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ABSTRACT: The molecular dynamics of a copolymer composed
of methyl methacrylate (MMA) and (2-acetoacetoxy)ethyl
methacrylate (AEMA) monomers and the influence on it of
intra- to intermolecular cross-links of AEMA units with ethyl-
enediamine (EDA) was studied by combining dielectric relaxation
experiments and thermal investigations. The dielectric spectra of
the non-cross-linked copolymer show three dynamical processes: a
slow relaxation (@) and a faster (f3), both dominated by the MMA
dynamics, and an even faster secondary relaxation () reflecting the
AEMA dynamics. Already for low cross-linking densities, the y
process is very much affected and eventually disappears, increasing
the cross-linking density. The secondary f relaxation however was
nearly unaffected by cross-linking. The effect of cross-linking on
the  relaxation was very pronounced with an important increasing of the glass transition temperature T,. There was also an increase
of the dynamic heterogeneity and the relaxation intensity when increasing the cross-linking density (up to the maximum explored, 9
mol % EDA). The quality of the average time scale and T, value have similarities in behavior for intra- and intermolecular cross-
linking, but clear differences in the dynamic heterogeneities where observed. These differences can be interpreted in connection with
the sparse internal structure of the collapsed single chains obtained by intramolecular cross-linking.

1. INTRODUCTION nano-objects obtained via intrachain cross-linking is usually
referred to as single-chain nanoparticles (SCNPs). By

The cross-linking of polymers has long been employed to
increasing the concentration above the overlap concentration,

change the physical properties of these materials such as

rigidity and glass transition. Cross-linking is the production of interchain cross-linking can occur once two or more polymer
covalent (permanent) or noncovalent (reversible) bonds, short chains are held together, and a competition between the two
sequences of connections, or physical interactions that hold types of cross-linking happens. Finally, in very concentrated
together parts of a polymer chain (intrachain cross-linking) or solutions (and in bulk) interchain cross-linking dominates over
different polymer chains (interchain cross-linking).'~* Hydro- intrachain cross-linking, giving rise to 3D polymer networks.
gen-bonding, hydrophobic, and ionic interactions are for The idea of producing discrete intrachain cross-linked
instance considered as noncovalent bonds, which can be polymer chains was suggested theoretically by Kuhn (1956),
reversibly activated or deactivated, while covalent (e.g., and it was done experimentally in 1962.">"" However, it not
carbon—carbon) bonds are permanent bonds.”* In general, was until the beginning of the 21th century that the potential
the polymers after cross-linking by covalent bonds cannot melt of intrachain cross-linking to produce versatile SCNPs was
and only decompose by heating at very high temperatures. identified." Nowadays, SCNPS can be routinely produced
Cross-linking is not limited to bulk materials, but also through a variety of different covalent, noncovalent, and
includes nano- to microsized particles with well-defined shape dynamically covalent bonds."® The size and surface-to-volume

and size that eventually after cross-linking can be used, for
example, as stable nanocontainers for drug delivery.”*
Depending on the number of polymer chains involved in the
cross-linking process, two types of cross-linking can be
observed using a given polymeric material. When the cross-
linking reaction is performed in dilute situations below the
overlap concentration, intrachain cross-linking mainly occurs
connecting distinct parts of every discrete single polymer
chain, consequently collapsing the chain and reducing the
hydrodynamic radius of the individual chains.” The type of

ratio of SCNPs can be controlled by the cross-linking density,
the polymer nature and molecular weight, chain stiffness,
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Scheme 1. (a) Chemical Structure of the Cross-Linking between AEMA Units by Ethylenediamine (EDA) via Enamine Bond
Formation (see ref 25 and the SI); (b) Preparation of THF Solutions above and below the Overlap Concentration for Inter-
and Intra-Chain Cross-Linking, Respectively; (c) Procedure of Film Preparation from the above Solutions
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etc.'*™'° For instance, increasing the cross-linking density
reduces the size of SCNPs, which offers unique benefits in
medical applications.”” The majority of earlier SCNP synthesis
research focused on irreversible bonds. Producing SCNPs that
respond to external stimuli via dynamic covalent bonds has
become a new topic in the field of smart materials.”'” The
breaking and exchange of these bonds can be induced by
environmental effects, such as changes in temperature, pH, and
solvent type.

Cross-linking reactions have an obvious impact on polymer
chain mobility. Whereas interchain cross-linking will prevent
the viscous flow, intrachain cross-linking giving rise to SCNPs
yields a reduction of viscosity due to the decreasing of chain
entanglements in the polymer melt.'®'” Despite this disparity
of effects of intra- and interchain cross-linking on the large-
scale polymer dynamics, both impose constraints at the more
local scale like that of the segmental motions controlling the
polymer glass transition (Tg). What is generally observed is
that as the cross-linking density increases, the polymeric
material presents a higher Tg,20 which in addition is broader
and less pronounced. These effects are quite dramatic when
the cross-linking density reaches large values,”"** whereas they
are no so large in the case of SCNPs when the cross-linking
density is usually moderate. The investigations of the effect of
intramolecular cross-linking on the glass transition of SCNPs
are scarce,2 and there are few systematic studies on this
aspect * In particular, a recent work combining experiments
and simulation results on polystyrene (PS)-based SCNPs has
shown a linear increase of T, with the cross-linking density
over a relatively broad range with a concomitant increase of the
dynamic fragility and dynamic heterogeneity. These effects
were interpreted in terms of the influence of the topological
constraints present in the SCNPs. Although there is also a
recent simulation work comparing the influence of intra- and
intermolecular cross-linking on the structure and dynamics of
polymer chains in solution,”* a systematic comparison of the
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evolution from intra- to intermolecular cross-links in networks
based on SCNPs with dynamic covalent bonds is lacking.

With the aim of comparing in detail the effects on the
segmental dynamics of “mostly” intra- and “mostly” interchain
cross-linking, in this work, the evolution of the molecular
dynamics and thermal properties of networks with dynamic
covalent bonds prepared, on one hand, from SCNPs and, on
the other hand, from the precursor polymer of the SCNPs
were studied by broad-band dielectric spectroscopy (BDS) and
differential scanning calorimetry (DSC). For this purpose, a
random copolymer of methyl methacrylate (MMA), 70 mol %,
and (2-acetoacetoxy)ethyl methacrylate (AEMA), 30 mol %,
denoted as poly(MMA,;-ran-AEMA, ;), was first synthesized.
The cross-linking reactions to give SCNPs were performed in
high-dilution conditions by reaction of ethylenediamine
(EDA) as bifunctional cross-linker with the AEMA side groups
of poly(MMA, ;-ran-AEMA, ;)—via enamine bond formation
(see ref 25 and the SI)—reaching a maximum cross-linking
density for 9 mol % EDA. In this way the effect of the
intramolecular cross-linking on the segmental and local
dynamics was detected with high detail. Similar experiments
on equivalent materials prepared by performing the reactions
in concentrated solutions promoting interchain reactions have
been used to address the similarities and differences between
the materials obtained from SCNPs and those obtained
directly from poly(MMA, ;-ran-AEMA, ;) using more conven-
tional interchain cross-linking procedures. The obtained results
are discussed in comparison with previous experimental
findings and recent molecular dynamics simulations.

2. EXPERIMENTAL SECTION

2.1. Materials. 2,2-Azobis(2-methylpropionitrile) (AIBN), ethyl-
enediamine, methyl methacrylate, 2-(acetoacetoxy)ethyl methacrylate,
ethyl acetate (EtOAc), methanol (MeOH), tetrahydrofuran (THF),
and deuterated chloroform (CDCl;) were provided by Merck. 2-
Cyanoprop-2-yl-dithiobenzoate (CPDB) was supplied by Strem.

2.2. Synthesis of Poly(MMA,;-ran-AEMA,;). In a typical
procedure, MMA (1 mL, 9.4 mmol), AEMA (0.6 mL, 3.1 mmol),
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CPDB (6.9 mg, 3.1 X 107> mmol), and AIBN (1.3 mg, 7.8 X 1072
mmol) were dissolved in EtOAc (3.2 mL). The solution was degassed
by bubbling N, for 15 min. The copolymerization reaction was carried
at 65 °C for 18 h. After isolation of the resulting copolymer by
precipitation in MeOH, it was dried under dynamic vacuum until
constant weight.

2.3. Cross-Linking Reactions. Intramolecular cross-linked
SCNPs were prepared from solutions below the overlap concentration
by mixing poly(MMA,,-ran-AEMA, ;) (100 mg, dissolved in 9.7 mL
of THF) with respectively 0.032, 0.057, and 0.19 mL of the cross-
linker solution (EDA, 2% in THF) at room temperature (rt). After
reaction completion (20 h) (see Scheme 1), each solution was poured
dropwise onto a Teflon sheet letting the solvent evaporate at rt and
drying the remaining solid material under vacuum at 60 °C overnight.
The resulting cross-linked copolymers—denoted as INTRA9Y,
INTRA1S, and INTRASO, respectively—were prepared in film form
from the dried materials by hot pressing at 190 °C (Scheme 1).
Networks based on intermolecular cross-linked poly(MMA,,-ran-
AEMA,;) were prepared from solutions by mixing well above the
overlap concentration (200 mg, dissolved in 1.94 mL of THF) by
mixing poly(MMA, ;-ran-AEMA, ;) with respectively 0.115 and 0.381
mL of the cross-linker solution (EDA, 2% in THF) at rt. The final
networks—denoted as INTERIS and INTERSO, respectively—were
then prepared following a procedure identical to that described for
intramolecular cross-linked SCNPs (Scheme 1).

2.4. Characterization Techniques. DSC was carried out in a
Q2000 TMDSC instrument. He gas with a flow rate of 25 mL/min
was used in the sample area. Indium melting was used for calibration
of the temperature and heat flow. Samples (about S mg) were
encapsulated in aluminum containers of about 50 mg. The samples
were first heated until 190 °C, kept for 3 min, and then cooled at 3
°C/min to 7 °C, using a modulation period of 60 s with 0.5 °C of
modulation amplitude. The dielectric experiments were done using an
ALPHA impedance analyzer from Novocontrol Technologies, cover-
ing a frequency range from 107! to 10° Hz. The isothermal
experiments were performed from 172 to —143 °C every S °C.
Samples were located between two electrodes (10 mm diameter) of a
parallel plate capacitor, and its temperature was controlled by a
cryostat (BDS 1100) exposed to a heated gas stream evaporated from
a liquid nitrogen dewar. The temperature control was assured by the
Novocontrol Quatro Cryosystem and performed within +0.2 °C.

3. RESULTS

3.1. Characterization of Poly(MMA,,-ran-AEMA, ).
The 'H NMR spectrum of poly(MMA,-ran-AEMA;) in
CDCl; confirmed the expected chemical structure of the
copolymer, resulting in an MMA fraction in the copolymer of
70 mol % (see the SI). Concerning the molar mass, a weight-
average molecular weight of M,, = 63.1 kDa, with a dispersity
of D = 1.1, was determined by GPC (see the SI). The DSC
trace (see Figure 1) shows a single step-like increment
characteristic of a glass transition (Tg), as expected for a
random copolymer, located at around 63 °C (see Figure 1,
dotted-dashed line), which is a temperature significantly lower
than the T, of atactic PMMA (105 °C).

3.2. Dielectric Study of Poly(MMA,-ran-AEMA, ).
The detailed molecular dynamic processes of the neat
poly(MMA, -ran-AEMA, ;) copolymer were investigated by
studying the dielectric relaxation behavior of this material.
Representative dielectric loss spectra obtained isothermally, on
progressively cooling the sample from 142 °C, are shown in
Figure 2.

Below Ty, two local relaxation processes (f- and y-process)
were observed. The f-process origin is the rotation of the
—COOCH; side groups of MMA repeating units since it
compares quite well with that observed in syndiotactic
PMMA.”® As PMMA does not show a remarkable dielectric
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Figure 1. DSC heat flow curves of the samples investigated in this
work as measured during cooling at 3 °C/min: neat poly(MMA, ;-
ran-AEMA,;) (denoted as NEAT, dotted-dashed line), networks
based on intramolecular cross-linked SCNPs (denoted as INTRAx,
solid lines), and networks based on intermolecular cross-linked
poly(MMA, ,-ran-AEMA,;) chains (denoted as INTERx, dashed
lines) prepared with different EDA/AEMA molar ratios, from x = 9%
to 50%.
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Figure 2. (a) Dielectric permittivity losses (¢”) as function of
frequency (f) for the neat poly(MMA,;-ran-AEMA, ;) copolymer at
different temperatures. (b) Experimental —de’(f)/d In f as function of
log,, f at three representative temperatures in the merging region and
corresponding fitting lines (see text for details).

y-relaxation process, the origin of the y-process observed for
the copolymer must be the molecular motions of the AEMA
repeating units, particularly from the quite polar side group
containing the f-ketoester moiety. The relaxation times of the
J- and y-processes were obtained at each temperature from the
corresponding dielectric loss peak frequency via 7 = (27fnpy) "

As can be seen in Figure 3, the temperature dependences of
75 and 7, are quite linear in the Arrhenius representation, as
expected for localized molecular motions. It can be noted that
the relaxation times of the f-process in the copolymer are
nearly identical to those found in the secondary relaxation of
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Figure 3. Relaxation map of the poly(MMA,,-ran-AEMA,;)
copolymer. The solid lines are the fitting using eq 6 for a-relaxation
and the Eyring equation for the - and y-relaxations (see text for
details).

pure PMMA.””~** Both temperature dependences can be well
fitted with the Eyring equation:

h AS AH
=T exp(‘z] e"P[kB—T] %

where ky and h are the Boltzmann and Plank constants (kyT/h
is the Debye frequency) and AS and AH are the activation
entropy and the activation enthalpy, respectively. The former is
related to the cooperativity degree and the latter to the
activation barrier.*’

The values of the corresponding activation enthalpies and
activation entropies are respectively 82.9 kJ/mol and 59.2 J/K/
mol for the f-relaxation, while they are 28.8 kJ/mol and 56.7 J/
K/mol for y-relaxation. The obtained results showed a much
lower barrier for the y-relaxation than that for the f-relaxation,
but both processes show a comparable cooperativity. A
characteristic temperature can be obtained in each case form
the condition T = AH/AS. At T the relaxation time of the
process would reach the value corresponding to the reciprocal
of the Debye frequency. From T = AH/AS, we obtain T¢ =
1400 K for the f-relaxation and T = 508 K for the y-
relaxation.

The obtained values of the activation enthalpy and entropy
for each secondary relaxation are the average of a distribution,
since these local motions occur in the glassy state where the
molecular environment is far from being homogeneous. We
have found that a Gaussian distribution of the activation
enthalpy, G(AH), provides a good approach for the
experimental data by assuming that the T value remains
unchanged; that is, there exists a corresponding Gaussian
distributions of activation entropies. Within this framework,
the dielectric losses can be described as a superposition of
single relaxation processes each characterized by an activation
enthalpy AH and an activation entropy AS = AH/T,

. 27,31-33
ie.,

Ezy(T’ ®) = Egpy
Aeﬂ'y(T)

= q)/)’,y(w)
1
=[G (AH)——F——
f 5, (AH) 1 + iwz(T, AH) @)
where Ae¢ indicates the strength of the dielectric relaxation, &,

is the high-frequency limiting permittivity, and the values of
7(T, AH) are calculated by means of eq 1. Figure 2(a) shows

d(AH)

3630

some representative curves obtained in this way, which account
not only for the peak position but also for the relaxation loss
peak shape around the peak. The standard deviation of the
corresponding G(AH) distributions was ¢ = 11.6 kJ/mol for
the fB-relaxation and ¢ = 14.4 kJ/mol for the y-relaxation.

The secondary relaxation strength values of the neat
poly(MMA,,-ran-AEMA, ;) copolymer were also obtained in
this way. The Agy (f-process) value changed moderately from
1.7 to 1.9 with increasing the temperature from 275 K to 315
K, whereas the A, (y-process) value was nearly constant (Ae,
= 0.48) at all temperatures investigated.

Above T, the a-relaxation of poly(MMA, ran-AEMA, ;)
merges with the S-process, in a way similar to that found for
pure PMMA, making the analysis more complicated. The data
analysis is further made difficult by a significant conductivity-
related contribution at the lowest frequencies. A way to
overcome this latter difficulty is to analyze the derivative of the
real part, —de’/d In f (see Figure 2b), where the dc
conductivity does not contribute. As can be seen in Figure
2b, in this way the dielectric losses from the a-relaxation are
quite clearly distinguishable in the low-frequency flank of the
experimental relaxation peak at relatively low temperatures.
The remaining increasing contribution at lower frequencies
corresponds to interfacial phenomena associated with several
factors, for instance, sample inhomogeneities and bubbles, and
also with electrode polarization. It is also clear from the data of
Figure 2 that the contribution from the a- and f-relaxation
overlaps more as the temperature increases. This merging
phenomenon has been explored by using the so-called
Williams ansatz,>® in which it is considered that the same
molecular dipoles contributing to the secondary relaxation, by
limited angular reorientations, become able to fully reorient as
far as the sample temperature overtakes T,. In this framework,
the dielectric relaxation function can be expressed as

gj;hole(T’ CU) ~ &
A‘c"whole(T)
U+ (1= £)B(T, )] = £, 8(T, »)
+ (1 —fa)d)a(T, w)*q)/}(TJ w)

=0, .(0) =2(T, »)

3)

where * represents a convolution product and f, is the relative
contribution of the a-process to the whole dielectric relaxation
strength Ae = e* (0 — 0) — ey’

In general, at relatively low temperature, the a- and fS-
processes are well separated and ®,(®) and ®y(@) can be
determined independently. This is particularly the case for
®y(w, T) below T,. In the merging region, the behavior of
®4(w, T) can be extrapolated from low temperatures by
considering that the description of the secondary relaxation
found below T, remains valid also above T,. Thus, the fitting of
the experimental data in the merging region will provide the
information about the a-relaxation. A convenient way to
compute the convolution product in eq 3 is by describing the
a-relaxation also in terms of a distribution of Debye-like
relaxation functions. Thus, in order to account for the a-
relaxation components, we have used the following distribution
of relaxation times:”’

b/2(1-b) b/2(1-b)
K,(7) « (1] exp|—(1 — b)(bl]
T

a a

(4)
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where the two parameters are 7,, a characteristic time, and b, a
parameter determining the shape of the distribution.
Interestingly, for b = 0.5 the resulting relaxation function
corresponds to a Kohlrausch-Williams-Watts (KWW) time
decay with f = 0.5 and Tyw = 7,/ Note that the KWW
(stretched-exponential) relaxation function is a quite common
way to account for cooperative relaxation processes like that
associated with the main chain backbone motions originating
the a-relaxation. Within this framework the whole relaxation
function eq 3 can be expressed as

g;khole(w) — &
A'gwhole
1
=f, [R— d@+(1 - 1)
1
f/Gﬁ(AH)Ka(T)l +iw(t™" + TI;I(AH))_I d(®)
x d(AH) (5)

Note that the effective time scale in the second term is close
to the fastest relaxation component, which at low temperature
is that of the S-relaxation, but not always in the merging region.
An additional power law contribution was required to account
for the lowest frequency increasing. The lines describing the
data in Figure 2b were calculated in this way, resulting in b
values ranging from 0.41 to 0.5 at the highest analyzed
temperatures. The a-relaxation peak times, 7,(T), were
calculated from the distribution parameters 7, and b
numerically as the reciprocal frequency at the maximum, 7,
= (27f o) ', of the resulting loss peak. The fitting procedure
provides also the strength of the whole relaxation function and
the corresponding fraction f,. These a-relaxation time values
(see Figure 3) follow a non-Arrhenius behavior that can be
described with the Vogel-Fulcher (VF) function

)
T - T, (6)

where B and T, are fitting parameters and 7,, was assumed
equal to 0.1 ps, a typical time of molecular vibrations. In this
way we obtained B = 2815 K and T, = 244 K. So, at the glass
transition temperature as determined by calorimetry (336 K)
the resulting relaxation time is 7,(T,) = 1.95 s.

3.3. Effect of Intrachain Cross-Linking. Intramolecular
cross-linking of poly(MMA,,-ran-AEMA, ;) was produced at
high dilution conditions with the addition of different EDA
amounts to reach EDA/AEMA molar ratios in the range from
9% to 50%. The resulting materials were heated to 190 °C after
completely drying the solutions under vacuum at 87 °C.
Comparison of infrared absorption data with those of the
copolymer confirmed the reaction of EDA with the f-ketoester
moiety of the AEMA units (see the SI). The increasing cross-
linking density results in a significant increase of the glass
transition temperature (see Figure 1), up to 146 °C for the
highest cross-linking density, which reflects the additional
constraints to the segmental scale mobility imposed by the
dynamic enamine bonds. This was also very clearly reflected in
the dielectric relaxation behavior. Figure 4 shows representa-
tive results.

There are several effects of the EDA addition in the
dielectric relaxation of the cross-linked materials based on
intramolecular cross-linked SCNPs. Concerning the local

T = T exp(
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Figure 4. Spectra of —de’(f)/d In f as function of log f for (a)
INTRAY, (b) INTRAL1S, and (c) INTRAS0. Continuous lines are fits
by the model function (see text for details).

relaxation processes, the situation is odd. On the one hand,
the characteristics of the p-relaxation are not significantly
affected beyond the relaxation strength, although we detected
minor changes in the average activation enthalpy (see the SI).
On the contrary, the y-relaxation is dramatically suppressed
and essentially disappears for ratios higher than 9%. This
confirms both the assignment of the relaxation to motions of
moieties within the AEMA units and the reaction of EDA with
the f-ketoester moieties. The effect on the a-relaxation is also
important. First, the relaxation becomes slower, as could be
anticipated by the higher T, values. This is one of the reasons
that the dielectric a-relaxation is less overlapped with the f-
relaxation. Also, there seems to be an important increase of the
relaxation strength, which could be partially related with the
new dipolar entities generated during the cross-linking reaction
but also with the blocking of unreacted AEMA units that
would become able to reorient only at higher temperatures. To
study these changes in detail, we analyzed the relaxation
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behavior of the cross-linked materials using an approach
similar to that used for the copolymer. The major difference is
that we considered that cross-linking induces additional
dynamic heterogeneities by modifying the distribution function
characterizing the a-relaxation. Particularly, a new distribution
Ky ross(7) was introduced, which results from the convolution
of K,(7) with a Gaussian distribution of the corresponding
characteristic times. This Gaussian distribution would account
for the “extra” heterogeneities induced by the cross-links:

b/2(1-b) b/(1-b)
Ka,cross(T) & /(1] exp _(1 - b)[bi)
T T,

a

(log,,(7/7,))’
exp B0 R dr,

2‘Gc%'oss ! (7)

Note that by using 6, = 0, eq 7 reduces to eq 4 and
therefore corresponds to the non-cross-linked copolymer
response, since the Gaussian factor becomes zero valued
except for 7, = 7,,. In order to maintain the number of fitting
parameters the same and taking into account that the
relaxation in the cross-linked copolymers is analyzed at
relatively high temperature, b = 0.5 was fixed. Lines in Figure
4 correspond to the fitting curves so obtained. Again, the a-
relaxation peak times, 7,(T), were calculated numerically as the
reciprocal frequency at the maximum of the resulting loss peak.
These values together with the corresponding o0, ones are
presented in Figure S (filled points). As could be expected,
increasing the cross-linker fraction produces simultaneously a
slower and more heterogeneous segmental dynamics.
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Figure 5. (a) Relaxation map of INTRA9 (solid square points),
INTRAI1S (solid star points), INTRASO (solid up-triangle points),
INTERIS (open star points), and INTERSO (open up-triangle
points). (b) 60 parameter as a function of temperature for different
cross-linking density (same symbols as in (a)).
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To fit 7,(T) for cross-linked copolymers, first we fit the data
of the INTRASO sample (having the highest cross-linking
density) in the same way as for the copolymer. In this way we
found for this material the same value 7,,( Tg) = 1.95 s as for the
neat copolymer, and therefore we decided to fix it for all the

other materials; that is, it is possible to rewrite eq 6 as

(T, - T,)
T) = 107" exp|30.6————

In this way, a single parameter is free (T,); see Figure 5(a)
(and the inset in this figure). The T, value increases from 244
K to 340 K with increasing the cross-linking density. The other
important parameter in the fitting of the cross-linked materials
is that accounting for the additional dynamical heterogeneities,
which in the proposed description is captured by oo
measuring the breadth of the Gaussian distribution in eq 7.
As can be seen in Figure S(b), the 0 variation with T is
weak at high temperature, where this parameter is determined
with lower uncertainty. This plateau-like value changes from
0.5 to 1.5 with increasing the cross-linking density from
INTRA9 to INTRASO.

3.4. Effect of Interchain Cross-Linking. Similar experi-
ments were performed on samples where the cross-linking
reaction took place in higher concentrated solutions (above the
overlap concentration), which would favor the formation of
interchain cross-links instead of SCNPs giving rise to a
polymer network. Corresponding experimental results by DSC
are presented in Figure 1 as dashed lines, whereas dielectric
data are shown in Figure 6 and also in the SI. It is observed
that also here the a- and f-processes are more separated with
an increase in cross-linking density.

As for the materials cross-linked in dilute solution, eq 7 was
used to fit the dielectric behavior to obtain the two main
parameters characterizing the a-relaxation, 7, and 6., which
are shown in Figure S (open points). The T, value was also
extracted from a fit of 7,(T) with eq 8, and the values of T,
were found to be 289 K for INTER1S and 337 K for
INTERS0. Moreover, also the values of o, were obtained
and were distinctly lower than those obtained for the
corresponding material prepared from SCNPs.

4. DISCUSSION

In the previous section, we have shown how the dielectric
relaxation behavior of poly(MMA,;-ran-AEMA ;) is modified
by the cross-linking reaction with EDA, both at high dilution
(below the overlap concentration) and in more concentrated
conditions (above the overlap concentration). In the former
case, during the reactions, the intramolecular cross-linking
would produce a partial collapse of the isolated polymer chains
forming discrete SCNPs, which has been found to influence
the polymer motions and particularly the segmental dynamics
associated with the glass-transition phenomenon. The detailed
study of these effects has been possible thanks to the high
sensitivity of the dielectric relaxation to the mobility of the
dipolar entities of the polymers. In the case of the neat
poly(MMA, -ran-AEMA, ;) copolymer two distinct moieties
are relevant, the ester group of the MMA repeating units and
the f-ketoester group of the AEMA repeating units. These
latter dipoles are in a relatively long side chain and are found to
move to a large extent at very low temperatures, which resulted
in the y-relaxation observed in our experiments. In contrast,
the ester group mobility is detected only close and above room
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Figure 6. Spectra of —de’(f)/d In f as a function of log f for (a)
INTERIS and (b) INTERSO at different temperatures. Continuous
lines are fits by merging model and conductivity (6) contributions.

temperature, in a manner that resembles very much the
behavior observed in isotactic PMMA.”” Particularly, the time
scale and activation energy of the f-relaxation of PMMA nearly
coincide with that observed in the copolymer, which evidence
the major intramolecular character of the interactions
controlling the mobility of the ester group below T,. This is
further confirmed by the fact that the characteristics of the
ester local-mobility were essentially unaffected by the cross-
linking reactions. The situation with respect to the mobility of
the AEMA side group is obviously different, since it is directly
involved in the cross-linking reactions by establishing a link
with another AEMA side group via enamine bond formation.
This is the reason that the prominent dielectric y-relaxation
observed at low temperatures in the copolymer nearly vanishes
already for both INTRA1S and INTERIS materials (see the
SI). Note that the cross-linking reactions also introduce new
dipolar entities with a quite restricted mobility since they will
be located at the cross-linking points. Nevertheless, one could
expect detecting the motion of such newly introduced dipoles
in the analysis of the a-relaxation. In the copolymer, the
dielectric a-process from the main chain backbone motions
presents a relatively weak amplitude and appears combined
with the S-process originated by the motion of the methyl
ester, —COOCHj, side groups. This fact produces a merging of
the two relaxations (aff-process) immediately above T, which
is even more important than in PMMA due to the T, reduction
caused by the incorporation in the copolymer of the AEMA
units. The cross-linking reactions on the contrary promote the
separation of these two processes, and the increase in a-
process amplitude was evidently observed (see Figures 4 and
6). This higher intensity of the dielectric a-relaxation would
result from the contribution of AEMA dipoles that are no
longer able to reorient at low temperatures and newly created
dipolar entities at the cross-linking points. Both will contribute
to the dielectric relaxation only above T,.
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Figure 7. (a) T, and (b) T, of networks based on intramolecular cross-linked SCNPs (solid circles) and networks based on intermolecular cross-
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Also, in the previous section we have illustrated in detail how
the resulting polymer segmental dynamics are affected by the
introduction of a relatively low amount of cross-links. The
effects were very clear even if the cross-linking degree (¢),
calculated as the relative number of repeating units involved in
the reactions, was in all cases below 0.1. To quantify the actual
cross-linking degree values of the different samples, we have
analyzed the infrared absorption bands in the range between
1560 and 1680 cm™, a range where the neat copolymer does
no show measurable absorption. As can be seen in the SI, the
absorption intensities increase with increasing the EDA
concentration. However, whereas the increase is approximately
linear for low DEA amounts (below 15%), it tends to lower
values for the highest DEA amount (50%). This behavior
reflects the fact that at relatively large amounts of DEA the
cross-linking reactions cannot be completed. If we assume that
for the copolymer with 9% wt DEA all possible cross-linking
reactions giving rise to enamine bonds took place, the ratio
between the IR absorption signal (area of the absorption band)
and the actual cross-linking degree would be 217 cm™. In this
way we have estimated the actual cross-linking point density
from the IR absorption signal of the samples, obtaining a
maximum value of ¢ = 0.036 for the INTRAS0 sample. Once
the cross-linking degree (¢) for every sample has been
established, first, we will discuss the T, changes. Figure 7a
shows a linear behavior of glass transition, which is in line with
that found on polystyrene-based SCNPs over a wider range of
cross-linking densities, by both simulations and experiments.”*
A distinct behavior is observed at low cross-linking densities
when analyzing the Vogel temperature T, (see Figure 7b).
Here, a first decrease for low cross-linking degree is found, but
T, increases at higher concentrations. In addition, a similar
trend is found by analyzing the so-called dynamic fragility, m,
which is defined as®>*’

dlogt _

—| =3 .67g10g e
anyn| ")

)

Also, m decreases first and then it increases in a nearly linear
way. The nonmonotonous changes with the cross-linking
degree (¢) of T and m could be attributed to the influence of
the molecular dynamics involving the enamine bonds. In the
neat copolymer, the segmental dynamics is dominated by the
molecular dynamics involving MMA segments, whereas the
fast AEMA side group motions have a plasticizer effect. Once
the enamine cross-linking bonds are introduced, this is no
longer the case since the molecular motions of MMA become
coupled with those involving the intramolecularly cross-linked
AEMA units. This is also manifested by the strong suppression
of the dielectric y-relaxation in the cross-linked materials.

Remarkably, in addition to the changes in the time scale of
the polymer segmental dynamics, our analysis allowed
quantifying the additional dynamic heterogeneity due to the
cross-links. Figure 7(d) shows that 6. also increases in a
linear fashion with cross-linking density, mirroring that of T,
Therefore, overall, our results suggest that the major effect of
the intramolecular cross-links in the segmental dynamics is a
slowing down of the segmental dynamics accompanied by an
important increase of the dynamic heterogeneity.

The results discussed above refer to the materials obtained
by cross-linking in highly dilute solutions, i.e., where interchain
reactions are prevented, giving rise to intrachain linkages
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producing collapsed single chains referred to as SCNPs. For
comparison, we also prepared cross-linked materials in
relatively high concentration conditions, therefore promoting
interchain reactions. We found that the segmental dynamics in
these more conventional cross-linked polymers are quite
similar to those found before. The differences in the time
scales of the segmental dynamics are evident but quite small.
The situation is however different with respect to the
additional dynamic heterogeneities as quantified by 6, the
O ross Value of INTERSO is even lower than that of INTRA1S,
which indicates a clearly more homogeneous dynamics for the
material prepared in concentrated solutions.

The remarkable similarities found above when comparing
INTRA and INTER materials could be partially attributed to
the dynamic character of the enamine cross-linking bonds, as
demonstrated by the variety of vitrimers®® that have been
prepared based on this “forgotten” dynamic covalent bond.
Nevertheless, the clear differences in the broadness of the
distribution characterizing the dynamic heterogeneities pro-
duced by cross-linking evidence that those materials prepared
starting from the dilute solution of SCNP preserve a majority
of intramolecular cross-links. Taking into account the
crumpled globule morphology of the intramolecularly
collapsed chains forming SCNP, it is clear that the distribution
of cross-links in the resulting materials will be highly
heterogeneous, and therefore segments with very restricted
mobility will coexist with others remaining weakly affected by
the cross-links. On the contrary, in the more conventional
networks obtained from the cross-linking in concentrated
solutions the cross-linking points are expected to be more
uniformly distributed, and as a consequence the segmental
motion rates will be less heterogeneous. The relatively short
length scales (~1 nm) involved in the segmental dynamics can
explain why the behavior of the average time scale for the
segmental dynamics is not so different when comparing intra-
vs interchain cross-linked materials.

Finally, we comment on the reported connection between
the cross-linking process and the free-volume reduction.”
From the above results we could conclude that the amount of
free-volume reduction does not significantly depend on the
inter- or intramolecular nature of the cross-links.

5. CONCLUSIONS

A systematic study of the effect of intramolecular cross-links
giving rise to SCNPs on the molecular dynamics as studied by
BDS and DSC was presented. These SCNPs were prepared
based on a poly(MMA,,-ran-AEMA,;) copolymer and using
EDA as cross-linker. The dynamics in the glassy state of the
neat copolymer, as a reference, is manifested by the two
dielectric relaxations, - and y-processes, detected by BDS. The
Arrhenius-like temperature dependences of both characteristic
times are described with the Eyring equation and the relaxation
shapes accounted for on the basis of distributions of Debye-like
relaxation functions. The same description of these localized
molecular motions was considered to remain valid at higher
temperatures. Above the glass transition temperature, the
Williams” ansatz model was used for describing the merging of
the weak dielectric a-relaxation with the dielectrically stronger
P-process. Different amounts of EDA were used as cross-linker
to study the effects of enamine bonds on the molecular
dynamics. It was observed that the a-relaxation times were
separate from the nearly unaffected f-relaxation times with an
increase of the cross-linking density. This was accompanied by
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a concomitant increase of the dynamic heterogeneities and also
of the dynamic fragility. The same approach was used to
analyze the materials obtained when the cross-linking reactions
were promoted to be mainly of intermolecular character
(reaction in solution above the overlap concentration).
Qualitatively similar results were obtained in both cases,
which was attributed to the relatively local character of the
molecular motions investigated. Nevertheless, an evident more
heterogeneous relaxation is observed in materials prepared by
intrachain cross-links. This is an effect reflecting the crumpled
globule morphology of the intramolecularly collapsed chains
forming SCNPs where the number of cross-links is large in
parts of the chains but scarce in others. For the materials
prepared from higher concentration solutions the intermo-
lecular cross-links will be promoted, giving rise to a more
uniform cross-linking point distribution, a typical characteristic
of conventional polymer networks.

B ASSOCIATED CONTENT

@ Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.macromol.1c02607.

Detailed experimental methods, including study of the
enamine bond reversibility, proton NMR spectra for
poly(MMA, ,-ran-AEMA,);), size distribution of SCNPs
with different cross-link degree, ATR-FTIR spectra of
PMMA, AEMA, EDA, and poly(MMA,,-ran-AEMA, )
copolymer, ATR-FTIR absorbance of copolymer
samples with different cross-link degree, dielectric results
of the cross-linked copolymers, and full-scale GPC
chromatograms (PDF)

B AUTHOR INFORMATION

Corresponding Author

Angel Alegria — Centro de Fisica de Materiales (CSIC, UPV/
EHU)-Materials Physics Center (MPC), 20018 Donostia-
San Sebastidn, Spain; Department of Polymers and Advanced
Materials: Physics, Chemistry and Technology, University of
the Basque Country UPV/EHU, 20018 Donostia-San
Sebastidn, Spain; © orcid.org/0000-0001-6125-8214;
Phone: +34 943 01 8203; Email: angel.alegria@ehu.eus

Authors

Soheil Sharifi — Centro de Fisica de Materiales (CSIC, UPV/
EHU)-Materials Physics Center (MPC), 20018 Donostia-
San Sebastidn, Spain; © orcid.org/0000-0003-2862-9719

Isabel Asenjo-Sanz — Centro de Fisica de Materiales (CSIC,
UPV/EHU)-Materials Physics Center (MPC), 20018
Donostia-San Sebastidn, Spain

José A. Pomposo — Centro de Fisica de Materiales (CSIC,
UPV/EHU)-Materials Physics Center (MPC), 20018
Donostia-San Sebastidn, Spain; Department of Polymers and
Advanced Materials: Physics, Chemistry and Technology,
University of the Basque Country UPV/EHU, 20018
Donostia-San Sebastidn, Spain; IKERBASQUE-Basque
Foundation for Science, 48009 Bilbao, Spain; ® orcid.org/
0000-0003-4620-807X

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.macromol.1c02607

Notes
The authors declare no competing financial interest.

3635

B ACKNOWLEDGMENTS

We gratefully acknowledge Grant PGC2018-094548-B-100
funded by MCIN/AEI/10.13039/501100011033 and by
“ERDF A way of making Europe”, the Grants IT-1175-19
and IT-1566-22 from Eusko Jaurlaritza (Basque Government)
and the Open Access funding provided by University of
Basque Country.

B REFERENCES

(1) Chen, J; Garcia, E. S.; Zimmerman, S. C. Intramolecularly
Cross-linked Polymers: From Structure to Function with Applications
as Artificial Antibodies and Artificial Enzymes. Acc. Chem. Res. 2020,
53, 1244—1256.

(2) Simons, B. L,; King, M. C.; Cyr, T.; Hefford, M. A.; Kaplan, H.
Covalent cross-linking of proteins without chemical reagents. Protein
Sci. 2002, 11, 1558—1564.

(3) Higaki, Y.; Otsuka, H.; Takahara, A. A Thermodynamic Polymer
Cross-linking System Based on Radically Exchangeable Covalent
Bonds. Macromolecules 2006, 39, 2121—2125.

(4) Picchioni, F.; Muljana, H. Hydrogels Based on Dynamic Covalent
and Non-Covalent Bonds: A Chemistry Perspective. Gels 2018, 4, 21.

(5) Komdromy, D.; Stuart, M. C. A,; Santiago, G. M.; Tezcan, M,;
Krasnikov, V.; Otto, S. Self-Assembly Can Direct Dynamic Covalent
Bond Formation toward Diversity or Specificity. J. Am. Chem. Soc.
2017, 139, 6234—6241.

(6) Sénchez-Sénchez, A.; Pomposo, J. A. Single-chain polymer
nanoparticles via non-covalent and dynamic covalent bonds.
Part.Part.Syst.Charact. 2014, 31, 11-23.

(7) Krdger, P. P.; Hamelmann, N. M; Lindhoud, A.; Juan, S;
Paulusse, J. M. J. Biocompatible Single-Chain Polymer Nanoparticles
for Drug Delivery—A Dual Approach. ACS Appl. Mater. Interfaces
2018, 10, 30946—30951.

(8) Kroger, P. P.; Paulusse, J. M. J. Single-chain polymer
nanoparticles in controlled drug delivery and targeted imaging. J.
Controlled Release 2018, 286, 326—347.

(9) Garmendia, S.; Dove, A. P.; Taton, D.; O'Reilly, R. K. Reversible
ionically-crosslinked single chain nanoparticles as bioinspired and
recyclable nanoreactors for N-heterocyclic carbene organocatalysis.
Polym. Chem. 2018, 9, 5286—5294.

(10) Kuhn, V.; Majer, H. Die selbstvernetzung von fadenmolekiilen.
Makromol. Chem. 1956, 18, 239—253.

(11) Kuhn, W.; Balmer, G. Cross-linking of single linear macro-
molecules. J. Polym. Sci. 1962, 57, 311-319.

(12) Gonzalez-Burgos, M.; Latorre-Sanchez, A.; Pomposo, J. A.
Advances in single chain technology. Chem. Soc. Rev. 2015, 44, 6122—
6142.

(13) Garcia, F.; Smulders, M. M. J. Dynamic covalent polymers.
J.Polym.Sci.A Polym.Chem. 2016, 54, 3551—3577.

(14) Blazquez-Martin, A.; Verde-Sesto, E.; Moreno, A. J.; Arbe, A;
Colmenero, J.; Pomposo, J. A. Advances in the Multi-Orthogonal
Folding of Single Polymer Chains into Single-Chain Nanoparticles.
Polymers 2021, 13, 293—310.

(15) Lyon, Ch. K;; Prasher, A.; Hanlon, A. M.; Tuten, B. T.; Tooley,
Ch.A,; Franka, P. G.; Berda, E. B. A brief user’s guide to single-chain
nanoparticles. Polym. Chem. 2015, 6, 181—197.

(16) Gonzélez-Burgos, M.; Asenjo-Sanz, 1; Pomposo, J. A;
Radulescu, A.; Ivanova, O.; Pasini, S.; Arbe, A;; Colmenero, J.
Structure and Dynamics of Irreversible Single-Chain Nanoparticles in
Dilute Solution. A Neutron Scattering Investigation. Macromolecules
2020, 53, 8068—8082.

(17) Verde-Sesto, E.; Arbe, A.; Moreno, A. J.; Cangialosi, D.; Alegria,
A.; Colmenero, J; Pomposo, J. A. Single-chain nanoparticles:
opportunities provided by internal and external confinement. Mater.
Horiz. 2020, 7, 2292—2313.

(18) Cengiz, H; Aydogan, B.; Ates, S.; Acikalin, E.; Yagci, Y.
Intramolecular Cross-linking of Polymers Using Difunctional
Acetylenes via Click Chemistry. Des. Monomers Polym. 2011, 14,
69-78.

https://doi.org/10.1021/acs.macromol.1c02607
Macromolecules 2022, 55, 3627—3636


https://pubs.acs.org/doi/10.1021/acs.macromol.1c02607?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.1c02607/suppl_file/ma1c02607_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Angel+Alegria"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6125-8214
mailto:angel.alegria@ehu.eus
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Soheil+Sharifi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2862-9719
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Isabel+Asenjo-Sanz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jose%CC%81+A.+Pomposo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4620-807X
https://orcid.org/0000-0003-4620-807X
https://pubs.acs.org/doi/10.1021/acs.macromol.1c02607?ref=pdf
https://doi.org/10.1021/acs.accounts.0c00178?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.0c00178?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.0c00178?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1110/ps.4390102
https://doi.org/10.1021/ma052093g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma052093g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma052093g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b01814?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b01814?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ppsc.201300245
https://doi.org/10.1002/ppsc.201300245
https://doi.org/10.1021/acsami.8b07450?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b07450?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jconrel.2018.07.041
https://doi.org/10.1016/j.jconrel.2018.07.041
https://doi.org/10.1039/C8PY01293H
https://doi.org/10.1039/C8PY01293H
https://doi.org/10.1039/C8PY01293H
https://doi.org/10.1002/macp.1956.020180122
https://doi.org/10.1002/pol.1962.1205716524
https://doi.org/10.1002/pol.1962.1205716524
https://doi.org/10.1039/C5CS00209E
https://doi.org/10.1002/pola.28260
https://doi.org/10.3390/polym13020293
https://doi.org/10.3390/polym13020293
https://doi.org/10.1039/C4PY01217H
https://doi.org/10.1039/C4PY01217H
https://doi.org/10.1021/acs.macromol.0c01451?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.0c01451?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0MH00846J
https://doi.org/10.1039/D0MH00846J
https://doi.org/10.1163/138577210X541213
https://doi.org/10.1163/138577210X541213
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.1c02607?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Macromolecules

pubs.acs.org/Macromolecules

(19) Perez-Baena, 1; Moreno, A.; Colmenero, J.; Pomposo, J. A.
Single-chain nanoparticles vs. star, hyperbranched and dendrimeric
polymers: effect of the nanoscopic architecture on the flow properties
of diluted solutions. Soft Matter 2014, 10, 9454—9459.

(20) Bandzierz, K.; Reuvekamp, L.; Dryzek, J.; Dierkes, W.; Blume,
A.; Bielinsk, Da. Influence of Network Structure on Glass Transition
Temperature of Elastomers. Materials 2016, 9, 607—623.

(21) Carbas, R. J. C,; Marques, E. A. S.; da Silva, L. F. M.; Da;
Lopes, A. M. Effect of Cure Temperature on the Glass Transition
Temperature and Mechanical Properties of Epoxy Adhesives. J. Adhes.
2014, 90, 104—119.

(22) Bai, N; Simon, G. P.; Saito, K. Characterisation of the thermal
self-healing of a high crosslink density epoxy thermoset. New J. Chem.
2015, 39, 3497—-3506.

(23) Jia, X.-M,; Lin, W.-F; Zhao, H.-Y.; Qian, H.-J; Lu, Z.-Y.
Supercooled melt structure and dynamics of single-chain nano-
particles: A computer simulation study. J. Chem. Phys. 2021, 1SS,
054901.

(24) ter Huurne, G. M,; Voets, I. K.; Palmans, A. R. A;; Meijer, E. W.
Effect of Intra- versus Intermolecular Cross-linking on the Supra-
molecular Folding of a Polymer Chain. Macromolecules 2018, SI,
8853—8861.

(25) Sanchez-Sanchez, A.; Fulton, D. A; Pomposo, J. A. pH-
Responsive Single-Chain Polymer Nanoparticles Utilising Dynamic
Covalent Enamine Bonds. Chem. Commun. 2014, 50, 1871—1874.

(26) Schmidt-Rohr, K.; Kulik, A. S.; Beckham, H. W.; Ohlemacher,
A.; Pawelzik, U,; Boeftel, C.; Spiess, H. W. Molecular nature of the
beta-relaxation in poly(methyl methacrylate) investigated by multi-
dimensional NMR. Macromolecules 1994, 27, 4733—4745.

(27) Gémez, D.; Alegria, A.; Arbe, A.; Colmenero, ]. Merging of the
Dielectric @ and f Relaxations in Glass-Forming Polymers. Macro-
molecules 2001, 34, 503—513.

(28) Bergman, R.; Alvarez, F.; Alegria, A.; Colmenero, J. Dielectric
relaxation in PMMA revisited. J. Non-Cryst. Solids 1998, 235—237,
580—583.

(29) Shindo, H.; Murakami, .; Yamamura, H. Dielectric properties
of stereoregular poly(methyl methacrylates). J. Polym. Sci, Part A:
Polym. Chem. 1969, 7, 297—-310.

(30) Starkweather, J. H. W. Distribution of Activation Enthalpies in
Viscoelastic Relaxations. Macromolecules 1990, 23, 328—332.

(31) Robles-Hernandez, B.; Gonzdlez-Burgos, M.; Pomposo, J. A,;
Colmenero, J.; Alegria, A. Glass-Transition Dynamics of Mixtures of
Linear Poly(vinyl methyl ether) with Single-Chain Polymer Nano-
particles: Evidence of a New Type of Nanocomposite Materials.
Polymers 2019, 11, 533.

(32) Deegan, R. D.; Nagel, S. R. Dielectric susceptibility measure-
ments of the primary and secondary relaxation in polybutadiene. Phys.
Rev. B 1995, 52, 5653—5656.

(33) Birge, N. O.; Jeong, Y. H,; Nagel, S. R; Bhattacharya, S.;
Susman, S. Distribution of relaxation times in (KBr)0.5 (KCN)0.5.
Phys. Rev. B 1984, 30, 2306—2308.

(34) Alvarez, F.; Hoffman, A, Alegria, A;; Colmenero, J. The
coalescence range of the a and f processes in the glass-forming liquid
bis-phenol-C-dimethylether (BCDE). J. Chem. Phys. 1996, 10S, 432—
439.

(35) Tetsutani, T.; Kakizaki, M.; Hideshima, T. Relaxation
Spectroscopy of the Dielectric f-Relaxation in Poly(n-alkyl
methacrylate)s by Absorption-Current Measurements. II. Dielectric
Relaxation Spectrum for Isotactic Poly(methyl methacrylate). Polym.
J. 1982, 14, 471-476.

(36) Yildirim, C.; Raty, J.-Y.; Micoulaut, M. Revealing the role of
molecular rigidity on the fragility evolution of glass-forming liquids.
Nat. Commun. 2016, 7, 11086.

(37) Sasaki, T.; Ichimura, M,; Irie, S. Correlation between fragility
and cooperativity in segmental dynamics of glass-forming para-
substituted polystyrenes. Polym. J. 2015, 47, 687—694.

(38) Guo, X;; Gao, F.; Chen, F.; Zhong, J.; Shen, L,; Lin, C.; Lin, Y.
Dynamic Enamine-one Bond Based Vitrimer via Amino-yne Click
Reaction. ACS. Macro. Lett. 2021, 10, 1186—1190.

3636

(39) Shibayama, K.; Suzuki, Y. Effect of crosslinking density on the
viscoelastic properties of unsaturated polyesters. J. Polym. Sci. A Gen.
Pap. 196, 3, 2637—2651.

[0 Recommended by ACS

Glass Transition Temperatures of Copolymers: Molecular
Origins of Deviation from the Linear Relation

Cong-Cong Huang, Chen-Yang Liu, et al.
APRIL 05, 2022

MACROMOLECULES READ

Study of Linear and Cyclic Graft Polystyrenes with Identical
Backbone Contour in Dilute Solutions: Preparation,
Characterization, and Conformational Properties

Jianing Zhou, Lianwei Li, et al.
FEBRUARY 11, 2022

MACROMOLECULES READ &

Unexpected Role of Short Chains in Entangled Polymer
Networks

Linlin Chu, Ye-Feng Yao, et al.
APRIL 28, 2022

ACS MACRO LETTERS READ &

Universality in Solution Properties of Polymers in Ionic
Liquids

Ryan Sayko, Andrey V. Dobrynin, et al.

FEBRUARY 17, 2022

ACS APPLIED POLYMER MATERIALS READ &

Get More Suggestions >

https://doi.org/10.1021/acs.macromol.1c02607
Macromolecules 2022, 55, 3627—3636


https://doi.org/10.1039/C4SM01991A
https://doi.org/10.1039/C4SM01991A
https://doi.org/10.1039/C4SM01991A
https://doi.org/10.3390/ma9070607
https://doi.org/10.3390/ma9070607
https://doi.org/10.1080/00218464.2013.779559
https://doi.org/10.1080/00218464.2013.779559
https://doi.org/10.1039/C5NJ00066A
https://doi.org/10.1039/C5NJ00066A
https://doi.org/10.1063/5.0056293
https://doi.org/10.1063/5.0056293
https://doi.org/10.1021/acs.macromol.8b01623?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.8b01623?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C3CC48733D
https://doi.org/10.1039/C3CC48733D
https://doi.org/10.1039/C3CC48733D
https://doi.org/10.1021/ma00095a014?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma00095a014?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma00095a014?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma992039y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma992039y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0022-3093(98)00639-5
https://doi.org/10.1016/S0022-3093(98)00639-5
https://doi.org/10.1002/pol.1969.150070126
https://doi.org/10.1002/pol.1969.150070126
https://doi.org/10.1021/ma00203a056?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma00203a056?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/polym11030533
https://doi.org/10.3390/polym11030533
https://doi.org/10.3390/polym11030533
https://doi.org/10.1103/PhysRevB.52.5653
https://doi.org/10.1103/PhysRevB.52.5653
https://doi.org/10.1103/PhysRevB.30.2306
https://doi.org/10.1063/1.471919
https://doi.org/10.1063/1.471919
https://doi.org/10.1063/1.471919
https://doi.org/10.1295/polymj.14.471
https://doi.org/10.1295/polymj.14.471
https://doi.org/10.1295/polymj.14.471
https://doi.org/10.1295/polymj.14.471
https://doi.org/10.1038/ncomms11086
https://doi.org/10.1038/ncomms11086
https://doi.org/10.1038/pj.2015.50
https://doi.org/10.1038/pj.2015.50
https://doi.org/10.1038/pj.2015.50
https://doi.org/10.1021/acsmacrolett.1c00550?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmacrolett.1c00550?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/pol.1965.100030719
https://doi.org/10.1002/pol.1965.100030719
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.1c02607?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/acs.macromol.1c02287?utm_campaign=RRCC_mamobx&utm_source=RRCC&utm_medium=pdf_stamp&originated=1664597137&referrer_DOI=10.1021%2Facs.macromol.1c02607
http://pubs.acs.org/doi/10.1021/acs.macromol.1c02287?utm_campaign=RRCC_mamobx&utm_source=RRCC&utm_medium=pdf_stamp&originated=1664597137&referrer_DOI=10.1021%2Facs.macromol.1c02607
http://pubs.acs.org/doi/10.1021/acs.macromol.1c02287?utm_campaign=RRCC_mamobx&utm_source=RRCC&utm_medium=pdf_stamp&originated=1664597137&referrer_DOI=10.1021%2Facs.macromol.1c02607
http://pubs.acs.org/doi/10.1021/acs.macromol.1c02287?utm_campaign=RRCC_mamobx&utm_source=RRCC&utm_medium=pdf_stamp&originated=1664597137&referrer_DOI=10.1021%2Facs.macromol.1c02607
http://pubs.acs.org/doi/10.1021/acs.macromol.1c02029?utm_campaign=RRCC_mamobx&utm_source=RRCC&utm_medium=pdf_stamp&originated=1664597137&referrer_DOI=10.1021%2Facs.macromol.1c02607
http://pubs.acs.org/doi/10.1021/acs.macromol.1c02029?utm_campaign=RRCC_mamobx&utm_source=RRCC&utm_medium=pdf_stamp&originated=1664597137&referrer_DOI=10.1021%2Facs.macromol.1c02607
http://pubs.acs.org/doi/10.1021/acs.macromol.1c02029?utm_campaign=RRCC_mamobx&utm_source=RRCC&utm_medium=pdf_stamp&originated=1664597137&referrer_DOI=10.1021%2Facs.macromol.1c02607
http://pubs.acs.org/doi/10.1021/acs.macromol.1c02029?utm_campaign=RRCC_mamobx&utm_source=RRCC&utm_medium=pdf_stamp&originated=1664597137&referrer_DOI=10.1021%2Facs.macromol.1c02607
http://pubs.acs.org/doi/10.1021/acs.macromol.1c02029?utm_campaign=RRCC_mamobx&utm_source=RRCC&utm_medium=pdf_stamp&originated=1664597137&referrer_DOI=10.1021%2Facs.macromol.1c02607
http://pubs.acs.org/doi/10.1021/acsmacrolett.2c00179?utm_campaign=RRCC_mamobx&utm_source=RRCC&utm_medium=pdf_stamp&originated=1664597137&referrer_DOI=10.1021%2Facs.macromol.1c02607
http://pubs.acs.org/doi/10.1021/acsmacrolett.2c00179?utm_campaign=RRCC_mamobx&utm_source=RRCC&utm_medium=pdf_stamp&originated=1664597137&referrer_DOI=10.1021%2Facs.macromol.1c02607
http://pubs.acs.org/doi/10.1021/acsmacrolett.2c00179?utm_campaign=RRCC_mamobx&utm_source=RRCC&utm_medium=pdf_stamp&originated=1664597137&referrer_DOI=10.1021%2Facs.macromol.1c02607
http://pubs.acs.org/doi/10.1021/acsmacrolett.2c00179?utm_campaign=RRCC_mamobx&utm_source=RRCC&utm_medium=pdf_stamp&originated=1664597137&referrer_DOI=10.1021%2Facs.macromol.1c02607
http://pubs.acs.org/doi/10.1021/acsapm.1c01814?utm_campaign=RRCC_mamobx&utm_source=RRCC&utm_medium=pdf_stamp&originated=1664597137&referrer_DOI=10.1021%2Facs.macromol.1c02607
http://pubs.acs.org/doi/10.1021/acsapm.1c01814?utm_campaign=RRCC_mamobx&utm_source=RRCC&utm_medium=pdf_stamp&originated=1664597137&referrer_DOI=10.1021%2Facs.macromol.1c02607
http://pubs.acs.org/doi/10.1021/acsapm.1c01814?utm_campaign=RRCC_mamobx&utm_source=RRCC&utm_medium=pdf_stamp&originated=1664597137&referrer_DOI=10.1021%2Facs.macromol.1c02607
http://pubs.acs.org/doi/10.1021/acsapm.1c01814?utm_campaign=RRCC_mamobx&utm_source=RRCC&utm_medium=pdf_stamp&originated=1664597137&referrer_DOI=10.1021%2Facs.macromol.1c02607
https://preferences.acs.org/ai_alert?follow=1

