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 a One-Pot Synthesis of Linear Triblock Terpolymers and their 
Aqueous Self-Assembly 
Eman Ahmed,a C. Tyler Womble,a Jinwon Cho,b Kristen Dancel-Manning,c  Dr. William J. Rice,d Seung 
Soon Jang*b and Marcus Weck*a

Compartmentalized micelles are prepared through the self-assembly of linear triblock terpolymers containing hydrophilic 
(H), lipophilic (L), and fluorophilic (F) domains. The triblock copolymers were synthesized via living ring-opening metathesis 
polymerization (ROMP) of norbornene-based monomers. Our terpolymer design offers a facile approach for the synthesis 
of the target materials with fast polymerization kinetics, complete block incorporation and control over block sequence. 
Various triblock terpolymers are prepared with variations in block sequence and block ratio and self-assembled in aqueous 
media. Interaction parameter ( ) values between each block are determined using a Flory-Huggins based computational 𝜒

model. “Core-shell-corona”, “disk-like”, “raspberry-like” and “worm-like” morphologies are observed through cryogenic 
transmission electron microscopy and dissipative particle dynamics simulations.

INTRODUCTION
A long-standing goal of polymer science is to simulate and 
harness the efficiency of chemical processes found in nature.1,2 
A key example is molecular self-assembly, a process ubiquitous 
in biological systems.3 The internal organization of eukaryotic 
cells has inspired the assembly of nanostructures with spatially 
segregated compartments as a strategy towards the fabrication 
of next-generation functional materials for applications in 
catalysis and targeted substrate uptake.4–11 Mimicry of the 
structural complexity found in natural systems where multiple 
domains or compartments coexist within a single structure, 
however, is synthetically challenging.12 One strategy for 
preparing materials with multiple distinct domains is to self-
assemble macromolecules into nanostructures.13 Block 
copolymers readily undergo microphase separation and their 
assembly properties in solution have been well studied.14,15 
Changes to monomer structure, polymer block length, and 
architecture allows for tunability of the desired nanostructure 
morphology and size.16–18

Hydrophilic-hydrophobic diblock copolymers assemble into 
micelles with two domains: core and corona.19 Increasing the 
number of spatially separated domains allows for the formation 
of complex, nanostructured materials, such as 

multicompartment micelles (MCMs).16,20 Incorporation of a 
third block that is mutually incompatible with the others leads 
to the formation of additional domains upon assembly in 
solution.21–26 Commonly, a fluorine-rich block provides the 
required microphase separation from the water soluble 
(hydrophilic) and oil soluble (lipophilic) polymer blocks. MCMs 
bearing fluorophilic (F), lipophilic (L), and hydrophilic (H) 
segments have previously been reported and their aggregation 
behaviour in solution led to a wealth of three-dimensional 
nanostructures.22, 23, 25–31

Most MCMs have been prepared from ionic or Reversible 
Deactivation Radical Polymerization (RDRP) methods and 
reports of MCMs assembled from polymers containing 
functional handles remain limited.16 Ionic polymerizations limit 
the scope of available functionalities that can be incorporated 
into the polymer chain without significant post-polymerization 
modifications.27,28 RDRP yields well-defined macromolecules 
and has adequate functional group tolerance; the presence of 
termination events, however, necessitates stopping the 
polymerization at low conversions and purification steps are 
required after each block addition.29 Additionally, RDRP has 
slow polymerization kinetics and require high reaction 
temperatures.28 
Living Ring-Opening Metathesis Polymerization (ROMP) is a 
powerful method for the preparation of well-defined polymers 
with exceptional control over the composition and architecture 
of the scaffold.30–32 ROMP has a high functional group tolerance 
and rapid polymerization times, on a time scale of minutes in 
both water and organic solvents.31,33–35 Its living nature ensures 
full monomer consumption and enables the polymerization of 
multi-block copolymers in one-pot by sequential monomer 
addition.36,37 ROMP also allows for simple adjustment of block 
lengths and block sequence resulting in easy tuning of polymer 
properties. Furthermore, ROMP yields an unsaturated polymer 
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backbone that offers additional sites for targeted 
functionalization.38 In recent years, ROMP has gained 
unprecedented popularity for the synthesis of functional 
amphiphilic block copolymers for biomedical applications.39 
ROMP has not yet been used for the synthesis of linear 
terpolymers with lipophilic, fluorophilic and hydrophilic blocks 
and their subsequent self-assembly into MCMs remains to be 
investigated.

Figure 1. Schematic representation of the one-pot synthesis of 
triblock terpolymers by ROMP and aqueous self-assembly into 
multicompartment micelles.

We have recently described the formation of MCMs using bottle 
brush copolymers with four incompatible domains prepared by 
ROMP.17 The complex nature of the bottlebrush copolymers 
limited the distinction between the four blocks via cryogenic 
transmission electron microscopy (cryo-TEM). Herein, we 
advance the scope of multicompartment micelles by preparing 
triply amphiphilic linear block copolymers from ROMP of 
norbornenes in one-pot (Figure 1). The triblock copolymers are 
based on a water-soluble monomer (H), a norbornene with a 
six-carbon chain (L) and a norbornene with a fluorine rich side-
chain (F) that phase separate in aqueous solution to yield MCMs 
with three distinct domains. Interaction parameter ( ) values 𝜒
determined using a Flory-Huggins based computational model 
confirmed phase separation between the amphiphilic polymers. 
Cryo-TEM and dissipative particle dynamic (DPD) simulations 
were used to observe the self-assembly behaviour of micelles. 
Our facile approach enables the aqueous assembly of MCMs 
with tunable morphologies for potential applications in cascade 
catalysis and biomedicine. 

RESULTS AND DISCUSSION

Monomer syntheses. Norbornene-based monomers with 
fluorophilic, lipophilic, and hydrophilic moieties were 
synthesized according to modified literature procedures (see 
Supporting Information for experimental details).40–43 
Monomer selection is critical for designing triblock copolymers 
that phase separate in solution.5 It has been computationally 
predicted that monomer properties can have a significant effect 

on macromolecular assembly and result in altered 
morphologies.44 We selected monomers based on appropriate 
homopolymer solubility and with non-ionic, short side-chains. 
The lipophilic monomer (L) was synthesized by treating exo-
norbornene dicarboxylic anhydride with hexylamine.42 The 
fluorophilic monomer (F) was synthesized from the retro Diels-
Alder/Diels-Alder reaction of dicyclopentadiene and 1H,1H,2H-
perfluoro-1-hexene.40,41 Following distillation of the product, 
the monomer was obtained as a 3:1 endo/exo mixture of 
isomers. There are few reports of water-soluble 
poly(norbornene)s that do not have poly(ethylene glycol), 
cationic, or zwitterionic side-chains.45,46 Tew and co-workers 
have reported the living ROMP of a tertiary amine 
functionalized norbornene.43 Following the Tew strategy, exo-
oxanorbornene dicarboxylic anhydride was transformed into 
the hydrophilic monomer (H). 

Polymer syntheses. Triblock terpolymers were synthesized 
using Grubbs’ initiator (G3) in a one-pot polymerization by 
sequential monomer addition (Scheme 1, see Supporting 
Information for full experimental details).47 The polymerization 
times of each monomer were determined from kinetics 
experiments using 1H NMR spectroscopy. The apparent 
propagation rate constant (kp

app) was calculated from a pseudo-
first order plot of conversion vs. time (Figure S1). Full conversion 
of F in toluene-d8 and L in CD2Cl2 was observed after four 
minutes with kp

app of 0.016 s-1 and 0.03 s-1, respectively (Figures 
S3-4). H required over 10 minutes in CD2Cl2 for full monomer 
consumption (kp

app = 0.005 s-1) (Figure S2). Thus, 15 minutes 
were allocated for complete monomer consumption of F and L 
and 40 minutes for H. α,α,α-Trifluorotoluene was used as a co-
solvent to maintain control over the polymerization, because of 
the limited solubility of the fluorinated block. 1H NMR 
spectroscopy confirmed full monomer consumption based on 
the absence of norbornene vinyl signals at 6.44 ppm (H), 6.27 
ppm (L), or 6.10 and 5.88 ppm (F) after subsequent monomer 
addition (Figure 2). 

Figure 2. Stacked 1H NMR spectra of aliquots taken from the 
crude polymerization mixture after each monomer addition 
(Series 1b, Table 1). The spectra were obtained in Acetone-d6, 

500 MHz.
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Scheme 1. Schematic representation of the synthesis of triblock terpolymers by ROMP

Adjusting the polymer block sequence can result in 
dramatic changes to the morphology of self-assembled 
nanostructures.48,49 Our synthetic strategy enabled 
alteration of the block arrangement by simply changing 
the order of monomer addition to yield polymers with 
three sequences: F – H – L, F – L – H, L– F – H. A library 
of nine polymers (Table 1) with varying block orders 
and block ratios were synthesized to determine the 
impact on micelle morphology. The subscripted values 
in the triblock sequence denote the degree of 

polymerization of each block. In Series 1 and 2, the 
ratio of the hydrophilic to hydrophobic segments is 1:1. 
A balance between the volume fraction of the 
hydrophilic to hydrophobic segments is pivotal in 
determining the size of the self-assembled micelles.50 
In Series 3, the ratio of hydrophilic to hydrophobic 
segments is decreased (0.6:1) to determine the impact 
of interfacial curvature on the self-assembled 
structures.23 

Table 1.  Triblock terpolymer composition

aDetermined via 1H NMR spectroscopy (Acetone-d6, 500 MHz) from the integration of signals of the cis vinyl protons δ (5.43−5.23 ppm) in comparison to 
the backbone vinyl protons signals (δ 6.04−5.23 ppm) (see Supporting Information, e.g., calculations). bDetermined from the integration of signals of the 
methyl protons δ (0.99−0.78 ppm) compared to the signals of the backbone vinyl protons. cDetermined from the integration of the signals of the –OCH2– 
protons δ (4.26−4.07 ppm) compared to the signals of the backbone vinyl signals. dTHF was used as the eluent for GPC analysis and the differential 
refractometer trace (dRI) was used to determine the Mn and Đ values. eTheoretical polymer composition and molecular weights were calculated from the 
monomer feed ratios.

1H and 19F{1H} NMR spectroscopies were used to 
ensure the composition of the final polymers closely 
matched the monomer feed ratio (Table 1). Broadened 
signals in the 19F{1H} spectra confirmed the presence of 
the F block in the final polymer. Integration of signals 
unique to each monomer in the 1H NMR spectrum 
relative to the integration of the total vinyl signals (6.08 
– 5.26 ppm) was used to calculate the relative amounts 
of F, L, and H (see Supporting Information). The feed 
ratio of all monomers closely matched the targeted 
polymer composition.

Gel-permeation chromatography (GPC) was used to 
characterize the polymers. GPC chromatograms of the 
homopolymers displayed monomodal traces with low 
dispersities (Figure S15). The experimental molecular 
weights of the triblock terpolymers were 
approximately half the expected value (Table 1). We 
attribute this discrepancy to the unfavourable 
interactions between the hydrophilic block and the 
hydrophobic column that impacts the hydrodynamic 
volume of the triblock copolymer (Figure S24).51 The 
molecular weight evolution with each monomer 

Polymerization Composition

% F % L % H Mn (kDa)Polymer

Theoretical Experimentala Theoretical Experimentalb Theoretical Experimentalc GPCd Theoreticale Đd

a F75 – H200 – L125 18.8 15.5 31.2 40.0 50 47.3 48.2 119.6 1.11

b F75 – L125 – H200 18.8 18.3 31.2 42.7 50 40.8 65.7 119.6 1.06Series 1

c L125 – F75 – H200 18.8 16.9 31.2 42.0 50 42.5 70.5 119.6 1.11

a F100 – H400 – L300 12.5 11.0 37.5 48.7 50 42.5 125.6 236.0 1.17

b F100 – L300 – H400 12.5 12.7 37.5 48.7 50 42.5 128.9 236.0 1.11Series 2

c L300 – F100 – H400 12.5 7.0 37.5 46.3 50 47.3 101.6 236.0 1.07

a F125 – H300 – L375 15.6 9.9 46.9 57.3 37.5 34.0 159.7 230.0 1.23

b F125 – L375 – H300 15.6 19.7 46.9 52.3 37.5 32.3 122.3 230.0 1.10Series 3

c L375 – F125 – H300 15.6 18.3 46.9 52.7 37.5 30.5 131.8 230.0 1.10
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addition was also investigated using GPC for polymers 
2a-c. Though the polymer traces were monomodal 
with narrow molecular weight distributions, after each 
addition, an increase in the molecular weight was only 
observed for 2b (Figure S16). Polymers 2a and 2c 
resulted in a decrease in molecular weight with 
subsequent block addition confirming our hypothesis 
of column interactions. 
Thermal analyses were conducted to determine glass-
transition temperatures of the homopolymers and 2a. 
Thermal gravimetric analysis (TGA) confirmed the 
thermal stability of 2a up to 220 oC. Differential 
scanning calorimetry (DSC) of the homopolymers 
displayed a glass transition temperature (Tg) at ~ 72 oC 
for F and ~ 91 oC for L (Figure S18). First or second order 
transitions were not obvious for homopolymer H. 
Polymer 2a showed a Tg at ~ 61 oC and 94 oC confirming 
the presence of F and L respectively (Figure S18). 

 Parameter Calculations. Using the Flory-Huggins 𝝌
solution theory, domain segregation between the 
polymers was confirmed by computing the -𝝌
parameters for the monomers.52 The computational 
method used here to determine the  values was 𝝌
developed in a previous study.53 The -parameter is 𝝌
defined by the Gibbs free energy of mixing and 
expressed as follows;

𝜒𝑖𝑗 =  
∆𝑤𝑖𝑗

𝑅𝑇
where  is the -parameter between polymer 𝑖 and 𝑗, 𝜒𝑖,𝑗 𝜒

and  is a mixing energy of polymer 𝑖 and 𝑗 which is ∆𝑤𝑖𝑗

defined as;

∆𝑤𝑖𝑗 =
1
2𝑉𝑟𝑒𝑓[(𝑍𝑖𝑗 +  𝑍𝑗𝑖)

𝐸𝑖𝑗

𝑉𝑖𝑗
―  (𝑍𝑖𝑖

𝐸𝑖𝑖

𝑉𝑖𝑖
+  𝑍𝑗𝑗

𝐸𝑗𝑗

𝑉𝑗𝑗
)]

where  , and  refer to the coordination 𝑍𝑖𝑗, 𝑉𝑖𝑗, 𝑉𝑟𝑒𝑓 𝐸𝑖𝑗

number of the species 𝑗 around the species 𝑖, the volume 
enclosed by the Connolly surface over the combined pair of 
molecules 𝑖 and 𝑗, reference volume, and interaction energy 
between individual molecules of species 𝑖 and 𝑗, 
respectively. 

Table 2. Computational evaluation of χ-parameter values for each monomer 
pair, and monomer-water.

𝜒𝑖𝑗 H L F Water
H 0.481 0.519 0.482
L 0.301 0.892
F 0.931
Water

Our results (Table 2) indicate that the F-Water mixture 
exhibits the highest -parameter 0.931), 𝜒 (χ𝐹,𝑊𝑎𝑡𝑒𝑟 =  
followed by L-Water  and H-Water  (χ𝐿,𝑊𝑎𝑡𝑒𝑟 =  0.892)

. As expected, the  values confirm that (χ𝐻,𝑊𝑎𝑡𝑒𝑟 =  0.482) 𝜒

the fluorophilic monomer is the most hydrophobic. Phase 
separation between H and F blocks is expected according to 

. A high -parameter ( implies that block χ𝐻,𝐹 𝜒 (χ𝐻,𝐿 =  0.519) 
H is immiscible with block F, thus self-assembling into a 
core-shell micelle. In fact, core-shell morphology is 
experimentally confirmed in the diblock H200 – F50 

copolymers (Figure 3, 2). Likewise,  = 0.481 indicates χ𝐻,𝐿

phase separation between H and L monomers and agrees 
with the experimental cryo-TEM images of the diblock 
copolymer H200 – L150 (Figure 3, 1). 

Micelle Formation and Characterization via cryo-TEM. 
After the synthesis of the triblock terpolymers, we 
investigated their aqueous self-assembly. Micellar 
nanostructures were formed by the dissolution of the 
polymers (10 mg) in acetone (1 mL) and dialysis against 
water for one week to obtain a final concentration of 
10 mg/mL (see Supporting Information). The 
hydrodynamic diameters (Dh) of the nanostructures 
were determined via Dynamic Light Scattering (DLS) 
analysis (Figure S18). The size of the nanostructures 
ranged from 60–250 nm and uniform particles were 
obtained, polydispersity index (PDI)<0.7 (Table 3).54 
Upon changing the block order, Series 1 showed 
minimal variance in the micelle sizes. Larger particles 
were observed in Series 2 and 3, owing to the higher 
degree of polymerization. Larger nanoparticle sizes in 
Series 3 can also be attributed to the long insoluble 
blocks that result in micellar clusters formed by 
secondary aggregation of primary micelles.55

Table 3. Particle size distribution of self-assembled triblock terpolymers 
determined by DLS.

Polymer Composition Dh, avg (nm) PDI

a F75 – H200 – L125 77 ± 1 0.29

b F75 – L125 – H200 62 ± 1 0.21

Series
1

c L125 – F75 – H200 65 ± 1 0.28

a F100 – H400 – L300 194 ± 1 0.15

b F100 – L300 – H400 98 ± 1 0.45

Series
2

c L300 – F100 – H400 145 ± 1 0.56

a F125 – H300 – L375 134 ± 1 0.21

b F125 – L375 – H300 246 ± 4 0.01

Series
3

c L375 – F125 – H300 169 ± 1 0.32

Cryo-TEM was used to image the morphology of the 
self-assembled nanostructures. The particle sizes 
determined by DLS were larger than the ones observed 
by cryo-TEM because the former accounts for the 
hydrodynamic diameter, while in the latter it is difficult 
to visualize the solvated hydrophilic corona due to 
limited contrast with the ice matrix.56

In order to confirm the phase separation of the L and F 
blocks in aqueous media we assembled diblock 
copolymers into micelles. Microphase separation was 
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apparent in the cryo-TEM images of diblock 
copolymers, H200 – L150 and H200 – F50 displaying “core-
shell” morphologies (Figure 3). 

Figure 3. Cryo-TEM images of diblock copolymers 
assembled in aqueous media. 1. H200 – L150; 2. H200 – F50. 
Scale bars: 100 nm 

Cryo-TEM images of the triblock terpolymers revealed 
characteristic features depending on their block ratio, 
block sequence, degree of polymerization, and 
hydrophobic-hydrophilic balance. Due to the high 
contrast of the fluorinated domain, a low block ratio is 
needed for the fluorinated block with respect to the 
lipophilic segment, in order to observe phase 
separation. Polymers with a fluorophilic to lipophilic 
block ratio of 1:1 and 1.5:1 resulted in spherical 
micelles with no clear phase contrast (Figure S20-S21). 
Despite a low fluorophilic to hydrophilic ratio, the 
polymers in Series 1 displayed spherical micelles with 
no distinct microphase separation in the core (Figure 4, 
Series 1a-c). 
Upon increasing the degree of polymerization in Series 
2, a “disk-like”5,57 morphology was observed for 
polymer 2a with an F – H – L sequence. The large dark 
core can be assigned to the fluorinated domain 
surrounded by the lipophilic shell.25,56 Fluorine 
containing polymers can access the “super strong 
segregation limit” (SSSL) whereby the large interfacial 
energy exceeds the entropic penalty to stretch the core 
blocks.5 This results in a stretched core with a flat 
interface forming “disk-like” micelles.16,57 Polymers 2b 
and 2c yielded “core-shell-corona”5 spherical particles 
and it was difficult to distinguish between the two 
hydrophobic domains. We attribute this observation to 
the burial of the fluorophilic domain within the inner 
part of the micelle, because contact between the 
fluorinated block and water are much less favourable 
than water and the lipophilic block. Since cryo-TEM 
provides a two-dimensional projection of a three-
dimensional  object, we are unable to differentiate 
between the two hydrophobic domains.25 

In Series 3, a disproportion between the volume 
fraction of the hydrophobic-hydrophilic blocks results 
in a morphological evolution of spherical particles into 
aggregates. Polymers 3a and 3b assembled into 
“worm-like”16 aggregates while polymer 3c yielded 
“raspberry-like”22 nanostructures. In these 
nanostructures, the darker fluorinated domains were 
visible. To elucidate the location of the fluorinated 
block in the “worm-like” aggregates we conducted 
cryo-electron tomography (cryo-ET). Similar to a “core-
shell-corona” micelle, the fluorinated block is buried 
inside the nanostructure unlike “raspberry-like” 
micelles where the fluorine rich domain is on the 
surface (Video S1). Polymers in Series 3 clearly 
underline the importance of block order in the location 
of each domain and micelle assembly. 

Micelle Characterization via DPD Simulations. We carried 
out DPD simulations to investigate the structural 
variation of triblock terpolymer micelles as a function 
of block ratio. The repulsion parameters ( ) employed 𝒂𝒊𝒋

in DPD simulations were obtained via the following 
equation reported previously.44,58 

𝑎𝑖𝑗 = 25 + 3.5𝜒𝑖𝑗

Through coarse-grained modelling, the same block ratios 
were employed as described in Table 2. The simulation 
systems were set to have 5% polymer and 95% water, and 
the simulation box size was defined as 40 × 40 × 40 with a 
grid spacing of 1.0 and a bead density of 3.0, in which it is 
known that the DPD repulsion parameter  for species i 𝑎𝑖𝑗

and j has a linear relationship with the corresponding 
Flory−Huggins -parameter, as derived by Groot and 𝜒𝑖𝑗

Warren.59 

In DPD simulations for polymer 2a, the fluorophilic domain 
is in the core of the micelle surrounded by the lipophilic and 
hydrophilic block (Figure 5, 2a). This is analogous to the 
“disk-like” micelles that are observed in cryo-TEM (Figure 4, 
2a) where the micellar core is stretched. In Figure 5, 2c, the 
hydrophilic shell is more dispersed than 2a comparable to 
the “core-shell-corona” micelles visible in cryo-TEM (Figure 
4, 2a). A “worm-like” elongated micelle structure is found 
for polymer 3a, where the fluorinated blocks is in the core 
of the micelle, covered by the lipophilic and hydrophilic 
domain (Figure 5, 3a). The fluorophilic block is observed on 
the surface in Figure 5, 3c, corresponding to “raspberry-
like” micelles (Figure 4, 3c). Ultimately, the simulated 
triblock terpolymers yield micelle morphology in parallel to 
the ones observed in cryo-TEM. 

2.1.

1 2
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Figure 4. Cryo-TEM images of self-assembled triblock terpolymers corresponding to Table 1 (Series 1-3).                             
Scale bars: 100nm

3b

1a 1b 1c.

2a 2b 2c

3a 3c

1c1b

3b
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Figure 5. DPD simulation results for the self-assembly of triblock 
terpolymers. 2a. F2 – H8 – L6; 2c. L9 – F3 – H12; 3a. F5 – H12 – L15; 3c. L6 

–F2 – H8. H, L, and F blocks are represented in blue, red and green, 
respectively.

Conclusion
Triblock terpolymers with hydrophilic, lipophilic, and 
fluorophilic blocks were synthesized by ROMP. Fast 
polymerization kinetics enabled simple manipulation of the 
polymer block ratio and sequence. Phase separation between 
the monomers was confirmed by computing the -parameter. 𝜒

The polymers were assembled into MCMs in water and their 
morphologies were observed by cryo-TEM and DPD 
simulations. Block ratio, block sequence, degree of 
polymerization, and hydrophobic-hydrophilic balance had a 
substantial influence on the morphology of the nanostructures 
that ranged from “core-shell-corona” micelles to “disk-like” and 
“raspberry-like” to “worm-like” structures. The functional 
group tolerant nature of ROMP can facilitate the incorporation 
of chemical handles along the backbone, terminal ends and side 
chain ends of the polymer which can be decorated with 
catalysts paving the way for the use of MCMs as catalytic 
nanoreactors. 
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