SANS, SLS, and
DLS enables quantitative details regarding the structure, phase
diagram, and relaxation times that are critical for rheological
characterization.

■ EXPERIMENTAL SECTION
Samples of ABA-F3 were preweighed into 1.5 mL plastic centrifuge
tubes and dissolved in aliquots of deuterium oxide (Cambridge
Isotopes 99.98 D atom %) to a final concentration of 0.010 g/cm3.
Samples of lower concentration were prepared by successive dilutions
with deuterium oxide. All preparation and handling took place in a
LabConco Nano-Enclosure Class I BSC with HEPA filtration.
Dynamic and static laser light scattering were performed with a

modified Brookhaven BI-200 SM. The 532 nm laser light was from a 2
W Coherent VERDI diode-pumped solid state laser. Glan-Laser
polarizer and analyzer (Thorlabs) were used under the vertical
polarizer and vertical analyzed condition for all experiments for
samples thermostatically controlled to 25 °C using a recirculating bath
to control the temperature of the decalin index matching bath. The
pinhole just before the photomultiplier tube detector was adjusted for
static (1 mm) or dynamic (100 μm) light scattering. The incident laser
power was fine-adjusted by neutral density filters.
The static light scattered intensity was corrected for reflection,

refraction by standard methods and placed onto the Rayleigh ratio
(Rvv) intensity scale using toluene with Rvv

toluene measured by Fytas et
al.55 at 25 °C at 532 nm. A Zimm plot analyzed the static light
scattering excess Rayleigh ratio weighted by the DLS amplitude of the
cluster,58,59 such that I2(Q) = Rvv(Q)A2/(A1 + A2) as a function
scattering wave vector (Q) and ABA-F3 concentration. At infinite
dilution (C → 0) and zero angle (Q → 0), the mass-average molar
mass (Mw) is related to I2(Q) by

= + + +
⎛
⎝
⎜⎜

⎞
⎠
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where H = 4πn2(dn/dC)2/(NAλo
4) and NA is Avogadro’s number, dn/

dC is the refractive index increment, ⟨Rg
2⟩ is the mean-square z-

average radius of gyration, and A2 is the second virial coefficient. dn/
dC for PEG43 of 0.133 cm3/g was applied to the ABA-F3. The
concentration-dependent apparent Rg was estimated by the method
described by Schmidt et al.60
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The measured intensity−intensity time correlation func-
tion,G(2)(Q,t) is related to the normalized electric-field time
correlation function, g(1)(Q,t), by the Siegert relation,

= + | |G Q t A b g Q t( , ) (1 ( , ) )(2) (1) 2
(3)

where A is a baseline ⟨I(Q)⟩2 and b is an instrument spatial coherence
factor.58 The DLS spectrum was fit by eq 4 to quantify the exponential
micelle mode and stretched exponential cluster mode contributions.

= +− Γ − Γ β
g Q t A e A e( , ) Q t Q t(1)

1
( ( ) )

2
( ( ) )1 2 (4)

This approach uses a priori information61 in the form of the
presence of micelles from SANS and larger-scale structures by static
light scattering. The inverse-Laplace transform methods of CON-
TIN62,63 and NNLS64 (non-negatively constrained least squares) were
also carried out using the Brookhaven Instruments software, with both
showing two modes. The application of eq 4 agrees quantitatively with
translational diffusion coefficient analysis from CONTIN and NNLS
and serves to quantify the cluster dynamics at higher scattering angles
with respect to a theory.

Uncertainties (error bars) are estimated by one standard deviation
of the mean by least-squares minimization of fits to the DLS, SLS, or
SANS data. While error bars are shown, they may be smaller than the
symbols used in some cases.
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