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ABSTRACT: Grafting polymer chains on the surface of nanoparticles (NPs) is a strategy used to control the interaction between
the NPs and their environment. The fate of the resulting particles in a
given environment is strongly inﬂuenced by the solvent−polymer
interaction. The solvent quality aﬀects the behavior, conformation,
and dynamics of the grafted polymer chains. However, when this
polymer grafting strategy is used to functionalized polymer particles,
the inﬂuence of solvent quality becomes even more complex; when
the grafted polymer chains and the polymer nanoparticles are
tethered together, the eﬀect of the solvent quality on the behavior and
dynamics of the system depends on the solvent interaction with both
polymer components. To explore the relationship between the
solvent quality and the dynamics of polymer-functionalized soft polymer NPs, we designed a system based on cross-linked
polystyrene (PS) NPs grafted with a canopy of poly(methyl acrylate) (PMA). PS and PMA, two immiscible polymers, can be
selectively solvated by using binary mixtures of solvents. NMR spectroscopy was used to address the eﬀect of those selective solvents
on the local mobility of the PS−PMA core-canopy NPs and revealed an interplay between the local mobility of the core and the local
mobility of the canopy. A selective reduction of the solvent quality for the PMA canopy resulted in the expected reduction of the
local mobility of the PMA chains, but also in the slower dynamics of the PS core. Similarly, a selective reduction of the solvent
quality for the PS core resulted in a slower dynamics for both the PS core and the PMA canopy.

■

INTRODUCTION
The grafting of end-tethered polymer chains on a surface is an
excellent strategy to control the properties of interfaces such as
the surface of nanoparticles (NPs) in suspension.1,2 Nanoparticles functionalized with a canopy of end-tethered polymer
chains have been used in a variety of applications, such as drug
delivery, adhesives, or coatings.3−6 Using a canopy of endtethered polymer chains to tune the interactions between the
nanoparticles and their environment is a strategy widely
employed to control the dispersibility of nanoparticles both in
suspension and in polymer matrixes for the formation of
nanocomposites with speciﬁc properties.7,8 The properties of
the resulting functionalized NPs are aﬀected by the chemical
composition of the polymer canopy, its architecture, and its
interaction with the environment. The dynamics of the
tethered chains is a piece of crucial information to understand
the behavior of such systems. The chain dynamics in polymerfunctionalized NPs has been studied for a variety of rigid
nanoparticles core9 such as gold,10 silica,11 or carbon black.12
However, new polymer-grafted systems used in drug delivery
or tissue engineering rely on softer NP cores like polymer
micelles or swollen nanogels.13,14 When the polymer chains are
tethered to such soft and deformable NP cores, tuning the
properties of the polymer canopy to optimize the behavior of
the functionalized nanoparticles represents a particular
© 2020 American Chemical Society

challenge since both the canopy of end-tethered chains and
the core of the nanoparticles are soft, deformable, and strongly
aﬀected by the conditions of the surrounding environment
such as the solvent quality.15
The behavior of polymer-grafted NPs is tunable through the
control of the polymer chain conformation, which is inﬂuenced
by the architecture of the polymer canopy deﬁned by the
grafting density and the chain length of the end-tethered
polymer chains. For example, polystyrene-grafted silica nanoparticles in a polystyrene matrix displayed tunable aggregation
states, forming short strings, sheets, or clusters, by controlling
the molecular weight and grafting density of the end-grafted
polystyrene chains.7 This behavior was attributed to the
conformation of the end-tethered chains and the architecture
of the polymer-grafted nanoparticles. The conformational
changes experienced by the end-tethered chains are related
to the local concentration of monomer units. Chains tethered
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interfacial behavior, aggregation, or self-assembly of the NPs
in suspension.46−50 For example, when the quality of the
solvent of aqueous suspensions of poly-N-isopropylacrylamide
(PNIPAM) soft microgels is decreased either by increasing the
temperature or by the addition of a cononsolvent, the volume
occupied by the particles in suspension decreases leading to
the obtention of collapsed microgel, a reduced segmental chain
dynamics, and a diminution in the viscosity of the
suspension.51,52
In the case of polymer NPs functionalized with end-tethered
polymer chains, the role of solvent quality is complex, but
understanding the role of solvent quality on the dynamics,
conformation, colloidal stability, and properties is crucial in the
design of new functional and responsive nanomaterials used for
example in drug release application.53 The contribution of the
solvent quality on the swelling and dynamics of both the core
and the end-tethered layers needs to be studied in more detail.
The interplay between the dynamics of the shell and of the
core NP needs to be better understood.54,55 Here, to
understand the eﬀect of solvent quality on the dynamics of
swollen polymer NPs functionalized with a canopy of polymer
chains, we functionalized cross-linked polystyrene (PS) NPs
with a canopy of poly(methyl acrylate) (PMA). PS and PMA
are two immiscible polymers that can be selectively solvated
using binary mixtures of solvent (Figure 1).

to a substrate at a high grafting density will experience a
stronger steric hindrance from the neighboring chains leading
to a larger reduction of conformational entropy than chains
tethered at a lower grafting density. Similarly, when chains are
tethered to a spherical substrate, like a nanoparticle, the local
monomer concentration will decrease radially from the surface
of the core nanoparticle to the interface between the surface of
the polymer canopy and the surrounding environment, and the
steric hindrance and the reduction of conformational entropy
will decrease analogously. Consequently, the chains grafted to
a NP experience a distribution of conﬁnement states.16 The
variation in the extent of conﬁnement results in diﬀerent
interactions between the polymer-functionalized NPs themselves and between the polymer-functionalized NPs and their
environment.16,17
The study of the polymer chains dynamics and conformation is used to understand the eﬀects of architecture and
solvent quality on the behavior of functionalized NPs.11,18−20
Diﬀerent techniques such as dielectric spectroscopy, neutron
spin−echo, or neutron backscattering spectroscopy21−24 are
probing diﬀerent time scale and thus diﬀerent aspects of the
polymer dynamics.25 High-ﬁeld NMR relaxometry compares
advantageously to other techniques. It can be used to
investigate fast relaxation processes associated with the
motions, vibrations, and rotation of side groups and it probes
the subsegmental and Rouse dynamics of the polymer
chains.25−32 NMR spectroscopy provides results in keeping
with other techniques like dielectric spectroscopy or
quasielastic neutron scattering33 with the added beneﬁt of
allowing for the analysis of the local dynamics of speciﬁc
chemical groups without the need for labeling. Both NMR
spectroscopy and more speciﬁcally NMR relaxometry have
become more popular to characterize polymer functionalized
nanoparticles both in the solid-state and in suspension.34−37
The behavior of the functionalized NPs is not only
inﬂuenced by the architecture of the polymer canopy, but
also by the solvent quality. The chain dynamics and the
conformation of end-grafted chains are also aﬀected by the
polymer−solvent interaction,20,38 and changes in the solvent
quality have been used to control the properties of polymerfunctionalized NPs.39,40 When end-tethered polymer chains
are in a good solvent (Flory−Huggins interaction parameter,
χ12 < 0.5), both enthalpic attraction between chain segments
and solvent molecules and entropic repulsion between chain
segments occur in the polymer canopy41 and results in an
extended chain conformation of the end-grafted polymer
chains. Consequently, the swelling of the polymer canopy on
the NPs in the suspension provides colloidal stability through
steric repulsions. However, when the quality of the solvent
decreases, the conformation of the end-grafted polymer chains
can undergo a transition from a stretched regime to a more
collapsed regime and can be accompanied by the formation of
nonuniform polymer canopy42,43 or lead to the self-assembly of
polymer chain grafted NPs into various mesostructures.44,45
When dealing with swollen polymer NPs, the inﬂuence of
the solvent quality for the core NPs on the behavior of the
suspension is also critical. Soft NPs are deformable in
comparison to the inorganic hard NPs and can respond to
external stimuli such as temperature, pH, and solvent quality.
Under good solvency conditions, the polymer NPs are swollen
with solvent and are soft and deformable, but when the solvent
quality decreases, deswelling is observed and results in a
variation in the rheological behavior, optical properties,

■

EXPERIMENTAL SECTION

Synthesis of Polystyrene Nanoparticles Functionalized with
a Canopy of Poly(methyl acrylate) Chains (PS−PMA NPs). The
synthesis of the PS−PMA NPs proceeded in a multistep process
(Figure 1). First, the PS cores were prepared using miniemulsion
polymerization. When the monomer conversion reached 90%, a new
monomer mixture containing an ARTP inimer containing a disulﬁde
bond was slowly fed to the system to create a thin shell of ATRPinitiator containing polymer. After the thorough washing of the
nanoparticles, the PS cores functionalized with the ATRP initiator
were redispersed in anisole and used to initiate the polymerization of
methyl acrylate. After diﬀerent polymerization times, the polymerization was quenched, and the resulting polymer functionalized PS−
PMA nanoparticles were precipitated, followed by redispersion in
DCM. The detailed procedure is available in the Supporting
Information.
Characterizations. The PS NPs, PS−PMA NPs, and PMA free
chain were dispersed in deuterated solvent mixtures at a concentration
of 16.7 mg mL−1. The relaxation experiments were performed on
NMR AVANCE spectrometers (Bruker), working at a nominal
frequency of 300.13 MHz. The spin−spin relaxation time constants
(T2) were measured using the Carr−Purcell−Meiboom−Gill
(CPMG) pulse sequence. The protons in the aromatic ring of PS
(7.1 to 6.6 ppm) and in the methoxy group (3.7 ppm) were chosen
for the analysis.

■

RESULTS AND DISCUSSION
PMA grafted PS soft NPs were prepared via miniemulsion
polymerization, followed by surface-initiated atom transfer
radical polymerization.56−58 In the present study, PS NPs were
sparsely cross-linked (0.5 mol % of divinylbenzene) and
functionalized with PMA chains of increasing lengths, and the
ﬁve diﬀerent molecular weight varied from 4 to 52 kDa. The
grafting density of the PMA chains was 0.20 ± 0.02 chains
nm−2 when the NPs were dispersed in dichloromethane
(DCM). The NPs were dispersed in solvent mixtures of DCM
with either cyclohexane or acetone to selectively control the
solvent quality. The local dynamics of the PS core and of the
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spectral density function can be used to calculate the
correlation time associated with the local dynamics, in the
simplest system, for an isotropic rotation, the relation between
the local mobility (τr) and the spectral density can be
expressed by J(ω0) = τr/(1 − ω02τr2). Similarly, the correlation
time of more complex relaxation mechanisms can be extracted
from the NMR data.63 In every case, an increase in T2 is
associated with an increase in the local mobility of the segment
under study and probes relaxation mechanisms occurring on a
time scale similar to the Larmor frequency of the magnet,25
300 MHz in the present study. To characterize the dynamics of
PS core and PMA canopy, the T2 of the aromatic ring from the
PS core and of the methoxy group of the PMA canopy were
measured using the Carr−Purcell−Meiboom−Gill pulse
sequence (Figure 2).64,65 A stretched exponential function

Figure 2. Measurement of the T2 in a sample of PS−PMA4k NPs. (a)
1
H NMR spectra of PS−PMA NPs obtained with Carr−Purcell−
Meiboom−Gill pulse sequence at a Larmor frequency of 300.13 MHz
at 298 K. Decay of the signal intensity during the spin−echo extracted
from the spectra for (b) aromatic protons of PS and (c) methoxy
protons of PMA in the PS−PMA NPs ﬁtted with eq S1.

Figure 1. (a) Synthesis of PS−PMA NPs. (b) Polymer−solvent
Flory−Huggins interaction parameter (χpolymer−solvent) for PS (upper
panel, closed symbol) and PMA (lower panel, open symbol) with
solvent mixtures of DCM and cosolvents, cyclohexane (red), and
acetone (blue). The χpolymer−solvent were calculated from the Hansen
solubility parameters of the polymers and solvents (Tables S2 and S3)
using eq S1. (c) The expected eﬀect of the relative solvent quality on
the swelling of the PS−PMA NPs.

(eq S3) was used to describe the NMR decay in order to take
into account the distribution of conﬁnement states experienced
by the polymer chains. The T2 values reported for the PS core
and of the PMA canopy are the average T2 for a given polymer
component calculated using eq S4. The relaxation of PS NPs,
PS−PMA NPs, and free PMA chains was investigated in
mixtures of DCM and cyclohexane and mixtures of DCM and
acetone. To understand the eﬀect of the solvent, the NPs were
ﬁrst dispersed in DCM, a good solvent for both PMA and PS,
then the addition of a selective nonsolvent, cyclohexane or
acetone, was used to tune the solvent quality (Table 1).
The quality of the solvent remained below χ = 0.5 for both
the PS core and the PMA canopy to ensure that the
suspensions remained stable during the experiments (Figure
1b). The swelling of the NPs was characterized by their
diameter obtained by dynamic light scattering (DLS) in the
diﬀerent solvent mixtures (Figure 3) and normalized to the
diameter of the same NPs measure in pure DCM. The
solvodynamic diameter (Ds) of pure PS NPs increased when
the mole fraction of cyclohexane increased in the solvent
mixture (Figure 3a) and decreased with the addition of

PMA canopy were addressed independently using the spin−
spin relaxation time obtained by NMR spectroscopy.
NMR relaxometry is especially ideal for interpreting the
dynamics of soft NPs with a surface functionalization of endtethered polymer chains because the measurements can resolve
the relaxation of speciﬁc chemical entities such as the polymer
chains anchored on the surface, or the cross-linked polymer
network in the core NPs.55,59,60 The spin−spin relaxation
characterized by the relaxation time T2 is the result of the
interactions between the rotating spins in the system without
energy exchange,61 and it is used to study the eﬀect of
temperature, molecular weight, cross-linking density or
entanglement on the molecular mobility. The T2 is an ideal
marker of the local dynamics in the swollen PS−PMA NPs and
to study the segmental motions of their polymer chains in the
picosecond time scale. The T2 time is related to the spectral
density function (J(ω0) at the Larmor frequency ω0) of the
spin system, as 1/T2 ∝ 3J(0) + 5J(ω0) + 2J(2ω0).62 The
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simultaneous swelling and deswelling of the diﬀerent polymer
components. PS−PMA4k displayed a similar swelling behavior
as the PS NPs (Figure S3). However, as the length of the PMA
chains in the PS−PMA NPs increased, the swelling behavior of
the PS−PMA particles became sharply distinct from the
swelling of pure PS NPs (Figure S3). The eﬀect of the solvent
quality on the swelling of the PS−PMA NPs must take into
account the simultaneous swelling of the PS core and
deswelling of the PMA canopy upon the addition of
cyclohexane or the swelling of the PMA canopy accompanied
by the deswelling of the PS core upon the addition of acetone.
As the solvent quality changed and the PS core swelled and
deswelled, so did the eﬀective grafting density of the chains.
Because of the initial size of the NPs and the limited swelling
of the PS core, the eﬀective grafting density only moderately
changed, ranging from 0.19 chains nm−2 in DCM/cyclohexane
to 0.24 chains nm−2 in DCM/acetone (Table S4). Similarly,
the swelling and collapse of the PMA canopy could also aﬀect
the conformation and dynamics of the system. However, when
measuring the variation in the thickness of the polymer canopy
with the increase in the degree of polymerization of the PMA
chains (Figure S4), the scaling relationship (eq S2) showed
that, in every solvent system used, the chains maintained a
conformation corresponding to stretched chains in a
concentrated polymer brush regime.9 Even though the
addition of cyclohexane resulted in moderately less stretched
chains (Table S5).
Grafting PMA chains to the PS NPs inﬂuenced the T2 of
both PS and PMA in comparison to the free components. The
relaxation of the NPs in pure DCM (Figure 4) revealed that
the grafting of the PMA chains on the PS core led to an
increase in the T2 of the PS core. This phenomenon is the
consequence of the grafting of mobile PMA chains. At the
same time, anchoring the PMA chains to the PS core resulted
in a moderate decrease in the T2 of the PMA chains due to the
substrate eﬀect decreasing the segmental dynamics of the
grafted chains in comparison to free PMA chains.66 The
interplay caused by the tethering of two polymer systems with
diﬀerent intrinsic dynamics is reminiscent of the dynamics of
block copolymers, where the dynamics of a slow block can be
enhanced by tethering a more rapidly relaxing block and
inversely the dynamics of a fast block can be slowed down by
the tethering to a slower block.67,68 In such situations, the
ﬂuctuations the more rapid segment was responsible for the
acceleration of the segmental mobility of the slower
component.
Changing the quality of the solvent by the addition of
cyclohexane, a marginal solvent for PS and a nonsolvent for
PMA, changed the local dynamics of both the PS core and the
PMA canopy of the PS−PMA NPs (Figure 4). In the case of
PS NPs, the T2 of the protons of the aromatic ring remained
almost constant during the addition of cyclohexane in DCM as
the quality of the solvent (χPS‑solvent) changed from 0.22 to 0.09
(Table S3). This observation was consistent with the swelling
behavior of PS in DCM/cyclohexane mixture displaying a
moderate increase in swelling with the addition of cyclohexane.
Under the same conditions, the relaxation of the free PMA
chains decreased linearly in keeping with the deswelling of the
chains associated with the increase in χPMA,solvent from 0.13 to
0.43. More surprisingly, when the PMA chains were
immobilized on the PS core, the T2 of both the aromatic
protons and the protons of the methoxy group decreased with
the addition of cyclohexane. The T2 of the methoxy group

Table 1. Flory-Huggins Interaction Parameter
(χpolymer‑solvent) for the Diﬀerent Polymer−Solvent Pairs
Useda
χpolymer−solvent
polymer

DCM

acetone

cyclohexane

PS
PMA

0.22
0.13

0.65
0.29

0.43
1.92

Article

a
The χpolymer‑solvent were calculated from the Hansen solubility
parameters of the polymers and solvents (Tables S2 and S3) using
eq S1.

Figure 3. Normalized solvodynamic diameter and size distribution
(PDI) of (a) PS NPs (▼) and (b) PS−PMA22k (●), measured by
light scattering at 298k in solvent mixtures of DCM (violet) with
cyclohexane (red), and with acetone (blue). Ds were normalized by Ds
measured in DCM.

acetone. The swelling observed is in agreement with the
Flory−Huggins interaction parameter (χpolymer−solvent) of PS in
those solvents mixtures (Table S3). For free PMA chains, the
radius of gyration of the chain (Rg) moderately increased with
the addition of acetone and decreased with addition of
cyclohexane (Figure S2). The mixed system composed of a PS
core functionalized with a canopy of end-tethered PMA chains
displayed a more intricate behavior (Figure 3b) due to the
7564
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The relaxation behavior of pure PS NPs, PS−PMA, and free
PMA chain in DCM/acetone solvent mixture was also studied
(Figure 5). Acetone is a good solvent for PMA and a poor

Figure 4. Eﬀect of the addition of selective nonsolvent for the PMA
canopy on the local mobility of PS−PMA NPs. T2 relaxation of 1H of
the (a) aromatic ring of PS of PS NPs (light green triangle), PS−
PMA4k (green square), PS−PMA22k (dark green circle), PS−PMA28k
(blue diamond), PS−PMA42k (light blue pentagon) and PS−PMA52k
(cyan hexagon) and (b) methoxy group of free PMA22k (red triangle),
PS−PMA4k (yellow square), PS−PMA22k (orange circle), PS−PMA28k
(purple diamond), PS−PMA42k (pink pentagon) and PS−PMA52k
(light pink hexagon) in DCM/cyclohexane mixtures.

Figure 5. Eﬀect of the addition of selective nonsolvent for the PS core
on the local mobility of PS−PMA NPs. T2 relaxation of 1H of the (a)
aromatic ring of PS of PS NPs (light green triangle), PS−PMA4k
(green square), PS−PMA22k (dark green circle), PS−PMA28k (blue
diamond), PS−PMA42k (light blue pentagon), and PS−PMA52k (cyan
hexagon) and (b) methoxy group of free PMA22k (red triangle), PS−
PMA4k (yellow square), PS−PMA22k (orange circle), PS−PMA28k
(purple diamond), PS−PMA42k (pink pentagon), and PS−PMA52k
(light pink hexagon) in DCM/acetone mixtures.

decreased even more steeply for PS−PMA NPs than for free
PMA chains, and this decrease was more pronounced for the
PS−PMA NPs functionalized with short PMA chains. The
variation of T2 observed with the degree of polymerization of
the PMA chains can be ascribed to the diﬀerent conformational changes occurring in the PMA chains when they are
immobilized on the surface of the PS NP, while short chains
are forced to adopt an almost fully extended conformation,
longer chains, because the radial decrease in the steric
crowding in the canopy, can adopt, on average, a more relaxed
conformation. More counterintuitively, T2 of PS in PS−PMA
decreased just like the free PMA since, even, if the solvent
condition became better for the PS. This phenomenon can be
related to the increased local mobility observed for PS in DCM
when PMA chains were grafted to the PS core due to the rapid
relaxation of the PMA chains. As the local mobility of the
surrounding PMA canopy was reduced, so was the enhancement of the PS local mobility caused by the grafting of the
PMA chains. The increase in local mobility observed in pure
DCM was no longer present in DCM/cyclohexane solvent
mixtures. At high cyclohexane content, the local dynamics of
the PS core in PS−PMA NPs became similar to the local
dynamics of pure PS NPs since the PMA no longer increased
the local mobility of the substrate.

solvent for PS. Upon the addition of acetone to DCM the T2 of
free PMA chains remained constant as the solvent quality
χPMA‑solvent changed from 0.13 to 0.16. Simultaneously, the T2
of pure PS NPs moderately decreased when the mole fraction
of acetone increased in the solvent mixture due to the
nonsolvency of PS in acetone with χPS,solvent increasing from
0.22 to 0.35. The decrease in χPS,solvent was also associated with
the deswelling of the PS NPs (Figure 3). After the addition of
acetone, the T2 of the tethered PMA chains signiﬁcantly
decreased, in keeping with the decrease of the local mobility of
the PS core, this phenomenon was more pronounced for short
PMA chains and systematically reduced as the length of the
end-tethered PMA chains increased. Therefore, the local
mobility of short chains was more susceptible to be inﬂuenced
by the dynamics of the substrate, especially when the substrate
was soft and deformable.
The variation of the T2 of PS and PMA as a function of
χpolymer−solvent of the polymers in the diﬀerent solvent mixtures
(Figure 6) emphasized the existence of an interplay between
the dynamics of the PMA canopy and the dynamics of the PS
core. Pure PS NPs and free PMA chains both showed the
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was accompanied by an increase in the solvent quality for the
PS core and a decrease in the solvent quality for the PMA
canopy, and the behavior of the PS core deviated from the
behavior of the unfunctionalized PS NPs, because the local
mobility of the PS core was not only inﬂuenced by χPS‑solvent
but also by the behavior of the PMA canopy. The grafting of
the PMA canopy increased the local mobility of the PS core,
but this eﬀect was observable only when the PMA canopy was
in a good solvent and suﬃciently mobile.
The variation of the T2 of the PMA canopy on the PS−PMA
NPs was characterized by a discontinuity when the solvent
mixture was changed from DCM/acetone to DCM/cyclohexane mixture. First, T2 decreased as χPMA‑solvent increased
from 0.13 to 0.16 with the addition of acetone, then increased
drastically when the solvent mixture was changed from 36 mol
% of acetone to 6 mol % of cyclohexane in DCM, although
χPMA‑solvent only changed from 0.16 and 0.18. Then, with the
further addition of cyclohexane, the T2 of the PMA canopy
decreased again with the increases of χPMA‑solvent. Albeit the
change in solvent quality experienced by the PMA chains was
limited when switching the cosolvent from acetone to
cyclohexane, the T2 of the PMA canopy was simultaneously
inﬂuenced by the large variation in χPS‑solvent, from 0.35 to 0.17,
sustained by the PS (Figure S5) resulting in a decrease in the
local mobility of the PS core.
Consequently, the eﬀect of χpolymer−solvent for one single
component of the PS−PMA system cannot solely be used to
explain the variations observed in the relaxation dynamics. The
simultaneous impact of the change of the solvent quality on
both PS and PMA should be considered as well as the interplay
between the local dynamics of the core and of the canopy.
When the solvent mixture was changed from 36 mol % acetone
in DCM to 6 mol % cyclohexane in DCM, the χPMA‑solvent
changed from 0.16 to 0.18, but the χPS‑solvent changed from 0.35
to 0.17. When comparing those two solvent mixtures, the local
mobility of the naked PS NPs increased 3-folds going from
acetone to cyclohexane. Thus, the substrate of the PMA
brushes had a diﬀerent dynamics going from 36 mol % of
acetone to 6 mol % of cyclohexane and resulted in the
discontinuous behavior observed for the T2 of the PMA
canopy. As the local mobility of the PS increased, the substrate
eﬀect limiting the local mobility of the grafted chain was less
prominent, and the T2 of the PMA chains increased. The
addition of more cyclohexane led to a steady decrease in the T2
of the PMA canopy in keeping with the behavior of free PMA
chains. An additional evidence of the interplay between the
dynamics of the core and the canopy was the eﬀect of the
degree of polymerization of the PMA chains on local mobility
of the system. The impact of the solvent quality on the local
mobility of PMA chains was more pronounced for the shorter
PMA chains, for which the local mobility of the canopy was
more strongly dependent on the local mobility of the PS
substrate.
The interplay between the PS core and the PMA canopy
could only be understood by concurrently considering the
eﬀect of χPS‑solvent and χPMA‑solvent on the T2 of both PS and
PMA, (Figure S8). The solvent quality had a deﬁnite impact
on the T2 of both the PS and PMA segments. However, the T2
of the PS was also inﬂuenced by the relaxation of the PMA
segments, and inversely the relaxation of the PMA segments
was aﬀected by the local mobility of the PS core (Figure 6c). In
the PS−PMA core-canopy system, the reduction of the
relaxation time of the core was systematically accompanied

Figure 6. Normalized T2 relaxation time of 1H of the (a) aromatic
ring of PS of PS NPs (light green triangle), PS−PMA4k (green
square), PS−PMA22k (dark green circle), PS−PMA28k (blue
diamond), and PS−PMA42k (light blue pentagon) and (b) methoxy
group of free PMA22k (red triangle), PS−PMA4k (yellow square), PS−
PMA22k (orange circle), PS−PMA28k (purple diamond), and PS−
PMA42k (pink pentagon) as a function of χ12 of PS and PMA. T2
normalized to the T2 of the pure PS NPs or free PMA chains in the
same solvent composition. (c) Relation between the variation of the
T2 relaxation time of PS and PMA in PS−PMA NPs in solvent
mixtures normalized to the T2 observed for PS−PMA NPs in pure
DCM.

expected overall linear decrease in T2 when the χPS‑solvent varies
from a good solvent to a marginal solvent (Figure S6).
However, the local mobility of the grafted core-canopy system
was more complex because of the synergetic eﬀect of the
cosolvent addition. The normalized T2 of PS in PS−PMA NPs
increased as the solvent quality decreased (χPS‑solvent increasing
from 0.09 to 0.22) and then followed the trend of pure PS NPs
and decreased with a further increase of χPS‑solvent. This change
in behavior occurred when the cosolvent used to tune the
solvent quality changed from cyclohexane to acetone and was
ascribed to the interplay between the local mobility of the core
and the local mobility of the PMA canopy. Initially, the
addition of acetone decreased the solvent quality for the PS
core but had a limited inﬂuence of the solvent quality for the
PMA canopy (Figure S7). Consequently, the local mobility of
the PS core followed the same trend as the local mobility of the
unfunctionalized PS NPs since there was no other eﬀects.
However, the addition of cyclohexane to the DCM suspension
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by a decrease of the relaxation time of the canopy irrespectively
of the chain length. Inversely, a reduction of the T2 of the
canopy led to a reduction of the T2 of the core. Consequently,
only a common good solvent resulted in fast local mobility for
either PS or PMA in the coupled system. The addition of a
selective nonsolvent resulted in the decrease in the relaxation
of both the core and the canopy irrespectively if the nonsolvent
was selective for the core or the canopy.
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CONCLUSIONS

In conclusion, the study of the relaxation dynamics of soft
swollen gel nanoparticles functionalized with polymer chains
was investigated by NMR relaxometry. The eﬀect of the
solvent quality on the swelling behavior and the relaxation
dynamics of PS core and PMA canopy of PS−PMA hairy soft
NPs were investigated using solvent mixtures with tunable and
selective solvent quality favoring either the PS core or the PMA
canopy. The results suggest a strong interplay between the
dynamics of the core and the dynamics of the canopy of endtethered chains.
In a single polymer system, either pure PS NPs of free PMA
chains, the T2 of the polymer decreased with decreasing
χpolymer−solvent. However, in the case of PS NPs functionalized
with a canopy of end-tethered PMA chains, the eﬀect of the
solvent quality on the T2 of the polymer was more complex
due to the interplay between the mobility of the PS core and of
the PMA canopy. Generally, the functionalization of the PS
core with a canopy of swollen and mobile PMA chains
increased the T2 of the PS in comparison to unfunctionalized
PS NPs. As expected, the addition of a selective nonsolvent for
the PMA canopy reduced the solvent quality for the PMA
canopy, and a reduction in the local mobility of the PMA
chains was observed. However, this reduction in the local
mobility of the PMA canopy triggered a reduction in the local
mobility of the PS core, although the solvent quality for the PS
core increased in that solvent mixture. Similarly, as the local
mobility of the PS decreased with the addition of a selective
nonsolvent, the T2 of the PMA canopy also reduced due to a
stronger immobilization by the PS core.
Selectively decreasing the solvent quality for one of the
polymer components, either the PS core or the PMA canopy,
resulted in a decrease in the mobility of both polymer
components. When a polymer system with a complex
architecture, such as the core-canopy PS−PMA NPs under
study, are used, the synergetic eﬀect between composition,
architecture, and environment need to be considered during
their processing.
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