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ABSTRACT: The closed assembly transition from polymers to micelles and open assembly
to clusters are induced by supramolecular π−π stacking in model oligocarbonate−fluorene
(F-TMC) end-group telechelic polymers. The critical micelle concentration (CMC)
depends on the F-TMC degree of polymerization that further controls the weak micelle
association and strong clustering of micelles regimes. Clustering follows a multistep
equilibria model with average size scaling with concentration reduced by the CMC as R ∼
(c/CMC)1/4. The F-TMC packing that drives the supramolecular self-assembly from
polymers to micelles stabilizes these larger clusters. The clusters are characterized by internal
relaxations by dynamic light scattering. This signifies that while F-TMC groups drive the
clustering, the micelles interconnected via F-TMC bridging interactions remain coupled to
the extent that the clusters relax via Rouse−Zimm dynamics, reminiscent of microgels.

■ INTRODUCTION

Polymeric micelles self-assembled from amphiphilic block
copolymers are employed in aqueous media as nanocarriers
for hydrophobic drugs with high loading capacity and physical
stability.1−3 The hydrophobic core provides a reservoir for
encapsulation of water-insoluble therapeutics, and the hydro-
philic shell ensures dispersion in aqueous media. As new
functional groups are incorporated, different micellar morphol-
ogies are observed due to the interplay of driving forces
including electrostatic assembly,4 hydrogen bonding,5 π−π
stacking interactions,6−8 liquid crystalline packing,9,10 and
crystallization.11,12

Agrawal et al.11 performed small-angle neutron scattering
(SANS) to understand the self-assembly of poly(lactide)−
poly(ethylene oxide)−poly(lactide) (PLA−PEO−PLA) in
aqueous solutions and gels as a function of block length and
stereochemistry of PLA. They found that D/L-lactic acid blocks
form amorphous, spherical core micelles, whereas polymers
with L-lactic acid blocks form crystalline, lamellar micelles. In
this case, the molecular packing within the micellar core
provides flexibility when designing advanced materials.13 In
another example, strongly associating cholesterol-functionalized
PEO triblock copolymers form versatile gels through the
supramolecular assembly of disk-like micelles,14 where smectic
order appears in related cholesterol-functionalized diblock
system.10 The micelle structure, local chain conformation,
and connectivity of micelles through bridging will determine
the transient network necessary for thermoreversible rheo-
logical properties of injectable gels.15,16

The interplay between micellization and clustering in systems
with anisotropic and strong interactions may be differentiated
f rom polyoxya lky lenes . Po ly(oxybuty lene)−poly -
(oxyethylene)−poly(oxybutylene) (BmEnBm)

17−22 displays un-
imer to flower-like micelle structure in dilute solution with
critical micelle concentration determined by the insoluble block
length.20 The solution aggregation of micelles was observed by
SANS,19 but not as a function of concentration and end-block
length.20 A related system, poly(oxypropylene)−poly-
(oxyethylene)−poly(oxypropylene) (PmEnPm), did not show
micellization23 at room temperature but did show micellization
and clustering at elevated temperature.24 Similarly, EnPmEn
exhibits a drug-loading-dependent micellization.25 Interestingly,
even PEO exhibits clustering.26,27 The molecular origins of this
clustering were modeled by considering PEO as a copolymer
composed of hydrophilic ether and hydrophobic ethylene
groups. Hammouda devised a copolymer theory to quantify the
clustering from SANS.28 However, clustering also depends
upon the specific PEO end groups.27 Therefore, clustering
properties in ABA block copolymers and telechelic polymers
may have multiple origins, inherent in the main chain, as well as
enhanced by the end-group functionality.
We provide a systematic study of model aqueous solutions of

oligocarbonate-fluorene (F-TMC) end-functionalized poly-
(ethylene glycol) triblock copolymer, P(F-TMC)m−P(EG)n−
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P(F-TMC)m. In these systems, the driving force for association
is due to π−π stacking interactions that induce micelle
formation29 not formed in PEO.30 It is shown that the closed
assembly formation common to micelles occurs in the presence
of enhanced clustering driven by F-TMC. The concentration
dependence of the cluster formation is compared to mean-field
predictions.

■ EXPERIMENTAL METHODSA

We refer to the series in the following manner FmEnFm to represent
P(F-TMC)m−P(EG)n−P(F-TMC)m as shown in Scheme 1. E
represents the middle poly(ethylene glycol), and F is the symmetric
substituted oligocarbonate fluorene group with degree of polymer-
izations n and m, respectively. This avoids confusion from prior
notation of the series as ABA-F1, ABA-F2, ABA-F3, and ABA-F4.
These notations are provided in Table 1 for cross-consistency with
previous work29,31 along with polymer characteristics. These polymers,
with the hydrophobic group number m = 15.3, 5.6, 2.0, and 1.2, are
named as F15.3E445F15.3, F5.6E445F5.6, F2E445F2, and F1.2E445F1.2,
respectively. The selective solvent used in this study is 18 MΩ·cm
resistivity water.

Sample Preparation. F15.3E445F15.3 and F5.6E445F5.6 block copoly-
mers (2.0 mg) were dissolved in 2.0 mL of inhibitor-free
tetrahydrofuran in a clean glass vial and stirred for ≈2 h. These
clear polymer solutions were transferred to a prewashed dialysis
membrane with molecular mass cutoff of 3500 Da and dialyzed at
room temperature against water (1 L) that was changed after 3, 18,
and 21 h. Typically, the final concentration of the polymer solution
after dialysis was 0.6 mg/mL, which could form some sediment. These
F15.3E445F15.3 and F5.6E445F5.6 solutions were vortexed and then serial
diluted. The final concentration was between 1.5 × 10−3 and 0.5 mg/
mL. Sample F5.6E445F5.6 was filtered by 0.45 μm PVDF membrane,
whereas F15.3E445F15.3 were not filtered. F2E445F2 and F1.2E445F1.2 block
copolymers were dissolved directly in water as clear solutions of 10
mg/mL with stirring. After approximately 24 h, the solutions were
diluted to the required concentrations 0.13−10 mg/mL, and each
solution was filtered by 0.45 μm PVDF membrane before light
scattering experiments.
Ultraviolet−Visible (UV−Vis) Spectroscopy. UV−vis spectra

were measured by a PerkinElmer UV WinLab spectrophotometer in
the spectral range of 180−600 nm in water using quartz cuvettes of 10
mm path length at room temperature. The polymer concentration was
0.01 mg/mL. The absorption spectrum of water was used as baseline
and subtracted correspondingly.
dn/dc Measurement. The refractive index increment, dn/dc, of

FmE445Fm in 18 MΩ·cm resistivity water was measured by a Wyatt
Optilab rEX at 685 nm using a flow rate of 0.5 mL/min and provided

in Table 1. Five concentrations spanning 10−0.625 mg/mL were used
for F2E445F2 and F1.2E445F1.2. Similarly, 0.80−0.04 mg/mL was used for
the remaining. The larger dn/dc value for F15.3E445F15.3 may be related
to a higher packing density of F-TMC within the dispersion, but we
were unable to independently verify this.

Laser Light Scattering. Static and dynamic laser light scattering
measurements were performed with a modified Brookhaven BI-200SM
using a wavelength of 532 nm laser light from a Coherent VERDI
diode-pumped solid state laser operating in TEM00 mode. Glan-laser
polarizer and analyzer (Thorlabs) were used under the vertical
polarizer and vertical analyzer condition for all experiments for
samples thermostatically controlled to 25.0 °C by a recirculating bath
to control the temperature of the decalin index matching bath. The
laser power was finely adjusted by neutral density filters. A pinhole
before the photomultiplier tube detector was adjusted for static (1
mm) or dynamic (100 μm) light scattering. The intensity was
corrected for reflection, scattering volume variation with angle, and
refraction by standard methods. The excess scattering above the
solvent level was placed onto Rayleigh ratio units using toluene as a
reference.32,33

In static polarized laser light scattering the excess Rayleigh ratio,
Rvv(c,q), is measured as a function of scattering wave vector (q), where
q = (4πn/λ) sin(θ/2) and θ is the scattering angle. Rvv(c,q) from dilute
polymer solutions is related to the mass-average molecular mass, Mw,
by34

= + + +Hc
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where c is the polymer concentration. The optical constant, H =
4π2n2(dn/dc)2/λ4NA, combines the solvent refractive index (n),
refractive index increment (dn/dc), wavelength of light (λ) in a
vacuum, and Avogadro’s number (NA). The concentration dependence
of the excess scattering estimates the second and third virial
coefficients, A2 and A3, respectively. The form factor, P(q), measures
the characteristic particle size and shape from the angular dependence
of the scattered light. When qRg < 1, where Rg is the polymer radius of
gyration, the particle form factor has the following form:
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A Zimm plot of Hc/Rvv(c,q) against q2 + kc, with k being a scaling
constant, results into the two limiting lines Hc/Rvv(c = 0,q) and Hc/
Rvv(c,q = 0); the first yields 1/Mw + P(q), and the latter gives 1/Mw +
2A2c + 3A3c

2 +... where q = 0 is obtained by extrapolation.35 These
double extrapolations to obtain Mw, Rg, and A2 are not always simple if
curvature appears in Hc/Rvv(c,q). In these cases, a Berry plot was used,
where the square root of Hc/Rvv(c,q) is plotted versus q2 + kc.36 This
method was applied recently to characterize block copolymer
vesicles.37

Dynamic laser light scattering (DLS) measures the intensity−
intensity time correlation function g(2)(q,τ) by means of a multi-
channel digital correlator and related to the normalized electric field
correlation function g(1)(q,τ) through the Siegert relation.38 Herein,
two different procedures were used to analyze g(1)(q,τ). For F1.2E445F1.2
and F2E445F2 at higher polymer concentration, two modes were
confirmed by the inverse Laplace transform method of CONTIN.39 In
the presence of two modes and in order to facilitate comparison to a

Table 1. Polymer Characteristics of FmE445Fm Triblock Copolymer Studied

sample FmEnFm PEG Mn
a (g/mol) n, PEGb m, F-TMCc polymer Mw

s d (g/mol) (dn/dc)e (cm3/g)

ABA-F1 F15.3E445F15.3 19610 445 15.3 27247 0.148 ± 0.002
ABA-F2 F5.6E445F5.6 19610 445 5.6 22358 0.126 ± 0.004
ABA-F3 F2E445F2 19610 445 2.0 20544 0.1355 ± 0.0006
ABA-F4 F1.2E445F1.2 19610 445 1.2 20141 0.1371 ± 0.0002

aNumber-average molecular mass data based on hydroxyl value from supplier. bCalculated from the supplier data. cBased on 1H NMR spectroscopy.
dMw

s = Mn
PEG + 2m × Mn

F‑TMC. eRefractive index increment with 18 MΩ·cm resistivity water.

Scheme 1. Chemical Structure of FmE445Fm Triblock
Copolymer
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theory, g(1)(q,τ) was fit by a sum of a single exponential and a stretched
exponential function

τ τ τ= −Γ + − Γ βg q a a( , ) exp( ) exp( [ ] )(1)
1 1 2 2 (3)

where ai and Γi are the amplitude and characteristic decay rate of the i
mode, respectively, and β is a stretched exponent. The translational
diffusion coefficient is obtained from Di = Γi/q

2. For F1.2E445F1.2 and
F2E445F2 at very low polymer concentration, as well as F5.6E445F5.6 and
F15.3E445F15.3 in the entire polymer concentration range, only one
mode was observed by CONTIN. In this case, the quadratic cumulant
method40 was used to evaluate g(1)(q,τ) to estimate the average
diffusion coefficient (D = Γ̅/q2) from the mean decay rate Γ̅, and size
polydispersity (μ2/Γ̅2). The hydrodynamic radius Rh was estimated
using the Stokes−Einstein relation, where Rh = kBT/6πη0D with
known Boltzmann constant (kB), solvent viscosity (η0), and temper-
ature (T).
Uncertainties (error bars) are estimated by one standard deviation

from the mean by fits to static light scattering and DLS data by least-
squares minimization. While error bars are shown, they may be smaller
than the symbols.

■ RESULTS AND DISCUSSION
Molecular Association of F-TMC Groups. The UV−vis

spectrum provides direct evidence for π−π stacking of F-TMC
groups. The F-TMC monomer has an absorption peak at 257
nm in chloroform.41 When F-TMC groups associate, the UV−
vis spectrum may show a red-shift of the primary absorption
peak42,43 as well as introduction of multiple peaks due to J- or
H-coupling.44 The red-shifted peak shows that the side-chain
fluorene groups are stacked close enough to cause π−π
interaction in the ground state.42,43 In Figure 1, the absorption

spectra of F15.3E445F15.3 to F1.2E445F1.2 in water have significant
red-shifts compared to the F-TMC monomers in chloroform,
demonstrating that the side chain fluorene groups have π−π
stacking interaction between each other in self-assembled
structures.
Critical Micelle Concentration. Hc/Rvv(c,q = 0) provides

the mass-average molecular mass and virial coefficient through
eq 1. The FmE445Fm polymers display a sharp decrease in Hc/
Rvv(c,q = 0) with increasing concentration followed by a small
positive or negative slope. This concentration dependence of
Hc/Rvv(c,q = 0), shown in Figure 2, occurs far below the chain
overlap concentration, c*=3Mn,PEG/4πR

3
g,PEGNA ≈ 24 mg/mL.

While the slope at higher concentration may be described by eq
1, the appearance of the upturn at very low concentration
follows systems that exhibit a critical micelle concentration

(CMC).45−49 Methods to quantify the CMC by light scattering
may differ. For instance, Harada et al.49 used the intersection of
two lines between a low and high concentrations regime to
define the critical association concentration in order to
distinguish it from the CMC as determined by fluorescence
methods. Nolan et al.48 modified the Debye equation (eq 1)
and applied it to a well-defined self-assembling polymer system
into the following form

=
=

+
+ +−

Hc
R q M M

A c A M c
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2 15/8
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c

c c
c

vv w
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w
mic ( ) 2 2

2
w
mic 2
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where c is the total polymer concentration and cs is the
concentration of unassociated polymer (unimer). The details
may be found in Nolan et al.,48 but briefly the first term on the
right is obtained by expanding the mass-average molecular
mass, Mw, into a component due to the unimer, Mw

s , and
micelle, Mw

mic. The second and third terms are contributions
from the second and estimated third virial coefficient. Equation
4 was fit to each data set in Figure 2 with fit parameters cs, Mw

mic,
and A2.
Far below the CMC, the polymers are unassociated with

concentration of unimer equals to that of the polymer. Above
the CMC, micelles form, and the concentration of micelles is c
− cs. For a monodisperse block copolymer, cs remains constant
for c greater than the CMC. However, for polydisperse block
copolymers, cs may increase above the CMC.50 In either case,
the contribution of micelles causes Hc/Rvv to decrease with
polymer concentration. Considering that the CMC is effectively
the concentration at which the presence of micelles is just
detectable by static light scattering, the CMC can be taken as
the point below which the inverse molecular mass remains
constant.51 We assign cs as CMC, using the simplifying
assumption that the concentration of unassociated polymers
remains constant above the CMC.
The CMC obtained from cs is shown as the filled circles (●)

in Figure 3. These data are in quantitative agreement with the
CMC determined by a pyrene fluorescence-quenching method
for F2E445F2 and F1.2E445F1.2 shown as the open squares (□),
confirming the applicability of eq 4. The CMC values
successively decrease with increasing F-TMC group number
(m) as summarized in Table 2.
The free energy of micellization for a monodisperse block

copolymer is given by ΔG°(mic) = (NAkB)T ln CMC.50 For
alkylene surfactants, ΔG°(mic) is proportional to the number
of methylene groups (N) and generally follows log CMC = a′N
+ b′, where a′ and b′ are constants.52 However, block
copolymers deviate from this expression due to the interfacial
energy associated with chain packing at the core and corona
interface.50,53,54 Classical predictions55 find log CMC ∼ N2/3.
Fits to the CMC data (Figure 3) find log CMC = (−1.77 ±
0.43)m0.47±0.08 + (1.29 ± 0.045), which falls between limits50,55

observed by polymeric micelles of N1/3 and N2/3.
Identifying Weakly Associating Micelles and Strong

Clustering Regimes. In dilute solutions (c ≈ CMC), when
excess light scattering was just detectable, only one mode was
observed by DLS. For F2E445F2 and F1.2E445F1.2 at higher
concentrations two well-separated modes were observed. In this
case, established methods were applied to separate the excess
light scattered intensity into two populations from the DLS
relative amplitudes a1 (fast mode) and a2 (slow mode).38 These
two populations at c > CMC are due to the presence of
micelles, I1(q) = a1(q)Rvv(q), and clusters, I2(q) = a2(q)Rvv(q),

Figure 1. UV−vis absorption spectra of F-TMC monomer (a) in
chloroform and of F15.3E445F15.3 to F1.2E445F1.2 (b−e) in water. The
data of F-TMC monomer in chloroform are taken from ref 41. The
concentration of F15.3E445F15.3 to F1.2E445F1.2 in water is 0.01 mg/mL.
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as initially communicated.31 Figure 4 shows two regimes in the
evolution of the reduced scattered intensities versus c/CMC.
The shaded region represents a weak micelle association regime
followed by a strong clustering regime distinguished by the
presence of micelles and clusters of micelles. The weak micelle
association and strong clustering regimes occur within the
diagram of Figure 3 as will be discussed.

The second virial coefficient obtained by the Zimm plots for
F2E445F2 and F1.2E445F1.2 and Berry plots for F5.6E445F5.6 and
F15.3E445F15.3 within the strong clustering regime are provided in
Table 2. A2 is smaller than the parent polymer (PEG of Mw =
19 610 g/mol), which is on the order of 10−3 mol·cm3/g2.56

Smaller A2 values for the series F15.3E445F15.3 to F1.2E445F1.2 in
comparison to the unfunctionalized homopolymer are con-
sistent with the formation of polymeric micelles and
aggregation.57 The very small and negative A2 implies weak
attraction between clusters. From positive A2, we can reliably
estimate the cluster overlap concentration by c* = 1/(A2Mw)
for F2E445F2, leading to c* = 35 mg/mL.58

The mass-averaged molecular mass shown in Table 2 are in
agreement with those determined by eq 4 (Table S1). For
F2E445F2 and F1.2E445F1.2, the aggregation number, Nagg,
calculated from the extrapolated Mw, corresponds well to the
aggregation number of micelles and is consistent with previous
estimates.29 For F15.3E445F15.3 and F5.6E445F5.6 the value of Nagg
is too high for isolated micelles. We will show that the high Nagg
of F15.3E445F15.3 and F5.6E445F5.6 is due to kinetically frustrated
clusters without clear separation into free micelles by DLS.

Concentration Dependence of the Radius of Gyration
of Clusters. In the strong clustering regime, ⟨Rg⟩ was
estimated from I2(q) (Figure S2) by59

⟨ ⟩ =
= =

⎡
⎣⎢

⎤
⎦⎥

⎡
⎣⎢

⎤
⎦⎥R c

q
Hc

I q c
Hc

I q c
( ) 3

d
d ( , ) ( , )

c q c

g
2

2
2 2 0, 0 (5)

In the case of F15.3E445F15.3 and F5.6E445F5.6, ⟨Rg⟩ was estimated
from [Rvv(q)]

1/2 (Figure S3). Figure 5 shows the apparent ⟨Rg⟩
as a function of c/CMC within the strong clustering regime.
While all the data do not collapse onto a single master curve,
when normalized by the CMC, the scaling is compared to a 1/4

Figure 2. Reduced scattered intensity Hc/Rvv(c, q = 0) versus polymer concentration for F15.3E445F15.3 to F1.2E445F1.2. Rvv(c,q = 0) is the Rayleigh ratio
extrapolated to θ = 0°. Note the break in the y-axis. Solid lines are fits of eq 4 with fixed molecular mass of unimer, Mw

s . The dashed line notes the fit
values of cs. The inverse of molecular mass is depicted as Hc/Rvv(c,q = 0).

Figure 3. State diagram in the F-TMC group number (m)−polymer
concentration (c) plane at a fixed temperature T = 25 °C. Filled circles
(●) represent the CMC obtained from eq 4. Open squares (○)
represent the CMC by fluorescence quenching from ref 29. The
overlap concentration (c*) of the unassociated PEG is shown.
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power law. The onset of the strong clustering regime occurs at
smaller c/CMC for m = 1.2, when compared to m = 2 in Figure
4 and also observed by ⟨Rg⟩ in Figure 5. At higher m the value
of the segregation strength χASm increases, where χAS is the
Flory−Huggins interaction parameter between F-TMC and
water. Therefore, the segregation strength and selective
solubility of the end groups increase with m, further increasing
the driving force for partitioning of F-TMC into micelles. If F-
TMC groups are buried into flower-like micelles, then the
probability of the end group is strongly localized into a central
core with reduced probability to the micelle periphery. The
probability of micelle-to-micelle contact increases with c2,
regardless of χASm, but the probability of end groups fluctuating
from core to solution should decrease with increasing χASm.
This trend overall shifts the expected cluster growth

concentration dependence to higher c/CMC. The lattice
simulations by Nguyen-Misra and Mattice demonstrate that
the loop fraction increases and dangling end fraction decreases
as polymer concentration increases or solvent-end group
compatibility decreases.60 Further, the fraction of loops also
depends upon the middle block stiffness with flexible chains
exhibiting only 0.25 fraction of loops in a molecular dynamics
study of strongly associating telechelic polymers.61 So, the true
situation of all loop-like micelles is not expected, but a
combination of loops and dangling or bridging chains ends that
facilitates cluster formation.

Dynamics of Micelles and Clusters. The angular
dependence of dynamic laser light scattering provides insight
into the F-TMC degree of polymerization and polymer
concentration dependence within the weakly associating micelle
and strong clustering regimes. For F15.3E445F15.3 and F5.6E445F5.6
the normalized DLS spectrum observe one broad mode as
shown for one concentration in Figures 6a and 6b (lower
inset). The diffusion coefficient (D = Γ̅/q2) in the upper inset
shows a plateau with a positive deviation to higher q in the case
of F5.6E445F5.6. This deviation is also observed in the lower m
systems and contains intracluster dynamics information.62

Typical normalized DLS for F1.2E445F1.2 and F2E445F2 are
shown for one concentration in Figure 7a,b. Within the strong
clustering regime as shown in Figure 7, the micelle diffusion
coefficient was determined from D1 = Γ1/q

2, while the cluster
effective diffusion coefficient D2 = Γ2/q

2 determined from the
low q region. Systematic positive deviation in D2 is shown in
the upper insets. This is attributed to concentration fluctuations
within clusters.31,63 Such behavior was recently observed in
supramolecular assembled fibers.8 An example of the separated
scattered intensities by the cluster and micelle are provided in
the lower inset. I2(q) exhibits a q-dependence, fit by eq 2,
whereas I1(q) typically did not display a systematic q-
dependence, and estimates to obtain the free micelle Rg are

Table 2. Parameters from Static Laser Light Scattering of FmE445Fm Triblock Copolymer

FmEnFm CMC (mg/mL) Mw (g/mol) A2 (mol·cm3/g2) Nagg
e Rg (nm)

F15.3E445F15.3 0.000216 ± 0.000442a (1.34 ± 0.25) × 109 c (−7.38 ± 0.65) × 10−8 c 49180c 226 ± 1c

F5.6E445F5.6 0.0021 ± 0.0003a (6.99 ± 0.36) × 107 c (−1.30 ± 0.16) × 10−5 c 3126c 94 ± 1c

F2E445F2 0.069 ± 0.002a (4.51 ± 0.25) × 105 d (6.41 ± 1.58) × 10−5 d 22 ± 1.2d 36 ± 2d

0.050b

F1.2E445F1.2 0.231 ± 0.011a (1.77 ± 0.08) × 105 d (2.15 ± 24.0) × 10−7 d 9 ± 0.4d 39 ± 1d

0.240b

aCMC obtained from eq 4. bCMC by pyrene fluorescence-quenching method.29 cBerry plot from Rvv (Figure S1).
dZimm plot from I2(q) (Figure

S1). eNagg = Mw/Mw
s using Mw

s from Table 1.

Figure 4. Concentration-normalized extrapolated intensity versus reduced concentration obtained from Zimm plots. The gray shaded region
highlights a regime of weakly associating micelles (○) that transitions to strong micelle clustering with populations of micelle (I1(q), ●) and clusters
(I2(q), ■).

Figure 5. Normalized concentration dependence of the apparent
radius of gyration of clusters ⟨Rg⟩ for F15.3E445 to F1.2E445F1.2 as
indicated in the legend including data in D2O from ref 31.
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not within the resolution of light scattering, but neutron
scattering.29

Figure 8 shows the concentration dependence of the
hydrodynamic radius estimated by the plateau values of D for
F15.3E445F15.3 and F5.6E445F5.6. The Rh values show a larger
polydispersity near the CMC with error bars representing the
polydispersity from the cumulant analysis. These results suggest
that the average size is due to the formation of clusters without
clear separation into single micelles by DLS. The mean Rh

values of F15.3E445F15.3 in 20 < c/CMC < 200 ≈ 255 ± 10 nm
and F5.6E445F5.6 ≈ 100 ± 1 nm show a nearly concentration-
independent scaling of the cluster size with c/CMC that do not
dissociate substantially upon dilution.
F2E445F2 and F1.2E445F1.2 were studied by small-angle neutron

scattering and modeled as star-like micelles with hydrophobic

oligocarbonate fluorene point-like core and hydrophilic PEG
outer shell that form chain-like clusters.29 As shown in Figure 9,
Rh determined from micelles (D1) remains constant, whereas
the Rh from the clusters (D2) increases with concentration. For
F2E445F2, micelle Rh ≈ 16.4 ± 0.1 nm and cluster Rh increases
from 38 to 101 nm as concentration increases from 2.0 to 10
mg/mL. For F1.2E445F1.2, micelle Rh ≈ 11.8 ± 0.8 nm and
cluster size Rh increases from 36 to 92 nm within the
concentration range 1.25−10 mg/mL. The concentration
dependence of the cluster Rh shows an equilibrium between
micelles and clusters within the strong clustering regime
defined by Figure 4. As concentration increases, the equilibrium
shifts toward the clusters as confirmed by the reduced scattered
intensities in Figure 4 and the DLS amplitudes (Figure S4).
This behavior is a signature of self-assembly.64,65

Figure 6. Typical normalized DLS correlation function, showing every 20° for clarity, fit by quadratic cumulant method for F15.3E445F15.3 (a) and
F5.6E445F5.6 (b). The inset at right top is D = Γ̅/q2 versus q2 plot, while inset at left bottom shows CONTIN confirming one mode.

Figure 7. Typical normalized DLS correlation function, shown for every 20° for clarity, with fits by eq 3 for F2E445F2 (a) and F1.2E445F1.2 (b). Lower
left inset are the DLS amplitude-weighted light scattering from micelle (I1(q),◁) and cluster (I2(q), □). Upper right inset are the effective diffusion
coefficient for each mode.
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Strong Clustering Regime: Closed Assembly Coupled
to Open Assembly. The observation of micellization and
micelle clustering implies a hierarchical assembly enabled by F-
TMC. The self-assembly of small-molecule or polymer
amphiphiles into micelles is a closed assembly process.66 In
this case a narrow distribution of associated species is present in
significant proportion. A single equilibrium may approximate
the concentration of unimers (M1) and associated species
( ̃MN) of finite size, such that ÑM1 = ̃MN , where Ñ is the
association number.51,66 This closed assembly model67 assumes
a CMC, below which only unimers are present and above
which micelles can be detected with equilibrium constant

=̃ ̃
̃K M M[ ]/[ ]N

c
N

N
1 .

If further association of micelles occurs, then a hierarchical
assembly model is necessary. As an approximation, we assume
that the micelles remain intact and follow a multistep
equilibrium.66,67 The formation of an L̃-mer of micelles occurs

via a stepwise association with equilibrium constant ̃KL given
by =̃ ̃ ̃ ̃ ̃− ̃K M M M[ ]/[ ][ ]L N L N L N( ) ( ) 1 . If for each step Ki is
approximately equal, the associated species would have a broad
size distribution. This case is referred to as open assembly in
the polymer51,66 and small molecule surfactant67,68 literature.
Mukerjee67 showed that with this model the average degree of
association, L̃, proportional to mass-average molecular mass,
scales as ̃ =L K K c2 / /CMC2 . This prediction depends
upon the ratio of two equilibrium constants one to form a
dimer (K2) and equal equilibria (K) for all other higher-order
stepwise associations. This prediction may be compared to the
experimental data in Figures 5 and 9 by invoking Gaussian
statistics for the cluster size, ∼ ̃R Ll2 2 with step length l leading
to R ∼ (c/CMC)1/4.
Figure 9 shows the general agreement with the equilibrium

open assembly model shown as the dotted line and compared
to the scaling in Figure 5. Therefore, the equilibrium assembly
of F2E445F2 and F1.2E445F1.2 is a closed, coupled to open
assembly process. In the strong clustering regime, as the
polymer concentration increases, more micelles form, and these
micelles reversibly associate into clusters mediated by F-TMC
groups via bridging interaction.
In the absence of a hierarchical multiequilibria model, the

worm-like micelle theory of Cates and Candau69 predicts the
mean contour length, L̅, follows the concentration scaling L̅ ∼
c1/2 exp(E/2kBT), where E is a scission energy.69,70 Within
Gaussian statistics, Rg ∼ c1/4, which is identical to the
multiequilibrium model. Branching may be included in either
estimate as discussed by Burchard.71

Observations of Intracluster Relaxations. Internal
relaxations could be observed if the structures are sufficiently
flexible in the qRg > 1 limit.72 The systematic DLS study over a
wide concentration and q-range of FmE445Fm reveals internal
dynamics of clusters. The analysis for F5.6E445F5.6, F2E445F2, and
F1.2E445F1.2 observes a deviation in the effective diffusion
coefficient from Figures 6b, 7a, and 7b. This deviation is
attributed to the crossover of the decay rate dependence from
q2 to q3. Further, the model fit stretched exponent β is
independent of q (Figures S5 and S6). The normal mode
relaxations from Gaussian polymer chains with hydrodynamic
interactions follow Rouse−Zimm dynamics with a q3-depend-
ent relaxation rate (Γ2) and stretched exponent β = 2/3 as a
limiting law.73 Relaxations that occur within the clusters are
consistent with Rouse−Zimm dynamics for the data shown in
Figure 10.
Figure 10 shows the dimensionless plot of (Γ2/q

3)/(kBT/η0)
as a function of (q⟨Rg⟩)

2 for F2E445F2 and F1.2E445F1.2 at c >
CMC. The dimensionless plot for the normalized decay rate by
the correct Rouse−Zimm variables eliminates the solvent
viscosity and temperature dependence. Further, the normalized
q⟨Rg⟩ axis shows the probe scale less than or greater than the
⟨Rg⟩ of the cluster. The values of (Γ2/q

3)/(kBT/η0) plateau
near (q⟨Rg⟩)

2 > 1.5. This plateau for linear polymer solutions is
typically between 0.05 and 0.0674−76 and frequently lower than
the theoretical prediction of 0.071 and 0.079 with and without a
preaveraged Oseen tensor, respectively.77

We consider two possibilities to this lower plateau. A lower
plateau was explained by Wu et al. as related to a key
assumption in the dynamics theory that energetically favorable
internal motions are not observable in DLS at a particular q⟨Rg⟩
due to finite cutoff observation length scale 1/q.75 Therefore, if
internal motions do not contribute to the measured spectrum,

Figure 8. Cluster hydrodynamic radius for F15.3E445F15.3 and
F5.6E445F5.6. The error bars represent one standard deviation of the
size polydispersity obtained from the cumulant analysis.

Figure 9. Concentration dependence of hydrodynamic radius (Rh) of
the micelle and cluster for (a) F2E445F2 and (b) F1.2E445F1.2. Black
circles represent the data fit by single exponential function. Black
spheres represent the data fit by stretched exponential function. Gray
spheres represent the data fit by cumulant method when single modes
are observed. Dotted line is mean field open assembly model described
in the text.
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the calculated Γ should be smaller than the predicted Rouse−
Zimm model. This smaller Γ will lead to a lower plateau value.
The consideration of the dynamics using a stretched
exponential integrates over all normal modes is an approximate
model.73 In Figure 10, the observed plateau values of (Γ2/q

3)/
(kBT/η0) are in the range of 0.035−0.055. Wu et al. observed
similar behavior for well-defined PNIPAM covalently cross-
linked microgel particles when compared to linear chains.76

The plateau value of PNIPAM microgel particles is ≈3.5 times
lower than that of linear PNIPAM (≈0.05), since the internal
motions of the microgel are suppressed by covalent cross-
linking. In the present case, interconnected micelles within a
cluster serves as effective beads connected by entropic bridging
chains. This view complements the observations with microgels
synthesized through covalent cross-linking. Observations by
Wu et al.76 with well-defined microgels additionally show that a
linear association is not necessary to observe Zimm-like
dynamics.
Another consideration for the concentration dependence of

the plateau is that the local solvent viscosity is not that of the
bulk. The plateau of (Γ2/q

3)/(kBT/η0) shows a systematic
concentration dependence. A plot of the q3kBT/Γ2 plateau
versus c provides an apparent local solvent viscosity (Figure
S7). However, the magnitude of the local viscosity increase
does not seem reasonable to be the only source of the fractional
increase in the apparent local solvent viscosity, when
considering the literature data for polymers in organic and
halogenated solvents.78,79 Gisser et al. showed that the relative
diffusivity of tetrahydrofuran solvent does slow down in the
presence of polystyrene.80 However, in order to observe an
≈10% slowing down in solvent diffusivity the volume fraction
of polymer would need to be ≈0.07. A conservative estimate for
the volume fraction of polymers within the clusters, using the
Zimm plot results, is between 0.02 and 0.05. This subtle effect
requires molecular dynamics simulations to understand the
local hydrodynamic coupling between solvent and polymer or,
in this case, micelle within cluster and solvent. Recent studies
on PEO by Mondal et al. would provide insight when focused
on the water dynamics in the vicinity of the polymer.81

Microgel-like Clusters Become More Isotropic at
Higher Concentration. The ratio ρ = ⟨Rg⟩/⟨Rh⟩ quantifies
shape anisotropy.82 Estimates for ρ were updated using modern
numerical methods to calculate the frictional and hydrodynamic

properties of objects formed by a variety of association
mechanisms as reviewed by Mansfield and Douglas.83 These
theoretical considerations conclude that equilibrium self-similar
clusters tend to be anisotropic, whereas nonequilibrium clusters

are more isotropic. Figure 11 summarizes ρ as a function of
c/CMC within the strong clustering regime. F1.2E445F1.2 and
F2E445F2 at lower c/CMC have initially higher ρ values that
decrease to near unity. F5.6E445F5.6 is near unity across the entire
concentration range, and F15.3E445F15.3 has globular values of ρ
that increases with concentration. A universal feature is a
tendency toward a similar ρ with increasing c/CMC.
Just above the CMC, highly anisotropic clusters are observed

for lower m that transitions to more compact clusters as m
increases from 1.2 to 15.3. This appears to correlate with the
clusters that display internal relaxation modes (m = 1.2, 2, and
5.6) and those which are not apparent (m = 15.3). Perhaps the
most compact clusters do not exhibit the internal relaxation
modes visible to DLS length scales due to the high extent of
micelle interconnectivity as concluded by the microgel studies

Figure 10. Variation of (Γ2/q
3)/(kBT/η0) as a function of (q⟨Rg⟩)

2 for (a) F2E445F2 and (b) F1.2E445F1.2 at different concentrations (●, 10 mg/mL;
■, 7 mg/mL; ▲, 5 mg/mL; ▼, 4 mg/mL; and ◀, 2.5 mg/mL) with solid lines are guides to the eye. Inset shows the concentration dependence of
the average stretched exponent β with dotted line showing the Rouse−Zimm limiting value (β = 2/3).

Figure 11. CMC-normalized concentration dependence of the ratio of
the cluster apparent radius of gyration (Rg) to the clusters
hydrodynamic radius (Rh). The dotted lines are guides to the eye.
The asymptotic values for lattice animals, percolation clusters, and
diffusion limited aggregation are provided by the solid, dashed, and
dash-dotted lines, respectively.
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of Wu and Zhou.76 Measurements that unambiguously quantify
the interconnectivity are needed.
The observed shape anisotropy of the clusters connects to

theoretical predictions (Figure 11). Self-similar equilibrium
clusters predict anisotropic shapes with larger ρ. This is
observed for lower c/CMC of F1.2E445F1.2 and F2E445F2. It is not
unreasonable to deduce that at lower concentrations the
clusters appear more anisotropic, then as the extent of
clustering increases, the clusters plateau at a lower value of ρ,
implying less anisotropy, still far from the isotropic uniform
sphere value of 0.775 expected for nonequilibrium clusters.
F5.6E445F5.6 exhibits very little dependence with c/CMC with a
plateau value of ρ ≈ 1. F15.3E445F15.3 has a larger variability but
lower values in ρ at low concentration that rises to between
0.78 and 1.0. F15.3E445F15.3 has the most compact and isotropic
structures better described by nonequilibrium clusters (e.g.,
diffusion-limited aggregation), whereas F5.6E445F5.6, F2E445F2,
and F1.2E445F1.2 are self-similar and equilibrium clusters (e.g.,
percolation clusters and lattice animals).
Upon increasing the symmetric end-group degree of

polymerization the window of micelle and clusters formation
grows. However, within the m−c state diagram of Figure 3, the
clustering assembly mechanisms are different. The formation of
clusters having similar shape anisotropy with increasing c/CMC
was a universal feature. By comparing the cluster size and
anisotropy ratio to mean-field models, one can begin to
quantify the nonequilibrium and equilibrium cluster structures.
In our system, we note that telechelic polymers with highly
hydrophobic ends may have limited water solubility, which may
be more common that often discussed in block copolymer
micelles and gels for drug encapsulation and delivery. A
common route to form micelles is to predissolve in a common
organic solvent and dialyze84 to obtain desired structures as was
done with F15.3E445F15.3 and F5.6E445F5.6. F5.6E445F5.6 exhibited a
slight increase in the ⟨Rg⟩ of the cluster with increasing
concentration, while F15.3E445F15.3 did not. This is most likely
the persistence of flower-like micelles,85,86 whereby the
enthalpic penalty to permit free ends and kinetics of assembly
are prohibitively slow making self-assembly kinetically con-
trolled. However, F2E445F2 and F1.2E445F1.2 are immediately
soluble and reversibly assembled, a desirable feature for drug
encapsulating particles and injectable gels. Figure 3 needs to
consider the interaction parameters. For instance, the strong
self-association of the fluorene groups suggests a large Flory−
Huggins interaction parameter. This not only drives the
selected solubility and micellization but also kinetically prevents
dissolution and formation of well-defined structures. Figure 3
may be better considered and made universal by the product
χASm. This work is ongoing with selective deuterium labeling
and small-angle neutron scattering.

■ CONCLUSION
The supramolecular assembly of FmE445Fm telechelic (triblock)
polymers exhibits a classical critical micelle concentration. This
closed-assembly process becomes coupled to micelle clustering
with increasing concentration and end-group degree of
polymerization, m. The concentration dependence for the
cluster size was consistent with mean-field descriptions derived
for worm-like chain assembly and multistep equilibrium
models. Without any adjustment, experimental data follow
the mean-field scaling R ∼ (c/CMC)1/4. At low m, clusters are
anisotropic near the CMC and become more isotropic with
increasing concentration as quantified by the anisotropy ratio.

Moreover, low m clusters resemble soft microgels through their
internal dynamics when compared to well-defined cross-linked
microgels. The internal dynamics of these clusters are
consistent with Rouse−Zimm dynamics. This behavior is
strongly dependent on m. Higher m values do not show the q3

deviations in the q2 decay rate law expected by translational
diffusion. These tend to be irreversible isotropic clusters
through their anisotropy ratio. These observations demonstrate
that incorporation of F-TMC groups leads to classical micelles
that are coupled to hierarchical assembly (clustering of
micelles). This closed, coupled-to open assembly is a general
process readily probed by angular-dependent static and
dynamic light scattering. Since solution and gel properties
(viscosity, shear modulus) and delivery properties (encapsula-
tion, release, loading) are always dependent upon the
microstructure, these experiments provide a detailed view on
the fundamentals of supramolecular driven assembly.
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