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ABSTRACT: The glass transition behavior and viscoelastic properties of poly(methyl methacrylate) in
mixtures with the ionic liquid 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide are examined
at compositions from 10 wt % polymer to pure polymer, over the temperature range from —180 to 230 °C.
Polymers of two different molecular weights (125 and 335 kg/mol) are studied. Glass transitions are analyzed
by differential scanning calorimetry, and derivative heat flow curves are used to extract glass transition
temperatures and breadths. Distinct composition dependences are observed for the polymer and ionic liquid
components, with two apparent glass transitions at intermediate compositions. The glass transition breadths
of the mixtures (~30—70 °C) are much broader than those of the pure components (<25 °C). These results
reflect distinct effective local compositions arising from the chain connectivity of the polymer component.
The frequency-dependent dynamic moduli G’ and G’ show a shift from unentangled to entangled behavior as
concentration is increased from 10 to 20 wt % polymer. The application of time—temperature superposition is
successful over the full range of compositions, leading to master curves extending up to 11 orders of
magnitude in reduced frequency. The plateau modulus (Gy) exhibits a concentration dependence of Gy ~
¢*?, and analyses of the longest relaxation times and viscosity show the general trends expected for entangled
solutions of increasing polymer concentration. Overall, ionic liquids are demonstrated to be effective model
solvents for studying viscoelastic properties over wide temperature and composition ranges due to their

nonvolatility and stability.

Introduction

Tonic liquids are highly versatile solvents that have been
increasingly used for their unique properties of extremely low
vapor pressure, thermal and chemical stability, tunable solvation,
nonflammability, and ionic conductivity. With respect to poly-
mers, ionic liquids were first developed as solvents for polymer-
ization, but now more investigations have focused on incor-
porating them within polymer systems for their materials
properties.' > Polymer/ionic liquid combinations have shown
potential for applications over a wide range of compositions. For
example, at the concentrated end of the spectrum, ionic liquids
have been studied as plasticizers,* '® demonstrating mechan-
ical enhancements comparable to traditional phthalate plasti-
cizers, but with superior high-temperature stability,* *® reduced
leaching,” and enhanced solubility.* ®!° Intermediate to semi-
dilute compositions,'' ' including phase-separated systems
based on block copolymers,”® * have been studied as rubbery
to gel-like matrices. Applications include fuel cell and separa-
tions membranes,'>** dielectric layers in plastic electronics,” >
and gel electrolytes for batteries.!""'*~'® In these systems the ionic
liquids are used for their specific functionality (e.g., high ionic
conductivity), while the polymeric component imparts mechanical
and structural properties. Finally, at the most dilute level, homo-
polymers in ionic liquids have been proposed as designer solvents,**
while block copolymers in ionic liquids have been studied for
their micelle- and vesicle-forming capabilities®*° with potential
applications as vessels for transport and extraction within biphasic
systems.‘“’
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Despite the interest in polymer—ionic liquid systems, there are
few reports on basic properties spanning from the dilute regime to
the concentrated regime. For example, some glass transition
studies have been carried out at higher polymer concentrations,
in investigations of ionic liquids as plasticizers*~'® and as selective
solvents within phase-separated block copolymers.?* 262533 A
more extended range of compositions was studied for a cross-
linked polymer—ionic liquid material,'>'® but without reference
to glass transition breadths. No systematic studies of polymer—
ionic liquid viscoelastic properties as a function of composition
have been reported. Thus, there is a need for a compre-
hensive study of glass transition and viscoelastic behaviors in
polymer—ionic liquid systems over the full composition range.
These trends dictate the mechanical properties of the materials,
determining their range of usable temperatures as well as their
potential processability. Other properties of interest, such asionic
conductivity or permeability, may also be correlated directly to
rheological features. Finally, it is of interest to compare these
results to those obtained for polymers in conventional solvents
to ascertain whether any features unique to the ionic nature
of the solvent arise. Tonic liquids are intrinsically complex
solvents, capable of different simultaneous solvent—solute
interaction behavior.** In conductivity studies, for example,
stronger interactions have been reported in one system
between the anion species of the ionic liquid and polymer
matrix than the cation species.” Also, T,s higher than the neat
copolymer components have been reported for block copo-
lymer/ionic liquid systems;***® this has been related to the
effect of salt ions acting to form physical cross-links in
polymer electrolyte systems.>*

© 2011 American Chemical Society
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Figure 1. DSC (a) heat flow and (b) derivative heat flow curves for 125K PMMA prepared at different weight fractions in [EMI][TFSI].

Traditionally, calorimetric studies of polymers and solvents
were expected to yield single glass transitions that varied
monotonically with composition change, following trends similar
to those described by additivity rules such as the Fox equation*
or the Gordon—Taylor equation.*’ Recent detailed studies*®™>
have revealed the potential for more complex behavior: dual,
broadened glass transitions®”>"*7>% with separate composition
dependences.* %% These results have been explained using the
Lodge—McLeish model®*®*~®* through the increased effective
local concentrations of polymer or solvent due to self-concentra-
tion effects arising from the chain connectivity of the monomer
units.>* %35 Meanwhile, extensive rheological studies of poly-
mer solutions have been carried out to determine their structural
and viscoelastic properties as a function of concentration.%*"!
The results in the terminal, plateau, and initial part of the transition
zone have largely been explained by predictions based on the
Zimm, Rouse, and reptation models for the dilute, semidilute,
and concentrated regimes, respectively.”>” ™ While these studies
have emphasized the effects of a diluent on polymer chain
dynamics, fundamental studies based on polychlorinated biphenyls
(Aroclors)”>~"" and other solvent systems*”>* have also shown that
polymer chains can have an effect on small-molecule dynamics.

The focus of this study is to examine the behavior of poly-
(methyl methacrylate) (PMMA) of two molecular weights in
1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
(JEMI][TESI]) over the range of compositions from dilute poly-
mer to pure polymer using differential scanning calorimetry and
rheometry. We choose this as a model polymer—ionic liquid system
since PMMA and [EMI][TFSIJ are known to be compatible over
this full range of compositions.'>'*"%7 Also, the component glass
transition temperatures are extremely widely separated, yielding a
large temperature window for the glass transition studies. Finally,
both PMMA and [EMI][TFSI] are already commonly studied in
the field of polymer—ionic ligluid materials, both in conjunction
with each other!>!630-323336.3878 44 within other polymer—ionic
liquid pairs. 101721~ 2328.37.39-41
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Figure 2. Variation of T, with weight fraction of polymer in
[EMI][TFSI] for 125K and 335K PMMA. Values were extracted from
the peak positions in the DSC derivative heat flow curves. The solid line
is a linear fit of the PMMA peak T, values.

Experimental Section

Materials and Blends. The PMMA polymers were pre-
viously synthesized by Zeroni®® using anionic polymerization.
The number-average molecular weights of the polymers are
125 kg/mol (M,/M,, = 1.02) and 335 kg/mol (M/M, = 1.21),
as characterized by size exclusion chromatography. The ionic
liquid [EMI][TFSI] was synthesized using a method described
previously.'> The product was dried in a vacuum oven at ~60 °C
for 3 days.

The PMMA /ionic liquid solutions were prepared by combin-
ing the polymer and ionic liquid at appropriate weight ratios and
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Table 1. Glass Transition Temperatures and Transition Widths for 125K PMMA

[EMI][TFSI] (°C) PMMA (°C)
PMMA wt fraction T, (£2°C) onset (+5 °C) end (&5 °C) AT, T, (£2°C) onset (+5 °C) end (£5 °C) AT,

0 -92 -96 =90 6

0.10 —88 —91 =57 34

0.20 =76 —86 —38 48

0.30 —63 —83 -17 66

0.35 —48 —80 —13 67 -7 —13 18 31
0.40 -39 =73 =15 58 2 =15 29 44
0.45 =36 =72 —11 61 15 —11 43 54
0.50 =35 —68 -6 62 23 -6 50 56
0.55 =59 12 71 40 12 68 56
0.60 =57 19 76 53 19 79 60
0.70 71 48 93 45
0.80 92 69 111 42
0.90 113 90 126 36
1.00 133 123 139 16

Table 2. Glass Transition Temperatures and Transition Widths for 335K PMMA
[EMI][TFSI] (°C) PMMA (°C)
PMMA wt fraction T, (£2°C) onset (+5 °C) end (&5 °C) AT, T, (£2°C) onset (+5 °C) end (£5 °C) AT,

0 =92 -96 =90 6

0.10 —87 =90 —60 30

0.20 —78 -89 —47 42

0.40 —41 —82 —16 66 0 —16 21 37
0.60 =55 47 102 61 47 79 32
0.80 98 82 109 27
1.00 133 116 140 24

adding excess methylene chloride as a cosolvent to facilitate
dissolution. These solutions were stirred until homogeneous.
The cosolvent was then removed by a gentle nitrogen purge at
room temperature for > 12 h, followed by heating in a vacuum
oven (~30 mTorr) at elevated temperatures for >24 h or until a
constant weight was achieved. The blends of lower PMMA
concentration were held at temperatures > 70 °C, while the
blends of highest PMMA concentration were heated at tem-
peratures exceeding the glass transition temperature of the
pure polymer (~130 °C). All samples appeared transparent
and homogeneous by eye. Samples were stored in a vacuum
desiccator.

Differential Scanning Calorimetry (DSC). Measurements
were taken on a TA Instruments Q1000 DSC instrument with
liquid nitrogen cooling capabilities. Samples (~4—10 mg) were
sealed within either aluminum hermetic pans or regular alumi-
num pans provided by TA Instruments and measured against an
equivalent empty pan as reference. Helium was used as the purge
gas. The samples were heated to 180 °C (10 °C/min) and
equilibrated before being cooled at a rate of either 30 or
10 °C/min to —150 °C. Measurements were then obtained
during a heating ramp from —150 to 180 °C at 10 °C/min. No
difference in glass transition was found between heating scans
from samples cooled using the 30 and 10 °C/min cooling rates,
and results from the 10 °C/min cooling rate measurements are
reported. Repeated heating scan measurements from both cool-
ing rates were also found to be equivalent.

Rheology. Linear viscoelastic measurements were obtained
on a TA Instruments ARES rheometer using low-amplitude
oscillatory shear. The instrument was equipped with a convec-
tion oven with nitrogen and liquid nitrogen cooling capabilities.
Measurements were taken using 8, 25, or 50 mm diameter
parallel plates as appropriate for the different concentrations,
and the sample gap was ~1 mm. Samples with lower PMMA
weight fraction were loaded directly, while those with > 60 wt %
PMMA were first hot-pressed using molds into appropriately
sized disks at 200 °C for loading. Care was taken to exclude
bubbles. Samples were subjected to strain sweeps to verify their
linear region of strain response, and then frequency sweeps were

taken using shear strains of 10% or less. Measurements were
taken at decreasing temperatures.

Results and Discussion

DSC Results. The DSC results for the 125K PMMA
solutions are shown in Figure 1, while the results for the
335K PMMA solutions can be found in the Supporting
Information (Figure S1). In both cases, the heat flow data
and the derivative of the heat flow data are provided. The
derivatives were taken using an interval of 1 °C. The step
functions in DSC heat flow curves traditionally associated
with the occurrence of glass transitions are rendered as
peaks in the derivative plots, and transition breadths can
be more easily extracted.®!-6>8!

The curves for pure [EMI][TFSI] show a sharp glass
transition at ~—90 °C followed by crystallization and melt-
ing events between —75 and 0 °C (these signals have been
truncated since our focus is on the glass transition). This is
consistent with previous DSC results for the pure ionic
liquid.'>'%3% The curves for pure PMMA exhibit only a
single glass transition at ~130 °C; while broader than the
[EMI][TFSI] glass transition, the breadth is typical of that for
homopolymers.®' Both the pure [EMI][TFSI] and PMMA glass
transitions show an enthalpy overshoot.

With the addition of 10 wt % PMMA, all signatures of
solvent crystallization and melting are no longer present, for
both the 125K and 335K PMMA. This indicates that the rate
of crystallization at 10 wt % polymer is slower than the rates
of heating and cooling used in the measurements.”> The glass
transition signature remains narrow, although it is shifted
very slightly to higher temperatures and the enthalpy over-
shoot is gone. A broadened tail can be observed in the
derivative curve toward higher temperatures, and this broad-
ening is more prominent in the 10 wt % 335K PMMA
sample.

With increasing weight fraction to 20 wt %, the glass
transition loses its sharpness and continues a shift to higher
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Figure 3. tTS master curves of tan(d) with Tr = 150 °C for (a) 125K and (b) 335K PMMA prepared at different weight fractions in [EMI][TFSI].

temperatures; the presence of a tail toward higher tempera-
tures can still be seen. At 30 wt %, the transition broadens to
the point where the derivative curve appears multimodal.
For blends between 35 and 50 wt %, the step change in the
heat flow curves is substantially broadened, and the deriva-
tive heat flow curves take on a bimodal appearance, suggest-
ing responses from regions richer in either [EMI][TFSI] or
PMMA. Consistent with this, there is also a shift in signal
intensity from the lower temperature peak to the higher
temperature peak with increasing PMMA content. Both
peaks also continue to shift to higher temperatures with
additional PMMA.

Between 55 and 60 wt % PMMA, the heat flow response
appears as one main peak associated with PMMA-rich
regions, while the signature of the [EMI][TFSI]-rich regions
has diminished to the point where it is no longer a clear peak,
but more an extended transition. Finally, from 70 to 100
wt % PMMA, this region disappears, and only a single glass
transition region remains, which progressively narrows and

shifts to higher temperatures with increasing PMMA
content. The enthalpy overshoot reappears between 80 and
90 wt %. Very similar DSC heat flow results were observed
by Watanabe and co-workers'>!¢ in their studies of PMMA
polymerized at different concentrations in [EMI][TFSI] with
cross-linkers. While noticeably broadened glass transitions
were also obtained at intermediate compositions, these were
interpreted as single transitions.

Discussion of DSC Results. The trends described above are
quantified by extraction of glass transition temperatures
(T,s) and glass transition temperature breadths (AT,s).
The T, values were determined from the peak maxima of
the derivative heat flow curves and are plotted as a function
of PMMA weight fraction in Figure 2 and listed in Tables 1
and 2. Associated AT, values were determined from the
onsets and ends of deviation from the derivative heat flow
curve baselines and are listed in Tables 1 and 2.

The data corresponding to higher and lower PMMA
compositions that exhibited single 7, peaks form distinct
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Figure 4. tTS master curves of dynamic shear moduli (G’ (open symbols) and G”’ (closed symbols)) with T, = 150 °C for (a) 125K and (b) 335K

PMMA prepared at different weight fractions in [EMI][TFSI].

sets of composition-dependent T, behavior in Figure 2. The
two T,s corresponding to samples with dual peaks continue
to trace these distinct composition dependences to inter-
mediate compositions. The data associated with the ionic
liquid-rich peaks are at lower temperatures and PMMA
compositions, while the data associated with PMMA-rich
peaks are at higher temperatures and PMMA compositions.
The results for 125K and 335K PMMA are the same within
error, as expected for polymers of such high molecular weight.
The composition dependence of the PMMA-rich peak 7T,s
can be fit to a straight line (7 [°C] = 219wpnnia — 83, where
wpmMa 1S the weight fraction of PMMA) and is stronger in
composition dependence than the ionic liquid-rich peak Ts.
The appearance of two distinct composition depen-
dences*® %% and two glass transitions®*>"33733 is con-
sistent with previous studies of polymer—solvent systems by

dilatometry,46 DSC, %75 NMR,* and dielectric relaxation
spectroscopy (DRS).*7>>° This phenomenon has been ex-
plained by Savin et al.>* with reference to the Lodge—McLeish
model,®*~% which had been developed to account for the
appearance of two glass transitions in miscible A/B polymer
blends. The two transitions are attributed to the existence of
A-rich and B-rich effective local concentrations that arise by
virtue of chain connectivity and are at length scales of relevance
to T, dynamics. The weaker composition dependence of the
lower T, component is explained by the potential for higher
self-concentrations in the more flexible molecule, yielding
behavior closer to that of the pure component. Savin et al.>*
suggested that similar effects could take place in polymer/
solvent blends, despite there being chain connectivity for only

one of the components. Subsequent studies have supported
this,55-56-58.59
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Figure 5. Shift factors from tTS master curves as a function of
temperature with 7o = 150 °C for (a) 125K and (b) 335K PMMA
prepared at different weight fractions in [EMI][TFSI]. Solid lines
indicate WLF fits.

Focusing on ATs, it can be seen that the transitions are
substantially broader in all solution cases than those of the
pure components. Such broadening is consistent with past
observations for other polymer—solvent blends as measured
by DSC*3%3%355 and DRS.*”>° While the Lodge—McLeish
model does not quantitatively account for distributions in
compositions, it can be used to explain them qualitatively
based on ranges of effective local concentration induced by
chain connectivity and self-concentrations. A model used by
Kumar, Colby, and co-workers®>® to combine effects from
self-concentration and concentration fluctuations has been
found to be a good predictor of segmental relaxation time
distributions; the length scale of importance was found to
correlate to that postulated in the Lodge—McLeish model.
The concept of self-concentrations could also explain the
broadened tail seen in the 10 and 20 wt % PMMA cases. The
tail region may represent the [EMI][TFSI] molecules that are
in greater contact with PMMA segments, while those ionic
liquid molecules associated with the sharp peak are primarily
in contact with other ionic liquid molecules. Similar explana-
tions have previously been given for the broadened DSC

Macromolecules, Vol. 44, No. 4, 2011 1021

AT,s in solutions of low polymer concentration®” and also in
DRS measurements for the broadened o-processes of sol-
vent molecules in polymer solutions.*”->°

Overall, the glass transition behavior observed for the
PMMA/[EMI][TFSI] system closely resembles that of mix-
tures of polymers with conventional solvents. The increase
in T, reported in certain block copolymer/ionic liquid
systems®**® may arise from interactions specific to those
polymer/ionic liquid combinations in combination with self-
assembly effects.

Rheology Results. Master curves of tan(d) as a function of
reduced frequency using time—temperature superposition
(tTS) with a reference temperature of 150 °C are compiled
in Figure 3 for selected PMMA compositions (plots for the
remaining compositions can be found in Supporting Infor-
mation Figure S2). The same frequency shifts were applied to
the G" and G"’ data to create the tTS master curves shown in
Figure 4 (plots for remaining compositions can be found in
Supporting Information Figure S3). Small vertical shifts
have also been applied to the G’ and G” data.

At 10 wt % PMMA, both the 125K and 335K PMMA
master curves show unentangled behavior, with the mini-
mum of tan(d) equal to or exceeding a value of 1, and no
crossover or plateau region is evident in the G’ and G”
evolution from glassy behavior to terminal behavior. The
behavior of the 10 wt % 125K case resembles that of dilute
solutions,”” with G’ and G”’ completely separated. Meanwhile,
the 10 wt % 335K case more closely resembles that of semidi-
lute, unentangled solutions,”” with G’ and G”’ almost equal over
the glassy to terminal transition region.

With an increase to 20 wt % PMMA, evidence of en-
tangled behavior’?~"* appears as a plateau begins to emerge
in both the 125K and 335K PMMA cases; the tan(d) mini-
mum decreases below a value of 1, and two crossovers appear
as G’ exceeds G” in the region between glassy and terminal
behavior. With increasing PMMA content to 60 wt %, this
region increases to span 4 decades of time in the 125K
PMMA blends and 6 decades in the 335K PMMA blends;
concurrently, the minimum in tan(d) decreases as the separa-
tion between G’ and G” in this zone grows. Over the whole
concentration range, the crossover from rubbery to terminal
behavior shifts to lower frequencies by 2—3 decades for every
20 wt % increase in PMMA content, while the moduli in the
plateau region shift to higher values with increasing PMMA.
Finally, the crossover from glassy to rubbery behavior also
shifts to lower frequencies by 2—3 decades at higher PMMA
concentrations, but for PMMA compositions <40 wt %,
there is a much smaller shift. This supports the trend found
by DSC, of T,s depending more highly on composition at
higher concentrations compared to lower concentrations.
Some of the higher concentration curves show subtle devia-
tions from perfect tTS in tan(d) and G” in the plateau region;
this has been observed in other systems and is ascribed to the
different temperature dependences of relaxation modes as-
sociated with very short length scales at the high frequencies
at which the preshifted measurements were taken.3*%

The shift factors (ar) which were used in the tTS pro-
cess are shown in Figure 5, relative to a reference tempera-
ture of 150 °C using the Williams—Landel—Ferry (WLF)
equation:”*

CI(T - Tlef)

1 R LGV
08 41 C2+(T_Tref)

(1)

where T.r is the reference temperature and C; and C,
are fitting parameters. An increase in the steepness of
ar near the reference temperature is seen with increasing
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Table 3. WLF Fitting Parameters and Vogel Temperatures with

Tt = 150 °C
125K PMMA 335K PMMA
PMMA wt fraction C; C,(°C) To(°C) C; C,(°C) Ty (°C)
0.10 2.2 275 —125 34 314 —164
0.20 2.5 258 —108 3.2 277 —127
0.30 4.7 262 —112
0.40 5.9 248 —98 6.8 273 —123
0.50 5.6 201 =51
0.60 6.1 176 —-26 8.4 224 -74
0.70 7.6 175 —=25
0.80 10.3 181 =31 10.5 184 —34
1.00 10.7 111 39 10.5 109 41
150 T T v T v T T
100
50
o
:m
0
-50
100 . . . .
-170 -130 -90 -50 -10 30

T, (°C)

Figure 6. Variation of T, with T} for 125K (squares) and 335K (triangles)
PMMA prepared at different weight fractions in [EMI][TFSI]. Open
symbols denote T, data corresponding to ionic liquid 7, peaks, and closed
symbols denote T, data corresponding to PMMA T, peaks. Solid line
represents T, = Tp + 80 °C.

PMMA concentrations as the T,s of the systems near 150 °C.
Superposition of data from 125K and 335K PMMA shows
that there is no dependence of a7 on molecular weight. The
fitted values for Cy and C; at Ty.r = 150 °C are listed in Table
3. With increasing PMMA composition, C; increases in
value while C, decreases in value; these observations are
consistent with expectation.”

The Vogel temperatures (7y) of the Vogel—Fulcher—
Tammann (VFT) relation have also been estimated for each
composition, using the substitution described by Ferry’*
(To = Trer — Cy), and are listed in Table 3. With increasing
PMMA composition, an increase in 7y is seen. The values
found for pure PMMA (39 °C for 125K PMMA and 41 °C
for 335K PMMA) are consistent with the value of Ty = 35°C
found in the literature.” Also, the value of T, = —112 °C for
30 wt % PMMA (T, = —63 °C) is comparable to the litera-
ture value of Ty = —128 °C for a 30% PMMA in the diethyl
phthalate system with 7, = —62 °oCc.™

In order to compare the results found using DSC against
the fitting parameters found using rheometry, 7, values are
plotted as a function of T values in Figure 6. For inter-
mediate blend concentrations where two T, values were
extracted by DSC, both values of T, are included. We
anticipate an approximately linear relationship between
these values since, generally, 7, ~ T, + 50 °C. What we
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Figure 7. Variation of plateau modulus (Gy) with weight fraction of
polymer in [EMI][TFSI] for 125K and 335K PMMA. Lines indicate
power law fits to data with PMMA weight fraction >0.2.

observe in the plot is a scattered linear relation; the scatter
likely arises from there not being a single representative value
for T, but rather values representing distributions in tem-
perature. The value of 7, exceeds that of T, over the whole
composition range, but by an amount greater than 50 °C in
almost all cases. Such a result has previously been observed
for pure PMMA (T, — Ty ~ 80 °C).”*

Next, various viscoelastic properties of the PMMA /ionic
liquid system are extracted and examined as a function of
PMMA composition. The first property of focus is the
plateau modulus (Gy), which characterizes the rubbery
behavior of the plateau region between the glassy region and
terminal region. Since G’ in the plateau region cannot be
strictly horizontal, various methods have been developed to
define Gn.%"% In this study, G was determined as the value
of G’ at the frequency where the corresponding curve of
tan(d) exhibits a minimum. These are plotted as a function
of PMMA weight fraction on a double-logarithmic scale in
Figure 7. The undiluted polymer gives Gx = 6.5 x 10° and
8.0 x 10° Pa for 125K and 335K PMMA, respectively; these
are slightly higher than the values of G = 4.7 x 10°—6.2 x
10° Pa reported in the literature.®*** These discrepancies
may arise, at least in part, from the different means of
defining plateau modulus. Power law fits from the two
different molecular weights are the same within error with
a slope of 2.2 & 0.1. (While the technique we employ allows
us to define Gy values for even the lowest concentrations
without clear plateaus regions, i.e., weight fractions below
20 wt %, these values do not represent the rubbery moduli of
an entangled system and are not included in the fits. It can be
seen that the data points corresponding to compositions
below 20 wt % PMMA lie below the fit lines.) The absence
of molecular weight dependence is expected since the plateau
modulus is determined by the molecular weight between
entanglements. Meanwhile, the power law dependence is
close to the value of 2.3 predicted for entangled solu-
tions of neutral polymers in good solvent systems.’>’%""
Experimental studies of polymer solutions have reported
values ranging between 2 and 2.5,°” and a previous study of
PMMA in concentrated diethyl phthalate solutions had
found a polymer weight fraction dependence of 2.%3
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Figure 8. Variation of longest relaxation time (z;) at T,r = 150 °C with
weight fraction of polymer in [EMI][TFSI] for 125K and 335K PMMA.
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Figure 9. Variation of zero shear viscosity () at Ty = 150 °C with
weight fraction of polymer in [EMI][TFSI] for 125K and 335K PMMA.

The next property under consideration is the longest
relaxation time (7;), which defines the time scale required
for the system to enter terminal relaxation behavior. Here,
this is determined from the value of frequency at the inter-
section point of lines with slopes 1 and 2 drawn to the
terminal regions of G” and G, respectively. The extracted
values of 7| are plotted as a function of PMMA composition
at a reference temperature of 150 °C in Figure 8 on a log—log
scale. An exponential-like increase in 7; is seen over 10
decades of time with an increase in PMMA content from
10 to 100 wt %. This reflects the ~2 decade shift in frequency
per 20 wt % increase in PMMA composition noted in the
discussion of the terminal crossover in the G’ and G" master
curves. From Figure 8, we can see the increase from 10 to 20
wt % is noticeably more significant; this can be explained by
a shift from the longest relaxation time reflecting unen-
tangled dynamics to one incorporating entanglement. In
terms of molecular weight effects, the increase in molecular
weight from 125K to 335K yields an increase of ~2 decades
in 7;. The typical power law experimentally reported for
reptation time scales (7¢p) as a function of molecular weight
(M) 1S Tpep ~ M3 To extract the approximate power law
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dependence in our system, the data are replotted as 7,/M~;
a value of x=4.5 is found to give good superposition of the
entangled data by eye (Supporting Information Figure S4a).
This is higher than the predicted dependence but consistent
with higher dependences previously found for PMMA.*’

Finally, we examine the change in zero shear viscosity (1)
with respect to PMMA concentration. We obtain 77 as G’ (w)/
 at low frequencies, and these values are plotted in Figure 9
as a function of PMMA weight fraction at a reference
temperature of 150 °C. The graph exhibits an exponential-
like dependence on PMMA content, with # exhibiting a
much stronger dependence at higher PMMA weight frac-
tions. This change likely reflects effects from shifting from an
unentangled to entangled regime as well as from the dramatic
change in glass transition over this range of composi-
tions.>%%70 There is also a molecular weight effect, as the
7 values for the 335K samples at a given concentration
are 1—2 decades greater than those of the 125K samples.
The expected power law dependence for entangled systems is
7~ M>*737% By replotting the data as 5/M~, we find that
x = 3.5 gives good superposition of the data by eye (see
Supporting Information Figure S4b); within error, this is
consistent with the expected value.

Scaling laws for concentration (¢) dependence have been
predicted and studied for 7; and # in polymer solutions.
However, these are applicable only at a common friction
factor®-*%7%7* (and by extension, a common fractional free
volume) across the systems. Given the wide variation and
complexity of glass transition temperatures over our systems
of study, this is not the case at the reference temperature of
150 °C. As such, the increases in both 7; and # found in
Figures 8 and 9 are much greater than those predicted by
scaling theory (e.g., the basic reptation model predicts 7; ~
¢ and n ~ ¢ for entangled polymer solutions in good
solvents).”> An approximate means of accounting for this is
to calculate 7, and # values at a constant temperature shift
from a characteristic temperature.88 In Supporting Informa-
tion Figure S5, we attempt this by recalculating 7; and 7 ata
reference temperature of 7, 4+ 200 K where we apply the T,
values discussed above from the WLF fits (Tables 3).®* The
results in both cases are highly scattered with a very general
trend of increasing 7, and » with respect to PMMA weight
fraction over a compressed range of 7; and 77 compared with
Figures 8 and 9. Treatments based on calculations of frac-
tional free volume as in ref 63 also yielded scattered data.

Conclusions

We have used DSC and rheometry to characterize the glass
transition behavior and viscoelastic properties of PMMA /[EMI]-
[TFSI] solutions over the full range of compositions ranging from
dilute polymer to pure polymer. The DSC results showed distinct
composition dependences for the polymer and ionic liquid
components, with two apparent glass transitions at intermediate
compositions. The breadths of the glass transitions were much
larger for components in the mixtures than for each of the pure
components. These results were consistent with expectations of
distinct effective local compositions arising from the chain con-
nectivity of the polymer component, as predicted by the Lodge—
McLeish model. Rheometry results showed an evolution from
unentangled to entangled behavior with increasing concentration
asa rubbery plateau region emerged. Accompanying this, moduli
also increased, and the transitions between glassy to rubbery and
rubbery to terminal behaviors shifted to lower frequencies for
samples compared at a common reference temperature. Analyses
of the plateau modulus, longest relaxation time, and viscosity
showed the general trends expected for solutions of increasing
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polymer concentration. The application of time—temperature
superposition was successful over the full range of compositions,
attesting to the advantages of using nonvolatile ionic liquids as
model solvents for viscoelasticity studies.
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