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ABSTRACT: Previously it was shown by experiments that nanophase separation of incompatible main-
and side-chain parts occurs in higher poly(n-alkyl acrylates) (PnAA) and poly(n-alkyl methacrylates)
(PnAMA). Alkyl groups of different monomeric units of the polymer aggregate in the melt and form self-
assembled alkyl nanodomains with a typical size of 0.5—2 nm. A polyethylene-like glass transition occurs
within the alkyl nanodomains. We revisit the relaxation data and suggest that an unresolved Johari—
Goldstein secondary relaxation is present in addition to the primary a-relaxation of this polyethylene-
like glass transition. The ratio of the relaxation times of the two processes is consistent with the weakly
cooperative nature of the a-relaxation, already indicated by its low steepness (fragility) index.

1. Introduction

Nanophase separation of incompatible main- and side-
chain parts is a general phenomenon in amorphous side-
chain polymers with long alkyl groups. This property
was shown®? by X-ray scattering and relaxation spec-
troscopy data acquired from higher members of the poly-
(n-alkyl acrylates) and poly(n-alkyl methacrylates) that
alkyl groups aggregate in the melt and form self-
assembled alkyl nanodomains with a typical size of
0.5—2 nm. A comparison with data for other polymer
series having alkyl groups,! including poly(di-n-alkyl
itaconates),® hairy rod polyimides,* and poly(alkylbenz-
imidazol-alt-thiophene),® reveals that the alkyl nano-
domain size and dynamics are mainly determined by
the number, C, of alkyl carbon atoms per side chain and
depends slightly on the microstructure of the main
chain. A polyethylene-like glass transition called opg
within the alkyl nanodomains has been observed. The
results described for different series of side-chain poly-
mers support the idea® that nanophase separation is a
general phenomenon in materials that consist of mol-
ecules with incompatible parts.

In this work we revisit the experimental relaxation
datal? of the ape process within the alkyl nanodomains
in the poly(n-alkyl acrylates) and poly(n-alkyl meth-
acrylates) series for C > 4. While the apg process in the
higher members of both series (C > 6) shows truly
properties of a cooperative polyethylene-like glass tran-
sition, the nanodomains in C = 4 have sizes significantly
smaller than the cooperativity length scale,! and the opg
process therein is expected to have cooperativity all but
removed. Normally, the supposedly universal Johari—
Goldstein (JG) S-relaxation’~1! is the precursor of the
cooperative a-relaxation. However, in the absence of
cooperativity, the a-relaxation and the JG -relaxation
should become one and the same process. Therefore, the
ape process in C = 4 can be identified as the JG
relaxation of the alkyl nanodomains (Bpg) in C > 4. With
this identification, the ratio of relaxation time of the ope
process to that of the corresponding JG relaxation (8pg)
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is known near Tgy(apg), and can be used via the coupling
model'?~16 as an independent verification of the weak
cooperativity of the glass transition within the nano-
domain in C > 4 and to predict the Kohlrausch expo-
nents of the opg process.

2. Polyethylene-like Glass Transition (apg)
within the Alkyl Nanodomains

The apg process in higher poly(n-alkyl acrylates)
(PnAA) and poly(n-alkyl methacrylates) (PnAMA) is
observed at lower temperatures besides the conventional
glass transition involving the main chain (o) at higher
temperature.l2 Dielectric, mechanical shear, and dy-
namic heat capacity relaxation spectroscopies were used
for the observations. For dielectric spectroscopy, a
commercial Novocontrol setup based on a Schlumberger
S11260 response analyzer was used to measure the
complex dielectric function ¢*(w) = € — i€" in the
frequency range from 0.1 Hz to 1 MHz. Relaxation
frequencies are taken from Havriliak—Negami (HN) fits
(e*(w) = Ae(1 + (io/wpn)P) ™9 + €») to the data. Peak
maximum frequencies wmax and relaxation times t
given below were calculated according to wmax = 771 =
wun{sin[zbg/(2g + 2))/sin[zb/(2g + 2)]} ~Y. If required,
an additional conductivity term o ~ w1 was included.
The complex shear modulus G*(w) = G' + iG"” was
measured in the frequency range from 1 to 100 rad s~
with a Rheometrics Scientific RDAII instrument. The
dynamic heat capacity cy*(w,T) = ¢’ — icy" (where ¢y’
and ¢, are the real and imaginary parts, respectively)
measurements were performed using a noncommercial
setup of the 3w method in the frequency range (0.2—
2000 Hz). Details of the experimental setup and data
evaluation are described elsewhere.l”

Evidence for the interpretation that the apg process
in higher PNAA and PnAMA is a polyethylene-like glass
transition come from'?2 (i) the Vogel—Fulcher-like tem-
perature dependence of the ape relaxation time, zc pe,
obtained from the various relaxation spectroscopies
(examples of PnAA for C = 8 and 10 and of PnNAMA for
C = 7 and 10 are shown in Figures 1 and 2, respec-
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Figure 1. Arrhenius plot for the relaxation times tc pe Of ope
processes in higher PNAA with C = 4 (filled triangles), C =8
(filled diamonds), and C = 10 (filled circles) as obtained from
dielectric spectroscopy.! The lines are fits to the Vogel—
Fulcher—Tammann—Hesse equation for C =8 and C = 10 and
a fit to the Arrhenius equation for C = 4. For explanation of
the other symbols and vertical arrows, see text.
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Figure 2. Arrhenius plot for the relaxation times tc pe Of ope
processes in higher PNAMA with C = 4 (triangles), C = 7
(diamonds), and C = 10 (circles). PnNBMA (C = 4) samples with
different degrees of polymerization (M, A, 1000; v, 52; %, 18)
are studied;?® the PnAMA samples with C = 7 and C = 10
have high molecular weight (P > 1000, for details see ref 2).
Data from dielectric spectroscopy (full symbols), shear spec-
troscopy (open symbols), and heat capacity spectroscopy
(®) are shown. The lines are fits to the Vogel—Fulcher—
Tammann—Hesse equation for C =7 and C = 10 and a fit to
the Arrhenius equation for C = 4. For explanation of the
vertical arrows, see text.
tively). (ii) The opg process of poly(n-decyl methacrylate)
(C = 10) was also observed!® in the dynamic heat
capacity, which is the hallmark of structural relaxation
process. (iii) The ape process becomes increasing coop-
erative with the size of the alkyl nanodomain or
increasing C, a trend that can be inferred from the
concomitant increase of steepness index (“fragility”),®
m(C) = d(logzc pe)/d(Tre/ T) evaluated at T = Tyef, where
Trer is the relaxation temperature at a fixed reference
relaxation time zc pe(ref), which was chosen?! to be 101
s. (iv) Also, there is observed increase of the shear
mechanical intensity of the opg process with the volume
fraction of alkyl groups.?° The results altogether suggest
that, in the higher members (C = 6) of both PnAA and
PnAMA, the opg process is a cooperative glass transition
within small alkyl nanodomains with size < 2 nm.

The butyl members of the PNAA and PNAMA series,
namely PnBA and PnBMA, having the shortest side
chain (C = 4, with the smallest alkyl nanodomain size
~ 0.5 nm), seem to be the exceptions. Their apg
processes have properties different from that of the
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higher PnAA and PnNAMA members. The apg process
in PNBA or PNnBMA has small intensity, its relaxation
time, 74 pg, has nearly Arrhenius temperature depen-
dence (see Figures 1 and 2), and its steepness (fragility)
index m of about 14 for 74 pe(ref) = 1071 s. The Arrhenius
fit to the 74 pg data of PNBA in Figure 1, for example, is
given by the expression

T4 pe ~ 107 *®exp(40.3 KI/RT) 1)

which has a physically interpretable prefactor. These
features all seem to indicate that cooperativity is totally
removed in the ape process of PNBA and PnBMA. As
suggested before,! this happens because the nano-
domain sizes of the apg process in PNBA and PnBMA
are smaller than the cooperative length scale previously
determined by multidimensional NMR experiments?!
slightly above Tg of other glass-formers.

3. Johari—Goldstein f-Relaxation in the Alkyl
Nanodomains

We can show with the help of the coupling model2-16
that the inferred vanishing cooperativity of the opg
process in PnBA or PnBMA suggests that it is a
secondary relaxation of the Johari—Goldstein kind,
according to the definition given by a recent classifica-
tion of secondary relaxations.’! In the coupling model
(CM), the relaxation time 7, of the supposedly universal
Johari—Goldstein (JG) secondary relaxation has been
identified with the independent relaxation time1-16 ¢,
i.e.

7o(T) ~ 756(T) @

There is support of this identification from experimental
data of many bulk glass-formers,11-13.22-24 which enable
7o to be calculated from the primary relaxation time z,
by the familiar relation of the CM

ta = (tcinto)l/(lin) (3)

Here n is the coupling parameter that appears in the
stretch exponent of the Kohlrausch function

$(t) = exp[—(t/r,)" "] (4)

used to fit the time dependence of the a-relaxation. The
CM is based on the crossover from independent relax-
ation to Kohlrausch relaxation in a small neighborhood
of time near t;, from which eq 3 follows as a conse-
guence. The existence of the crossover has been shown
by the solutions of simplified models* and found
experimentally by quasi-elastic neutron scattering ex-
periments.16.25 This issue will be further elucidated in
the Discussion section, in conjuction with the other role
played by the independent relaxation in eq 2. The
crossover time t; in eq 3, as determined directly by
experimental data, has the approximate value of 2 x
1012 s for conventional polymeric and small molecular
glass-formers.162> On combining egs 2 and 3, we have
the relation

- 1/(1—
T, ~ (t, "Tye) Y (5)
between 7, and 736. Vanishing cooperativity of the apg
process in PNBA or PNBMA is equivalent in the coupling
model to reducing the coupling parameter n to zero
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value.?® From eq 5, it follows that 7, = 736, and the
a-relaxation and the JG relaxation become one and the
same process. Specializing to the opg process in PNBA
or PNBMA, where 1, is just 74 pe and 756 IS 74,36, We have

T4pE ~ T4 36 (6)

which indicates that the opg process of PnBA or PnBMA
(C =4) and its associated JG relaxation are essentially
one and the same process.

Thus, the data of the apg processes in the PNAA and
PnAMA series start out as a localized JG relaxation in
the small (<1 nm) alkyl nanodomains of PnBA or
PnBMA (C = 4). As C increases, the apg process becomes
progressively more cooperative in the larger (=1 nm)
alkyl nanodomains, and its characteristics are increas-
ing different from that of JG relaxation. The character-
istics include the Vogel—Fulcher-like temperature de-
pendence of its relaxation time, tc pe

B
Tcpe = A eXp(-l— — To) (7)

and the larger steepness index m, defined with 7¢ pg-
(ref) = 1071 s uniformly for all C. Since the JG relaxation
is considered as a universal feature accompanying any
primary relaxation, the JG relaxation of the opg process
should exist also in the higher members of the PnAA
or PNAMA series. JG relaxation has not been resolved
from the dielectric or mechanical spectra of PnAA or
PnAMA with C > 4. Possibly this is due to overlap of
the JG relaxation with the apg process if 756 is not much
shorter than zcpg, as we shall see in Figures 1 and 2
after the following point has been made.

The alkyl nanodomains of members of the PnAA
series (C = 4) are all made of alkyl groups, with the
length of the side chains and hence the size of the
nanodomain being the only difference. Since the JG
relaxation is a local process on the alkyl group, it does
not change with the length of the side chain and should
be the same for all members of the PnAA series (C >
4). The same remark applies to all members of the
PnAMA series (C = 4). Hence, the unresolved JG
relaxation (fpe) of PNAA and PNAMA with C > 4 can
be identified with the apg process in PNBA and PnBMA
(C = 4), respectively. In particular, the JG relaxation
time 7 yc for any C > 4 can be taken as 74 36 Or 74 pg by
eq 6. Written out explicitly, we assume that

Tcig = Tapey fOrC >4 (8)
When applied to any C > 4, eq 2 takes the form of
Tco = Tcuc )

where ¢ is the independent relaxation time of the
alkyl nanodomain. This together with eqgs 3, 5, and 8
combined lead to the relations

oy U(1-ne) _ 14 — U1-ng) _
Tope = (L nCTc,o) 4=ne = (t. nCTc,JG) 4nd) =

(t, "7, pe) " (20)

The first equality is basically the general eq 3 when
applied to PnAA or PNnAMA for C > 4. The second
equality follows from the general relation between the
independent relaxation time and the JG relaxation time
(eq 2) when applied to PNAA or PNAMA for C > 4, i.e.,
Tco0 & Tcc- The last equality is the consequence of the
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argument given in the beginning of this paragraph that
the JG relaxation time 7c s for any C > 4 can be
identified with 74pg, i.€., eq 8.
The last relation

TcPE = (tc_ncfzt,PE)l/(l_nC) (11)
enables us to calculate the coupling parameters, nc, and
to predict the Kohlrausch exponent of the cooperative
ope process in any C > 4 member of PnAA and PnNAMA
from its opg relaxation time zc pe and the opg relaxation
time 74pe in PNBA and PNBMA (C = 4), respectively.
Before proceeding, we have to stipulate the limits of
applicability of eq 9 and hence eq 11. The relaxation
time of JG relaxation associated with cooperative a-re-
laxation invariably has Arrhenius temperature depen-
dence in the glassy state. However, the Arrhenius
temperature dependence no longer holds in the equi-
librium liquid state,?® where it is replaced by a stronger
and possibly non-Arrhenius temperature dependence.
In view of this, application of eqs 9—11 to C > 4 is
limited to 7c pe that are long, such that the correspond-
ing temperature is near Ty of the ape process.

In Figure 1, the relaxation times tgpg and 7iope Of
PnAA with C = 8 and C = 10, respectively, obtained
from experiment are fit to the Vogel—Fulcher form and
extended to lower temperatures. The open symbols on
the Vogel—Fulcher fits mark the temperatures at which
tg,pe and 110 pe have reached 1 s. We judge the value of
1 s for g pe and 719,pe is the best for calculating nc with
confidence because longer times obtained by the ex-
trapolation involves larger uncertainty, and shorter
times may invalidate using 74 pe values determined by
the Arrhenius temperature dependence given by eq 1.
These t4pe Values are shown by open symbols on the
Arrhenius line in Figure 1 at the same temperatures
as when g pg and 710 pe are equal to 1 s (as indicated by
the two vertical arrows). With these values of 74pe
corresponding to tgpe = 1 s and 119pe = 1 S, we calculate
nc for C = 8 and C = 10 by eq 11. The results are

ng=0.24 (12)
n,, =0.35 (13)

and, of course
n,=0 (14)

Similar analysis of the data of apg in the PNAMA
series is shown in Figure 2. The relaxation time, 74 pg,
of PNnBMA (C = 4, closed triangles) has an Arrhenius
temperature dependence. On the other hand, the
relaxation times 77 pg and 10 pe 0f PNAMA with C =7
and C = 10, respectively, are non-Arrhenius, and the
data are fit to the Vogel—Fulcher form and extended to
lower temperatures. The two vertical arrows are located
at temperatures where 77 pe and 7ippe have reached
1s. The two corresponding 74 pe Values are determined
by the intersections of the vertical arrow with the
Arrhenius line representing 74 pe. The calculated values
of nc for C=7 and C = 10 by eq 11 are

n,=0.20 (15)
and

Ny = 0.33 (16)



8126 Ngai and Beiner

0.5 T T T T
|—é——|
0.4} -
0.3F .
: i
0.2} )—é—l E
0.1} i
0.0 L) 1 1 !
0 10 20 30 40 50

m
Figure 3. A cross-plot of n against m for C = 4, 8, and 10 of

the PnAA series (l) and C = 4, 7, and 10 of the PNAMA series
(O). The data point for amorphous PE (a) is included.

For both the PnAA and PnAMA series, the deduced
coupling parameters show that nc increases with C or
the alkyl nanodomain size. This behavior indicates from
the coupling model interpretation that the molecular
motions in the opg process become more intermolecu-
larly coupled or more cooperative in the larger alkyl
nanodomains. The same conclusion was drawn previ-
ously! from the increase of the steepness (fragility) index
m with C. Therefore, our result derived from the CM,
that nc increases with C, leads to the same conclusion.
It was also shown in the previous work that m of the
nanodomains are bounded by the steepness index of
amorphous polyethylene (PE), estimated?” to be ~46.
For the same reason, we expect that nc of the ope
process in PnAA series is also bounded by the coupling
parameter of amorphous PE. The latter is not exactly
known because of lack of experimental data of amor-
phous PE. However, another estimate of its value may
be obtained from that of polyisobutylene (PIB). The
steepness index m = d(logz,)/d(Te/T) of PIB is 45 for
7o(ref) = 1 s and 40 for 7,(ref) = 10~1 s from mechanical
relaxation data,?® which is about the same as the value
suggested for amorphous PE. There exists a strong
correlation between n and m within the same class of
glass-formers, PE and PIB in the present case. The
coupling parameter of polyisobutylene is known,?° and
its value is 0.45. Thus, we may assume that the coupling
parameter of amorphous PE has about the same value
of 0.45. A cross-plot of nc against m(C) = d(log zc pe)/
d(Tref/T), with ¢ pe(ref) = 1071 s, for C = 4, 8, and 10 of
the PnAA series and C = 4, 7, and 10 of the PnAMA
series and amorphous PE is presented in Figure 3. The
correlation between nc and m(C) is demonstrated.

4. Discussion and Conclusion

One of the goals of the present work is to make a case
for the existence of the Johari—Goldstein (JG) secondary
relaxation even in the alkyl nanodomains of the PnAA
and PnAMA series. We also show that the ratio of the
ape relaxation time to the JG relaxation time at tem-
peratures near Tq is not very large (see Figures 1 and
2), consistent with the weak cooperativity of the apg
process. The latter can be deduced from the low steep-
ness (fragility) index and the smaller coupling param-
eter n of ape. In fact, for the larger nanodomains in C
= 10, m = 33 and n = 0.35. As we have learned from
the dielectric spectra of small molecular glass-formers
with comparably smaller n such as glycerol (n = 0.29)
and threitol (n = 0.36),13 the JG relaxation is also not
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well separated from the much more intense o-relaxation
and cannot be resolved at temperatures above Tg. The
polymer 1,4-polyisoprene has a larger n = 0.53, but its
JG relaxation was never resolved until recently only
with the use of a highly sensitive dielectric relaxation
instrument.3® Thus, there is little hope of resolving the
JG relaxation from opg for even the larger nanodomains
in C = 10.

The Johari—Goldstein relaxation has been identified
with the independent relaxation of the coupling model.
The latter plays in the framework of this model two
separate and distinctive roles at different time scales.
At short times, when there are few independent relax-
ations present, they appear unconnectedly in space as
localized motions just like the JG relaxation. Hence 7o
~ 136, 1.6., €q 2, and this is one role played by the
independent relaxation. At times beyond 7, or 736, more
units can independently relax, they cannot be consid-
ered as isolated events anymore, and some degree of
cooperativity (or dynamic heterogeneity) is required for
motions to be possible. The degree of cooperativity and
the corresponding length scale continue to increase with
time as more and more units participate in the motion,
as suggested by the evolution of dynamics of colloidal
particles with time obtained by confocal microscopy.3!
These evolving processes contribute to the observed
response at time longer than 7o or 736 and are respon-
sible for the broad dispersion customarily identified as
the JG relaxation by most workers. Within this defini-
tion of the JG relaxation, experiment performed to probe
it will find that “essentially” all molecules contribute3?
to the JG relaxation, and the dynamics is dynamically
and spatially heterogeneous as found by dielectric hole
burning®® and deuteron NMR experiments.3* This re-
mark may help to resolve the difference between two
different points of view on the nature of the JG
relaxation.32:35

After sufficiently long times, t > 7o or 76, all units
attempt the independent relaxation, the fully coopera-
tive relaxation regime with the largest cooperative
length scale at that temperature is reached, and the
averaged correlation function has the Kohlrausch's
stretched exponential time dependence, eq 4. It is in this
long time regime where the independent relaxation
plays the other role described as follows. Not all at-
tempted independent relaxation can succeed at the
same time because of intermolecular interactions and
constraints, resulting in fully heterogeneous cooperative
dynamics with an average relaxation rate that can be
time dependent and is smaller than the independent
relaxation rate, 7971, at any time. The reduction of the
average relaxation rate has to be considered on the basis
of the independent relaxation rate, 7o~1. The CM inter-
prets the stretched exponential correlation function to
originate from slowing down of the independent relax-
ation rate 7o~! by the many-molecule dynamics. Specif-
ically, 707! is replaced by a slower time-dependent
averaged relaxation rate given by the product of 7!
and (wct)™". The product form follows from the fact that
all elementary attempts of molecular units to relax must
have the characteristic rate given by 7o~1, and the many-
body cooperative dynamics preventing attempts of
molecules to be all successful merely slows down 7571
by another multiplicative factor. Thus, the time-depend-
ent rate has the product form, 7o~ f(t), where f(t) < 1.
In particular, it has to be 7o Y(wct)™" in order that the
solution of the rate equation is the empirical Kohlrausch
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stretched exponential function (eq 4). As a bonus, the
relation between 7, and 7o given by eq 3 now comes out
naturally as a consequence, after identifying . intro-
duced here by w. = (1 — n)~@M/t.. This is the other role
played by the independent relaxation and its relaxation
time 79, which makes connection with the a-relaxation
time in the Kohlrausch correlation function. Experi-
mentally, at high temperatures where all relaxation
times become short, crossover of the independent re-
laxation to Kohlrausch relaxation directly at t. was
observed. The crossover determines the magnitude of
tc, which is about 2 ps for conventional polymers and
molecular glass-formers.16

In the present work on relaxations in nanodomains
of PNAMASs, the first role played by the independent
relaxation with relaxation time ¢ is exemplified by
eq 9. The second role it plays results in the first equality
of eq 10. The second equality of eq 10 is obtained by
combining the first part with eq 9. The last equality of
eq 10 is generated after adopting the apg process of
PnBMA (C = 4) as the JG relaxation of higher members
of the PNAMA series (C > 4), i.e., eq 8. If nc were known
quantities, then the last equality, 7cpe = (t; et pg)VE 10,
offers a test of the CM application without any param-
eter. Unfortunately, the dielectric or mechanical relax-
ation data do not permit accurate determination of nc
because of the overlap of the ope relaxation with the
a-relaxation of the main chain on the low-frequency side
and its JG relaxation on the high-frequency side. In
addition, there is probably a broadening caused by
spatial heterogeneity of the confined nanodomains.
Nevertheless, the values of nc deduced from eq 11 are
reasonable for polyethylene-like glass transition and
support the increase of cooperativity of the apg relax-
ation with size of the nanodomain.
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