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ABSTRACT: The dynamic properties of poly(ethylene glycol)
(PEG) corona chains in block copolymer (BCP) micelles were
investigated with 1H nuclear magnetic resonance (NMR) spec-
troscopy. The 1H NMR spectra of BCP micelles show the PEG
peak is significantly broadened, which suggests a difference in
mobility in PEG segments near to the core and far from the core.
1H NMR transverse (T2) relaxation measurements suggest that the
overall mobility of the PEG chains in BCP micelles is about 5−10
times slower than that of the fully hydrated PEG segments and is
significantly influenced by the glass transition of the micelle core
domain. The micelle core glass transition causes an increase in the
Arrhenius activation energy, suggesting that the rigid nature of the
core domain below Tg increases the energy barrier of rotation of
the PEG near to the core domain. Therefore, this study establishes that corona T2 measurements can be used to determine the
micelle core Tg.

1. INTRODUCTION
With recent advances in nanomaterial technology, the question
of how confinement of polymers into nanoscale dimensions
impacts their glass transition properties has become one of the
central questions of polymer physics. Studies over the past 20+
years have provided key insights into Tg confinement effects in
polymers. For solid-supported polymer films, it has been
shown that as the thickness of the film is reduced below about
100 nm, the Tg can either increase,1,2 decrease,3−6 or even
remain unaffected,7−9 depending on the nature of the
interaction between the polymer and the substrate (solid or
liquid). In free-standing film situations, the Tg of the nanoscale
film is typically lower than that of the bulk polymer.10 The
glass transition behavior of self-assembled polymers at liquid
interfaces (such as polymers in nanosized micelles and
Langmuir films of nanoscale thickness) has been far less
studied. It is not simple to think about how the micellar
geometry would alter the glass transition behavior in self-
assembled block copolymers (BCPs). There are several factors
that need to be considered. First, the glass transition properties
of polymers can be altered by the presence of solvent
molecules; a plasticizing solvent nullifies the Tg nanoconfine-
ment effect in supported polymer films.11−13 In block polymer
micelles, the block junction points are constrained to the
interfacial region between the hydrophobic domain and the
aqueous phase. Chemical grafting of polymer chains to a solid
surface causes a significant elevation of the Tg because the
chemical grafting restricts the mobility of the polymers.14,15 In

ionic liquids, the glass transition behavior of block copolymers
is unaffected by micellar confinement, although micellization of
block copolymers involves the restriction of the junction points
to the interfacial region.14 Nanoscale spherical confinement of
homopolymers in nonsolvent media, on the other hand,
produces a significant reduction of the Tg.

16,1716,17 Overall, the
glass transition behavior of polymer micelles is expected to be
influenced by all these factors: the nanoscale confinement, the
plasticizing effect of water, and the localization of the block
junction points. Therefore, it is not predictable whether a
nanoscale domain formed by self-assembled block copolymers
should exhibit a significantly lower Tg than that in the bulk
state.
The glass transition in polymers is routinely characterized by

observing discontinuous changes in thermal properties (such
as specific heat) by differential scanning calorimetry (DSC).
However, DSC does not provide sensitivity to a micelle glass
transition in truly micellar solutions, i.e., when the polymer
concentration is less than about 10%.18 Pyrene-label intensity
measurements have been shown to be able to detect micelle
core Tg at less than about a few percent core content.19−22 For
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use in aqueous solutions, pyrene must be chemically
conjugated to the polymer because pyrene is soluble in water
to some extent. Techniques that have proven to be useful for
measuring Tg in Langmuir polymer films, such as surface
thermodynamic analysis,23 surface nonlinear stress relaxation
measurement,24 and surface linear dynamic mechanical
spectroscopy,25 cannot be employed in micellar situations
due to the absence of a sample-spanning macroscopic
dimension in the micelle geometry.
In the present study, it is demonstrated for the first time that

the micelle core Tg can be directly determined in an aqueous
block copolymer solution by proton NMR transverse (T2)
relaxation measurements. Previously, NMR T2 relaxation
techniques have been shown to be useful for determination
of the glass transition in polymer electrolytes26 and biopolymer
(sugar) solutions27 and also for the measurement of the
dynamic properties of corona chains in micelles formed by
nonionic surfactants28,29 and block copolymers.30−32 However,
to the best of our knowledge, the feasibility of using the micelle
corona NMR transverse relaxation for the determination of the
micelle core Tg has not previously been demonstrated. The
NMR study provides a new alternative to other available
micelle core Tg measurement techniques.

2. EXPERIMENTAL SECTION
2.1. Materials. PS(5.2 kDa)−PEG(5.5 kDa) and 1,2-PB(5.2

kDa)−PEG(4.5 kDa) were purchased from Polymer Source, Inc. and
were synthesized using living anionic polymerization. PS(1.6 kDa)−
PEG(5.0 kDa), PS(13.8 kDa)−PEG(5.0 kDa), and PtBMA(6.5
kDa)−PEG(5.0 kDa) were synthesized using reversible addition−
fragmentation chain transfer (RAFT) polymerization as previously
described in detail.33 Briefly, PEG(5.0 kDa) (Sigma) was conjugated
to the RAFT agent, 4-cyano-4-[(dodecylsulfanylthiocarbonyl)-
sulfanyl]pentanoic acid (CDSP), followed by subsequent PS/
PtBMA polymerization.
2.2. Polymer Characterization. The number-average molecular

weight of the RAFT synthesized polymers was determined by 1H
NMR using a Bruker Avance III 800 MHz spectrometer. The
measurements were done in deuterated chloroform at a concentration
of 5 wt %. The polydispersity indices were determined using gel
permeation chromatography (GPC) using a Waters 1515 isocratic
pump equipped with Styragel HR 4 and Ultrastyragel columns. The
mobile phase was THF, and the flow rate was 1 mL/min. Calibration
was done using polystyrene standards.
2.3. Micelle Formulation. Equilibration-nanoprecipitation

(ENP) was used to formulate micelles.34 Briefly, 50 mg of the
block copolymers was added to 5 mL of a water/acetone mixture and
stirred vigorously overnight using a magnetic stirrer. For all polymers
except the PS(13.8 kDa)−PEG(5.0 kDa), an initial solvent
composition of 30% water/70% acetone was used. For PS(13.8

kDa)−PEG(5 kDa), an initial solvent composition of 5% water/95%
acetone was used. After equilibration, the acetone was removed by
dialysis against 4 L of Milli-Q water using 50 kDa MWCO dialysis
tubing, replacing the water twice over a 24-h period.

2.4. Dynamic Light Scattering (DLS). The hydrodynamic
diameters of the block copolymer micelles were measured at 25 °C
by DLS using a Brookhaven ZetaPALS instrument. The scattering
intensities were measured by using a 659 nm laser at a scattering angle
of 90°. The hydrodynamic diameters were calculated from the
measured diffusion coefficients by using the Stokes−Einstein
equation. For DLS measurements, the samples were diluted to
guarantee single scattering and filtered with 0.45 μm syringe filters to
remove contaminants.

2.5. Transmission Electron Microscopy (TEM). TEM speci-
mens were prepared by placing 20 μL of a 0.01−0.05 mg/mL polymer
micelle solution on a carbon-coated copper TEM grid (treated using
an O2 plasma cleaner to make the surface more hydrophilic). A total
of 10 μL of a 2% uranyl acetate solution was added to the sample
solution already placed on the TEM grid, and the mixture was blotted
by using filter paper and dried. The samples thus prepared were
imaged using a 200 kV FEI Tecnai 20 TEM instrument. The TEM
images were analyzed by using ImageJ software.

2.6. T2 (spin−spin) 1H NMR Relaxation Measurement of
Polymer Micelles. Samples were prepared in deuterated water
(D2O) by using 10 kDa Amicon centrifuge membranes to perform a
series of concentration and dilution steps to switch the solvent from
H2O to D2O until the final H2O content was less than 0.1% by
volume. The final concentration of polymer micelles in D2O was 3.5
mg/mL. The NMR measurements were carried out on a Bruker
Advance III 800 MHz spectrometer operating with Bruker Topspin
3.2 software. A self-compensating Carr−Purcell−Meiboom−Gill
(CPMG) echo sequence (“90x − τ − (180y − 2τ)n”) was used for
the T2 relaxation measurements.35,36 The parameters used for
obtaining the data were: τ = 500 μs; n = 1, 5, 15, 40, 80, 250, 600,
and 900; number of scans per free induction decay = 16; delay time
between recycles = 4 s. The intensity of the echo was measured at the
following times: t = 1.015, 2.030, 4.061, 5.076, 8.122, 16.24, 32.49,
64.97, 81.22, 129.9, 259.9, 519.8, 710.6, 1.040 × 103, 1.523 × 103, and
2.079 × 103 μs. The 90° pulse was calibrated for each sample at each
temperature. The measurements were carried out at various
temperatures with 5 K intervals during heating from 283 to 343 K.
At each measurement temperature, the sample was equilibrated for 10
min prior to the measurement followed by shimming (Topshim) and
probe tuning (ATMA) routines. The raw intensity vs time data was
obtained using MestreNova software by analyzing stacked spectra
containing the spectra from each time point and using the integral
graph function over the entire PEG proton peak. The fits of the
relaxation profiles were made using OriginPro software.

2.7. Preparation and Measurement of the Fluorescence
Intensities of FCVJ-Loaded BCP Micelles in Water. Farnesyl-(2-
carboxy-2-cyanovinyl)-4 julolidine (FCVJ) was loaded in micelles by
using Flash Nanoprecipitation (FNP). For FNP, a microfluidic chip
(NanoFabTx microfluidic mixer (Sigma-Aldrich)) was used to rapidly

Table 1. Molecular Characteristics of BCP Micelles Post Dialysisa

BCP Dh,DLS (nm) PDIDLS Dc,TEM (nm)
aggregation
number

interfacial area per chain
(A) (nm2)

dimensionless PEG grafting
density (π·Rg,PEG

2/α)
PB(5.2 kDa)−PEG(4.5 kDa) 42.6 ± 0.2 0.16 ± 0.01 19.537 404 2.95 6.6
PtBMA(6.5 kDa)−PEG(5.0 kDa) 25.4 ± 0.2 0.14 ± 0.02 17.1 ± 1.2 215 3.66 5.8
PS(1.6 kDa)−PEG(5.0 kDa) 21.4 ± 0.1 0.15 ± 0.01 13.7 ± 0.8 545 1.08 19.6
PS(5.2 kDa)−PEG(5.5 kDa) 28.6 ± 0.2 0.11 ± 0.02 18.4 ± 0.7 396 2.68 8.5
PS(13.8 kDa)−PEG(5.0 kDa) 52.9 ± 0.8 0.07 ± 0.02 42.8 ± 2.2 2359 3.07 6.9

aThe hydrodynamic diameter (Dh) and polydispersity index (PDI) were measured from DLS, and the core diameter (Dc) was measured using
TEM. The errors for Dh and PDI are standard deviations from 5 measurements; the errors for Dc are standard deviations from 10 separate particles.
For PB−PEG, the core diameter value was estimated from a previous study for which TEM was done after cross-linking PB core domains, which
prevented aggregation during the drying process.37,38 To calculate the aggregation number, the density of the core domain in the bulk was used.
Rg,PEG is the radius of gyration of the PEG block in the 3D self-avoiding random walk configuration (≅2.6 nm for PEG(5.0 kDa) and 2.7 nm for
PEG(5.5 kDa)).
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mix an organic stream consisting of acetone, BCP, and FCVJ with
water. The BCP concentration in the organic stream was 12 mg/mL,
and the BCP to FCVJ mass ratio was 1:1000. The ratio of the water
volume flow rate to the organic stream volume flow rate was 11:1.
After mixing, the remaining acetone was removed by centrifugal
dialysis using an Amicon Ultra-15 filter unit to a final concentration of
5 mg/mL. The fluorescence intensities were measured using an
Agilent Technology Cary Eclipse fluorescence spectrophotometer.
The temperature was controlled by using a Peltier temperature
control system. The excitation/emission wavelengths were used,
which gave the maximum fluorescence intensity. The sample was
calibrated at each temperature for 5 min prior to measurement.

3. RESULTS AND DISCUSSION
Five different poly(ethylene glycol) (PEG)-based block
copolymers (BCPs) were formulated for the T2 NMR study.
The hydrophobic block core chemistries used were polystyrene
(PS), poly(tert-butyl methacrylate) (PtBMA), and poly-
(1,2(95%)-butadiene) (PB) with molecular weights of PS(13.8
kDa)−PEG(5.0 kDa), PS(5.2 kDa)−PEG(5.5 kDa), PS(1.6
kDa)−PEG(5.0 kDa), PtBMA(6.5 kDa)−PEG(5.0 kDa), and
PB(5.2 kDa)−PEG(4.5 kDa). Micelles were formulated using
equilibration-nanoprecipitation (ENP)34 at an initial volume
percentage of 30% water/70% acetone for all BCPs except
PS(13.8 kDa)−PEG(5.0 kDa) for which a 5% water/95%
acetone composition was used. The size characteristics of the
BCP micelles after the removal of acetone are shown in Table
1. TEM images are shown in Figure S1.
Standard 1H NMR was taken at 25 °C for each micelle

system and for the 5.0 kDa PEG homopolymer in D2O. The
PEG peaks are compared for each system in Figure 1. The

PEG peak is clearly broadened in the micelle systems
compared to the PEG homopolymer peak. This broadening
has been reported previously for PEG−PLA micelle systems
and suggests a disparity in the mobility of PEG −CH2−
segments near the core domain and far from the core
domain.39 The segments near the core domain are expected
to have reduced mobility due to the proximity to the core

junction point and the higher concentration of PEG near the
core.40

The results suggest that the degree of broadening of the
PEG’s −CH2− peak is influenced by both the molecular
weight and the chemistry of the core block. For the three PS−
PEG systems, the PEG peak becomes broader as the molecular
weight of the PS block is increased, which suggests a greater
disparity in mobility between segments near the block junction
point and those far from the junction point. Given that the Tg
of polymers increases with increasing molecular weight, the
higher molecular weight PS domains are expected to be more
rigid at a given temperature, which further reduces the mobility
of PEG segments near the core domain. In addition to the
effect of core block molecular weight, the chemistry of the core
block appears to also play a role as the PtBMA(6.4 kDa)−
PEG(5.0 kDa) micelles, which have similar size and Mn
properties to the PS(5.2 kDa)−PEG(5.5 kDa) micelles, have
a much sharper PEG peak. This is likely influenced by the
interfacial tension of the core block with water, as PtBMA has a
relatively lower water interfacial tension value (13 mN/m)
compared to PS (28 mN/m). The lower interfacial tension
with water suggests a lesser change in the hydration state of
PEG chains near the core domain.
To analyze the effect of temperature on the mobility of PEG

chains, T2
1H NMR measurements of PEG protons were taken

at 5 K intervals. For PEG(5.0 kDa) homopolymer in D2O, the
relaxation profile fits well to a monoexponential decay function
in the form of G(t) = A exp (−R2t), where R2 is the transverse
relaxation rate defined as 1/T2. However, for the micelle
systems, the PEG relaxation did not follow the monoexpo-
nential decay, which is not surprising given the previous
discussion regarding the broadening of the PEG peak.
Therefore, for the micelle cases, a stretched exponential
model was used to fit the relaxation profiles in the form of G(t)
= A exp [−(R2t)β]. The stretched exponential function has
been used previously to describe systems with a continuous
spectrum of relaxation times and thus is a reasonable choice for
the PEG corona scenario.41

The results for the R2 relaxation rates as a function of the
temperature along with Arrhenius plots of the relaxation rates
are shown in Figure 2. The relaxation decay profiles (G(t)) and
their corresponding fits are shown in Figure S2. The results
show that for all cases, R2 decreases with increasing
temperature, which is consistent with an increase in motion
of the PEG segments at higher temperatures. The magnitude
of R2 at a given temperature is increased by over an order of
magnitude in the micelle cases compared to the PEG
homopolymer case, indicating a decrease in overall PEG
mobility. For the three PS−PEG micelle systems, the
magnitude of R2 increases with the increasing molecular
weight of the PS block. The increase in R2 for higher Mn PS
core domains corresponds well with the increased broadening
of the PEG peak. These results both suggest that increasing the
Mn of the core PS block causes a significant decrease in the
mobility of the PEG chains near the core domain, which causes
an increase in the width of the PEG peak and the overall R2
values. The core chemistry also appears to have an effect such
that when comparing the three systems with similar core
molecular weights, PtBMA(6.5 kDa)−PEG(5.0 kDa), PS(5.2
kDa)−PEG(5.5 kDa), and PB(5.2 kDa)−PEG(4.5 kDa), there
is an increase in the overall R2 with increasing core interfacial
tension with water where γPtBMA‑water = 25 mN/m,37,42 γPS‑water
= 39 mN/m,37,42 and γPB‑water = 51 mN/m.43,44 The polymer−

Figure 1. (Top) 1H NMR spectrum of PEG protons of BCP micelles
and the PEG homopolymer in D2O at 25 °C. (Bottom) Schematic of
the BCP micelle structure and origin of PEG 1H NMR peak
broadening.
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water interfacial tension values were estimated from Young’s
equation using literature values for polymer−water contact
angle and polymer−air surface tension, and the values are
shown in Table S1.
The Arrhenius plots in Figure 2B demonstrate interesting

differences in the effect of the temperature on R2 values. For
the PEG homopolymer, R2 displays clear Arrhenius behavior
indicated by the linear relationship between ln(R2) and
temperature over the entire temperature range. Despite having
much higher R2 values, PB−PEG follows Arrhenius behavior
(R2 ∼ exp(Ea/(RT)) where R is the gas constant) over the
entire temperature range, which indicates no transition in the
energy barriers for relaxation. However, for the PS−PEG and
PtBMA-PEG cases, there is an evident discontinuity in the
Arrhenius behavior such that the Arrhenius plots cannot be
described well by a single Ea constant over the entire
temperature range. Instead, there is an increase in the slope
at low temperatures. The origin of this transition point is
proposed to be due to the glass transition of the outer layer of
the core domain. The temperature of this transition point was
estimated using a piecewise linear fit of the Arrhenius plots and
is shown in Table 2 along with corresponding Ea values, which
were calculated from the slopes. Also, a comparison of R2
values and Arrhenius fits from a heating and cooling cycle for
one PS−PEG micelle sample are shown in Figure S3 and Table
S2, which demonstrates the reproducibility of the NMR
measurements.

The proposed mechanism of the effect of core Tg on R2 is as
follows. When the outer layer of the core domain is above the
core Tg, the block junction point can freely move within the
core matrix. When the outer layer of the core domain is below
the core Tg, the mobility of the block junction point is greatly
reduced. The changing of the environment of the grafting
junction from mobile to immobile creates an increase in the
energy barrier of rotation for the PEG chains near the core
domain, which results in an increase in the slope in the R2
Arrhenius plots for T < Tg. It should be emphasized that the
measured Tg is proposed to be the Tg of the outer layer of the
PS core and that this will likely be less than that of the internal
core Tg as previous reports have shown that there exists in
gradient in Tg values for nanoconfined PS domains.1

Given the mechanism of the detection of core Tg using T2
NMR, it is expected that increasing the percentage of corona
segments near the core will increase the magnitude of change
in the Arrhenius Ea values. Therefore, micelles with lower
corona grafting densities are expected to show a larger increase
in the slope below Tg, and this is indeed reflected in the PS−
PEG samples. A similar effect would be expected if, for
example, the molecular weight of the corona block was
decreased or the corona chemistry was modified to be more
hydrophobic.45

The measured core Tg values demonstrate a significant
reduction in core Tg compared to that of the bulk material.
Figure 3 shows a comparison of the core Tg of the PS domains
and of the bulk Tg values using the Flory−Fox equation.46 The

Figure 2. (A) Transverse relaxation rates (R2 = 1/T2) of PEG protons of BCP micelles and of PEG homopolymer in D2O, and (B) Arrhenius plots
of relaxation rates along with arrows indicating core Tg where applicable.

Table 2. Average β Values from the Stretched Exponential Fits of the Transverse Relaxation Profiles, the Arrhenius Activation
Energy Constants (Ea) Above and Below Core Tg (where applicable) Calculated from Slope of Arrhenius Plots, the Core
Tg,NMR Calculated from Piecewise Linear Fits of Arrhenius Plots, and the Core Tg,FCVJ Ranges for Two Micelles of the Samplesa

BCP βavg Ea, T > T dg
Ea, T < Tdg

core Tg,NMR core Tg,min,FCVJ core Tg,mean,FCVJ core Tg,max,FCVJ

(J/mol) (J/mol) (°C) (°C) (°C) (°C)
PEG(5.0 kDa) N/A 19.2 N/A N/A
PB(5.2 kDa)−PEG(5.0 kDa) 0.75 ± 0.03 18.7 N/A N/A
PtBMA(6.5 kDa)−PEG(5.0 kDa) 0.72 ± 0.02 17.6 20.2 28.1 ± 2.1 22 33 44
PS(1.6 kDa)−PEG(5.0 kDa) 0.78 ± 0.03 21.2 29.2 21.8 ± 1.2
PS(5.2 kDa)−PEG(5.5 kDa) 0.75 ± 0.03 23.6 34.6 32.1 ± 1.4 17 41 65
PS(13.8 kDa)−PEG(5.0 kDa) 0.70 ± 0.02 17.6 30.8 38.8 ± 1.1

aThe error of the βavg values is the standard deviation of the best-fit β values at each temperature. The error for Tg,NMR is the 95% confidence
interval based on the piecewise linear fit to the Arrhenius plots of each sample. The confidence intervals of the derived parameters are calculated in
OriginPro software using the Asymptotic-Symmetry Method.
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magnitude of Tg reduction is the least for the PS(1.6 kDa)−
PEG(5.0 kDa) micelles, which have the smallest diameter,
whereas a previous study showed Tg depression for PS
nanospheres increases with decreasing diameter below 100
nm.16 The same study also revealed that adding a nonionic
surfactant to PS nanospheres limited the Tg depression due to
reduction of free volume in the mobile outer PS layer by the
inclusion of the nonionic surfactant molecules.16 Therefore,
the extremely high density of PEG chains that occurs in the
lower molecular weight PS(1.5 kDa)−PEG(5.0 kDa) micelle

case may also cause a reduction in the free volume of the outer
PS layer. The relatively lower interfacial tension with water of
PtBMA likely increases the reduction of Tg compared to PS
due to the more favorable interactions of PtBMA and water.
Last, to corroborate the values obtained from the T2 NMR

technique, an alternative analysis of the core Tg was done using
a fluorescent molecular rotor technique, which has recently
been shown to be the robust method to measure the Tg of
polymer materials.47 The fluorescent molecular rotor, farnesyl-
(2-carboxy-2-cyanovinyl)-julolidine (FCVJ), was encapsulated
in the core domain of PS(5.2 kDa)−PEG(5.5 kDa) and
PtBMA(6.5 kDa)−PEG(5.0 kDa) micelles. The fluorescent
intensities of the encapsulated FCVJ were measured as a
function of the temperature, and the results are shown in
Figure 4. Upon excitation, the FCVJ rotor can either rotate or
fluoresce such that, as the local viscosity decreases, the
fluorescence intensity decreases. Furthermore, the fluorescence
intensity (I) can be related to changes in the free volume of the
core domain using the Loutfy-Locally Correlated Lattice
(LCL) model, which predicts a discontinuity in log(I) vs
temperature at Tg. For the case when FCVJ is encapsulated in a
micelle core, it has been shown that the log(I) vs temperature
(T) data cannot be modeled well by a single Tg (due to
random radial distribution of FCVJ molecules). However,
convolution of the Loutfy-LCL model with a simple flat Tg
distribution produces a sufficient model fit and thus is applied
in this study. A detailed description of the fitting procedure is
provided in Supporting Information. The core Tg,min, Tg,mean,
Tg,max derived from the model fits of log(I) vs T data were 17,

Figure 3. Comparison of the PS core Tg measured from 1H NMR to
the values of the bulk Tg predicted by using the Flory−Fox equation
(Tg = Tg,∞ − K/Mn, where Tg,∞ = 100 °C and K = 1 × 105 g/mol for
PS).

Figure 4. Fluorescence intensity log(I) vs temperature (T) plots of FCVJ-loaded (A) PtBMA(6.5 kDa)−PEG(5.0 kDa) and (B) PS(5.2 kDa)−
PEG(5.5 kDa) micelles for heating and cooling cycles along with model fits to determine core Tg,min,FCVJ, Tg,mean,FCVJ, Tg,max,FCVJ. (C) Schematic
illustration of differences between core Tg determined by using FCVJ and T2 NMR.
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41, and 65 °C for PS(5.2 kDa)−PEG(5.5 kDa) and 22, 33, and
44 °C for PtBMA(6.5 kDa)−PEG(5.0 kDa). For both cases,
the Tg from T2 NMR falls between Tg,min and Tg,mean, from
FCVJ. Since the core Tg is expected to increase with distance
away from the water interface, the Tg range between Tg,min and
Tg,mean represents the outer region of the micelle core;
therefore, the Tg from T2 NMR falling within this range
provides further validation for the technique.
Although there is good qualitative agreement between the

FCVJ and NMR techniques, there is a discrepancy between the
Tg range obtained from FCVJ measurements and the values
from NMR. The model used for the analysis of the fluorescent
intensity−temperature data requires an imputed Tg distribu-
tion to account for the spatial distribution of the rotor within
the core. For simplicity, the fitting results obtained in this
manuscript were completed using a nonweighted distribution
ranging from Tg,min to Tg,max. Therefore, the results for the Tg
range from the FCVJ method only provide a rough estimation
of the range of Tg values within the core and cannot be
expected to be as accurate as the values obtained from NMR.
In order to obtain a rigorous comparison between the two
methods, the exact spatial distribution of the FCVJ compound
in the core would need to be obtained, using small-angle
neutron scattering (SANS), for example, which could then be
input into the FCVJ model to obtain a precise fit of the FCVP
temperature-intensity data. Additionally, the size of the
micelles used in the two studies varied slightly because an
alternative formulation method had to be used to encapsulate
the hydrophobic FCVJ compound in the micelle cores. The
core diameters of PS(5.2 kDa)−PEG(5.5 kDa) and PtBMA-
(6.5 kDa)−PEG(5.0 kDa) micelles in NMR measurements
were 18.4 and 17.1 nm, respectively, while for FCVJ, the core
diameters were 14.0 and 17.5 nm, respectively. The TEM
images for the FCVJ samples are shown in Figure S4.
Therefore, differences in size and the unknown spatial
distribution of FCVJ in the core both contribute to the slight
discrepancy between the two methods.

4. CONCLUSIONS
A novel technique using T2

1H NMR of micelle corona chains
to determine micelle core Tg has been successfully demon-
strated. Specifically, this technique measures the Tg of the
outer region of the micelle core by measuring changes in the
Arrhenius behavior of the transverse relaxation rate of micelle
corona (PEG in this study) protons. This technique is done
using low concentrations (3 mg/mL) of pristine micelles in
D2O. The results demonstrate the Tg of the outer core region
is significantly suppressed compared to the bulk Tg values, and
the magnitude of the suppression is affected by the molecular
weight and chemistry of the core block.
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