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Abstract

The encapsulation efficiency of high-Tg polynorbornene micelles was probed with a hydrophobic 
dye 2,6-diiodo boron-dipyrromethene (BODIPY). Changes in the visible absorption spectra of 
aggregated versus monomeric dye molecules provided a probe for assessing encapsulation. 
Polynorbornene micelles are found to be capable of loading up to one BODIPY dye per ten 
polymers. As the hydrophilic block size increased in the polymeric amphiphiles, more of the dye 
was incorporated within the micelles. This result is consistent with the dye associating with the 
polymer backbone in the shell of the micelles. Encapsulation rate varied significantly with 
temperature, and a slight dependence on micellar morphology was also noted. Additionally, we 
report a 740 µs triplet lifetime for the encapsulated BODIPY dye. The lifetime is the longest ever 
recorded for a BODIPY triplet excited state at room temperature, and is attributed to hindered 
triplet-triplet annihilation in the high viscosity micellar shell.
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 Introduction

Self-assembled block copolymers are an important family of synthetic nanomaterials with 
complex architectures and chemical functionalities programmable through the design of the 
constituent molecular components.1–4 They are central to emerging biomedical applications 
where therapeutic, contrast, and targeting agents may be polymerized, conjugated or non-
covalently encapsulated in a controlled and modular manner.5–8

Amphiphilic diblock copolymers are driven to assemble in aqueous solutions because of the 
hydrophobic effect. The morphology adopted by the assembled micelle has a subtle 
dependence on inter- and intramolecular interactions, interfacial tension between the core 
and the solvent, and core stretching.3, 9 Self-assembled polymers with high glass transition 
temperatures (Tg), such as polynorbornene, polystyrene and poly(methyl methacrylate), can 
form kinetically-trapped nanostructures.10 The stability of these nanostructures is excellent, 
but their ability to incorporate drug molecules after micelle formation may be poor, because 
of the glassy nature of their cores. Although low encapsulation efficiencies are expected of 
polynorbornene micelles, this family of block copolymers was investigated because they are 
the product of the highly versatile ring-opening metathesis polymerization (ROMP) 
strategy.3, 5–6, 11 The ability of polynorbornene nanomaterials to load hydrophobic 
molecules is a relatively unexplored topic, motivating our interest in this specific polymer. 
Notable exceptions include covalent indomethacin incorporation and cobalt ion 
complexation in the hydrophobic cores of polynorbornene micelles, and an example of 
steroid attachment and release from polynorbornene films.12–14 We reasoned that if the 
loading of drug-like molecules were understood, it could be optimized, and that such a 
strategy would provide a flexible and straightforward way to package guest molecules for 
delivery in applications including therapeutic and diagnostic targeting.5

Measurement of pyrene emission is the most established method for assessing the ability of 
micelles to act as nanocarriers for non-covalently loaded hydrophobic drugs.15–18 The 
fluorescence from this probe allows assessment of the partition coefficient and the 
characteristics of the local environment (core or shell) around the probe within the 
micelle.17, 19 Pyrene is also used to measure the critical micelle concentration (c.m.c.) of 
micelle solutions.4 However, we have found it impossible to characterize the micelle/guest 
interactions via standard pyrene analysis for the types of polynorbornene micelles reported 
herein. For that reason and others detailed below, we investigated 2,6-diiodo BODIPY as a 
probe for micellar guest uptake.

The BODIPY, or boron-dipyrromethene, family of dyes have been explored for diverse 
applications, including for lasers20 and OLEDs; for solar energy conversion;21 as sensitizers 
in photodynamic therapy;22–24 and as sensors of pH, nitric oxide, heavy metals and solvent 
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polarity.25–26 This versatility stems in part from the ease of tuning the photophysics or 
reactivity of BODIPY via synthetic modifications. Derivatives similar to the one investigated 
in our study, (2,6-diiodo BODIPY depicted in Figure 1), have been explored as possible 
photosensitizers for solar hydrogen production and triplet-triplet annihilation (TTA) 
upconversion because of their intense absorbance in the visible part of the spectrum, good 
photostability, and high yield of long-lived triplet excited states.27–28

An iodinated BODIPY derivative was chosen as the probe in this study because it has 
several spectroscopic and photophysical properties that can be used to monitor micelle 
encapsulation. First, there are changes in the absorption spectrum of BODIPY that reflect 
the aggregation state of the molecule before and after incorporation. We proposed to use 
these aggregation-dependent signatures to quantify micelle-encapsulation of the dye. Our 
approach was partially inspired by an example where spectral signatures of BODIPY dye 
aggregation and disaggregation were used as a read-out in a chemical assay, and another 
example where they were used to monitor lower critical solution temperature (LCST) 
behavior in polymeric materials.29–30 Second, we expected the triplet excited state lifetimes 
of BODIPY encapsulated by polynorbornene micelles to be higher than when dispersed in 
solvents, because the high viscosity polymer reduces the rate of various quenching reactions. 
We selected the 2,6-diiodo BODIPY molecule because the heavy-atom substituents enhance 
the formation of triplet excited states for the latter studies. 23, 31

 Materials and Methods

The 2,6-diiodo BODIPY molecule (Mw = 704.2 g.mol−1) was synthesized according to a 
procedure described previously.32 It was stored as a dry powder in the dark under ambient 
conditions. The molar absorptivity of the molecule in acetone was measured to be 82,000 
M−1 cm−1, consistent with values reported for similar molecules.23, 33–34

The reagents used in polymer synthesis and micelle formation were purchased from 
commercial sources and used without further purification. Norbornene monomers suitable 
for ring opening metathesis polymerization (ROMP) substituted with either a phenyl or short 
PEG moiety,35–36 and the ROMP initiator [(IMesH2)(C5H5N)2(Cl)2Ru=CHPh],37 were 
synthesized according to literature procedures. Polymerizations were performed in 
anhydrous dichloromethane (DCM) under an inert atmosphere of dinitrogen (N2). For a 
typical polymer synthesis ((PEG)4)m-b-(phenyl)n a 1 mL solution of the (PEG)4 monomer at 
a concentration (c) in the range 50 – 100 mM, was stirred at room temperature and a 
solution of the initiator (also in anhydrous DCM) was added quickly to a final concentration 
of c/m mM. An aliquot of approximately 5% of the solution was removed after 20 minutes 
and a molar excess of ethyl vinyl ether added in order to obtain the homopolymer for 
characterization of the first block. The phenyl monomer was added to the remaining reaction 
mixture to obtain a final concentration of (c × n)/m mM and the solution left stirring at room 
temperature for a further 20 minutes. Following ethyl vinyl ether termination of the diblock 
copolymer reaction mixture the product was precipitated twice in 30 mL of a cold 1:1 
methanol:diethyl ether solution and dried in a desiccator.
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Measurement of polymer molecular weight (MN) and dispersity (MW/MN) was performed 
using size exclusion chromatography with multi-angle light scattering (SEC-MALS). The 
columns were Phenomenex Phenogel 5u 10, 1K–75K, 300 ×7.80 mm in series with a 
Phenomex Phenogel 5u 10, 10K–1000K, 300 × 7.80 mm (0.05 M LiBr in DMF), and the 
pump was a Shimadzu LC-AT-VP. The light scattering setup included a multi-angle light 
scattering detector (DAWN-HELIOS: Wyatt Technology), a refractive index detector (Wyatt 
Optilab T-rEX) and a UV-Vis detector (Shimadzu SPD-10AVP). The system was calibrated 
with a polystyrene standard. The dn/dc values for (PEG)4 and phenyl homopolymers in 
DMF were measured, and are 0.100 and 0.179 mL/g respectively. These values allow the 
molecular weight and dispersity of the first polymerized block to be determined with good 
certainty. In the case of the diblock copolymers, for which the dn/dc was not measured, the 
molecular weight was instead determined with 1H- NMR spectroscopy (Varian Mercury Plus 
spectrometer, 400 MHz). The signals from phenyl protons of the hydrophobic block were 
integrated relative to the olefin protons on the polymer backbone. The total degree of 
polymerization and molecular weight of the second polymerized block was determined 
using NMR data along with the molecular weight of the first polymerized block, as 
measured by SEC-MALS. Chemical shifts (1H) are reported in (ppm) relative to the residual 
protonated solvent peak.

The amphiphilic diblock copolymer micelles were formed using the solvent switch method.3 

Initially the polymer was dissolved in a cosolvent that solubilized both blocks, at a 
concentration of 1 mg/mL. The cosolvent was either dimethyl sulfoxide (DMSO), N-N’-
dimethyl formamide (DMF), acetonitrile (ACN) or tetrahydrofuran (THF). A 1:1 
cosolvent:H2O mixture was added to the polymer solution with a syringe pump (rate 
controlled over a 10 mL/hr and 360 mL/hr range) until the volume doubled. The diblock 
copolymer micelles are expected to be kinetically trapped in a binary solvent mixture having 
a water concentration of 25% v/v.38 The solution was stirred for 10 minutes at room 
temperature, then transferred to 3,500 MWCO tubing (Snakeskin), and dialyzed against 2 L 
of deionized water for two days with at least three exchanges of water.

The concentration of the aqueous solutions of assembled nanostructures was determined 
with a calibration curve that was generated for each polymer. The dry polymer was carefully 
weighed, dissolved in HPLC-grade ACN, and a serial dilution yielded a linear relationship 
between concentration and the absorbance at 250 nm (Figure S1). The absorbance at 250 nm 
is attributed mainly to the phenyl chromophore and, to a lesser extent, the imide group in the 
PEG-succinimide. To measure the concentration of the aqueous polymeric solutions, a 
known volume was first lyophilized and then resuspended in ACN.

Steady state absorbance was measured with a Cary 100 Bio UV-Vis spectrophotometer 
(Varian) equipped with a Peltier temperature control accessory. A spectrofluorometer (PTI) 
was used to measure fluorescence, and quantum yields were compared with rhodamine 640 
perchlorate in methanol as a standard. In Figures 4 and S9 where absorbance and 
fluorescence spectra were recorded every 10 minutes for several hours, a multimode plate 
reader (EnSpire, Perkin Elmer) was employed.
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The microsecond transient absorption (µs-TA) kinetics and spectra were acquired with a 
custom system.39 The pump wavelength was 537 nm. The power at the sample was 100 µJ/
pulse. The time response of the detection system was approximately 30 ns. The data were 
recorded every 10 nm, from 300 to 700 nm. The 540 nm wavelength was excluded because 
of scattering from the pump. 1000 kinetics were averaged at each wavelength. Solutions of 
2,6-diiodo-BODIPY in toluene were prepared and sealed in an argon-filled glovebox. The 
aqueous micelle sample for µs-TA was bubbled with N2 for one hour directly before the 
measurement. This method of deoxygenation avoided aggregation that would otherwise 
occur with drying and re-suspension of the micelles. The maximum absorbance of the 
samples for µs-TA was 0.2 (1 cm path length). Solutions were stirred throughout the pump-
probe spectroscopy, and sample degradation, monitored by UV-Vis spectra before and after 
irradiation, was at most 11% in toluene and 6% in micelles. The decay kinetic at 440 nm 
(maximum of triplet absorption) was remeasured at the end of the run to verify that the 
cuvettes remained sealed and oxygen-free for the duration of the experiment. The data were 
smoothed using a 15 point boxcar algorithm and fitted with exponential functions (OriginPro 
8 software).

Transmission electron microscopy (TEM), atomic force microscopy (AFM), and dynamic 
light scattering (DLS) were carried out to assess the morphology and dispersion of the 
aqueous self-assembled nanostructures. Unstained dry-state TEM was carried out on a FEI 
Tecnai G2 Sphera with acceleration voltage of 200 KV. Samples were prepared by glow 
discharge of carbon grids, upon which 3.5 µL of the solution was deposited. After a 5 minute 
wait, the grids were rinsed with three drops of deionized water, and excess liquid was 
wicked away with filter paper. AFM images were acquired on a Bruker Dimension Icon 
AFM using a ScanAsyst silicon nitride probe and processed using Nanoscope 9.1 software. 
Samples were dropped onto glow discharged mica surfaces, then allowed to sit for 5 minutes 
before excess liquid was wicked away. For DLS (DynaPro Nanostar, Wyatt) 0.4 mg/mL 
aqueous solutions of nanostructured polymer were diluted by a factor of 10 with deionized 
water before measurement.

A 2,6-diiodo BODIPY crystal of sufficient size for single crystal x-ray diffraction (XRD) 
was obtained by slow evaporation from pentane at room temperature. The measurement was 
carried out on a Bruker Kappa APEX-II CCD diffractometer with Mo Kα radiation (λ= 
0.71073 Å).

 Results and Discussion

The main features in the ultraviolet-visible spectrum of the alkoxy-phenyl 2,6-diiodo 
BODIPY molecule in acetone (Figure 1) are a broad S0 → S2 absorption centered at 390 
nm, and a narrower S0 → S1 band with maximum at approximately 530 nm. A shoulder on 
the shorter wavelength side of the main peak (circa 505 nm) is attributed to the 0–1 
vibrational band of the same transition. The shape of the fluorescence emission is 
approximately a mirror image of the S0 → S1 absorption, and the Stokes shift is small (18 
nm, or 630 cm−1). The fluorescence quantum yield in acetone was 0.03, in good agreement 
with values reported for similar diiodo BODIPY molecules.28, 34
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When dissolved in different organic solvents at a concentration of 10 µM, subtle changes in 
the absorption spectra of the 2,6-diiodo BODIPY dye were noted. The ratio of the 
amplitudes of the 0–0 and 0–1 bands of the S0 → S1 electronic transition, referred to as 
Aratio, was found to depend only slightly on solvent polarity, but not on proticity or viscosity 
(Figure S2). For convenience in the analysis of the Aratio, we assess the amplitude of the 0–1 
band at a position that is 27 nm blue-shifted from the wavelength of maximum absorbance. 
The fluorescence (Stokes shift and emission intensities) also depended slightly on the 
solvent, but these changes played little role in our analysis.

The dye is insoluble in pure water, but water mixed with small amounts of a miscible 
organic solvent that dissolves BODIPY, such as acetone, yielded stable solutions of dye 
aggregates. A solvent ratio of 3 % v/v acetone /water (Figure S3) was employed in all 
subsequent experiments. The absorption spectrum of BODIPY in this binary solvent system 
was broader, and had a much lower Aratio (≈ 1.2) than the solvated dye in pure organic 
solvents (Aratio = 2.5 – 3.3), see Figure 2(a). The solution also had very low fluorescence 
emission. These spectral and photophysical changes are typical characteristics of H-
aggregates.40–41 Similar changes have been reported for dimers of BODIPY in cofacial 
arrangements.42–46

From the Aratio value measured in the 3 % v/v acetone in water binary solution (≈ 1.2), and 
a 10-fold decrease in fluorescence quantum yield relative to dye in pure acetone, we 
conclude that there is an insignificant amount of monomeric dye in the binary solution. The 
BODIPY dye aggregates, which dominate in the 3 % v/v acetone/water solution, were 
characterized by DLS, dry-state TEM, and X-ray diffraction. The results from DLS, and 
images from TEM are consistent with particulates of BODIPY that have sub-100 nm 
dimensions, and crystalline nanostructures (Figure 2). Single-crystal X-ray diffraction 
reveals that the 2,6-diiodo BODIPY molecule pack in dimeric units in an anti-parallel 
arrangement. Anti-parallel stacking is energetically more favorable than parallel, because the 
latter arrangement would require a sterically-hindered rotation of the meso-phenyl relative to 
the plane of the BODIPY core.

The aggregation-dependent Aratio signature of the absorption spectrum was next used to 
probe the encapsulation of BODIPY by polynorbornene nanostructures. We investigated the 
effect of polymer hydrophobicity and micelle morphology on the encapsulation efficiency, 
and rate of dye incorporation. Encapsulation efficiency is defined as the percentage of dye in 
a sample encapsulated by the micelles, relative to the total dye in solution. For this study, a 
series of diblock copolymers were synthesized with different proportions of hydrophilic to 
hydrophobic blocks (Xm = m/(m+n)) where m and n are the degree of polymerization of the 
(PEG)4 monomer and phenyl monomer respectively. Details of the polymer characterization 
are included in Figures S4 and S5 and summarized in Table 1.

When transitioned from THF, a good solvent for both the phenyl and (PEG)4 blocks in the 
polymers, into water (a selective solvent), polymers A to D formed small spherical 
nanoparticles of similar size to one another (Figures 3 and S6). The particles of 
polynorbornene had sufficient electron density to be imaged unstained in dry-state TEM. It 
is plausible, given their size, that the nanoparticles are simple micelles with a core 
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comprised largely of the hydrophobic block, and a shell rich with the hydrophilic block. The 
kinetically trapped structures allow access to different morphologies by slight changes in 
preparation conditions.3 For example, spherical or worm-like micelles of polymer B can be 
formed by varying the organic solvent (Figure S7). This set of polymer B nanostructures was 
used to investigate the effect of micelle morphology on dye encapsulation, as described 
below.

The partitioning of 2,6-diiodo BODIPY from an aggregated state in water to the micelle 
environment was tested by monitoring a solution where both aggregates and micelles were 
present in a binary solution of acetone/water (3 %v/v). An increase in fluorescence emission 
from the sample, along with a linearly-correlated increase in Aratio, are consistent with the 
disaggregation of the aqueous H-aggregates in favor of dispersed dye monomers in the 
micelles (Figure 4). We confirmed that the ratio of the band amplitudes (Aratio) is 
proportional to the area ratio of the fitted Gaussian functions (Figure S8). To ensure that the 
spectral changes observed were a result of interactions between the dye and the micelles an 
analogous experiment without the micelles present was carried out as a control. Whether the 
fluorescence intensity or the shape of the absorbance spectrum of the dye changed over time 
without the micelles present was investigated (Figure S9). We also checked that neither dye 
encapsulation nor heating (50 °C for one hour) induced changes in micelle morphology 
(Figure S10).

The micelles formed from polymers A to D were then used to investigate the effect of 
temperature on encapsulation efficiency, and the rate of dye incorporation (Figure 5). The 
polymer E micelles were excluded from this study and others involving heating, because of 
their tendency to transform from sphere to worm-like micelles at elevated temperatures 
(Figure S11). In our experience, more hydrophilic polymers (Xm > 0.7) than polymer E did 
not self-assemble into stable micelles. At a fixed polymer concentration (0.2 mg/mL) and 
weight ratio of dye to polymer (0.02), Aratio was monitored at temperatures between 30 and 
60 °C for the polymer A micelles and between 40 and 60 °C for the remaining micellar 
samples. The change in Aratio over time was well described by a single exponential function 
with a rate constant (k) and offset (y0) related to the encapsulation rate and efficiency 
respectively. A further experiment, as described below, is required to determine the factor 
that maps y0 to encapsulation efficiency. At the dye-to-polymer mass ratio investigated y0 

was found to be temperature independent with Aratio = 2.5 ± 0.1 for all micelles at all 
temperatures. Encapsulation rate, on the other hand, increased with temperature and the 
linearity of the Arrhenius plot indicated that a single thermally activated process dominated 
the encapsulation kinetics in the range investigated. No significant changes in encapsulation 
rate due to hydrophilicity of the polymer in the micelles were evident from this study.

To quantitatively relate Aratio to encapsulation efficiency, it was necessary to determine its 
value when the dye was completely dispersed in the micelles. From the solvent polarity 
screen (Figure S2), we expected the Aratio to be in the range of 2.5–3.3. However, a direct 
measurement was performed as follows: for micelles of polymers A to D, solutions with 
varying ratios of dye to polymer were incubated at 50 °C for 1 hour before their Aratios were 
recorded. After this length of time at 50 °C we were confident that the system reached 
equilibrium, in view of the temperature dependence described above. This experiment also 
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allowed assessment of dye-to-polymer ratios for which the Aratio metric could serve as an 
indicator of the dye state (i.e. aggregated, or incorporated).

As seen in Figure 6(a), at low BODIPY to polymer molar ratios, the regime where all of the 
dye is expected to be encapsulated, Aratio saturates at 3.0 ± 0.1. At high BODIPY to polymer 
ratios, where aggregates in the aqueous phase dominate, Aratio was found to be 1.23 ± 0.03. 
The data were fitted to a derivation of the Hill equation which scales the function between a 
lower bound (y0) and upper bound (y1):

(Equation 1)

where x is the molar ratio; k is the molar ratio at the midpoint of the curve; and n is the Hill 
coefficient. This Hill function was chosen as it can be used to assess the cooperativity of 
binding events. Interestingly, the positive Hill coefficients extracted from these fits, n = 1.5 
± 0.2, suggest that the binding of dye to the micelles acts to increase the affinity of the 
micelles for other dye molecules. In situations where the micelles are in equilibrium with 
BODIPY aggregates, Aratio can be an indicator of the aggregation state of 2,6-diiodo 
BODIPY over a large range of dye to polymer concentrations (two orders of magnitude). 
From Figure 6 (a) and a rough approximation of the aggregation number of the micelles the 
maximum loading of the micelles can also be estimated to be one dye molecule per ten 
polymers, or 10–30 dye molecules per micelle.

The encapsulation efficiency (EE) of the micelles can be calculated from Aratio using the 
straightforward empirical relation, which incorporates the fitted lower and upper limits for 
Aratio:

(Equation 2)

A linear relationship between encapsulation efficiency and Aratio is consistent with the linear 
correlation of Aratio with fluorescence intensity (Figure 4 (d)). Both of these spectroscopic 
characteristics quantify the monomeric (encapsulated) dye population.

The higher dye encapsulation of the more hydrophilic polymers, inferred from the shift to 
the right of the data in Figure 6 (a), was intriguing. The Aratio data were replotted versus the 
molar ratio of dye to phenyl monomer (Figure 6 (b)) and dye to (PEG)4 monomer (Figure 6 
(c)). This analysis negated the influence of polymer molecular weight on the data, and 
allowed the contributions of both blocks on dye encapsulation to be distinguished. In Figure 
6 (b) points with the same x-axis coordinate have the same ratio of dye to phenyl monomer. 
If the encapsulation efficiency were solely determined by the amount of phenyl monomer in 
solution, we would expect the data from the different polymers to overlap on this scale. 
Instead, a systematic shift to the right with increasing polymer hydrophilicity (Xm) is 
observed. Confirmation that the (PEG)4 monomer dominated the phenyl monomer in 
determining the encapsulation efficiencies of the micelles was found with the near perfect 
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overlap of the data from the four polymeric micelles (A to D) in Figure 6 (c). The k 
parameters in the Hill fits of the data in Figures 6 (b) and (c) are plotted in Figure S13.

These data suggests that micelle encapsulation of the 2,6-diiodo BODIPY molecule is driven 
by interactions with the (PEG)4 block, but not the phenyl block, of the polymers. This 
initially surprising result can be rationalized if the glassiness of the micellar cores is 
considered. With a Tg of 120 to 150 °C, polynorbornene phenyl homopolymers (4 to 50 
kDa) are effectively frozen in the core, and therefore unable to rearrange to support dye 
encapsulation.3 Extremely poor permeability of bulk polynorbornene has been reported, 
even to gases, and attributed to the strong intermolecular interactions, and therefore low 
fractional free volume.47

To determine whether the poly(ethylene) glycol or polymer backbone portion of the shell 
was primarily responsible for solubilizing the dye, the relationship between relative dye/
(PEG)4 concentration and Aratio, for a regular 4.6 kDa poly(ethylene) glycol molecule 
(PEG4.6kDa) and a ROMP homopolymer of (PEG)4 (Homo-(PEG)4), was investigated 
(Figure 6 (c)). We calculated that the PEG4.6kDa molecule had an equivalent of 19 (PEG)4 

units. No change in the Aratio of the dye with concentration of PEG4.6kDa was observed with 
or without heating at 50 °C for one hour (data without heating shown in Figure 6 (c)). 
However, in the presence of the Homo-(PEG)4 an immediate and concentration dependent 
increase in the Aratio of the dye at room temperature occurred. Micelle formation in these 
solutions was not expected, nor was it observed by DLS or TEM, indicating that Homo-
(PEG)4 is completely dispersed at room temperature in the concentration range of interest 
(cloud point of the most concentrated polymer solution ≈ 35 °C (Figure S14)).48 Thus the 
interaction of the dye with Homo-(PEG)4 but not with PEG4.6kDa points to the 
polynorbornene backbone in the (PEG)4 block as an important factor in determining dye 
encapsulation by the micelles. Through this study we have demonstrated that non-covalent 
encapsulation of a hydrophobic molecule post micelle formation is determined by the 
proportion of hydrophilic block, i.e. the amount of polymer not frozen in an amorphous 
glassy core. This knowledge will allow for more rational design of these nanomaterials for 
drug loading applications.

There are significant differences between the interaction of the dye with the micelles (A to 
D) and Homo-(PEG)4, namely the lack of temperature dependence and the shift to an 
approximately 300 times lower dye-to-polymer concentration in the case of the dispersed 
polymer. The difference in the relative polymer concentration required to encapsulate the 
same amount of dye in both cases can be explained if the local (PEG)4 concentrations in the 
micelle sample are considered. Using rough values for micelle diameter (30 nm to 50 nm), 
aggregation number (100 to 300), and the molar volume of the phenyl (205 cm−3) and 
(PEG)4 (305 cm−3) monomers, the local concentration of (PEG)4 in the micellar shell was 
indeed approximately 300 times higher than the global solution concentration. Thus, the 
partitioning of 2,6-diiodo BODIPY from the aqueous phase into the polymer is driven by the 
local density of polynorbornene-(PEG)4.

The temperature dependence of dye encapsulation by micelles, as opposed to the dispersed 
Homo-(PEG)4 polymer, suggests that the predominant energy barrier overcome by heating is 
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related to the ability of the dye molecule to access the micelle shell rather than diffusion or 
dye solubility. The (PEG)4 block in the shell of the micelle represents a significantly more 
constrained and dense environment than Homo-(PEG)4 polymer dispersed in solution, so it 
is not surprising that the interactions between the polynorbornene-(PEG)4 and 2,6-diiodo 
BODIPY molecule are different in both cases. The water solubility of (PEG)4 in the micelles 
decreases with increasing temperature as a result of lower critical solution temperature 
(LCST) behavior, see Figure S14. The polar group dehydration and collapsed conformation 
of PEG above its LCST would increase the hydrophobicity of the micelle shell and its 
amenability to interact with large hydrophobic dye molecules. Polymer mobility in the 
micellar shell, because of (PEG)4 moieties shielding the intermolecular interactions, 
facilitates dye encapsulation. Micellar shells are often described in terms of an inner corona 
(or interfacial region) and outer corona (or shell-water interface). This approach takes into 
account the radial distance dependent densities that determine the properties of the shell.10 

We will return to this description of a micelle shell when interpreting the excited-state 
lifetimes of the encapsulated BODIPY dyes.

To ensure that the slight differences in the size of the micelles used in the previous study 
(polymers A to D) could not have interfered with the results, the effect of micelle size and 
morphology on encapsulation rate and efficiency of the 2,6-diiodo BODIPY molecule with 
polymer B was briefly investigated. A diverse range of micelle morphologies were 
synthesized from polymer B (see Figure S7), including larger spheres (some of which may 
have been vesicle-like) and worms. The micelles were then incubated at 50 °C with the dye, 
at a fixed molar ratio with the polymer. We found that the equilibrium Aratio was 
independent of morphology (= 2.70 ± 0.08). However, the rate of encapsulation varied, and 
was approximately 100 % slower in the worm-like micelles and 35 % slower in the smallest 
spherical micelles compared to the largest spherical micelles, see Figure S7. The lack of 
correlation between encapsulation rate and the surface area to volume ratio of the 
nanomaterials, supports our hypothesis that mobility and/or packing of the (PEG)4 block, 
not dye solubility and diffusion, is the primary factor governing dye encapsulation.

The majority (> 95 %) of the photons absorbed by 2,6-diiodo BODIPY generate long-lived 
triplet excited states, because intersystem crossing is enhanced via the heavy-atom effect. 
The photophysics of the triplet excited state provides a sensitive way to monitor the micelle 
encapsulation. Therefore we carried out a preliminary investigation, using microsecond 
transient absorption (µs-TA) spectroscopy. The smallest micelles, 15–20 nm diameter ones 
of polymer E were used in the µs-TA experiment to minimize laser scattering (Figure S5). 
Dye molecules in a molar ratio of 0.05 per polymer were incubated at 35 °C for 48 hours, 
then concentrated (using a SpeedVac™) to obtain 4 mL of a 78 µM polymer solution. A 2.5 
µM solution of 2,6-diiodo BODIPY in HPLC grade toluene was also prepared.

The Aratio of 2,6-diiodo BODIPY was approximately 3 in both the toluene and micellar 
samples, indicating that all the dye in the latter was encapsulated and monomeric. The 
profiles of the µs-TA spectra of 2,6-diiodo BODIPY in toluene and aqueous micelles are 
similar (Figure 7), with a triplet state absorption band at approximately 450 nm and the 
ground state bleach at 530 nm. There is a weaker absorption band with maximum >650 nm 
which is similarly assigned to the triplet state.34 In toluene the kinetics of the 2,6-diiodo 
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BODIPYs triplet state is mono-exponential with a characteristic lifetime, τt, of 410 ± 30 µs. 
A literature value of τt for a similar 2,6-diiodo BODIPY molecule in toluene at 1 µM is 
shorter than ours at 229 µs.33 It is possible that the alkoxy-phenyl substituent, specific to the 
2,6-diiodo BODIPY of our study could slow TTA via steric effects. In the micelles, the 
triplet excited state of BODIPY decays bi-exponentially. One possible interpretation of the 
two decay components is that 72 ± 6 % of the BODIPY molecules are in an environment 
that supports a long lifetime(τt = 740 ± 70 µs), and the remainder are quenched (τt = 14 ± 4 
µs). To determine the characteristic triplet lifetimes and associated uncertainties reported 
above all data points from the decay of the triplet state and recovery of the bleach, with 
signal to noise greater than 10, were used. The lifetime was taken as the average of these 
values and the standard deviation, the uncertainty. Although the presence of further transient 
species cannot be completely ruled out, because of the size of these uncertainties, no specific 
spectral feature attributable to the formation of any significant intermediate can be evidenced 
by spectral analysis. Moreover no improvement in the fitting of the experimental data was 
achieved by using more complex kinetic models.

Reduced TTA can explain the exceptionally long triplet lifetime that was the majority 
component found for the kinetic decay of 2,6-diiodo BODIPY molecules in the micelle 
samples. The good separation of the dye in the micelles (as reflected by the monomeric 
absorption spectrum and loading of one dye molecule per ten polymers) and the high micro-
viscosities within polynorbornene-dense environments are expected to hinder TTA events.49 

To the best of our knowledge this (740 ± 70 µs) is the longest room-temperature lifetime for 
a triplet excited state BODIPY molecule.27 The lifetime approaches the 1 ms 
phosphorescence decay time reported for iodinated BODIPY recorded at 77 K.28

The short τt could reflect a small population of BODIPY dye molecules in the micelles that 
are more mobile or more readily quenched because they reside in a less-viscous and oxygen-
accessible environment at the shell-water interface.10 We ruled out the possibility that the 
shorter triplet lifetime was from aqueous dye aggregates in solution because their sandwich-
like molecular packing would result in TTA much faster than the tens of µs. Whether the 
short τt is a result of increased TTA, or possibly because of quenching by residual oxygen 
was unclear from these experiments.

The µs-TA spectroscopy, though preliminary, provides an important insight into the 
distribution of dye molecules in the micelles, and corroborates our view of the system based 
on steady-state absorbance spectroscopy. Applications that may benefit from long lived 
triplet states, such as we recorded in the micelle-encapsulated BODIPY, include TTA 
upconversion,27, 50 photoredox catalysis in organic chemistry,51 and photosensitization for 
generation of singlet oxygen.52 An interesting avenue for further study, that might benefit 
some of the aforementioned applications, is tailoring of the micellar microviscosities 
through chemical modifications of the constituent polymers in order to achieve specific 
triplet lifetimes with encapsulated dyes. Alternatively, oxygen penetration and dye mobility 
can be modified using nanoparticle architectures with buried hydrophilic and hydrophobic 
domains, such as large compound or bicontinuous micelles.3
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 Conclusions

This study included a characterization of select photophysical properties of an alkoxy-
phenyl 2,6-diiodo BODIPY molecule as a function of aggregation state and solvent 
properties. The ratio of the 0–0 and 0–1 absorption bands of the dye, or Aratio, was used to 
monitor its state of aggregation, and therefore partitioning into polynorbornene micelles. 
Aratio is found to be a convenient handle for assessing the propensity of nanomaterials to 
encapsulate hydrophobic molecules. Through these studies, we conclude the polynorbornene 
micellar nanoparticles are capable of encapsulating a relatively large hydrophobic molecule, 
with loadings as high as one dye per ten polymers. Encapsulation efficiencies of the 
polynorbornene micelles increase with polymer hydrophilicity. A µs-TA investigation of the 
micelle-encapsulated dye revealed two decay times for the triplet excited state of BODIPY. 
We tentatively attribute the decay times to populations of dyes that are in the inner and outer 
corona of the micelles. The longer of the two decay times, 740 µs, is the longest lifetime for 
a triplet excited state of a BODIPY molecule recorded at room temperature.
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Figure 1. 
Alkoxy-phenyl 2,6-diiodo BODIPY molecule (inset), with normalized absorbance and 
fluorescence spectra of the molecule in acetone.
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Figure 2. 
Characterization of BODIPY dye aggregates in aqueous environments. (a) Absorbance 
spectra of 2,6-diiodo BODIPY aggregated in majority water (3 % v/v acetone) versus 

solvated in DMSO. (b) DLS measurements (c) dry-state TEM images of a 2.5 µM aqueous 

(3 % v/v acetone) dye solution. (d) Anti-parallel dimer formation determined by X-ray 
crystallography.
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Figure 3. 
Micelle characterization including (a) TEM images of micelles formulated from polymers A 

to D and (b) results from DLS measurements, which indicate that each polymer sample 
forms both agglomerated and dispersed micelles in water.
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Figure 4. 
(a) Fluorescence excitation, (b) emission, and (c) absorbance spectra of 2,6-diiodo BODIPY 
in the presence of polymer B micelles in water with 3 % v/v acetone, over a 3 hour period at 

room temperature. (d) Linear relationship between fluorescence intensity and Aratio (adj. R2 

= 0.98).
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Figure 5. 
(a) Time-dependent changes in the Aratio of 2,6-diiodo BODIPY in the presence of polymer 
C micelles, at temperatures between 40 °C and 60 °C in water with 3 % v/v acetone. The 

data are fitted with single exponential functions. (b) Arrhenius plots of the rate of dye 
encapsulation by polymer micelles A – D.
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Figure 6. 
(a) Dependence of Aratio, measured after 1 hour at 50 °C, on the relative amounts of dye and 
polymer in solution. The same data are also presented as a function of the ratio of dye to 

phenyl monomer (b) and (PEG)4 monomer (c). Also plotted in (c) are the Aratios observed in 
solutions of the dye with the homopolymer of (PEG)4 (Homo-(PEG)4) and in solutions of 
the dye with 4.6 kDa poly(ethylene) glycol (PEG4.6kDa). All measurements carried out in 
water with 3 % v/v acetone. For the data in Figures 6 (b) and (c) plotted on the same x-axis 
see Figure S12.
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Figure 7. 
Transient absorption data for (a) 2.5 µM BODIPY solution in toluene, and (b) micelle 
encapsulated BODIPY solution. Data at 540 nm were omitted from the spectra because of 
pump scattering. The right-hand panels show the recovery of the ground state bleach at 530 
nm, and decay of triplet excited state at 450 nm, fitted with a single or double exponential 
function. The decay times of the triplet excited state (averaged over 440 nm, 450 nm and 460 
nm) and the recovery of the ground state bleach (averaged over 500 nm, 510 nm and 520 
nm) were matched, within the uncertainty of the measurement, see Table S5.
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