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Abstract Introducing small molecule-bridged hydrogen bonds (HBs) between polymer chains has been reported to effectively reduce the inter-
chain cooperativity despite of strengthening the intermolecular interaction. Here, a systematic investigation on tuning the Johari-Goldstein 8
(B,c) relaxation by adding various low-molecular-weight phenols in poly(n-alkyl methacrylate)s is carried out to further clarify the anomalous
dynamics. Given these small molecules capable of coupling the motion with pendent groups of host polymers due to forming at least two HBs
per molecule, poly(n-alkyl methacrylate) mixtures exhibit rich dynamic changes in the ,5-properties and q, 8, separations. An increased loading
of phenols with a small size and strong inter-HB strength (Av;) clearly benefits for significant retardation and suppression of the 3,;-relaxation,
narrows the a, B separation and converges the f,c-peak with the a-peak, which demonstrates the alleviation of inter-chain topological
constraints. However, small molecules with a relatively big size and weak Au; are found to amplify the magnitude of the a, 8,5 separation of
poly(butyl methacrylate), even though experimental results of changes in a-dispersion and dynamic fragility confirm a reduction of the coupling
factor n in all of these hybrids. The counterintuitive phenomenon suggests that the crossover time t. in the Coupling Model is no longer a
universal quantity if the inter-chain interaction of polymers is strengthened by HBs. These compelling findings shed vital insights into the HB-

induced anomalous dynamics, and provide essential guidance for tailoring the 8, behavior and designing glassy polymeric materials.
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INTRODUCTION

Polymers typically have a hierarchical structure with chainlike
backbones and diverse branches or pendant groups; thus, they
are ideal candidates for developing materials with high-
performance and multi-functions. Among various secondary
relaxations arising from the rotation or reorientation of pendant
groups,"? the Johari-Goldstein B8 (B,c) process®# is the slowest
secondary relaxation chemically stemming from the flipping of
side groups and the rocking of backbone. When temperatures
drop to the vicinity of the glass transition temperature (Ty), the
Bjgrelaxation decouples with the a-relaxation and remains
active deep in the glassy state. Since the f;-relaxation may
dominate many glassy polymer properties, such as gas
permeability,>~8 physical aging,””! additive crystallization,!'*-'2
ductility and plastic deformation,'3! attempts to modify the B,
properties and manipulate its separation from a-relaxation have
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become an intense focus on developing advanced materials.

The Bjs-relaxation in physics originates from freely moving
string-like units that have escaped from cooperativity within
the frozen matrix, that is, a cascade of ‘cage-breaking’
events.l' For simplified metallic glasses,'>-17! the Bs-pro-
cess seems to be determined by self-diffusion of the smallest
metal atoms!'8 and/or highly mobile atomic pairs.l'¥! There-
fore, the Bs-properties and its distance from a-relaxation
have been tuned by incorporating different-sized atoms.l'9 In
glassy polymers having complex inter- and intramolecular in-
teractions, the f,c-process changes complicatedly with the
motion of entire segmental units and their packing restric-
tions.20-231 Polymers generally exhibit a weak and slow B,-re-
laxation when their pendent groups are enlarged either by
covalent grafting with a bulky group24231 or by chemical sub-
stitution with a large atom.2¢! However, once the incorpora-
tion of rigid component by means of crosslinking,[2728] co-
polymerizing[223% and mixing3'-331 weakens the inter-chain
packing efficiency, the f,g-relaxation might be enhanced and
accelerated to some extent.l27:3032]
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According to the Coupling Model proposed by Ngai,34-361
the local Bjs-relaxation acts as a precursor of the cooperative
a-relaxation, and the magnitude of the a, 8,; separation is a
result of intermolecular constraints on cooperative a-relaxa-
tion as described:

logtg — logT)g = n(logtg + 11.7) (1)
where 1, and 1, are the relaxation time of 8- and a-relaxation,
respectively, and coupling factor n captures the strength of
topological constraints on a-relaxation.243637! Given that the
dynamic heterogeneity of structural relaxation is a result of
intermolecular constraint during segmental cooperative rear-
rangement, many experimental results confirmed that n =
1-Bowws Where Buww is the non-exponential stretching
parameter described by the KWW equation,®® ie, ¢ (t) = exp

[—(t/r)BKWW } Therefore, a higher n or a lower Byw (0<n, Biowws

1) denotes a stronger deviation from pure exponential decay
and broader a-dispersion in the frequency domain. Homopoly-
mers with rigid backbone and bulky pendent groups typically
have a high n and exhibit a large a, B, separation.?>*'! The
magnitude of a, 8,5 separation can be significantly altered by
adding other components with different mobilities or Tg. In
van der Waals-interacted copolymers,2°3% miscible polymer
blends,?'-33 and polymer/small molecule mixtures,>*4? enhan-
cing the intermolecular interaction either by crosslinking or by
copolymerizing/mixing with a high-T; component generally
broadens the a-dispersion and increases the coupling factor n,
thereby leading to a large a, B, separation.344344

Polymer/small molecule hybrids driven by intermolecular
hydrogen bonding (inter-HB) interactions have been studied
and widely applied in many fields, including protein preserva-
tion,[#5] drug release,#9! self-healing,#”! photoelectronic trans-
portation,8 and novel material preparation.[*9-521 Tuning the
Bjg-relaxation of polymers by the hydrogen-bonded small
molecules will not only endow these hybrids with versatile
and designable glassy properties to enrich their application
prospects, but also help to understand the mechanism
through which guest molecules induce the self-assembly and
multi-functionality of host polymers. In contrast to van der
Waals interactions and covalent bonds, small molecules with
two or more functional groups act as physical crosslinkers
and can form a transient hydrogen-bonding network among
the polymer chains. This will substantially enhance the inter-
molecular interactions and result in a positive deviation of
mixture’s Ty from the linear additivity rule.5354 A logical con-
jecture is that introducing small molecule-bridged strong
inter-HBs between polymer chains must strengthen the topo-
logical constraints, thereby broadening the a-dispersion and
increasing the coupling factor n.

However, recent evidences apparently contradict the
above conjecture. Runt et al.l5! firstly reported dynamic ho-
mogeneity of poly(vinyl methyl ether) by adding hydrogen-
bonded small molecules. Our previous studiest*657! further re-
vealed that low-molecular-weight phenols capable of form-
ing two hydrogen bonds per molecule can effectively narrow
the a-dispersion (denoted as increased By or decreased n)
of polyacrylates concomitant with a reduction of dynamic fra-
gility even if the guest molecule has a Ty much higher than
the host polymer. Given that the unavailability of free volume

and topological constraint are the primary reason for seg-
mental cooperative relaxation,9) we suppose that introduc-
tion of small molecule-bridged hydrogen bonds not only alle-
viates the concentration fluctuation-induced broadening of
a-dispersion,!5859 but also reduces the inter-chain cooperativ-
ity despite of the HB-enhanced intermolecular interaction.
The reduced inter-chain cooperativity was rationalized in
terms of small molecule-alleviated long-chain connectivity,
balanced flexibility of bulky pendant groups relative to back-
bones and enhanced enthalpic contributions to segmental
cooperative rearrangement.58! Accordingly, a systematic
study on variation of the fjs-relaxation by introducing small
molecule-bridged hydrogen bonds shall further clarify the an-
omalous dynamics by identifying whether it shortens the a,
B, separation and leads to encroachment of the ,;-peak by
the a-peak.

In this work, we mixed low-molecular-weight phenols with
poly(methyl methacrylate) (PMMA) and poly(butyl methac-
rylate) (PBMA) to adjust the polymers’ 8,s-processes. Inter-HB
network throughout the matrix was found to act as a bridge
capable of coupling the motion between guest molecules
and pendent groups of the host polymers. By changing the
size of hindered phenols and the inter-HB strength (Auv;), we
observed rich dynamic changes in ,5-properties and a, g
separations of these poly(n-alkyl methacrylate)s, which are
completely different from those in copolymers and miscible
mixtures with van der Waals interactions. Interestingly, des-
pite of effectively reducing inter-chain cooperativity/con-
straints due to the formation of small molecule-bridged inter-
HB networks, a suppressed B,c-peak with amplified mag-
nitude of the a, B separation was observed in systems with
adding bulky small molecules.

EXPERIMENTAL

Materials

4,4"-Thio-bis(6-tert-butyl-m-methyl phenol) (AO300, T;=302 K,
n=0.43, dipole moment p=2.5 D), 4,4"-thiodiphenol (TDP, T, ~
210 K, p=3.0 D), 1,3,5-trimethyl-2,4,6-tris(3,5-di-tert-butyl-4-
hydroxybenzyl) benzene (AO330, T;=368 K, n=0.46, y=1.8 D),
and PMMA (M,,=90 kg/mol, PDI=1.90, T,;=381 K, u=1.7 D) were
provided by Aladdin. 1,1,3-Tris(2-methyl-4-hydroxy-5-tert-butyl-
phenyl) butane (CA, T;=371 K, n=0.53, u=2.0 D) was provided by
Tianjin Lisheng Chemical. PBMA (M,,=330 kg/mol, PDI=2.27,
T4=298 K, u=1.8 D) was synthesized via solution polymerization
under a nitrogen atmosphere by using azobis(isobutyronitrile)
(AIBN, 299.5%, Aldrich) as an initiator. All reagent molecules
were used as received, and their chemical structures are plotted
inFig. 1.

Sample Preparation

The polymer was dissolved in ethyl acetate (EAc) solution at a
concentration of 20 wt% with continuous stirring. Small
molecules were then added and stirred until completely
dissolved to prepare hybrids with different additive weight
concentrations. The solution was cast into the glass mold, kept
at room temperature for 48 h, and further dried under vacuum
at 120 °C for 2 h to ensure a complete evaporation of solvents.

Broad Band Dielectric Spectrometer (BDS)
The dielectric spectra were collected with a Novocontrol
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Fig.1 Molecular structures of (a) PMMA, (b) PBMA, (c) TDP, (d) AO300, (e) CA and (f) AO330.

Concept 40 broad band dielectric spectrometer in the
frequency domain of 0.01 Hz to 10 MHz. Samples with a
diameter of 20 mm and a thickness of 250 ym were prepared
via hot pressing above the T,, of small molecules, followed by a
quenching process. The temperatures were controlled within
0.1 K with a Novocontrol Quatro Cryosystem, and liquid N, was
used to cool the samples. The dielectric loss spectra were fitted
using a single or multiple Havriliak-Negami (HN) Eq. (2):1606™!

€ (W) = oo + ) ——aEeol - —j(%)s )

7 [1+ (jotan) T 0

where €' represents the complex dielectric permittivity. Ae = g, —
€., is the dielectric strength, where g, and €., are the relaxed and
unrelaxed dielectric constants at extremely low and high
frequencies, respectively. ag; and b; (0<g, bZ1) are shape
parameters of relaxation process i (primary or secondary) that
represent symmetric and asymmetric broadening, respectively.
o is the ionic conductivity, e, (8.854 pF/m) is the free space
dielectric permittivity, and s is a parameter very close to the
unit.’% 7,y is the relaxation time by HN equation and is used to
obtain the peak location T,,:1%?

Tmax = THN(sinz((ZJ " 1))1/0(sin2(b1: 1)) e (3)

In the PBMA hybrids, we set b<1 for asymmetric primary a-
peaks, and b=1 for symmetric secondary fB,s-peaks. The
PMMA hybrids have an unusually asymmetric secondary ;-
peak with b<1.63641 The HN fitting procedures for PBMA or
PMMA mixtures are clearly shown in the Supporting Informa-
tion (Figs. S1-S5, Tables S1 and S2 in the electronic supple-
mentary information, ESI). The increase of temperature res-
ults in an accelerated f,g-process (as manifested by a higher
peak frequency) with enhanced peak intensity. The increase
of temperature also accelerates a-process, but it reduces the
intensity of a-process due to the weakening a-cooperativity.

RESULTS AND DISCUSSION

Effect of AO300 Concentration on the ,;-Relaxation

Fig. 2(a) shows the dielectric loss €" near Ty of PMMA containing
different amounts of AO300. It can be observed that neat PMMA
displays a prominent and well-resolved f;-peak at the high-
frequency flank of a-peak whose strength is nearly twice as that
of a-relaxation as previous reports.®>¢4 The addition of AO300
substantially enhances the a-peak intensity and simultaneously
reduces the B;s-intensity, thereby leading to a diminishing f5-
peak that merges gradually with a-peak. HN fitting curves are
given for better identifying the respective peak times. Fig. 2(a)
also depicts the temperature dependence of the a- and fs-

relaxation time for these PMMA/AO300 hybrids. We can see that
the addition of AO300 accelerates a-relaxation of PMMA
(decreased 1,) at a given temperature. Meanwhile, the Bs-
motion of PMMA is apparently restricted, as manifested by an
increased 1, after hydroxyl groups of AO300 are hydrogen
bonded to the carbonyl moiety of the PMMA side group as
detected by FTIR analysis.’? These results demonstrate that
AO300 acts typically as an anti-plasticizer’®=%7 in the PMMA
matrix.

Neat PBMA exhibits a prominent 3,;-process whose intens-
ity is close to that of the a-relaxation (Fig. 2b). Compared to ri-
gid PMMA, the flexible PBMA exhibits a distinguishable B, -
peak (the dependence of B -peak time and intensity on
temperature is shown in Fig. S2 in ESI) at a frequency near to
10% Hz, and a small a, ;5 separation due to the reduction in
coupling factor n caused by the inner plasticizing effect of
flexible butyl group.i39! Addition of AO300 results in the slow-
ing down of both a- and S;-relaxations, as well as a nar-
rowed a, B separation. As will be further discussed below,
we have confirmed that both the B, -peak and the sup-
pressed (,;-peak in Fig. 2(b) are resulted from the cooperat-
ive impact of the polymer chain and the small molecule,
rather than from the extra relaxation modes of the additives.
The addition of AO300 in PBMA leads to a weak and slow S)¢-
relaxation as PMMA, clearly demonstrating that phenolic mo-
lecules act like the chemical modification of side group and
effectively restrict the f,g-relaxation of poly(n-alkyl methac-
rylate)s when they are hydrogen bonded to the carbonyl moi-
ety of acrylic pendent groups.

Separation of the B,;-peak from the a-peak of PBMA and
PBMA/phenol mixtures is particularly difficult by HN fittings
due to their overlapping near T,. We recognize that the mul-
tiple HN fittings must create large uncertainties in determin-
ing the dispersion of a- and B,-peaks,68! despite that the un-
certainties of the most probable intensity and peak time can
be effectively minimized if the HN fitting is carefully per-
formed under procedures given in Fig. S1 (in ESI).[6869 There-
fore, the dashed fitting curves for the PBMA systems in this
work are just for guide of eye to identify the position of vari-
ous peaks. As shown in Fig. 2(a), with the acceleration of the
a-relaxation and the slowing down of the diminishing S,¢-re-
laxation, the a- and B,s-traces of the PMMA/AO300 hybrids
gradually move closer to each other, and the §8,;-peak cannot
be resolved from the a-peak when the AO300 content
reaches 75 wt% (Fig. S6 in ESI). The PBMA/AO300 hybrids also
display a reduced a, ) separation (Fig. 2b and Table 1) due
to the fact that AO300 molecules more significantly slow
down the 3);-relaxation than the a-relaxation. Notably, when
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Fig.2 Dielectric loss £" at indicated temperatures near Ty and temperature dependence of the a- and B,s-relaxation time for (a) PMMA
and (b) PBMA hybrids containing different AO300 loadings. The dashed red, purple and green curves represent the HN fittings of a-, 8,5

and Be,g-peaks, respectively.

the loading of AO300 exceeded 17 wt%, Bc-relaxation of
PBMA is encroached by a-relaxation and cannot be resolved
well from a-relaxation. At 50 wt%, f3,s-relaxation is sup-
pressed completely (Fig. S7 in ESI).

Effect of Molecule Size on the ,;-Relaxation

The triphenyl-ring CA (V,,=373 cm?/mol) molecule has a similar
steric hindrance as AO300 (V,,=229 cm’/mol) on hydroxyl
groups (Fig. 1); thus, despite of bulkier van der Waals volume
(V,,) and capability of forming triple inter-HBs per molecule, it
owns an inter-HB strength Au; (158 cm™', determined by FTIR
analysis as shown in Figs. S8 and S9 in ESI) very close to AO300
(Au=167 cm™) at ambient temperatures. Fig. 3(a) shows
dielectric loss €" curves and temperature dependence of the a-
and f;-relaxation time for PMMA containing 0 wt%, 17 wt%
and 60 wt% CA. The addition of CA substantially enhances the
a-intensity and simultaneously reduces the Bs-intensity, which
is in similar tendency as AO300-loaded PMMA mixtures.
However, different from the AO300 system, the CA molecule

with a comparable T, to that of PMMA matrix trivially affects the
7, of PMMA. Furthermore, an unrestricted f,;-motion, as
manifested by little change in 1), can be observed when bulkier
CA molecules are added. We observe a slight acceleration of 7,
with increasing CA loading (Fig. 3a), a trend which is different
from the 1, change in the case of adding AO300.

When the bulky CA mixes with the flexible PBMA matrix, a
remarkable increase in 1,5 (Fig. 3b) is observed, suggesting a
substantially constrained f,s;-motion of PBMA. Addition of
17 wt% CA leads to an increase in f8c-peak temperatures at
Tmax=1 S (T)g) of PBMA about 9 K (Table 1), which is higher
than the increment in T (6 K) of the PBMA/AO300 hybrids at
the same content range. Due to the large mobility difference
between CA and PBMA, bulky CA molecules more signific-
antly slow down the a-relaxation than the f,s-relaxation of
PBMA (Fig. 3b). Consequently, the a- and fs-traces of the
PBMA/CA hybrids separate from each other with increasing
CA content. We noticed again a decrease in 1,5 of the
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Inter-HB strength at T, (Auy), van der Waals volume of hindered phenols (V,,), B,c-activation energy (Ei, at T<T), a- and B,c-peak temperature at

Tmax=1 5 (T Ty), width of a- and B,¢-peak (T,~Tjg), fragility m (at 7,5 =1 s) of PMMA and PBMA mixed with different amounts of various hindered phenols.

Sample Concentration (wt%) Av;at T, (em™)  V,, (em3¥mol)  Ejq (kJ/mol) Ty (K) T4 (K) ToTic (K) m
PMMA/AO300 0% / 229 73 256 381 125 107
9% 154 72 262 371 109 91
17% 155 68 264 365 101 87
29% 156 66 267 359 92 77
75% 161 / / 328 / 67
PMMA/CA 17% 144 373 70 254 374 120 98
60% 144 69 249 373 124 73
PBMA/AO300 0% / 229 98 267 298 31 62
5% 167 90 268 298 30 56
9% 167 84 272 300 28 53
17% 167 82 273 301 28 48
29% 166 / / 302 / 48
50% 165 / / 307 / 54
PBMA/TDP 17% 313 113 78 274 280 6 40
PBMA/CA 9% 155 373 90 269 315 46 48
17% 153 79 275 323 48 50
29% 151 77 278 334 56 53
60% 147 72 264 351 87 66
PBMA/AO330 9% 103 515 90 267 302 35 55
17% 102 84 267 312 45 56
50% 101 83 261 335 74 71

Note: “/” denotes data not detectable.

PBMA/CA hybrids as the CA loading reaches 60 wt%. This
phenomenon arises from a weakened Au; at the increased T,
which will be further discussed in the next section.

Effect of Inter-HB Strength on the 8,;-Relaxation

A robust inter-HB is crucial for coupling the motion between the
guest molecules and the acrylic pendent groups. To elucidate
the effect of the inter-HB strength Au; on the B,c-properties,
various phenolic molecules with adjusted van der Waals volume
(V,,) and steric hindrance on their hydroxyls were mixed with
the PBMA matrix. Among them, A0330 (V,,=515 cm3/mol,
Au=103 cm™) has a larger bulkiness but a weaker Au; than
CA (V=373 cm?mol, Av=158 cm™'), whereas TDP (V,=
113 ecm3/mol, Au=313 cm™) has a smaller size but a stronger
Av, than A0300 (V,,=229 cm3/mol, Au=167 cm™). Note that
the Au; mentioned here is determined at ambient temperatu-
res, while in Table 1 itis at T,

Compared to the B;s-traces of PBMA with adding CA, Fig. 4
shows that adding bulky AO330 with a weak Ay, has little ef-
fect on change in 1,5 of PBMA, though intensity of the -
peak is suppressed remarkably. By contrast, the rigid AO330
significantly restricts the segmental relaxation of PBMA,
thereby leading to an apparent increase in 1, or T, of the
PBMA/AQ330 hybrids. As a result, the a- and ;-traces of the
PBMA/AO330 hybrids gradually separated from each other
with increasing AO330 content, and the significant increase in
T, or T, is responsible for the increased q, 3, separations. On
the contrary, addition of small TDP molecules with a stronger
Auv; effectively restricts the §,5-motion of PBMA and leads to a
remarkable increase in 1) of PBMA as shown in Figs. S10 and
S11 (in ESI). Compared with the f,5-traces in PBMA/AO300 hy-
brids, the B,;-peak of PBMA rapidly converges with a-peak
after adding TDP, and the ,5-peak becomes un-resolvable
when TDP loading exceeds 17 wt%. We noted that the TDP

mixtures exhibit more pronounced a-, B,5- and B -peaks
than AO300, CA and AO330 mixtures (Fig. S11 in ESI). This
may be rationalized by the fact that TDP (u=3.0 D) has the
largest dipole moment among these additives. However, vari-
ations of intensity, relaxation time and activation energy of
the secondary relaxations with the TDP loading exhibit a sim-
ilar tendency as that of AO300 mixtures (Fig. 5 and Fig. S12 in
ESI), further verifying that the 3,5-peak stems from the hydro-
gen bonding-induced cooperative impact of PBMA and TDP,
rather than from the independent relaxation of TDP.

Fig. 5 shows a comparison of 1 at different temperatures
for PBMA hybrids containing different types of small mo-
lecules. The loading is given at 17 wt%. As is seen, the tem-
perature dependence of 1) in all PBMA hybrids follows Arr-
henius fashion with slightly varied activation energies from
77 kJ/mol to 84 kJ/mol. At a given temperature (for example,
at 280 K denoted by the dashed arrow in Fig. 5), the 1 is
found to increase with increasing Au; in the order
AO330<A0300<TDP. Clearly, a stronger Au; between the
small molecule and the polymer chain leads to a more restric-
ted f3,c-motion and a longer 7. Apart from the significant ef-
fect of Au;, we also note a longer T/ in the CA mixture than
that in the AO300 system, and the 1) in the CA mixture is
slightly longer than that in the high-Av; TDP mixture. These
results highlight a strong impact of the additive size and
demonstrate that a bulkier molecule is also beneficial for a
more restricted B,c-motion.

Generally, Av; decreases with increasing temperatures and
its temperature dependence shall change a little with the
type of small molecules (Figs. S8 and S9 in ESI). These vari-
ations may provoke slight changes in the activation energy
(E)g) of 1)5. We observe in Fig. 4 that the 715 of the
PBMA/AQ330 at high-temperature range is longer than that
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of neat PBMA whereas at low-temperature range it becomes
shorter. The variation of Au; with temperatures can also ac-
count for the decrease of 1) in PBMA/CA hybrids when a
high CA content is loaded (Fig. 3b): at a loading of 60% CA, T
of PBMA increases significantly from 298 K to 351 K, leading
to the apparent reduction of Au; from 158 cm="to 147 cm~!
(Table 1). If the PBMA matrix is replaced by high-T; PMMA, a
reduction of Au; can also be observed near the T of the mix-
tures (Table 1 lists Ty and the corresponding Au; for various
mixtures). This fact can explain why its 1,5 decreases slightly
with increasing CA loadings (Fig. 3a).

Effect of Small Molecule-bridged HBs on a, 8,
Separation

Fig. 6(a) depicts the effect of small molecule loading on the g,
By separation, which is denoted by the time span logr,—logt
at 7,=10 s. As seen, the logr,—logr; of PMMA is apparently
reduced with the addition of AO300, while it decreases slightly
by adding bulky CA. The a- and f;-peaks of PBMA converge

when TDP and AO300 are added. According to Eq. (1), the
decreased logr,—logTt)g strongly demonstrates the fact that
the inter-chain cooperativity/constraints must be reduced,
that is, a decreased coupling factor n by introducing small
molecule-bridged inter-HBs despite of the HB-strengthened
intermolecular interactions.

However, we observed a gradual separation between a-
and Bjs-peaks of PBMA with increasing loadings of CA and
AO330, a trend completely different from other systems
shown in Fig. 6(a). Furthermore, we found an enlarged sepa-
ration with the increasing bulkiness of small molecules.
Fig. 6(b) shows the normalized size (V,,/V\ygma) dependence
of the a, 85 separation in PBMA hybrids at a given loading of
17 wt%. Clearly, the logr,~logt); monotonically increases
with the V,, of hindered phenols. At first glance, this trend ap-
pears reasonable because the attachment of bulky phenolic
molecules to acrylic ester groups via inter-HBs can be re-
garded as enlarging the acrylic pendent groups and may im-
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pose greater steric hindrance effects on the segmental relaxa-
tion of flexible PBMA. However, if this was true, then addition
of CA and AO330 in PBMA should strengthen topological con-
straints on segmental cooperative rearrangement during
glass transition and leads to an increased coupling factor n.
To elucidate the changes in topological constraints, we
checked the effect of CA and AO330 loadings on the a-disper-
sion of PBMA because a broad a-dispersion corresponds to an
increased n. Due to the uncertainties of a-dispersion by HN
fittings in poly(n-alkyl methacrylates),68 the normalized a-
dispersion curves are explored in the following analysis. As
shown in Figs. 7(a) and 7(b), the narrowing trend in a-disper-
sion of PBMA/CA and PBMA/AO330 hybrids is distinguishable
with increasing small molecule loadings, though it is in-
terfered by the B,s-peak at the high-frequency flank of a-
peak. When the loading exceeds 17 wt%, the narrowing ef-
fect becomes clearer as the B,;-peak is dramatically sup-
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Fig. 6 (a) Effect of small molecule loading on q, ;5 separation (logr,~logt)c) at 7,=10 s for PMMA and PBMA mixed with
various hindered phenols. (b) Effect of small molecule size (V,,) on logt,-logTg at 7,=10 s for PBMA hybrids containing different
phenols at a loading of 17 wt%. Here, the van der Waals volume (V,,) of small molecules is normalized by the V,, of PBMA

monomer unit (V,,gwa=87 cm3/mol).
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pressed and becomes resolvable from the giant a-peak. To re-
move the influence from the B,s-peak, we change the matrix
to be poly(butyl acrylate) (PBA), a homologue of PBMA with a
much lower T, and independent a-loss peaks. Although PBA
has a T, that is, respectively, 74 and 137 K lower than AO300
and CA, both of PBA/CA and PBA/AO300 mixtures exhibit a
definitely narrowing a-dispersion (Figs. 7c and 7d) with in-
creasing additive content, demonstrating the promoted dy-
namic homogeneity or reduced inter-chain constraints of PBA
by adding CA and AO300.

Dynamic fragility m quantifies the variation steepness of 1,
with Tg-scaled temperature at 7=T,.7% It measures how co-
operative the a-relaxation is, and a decrease in m is generally
a consequence of reduced a-cooperativity.l36371 As shown
in Fig. 8, although a higher Au; can more positively promote
T4 (AO330<CA<A0300), the HB-driven hybrids exhibit an ap-
parently lower m than both of its two constituting compon-
ents at additive contents lower than 29 wt%, and a stronger
Auv; between phenolic hydroxyl and acrylic carbonyl groups
leads to a more substantial decrease in m. Accordingly, the
inter-chain constraints must be alleviated by small molecule-
bridged inter-HB networks, further supporting that the coup-
ling factor n of PBMA is reduced by adding CA and AO330.

Universality of Crossover Time ¢,
The question is why the a, )5 separations increase with
decreasing coupling factor n for CA and AO330-loaded PBMA

max

”

&’le

max

”

&’le

2
log(f/fmax)

hybrids. It is essential to re-identify whether the sub-T
secondary process is the f8js-relaxation as it may be encroached
by other relaxation modes of small molecules or stem from the
a-relaxation due to phase separation of small molecules. In the
present work, the narrowing dielectric a-dispersion (Fig. 7)
together with an independent heat capacity (Cp) jump in
differential scanning calorimetry (DSC) (Fig. S15 in ESI) confirm
that small molecules are uniformly dispersed in polyacrylate
matrix. Moreover, the continuous changes in dielectric spectra
(Fig. S13 in ESI) of PBMA hybrids with increasing temperature or
small molecule content can also exclude the untenable
conjectures. We confirmed that small molecules used in this
study display no f,s-relaxations (Fig. S13d in ESI) and their B¢,
relaxations are well separated from the B,c-relaxations of PBMA
(Fig. S14 in ESI). Furthermore, phase separation gives rise to a-
relaxation time obeying the VFT fashion, which is in contrary
to the Arrhenius type found in all secondary traces of PBMA
hybrids. More importantly, if phase separation took place, an
enhancement in peak intensity should be observed with the
increasing small molecule’s loading. The suppressed 3,;-peak
observed in the present work clarifies that it must not be the
extra relaxation mode of additives phase separated from the
polymer matrix. In addition, the activation energy of the
secondary process (E, listed in Table 1) calculated from the
Arrhenius plots of relaxation time approaches to the prediction
by EJG:26RT9[7” as the loading of small molecules increases to
be higher than 17 wt% (the predicted E; is in a range of 65—
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76 kJ/mol). All of these evidences assert that the secondary
peaks around the a-peak flank must originate from the fs-
relaxation of PBMA that is restricted by bulky phenols via inter-
HB interactions, rather than from the extra relaxation modes of
additives.

The Coupling Model proposed by Ngai provides a connec-
tion between the cooperative 1, and primitive 1, via coup-
ling factor n through the following Eq. (4):

logty — logtyg = n(logty — logt,) 4)
where t. is time at the crossover from exponential to non-
exponential decay, the magnitude of which is entirely
determined by the interaction potential. Given that t. = 2 ps, Eq.
(4) can be simplified to Eq. (1). The prediction of the a, Bjg
separations by Eq. (4) works well for weakly-interacted carbon-
based small molecular/ionic glass-formers and polymers,
because crossover time t. in these systems keeps nearly
constant at about 1-2 ps and is insensitive to temperature or
pressure.’?

The counterintuitive phenomenon that separation of the
B,g-peak from the a-peak by reducing n in this study can be
rationalized only when one assumes that the crossover time t.
is not a universal quantity and decreases with increasing Au;.
For example, the logr,-logt;; of PBMA is 2.98 (see Fig. 6a),
which corresponds to a value of n=0.23 according to Eq. (1). If
the addition of 17 wt% TDP or AO300 leads to a reduction of
n from 0.23 to 0.18 (the same decrement of n in PEA/TDP hy-
brids as previously reported)>¢! and a decrease in t. from 2 ps
to 0.02 ps, then logr,—logr,; decreases from 2.98 to 2.65 as
expected. Since adding bulky molecules like CA and AO330
must alleviate the reduction of n, given that n=0.22 and
t.=0.02 ps, then logt,-logT g increases to 3.23. That is to say, if
t. minimizes by introducing small molecule-bridged HBs
between polymer chains, one can observe the anomalous dy-
namics that the ,;-peak separates from the a-peak despite of
reducing its inter-chain cooperativity.

Actually, t. decreases with increasing Au;, which has been
verified by molecular dynamics simulations of imidazolium-
based ionic liquids.[73] In that case, the formation of HB inter-
actions engenders severe anharmonic chaos on the rotation
motion of ions, which significantly reduces the t. value by

nearly 2 orders of magnitude (from 1 ps to ~0.02 ps).

CONCLUSIONS

The Bjgrelaxation of poly(n-alkyl methacrylate)s and its
separation from a-relaxation could be effectively tuned by
introducing hindered phenol-bridged HBs. The B;-relaxation
can be effectively suppressed and retarded when bulky
hindered phenols are attached to the acrylic pendent groups via
a strong Au;, while it is trivially affected or even accelerated in
case of weak Au; or rigid polyacrylate matrix (like PMMA). The
formation of phenols-bridged inter-HBs reduces the inter-chain
cooperativity/constraints of polyacrylates (as manifested by
smaller coupling factor n and dynamic fragility m), which is
accompanied by a reduction in a, g separation in most
hybrids. Interestingly, despite of the effectively reducing inter-
chain cooperativity/constraints, a suppressed f;-peak with
amplified a, B separation was recognized by increasing the
bulkiness of hindered phenols. The anomalous dynamics that
the a, B separation amplifies with reducing n, can be
rationalized by assumption that the crossover time t. in the
Coupling Model might not be a universal quantity and that it
could decrease with increasing Au;.
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